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1.1 Introduction

Proteins are important biopolymers naturally present in foods. They are a major
class of essential nutrients. Over the last decade, the food industry is accelerating
the launch of plant-based products and the plant-based protein market increasing
dramatically (MordorlIntelligence, 2022). This could be explained by concerns of
consumers about health, allergenicity and by an increase of vegetarianism
(Aydemir & Yemenicioglu, 2013; Carbonaro et al., 2015). On the other hand, the
environmental impact of food production, or more broadly sustainability, is also
increasingly a concern, such that it is thought to be necessary for the food industry
to make production, processing, storage, distribution etc. more sustainable
(Godfray et al., 2010). These factors lead the food industry to seek to replace

animal-based proteins by plant-based proteins in many of their products.

Mung bean, Vigna radiata (L.) is traditionally consumed in Asian countries but
recently also gained more attention in Europe and Northern America. One reason
is that it contains 20-25% of protein which is well-balanced in terms of amino acids
(Coffmann & Garciaj, 1977; Kudre et al., 2013). Additionally, in terms of
sustainability, mung bean requires less water than many other sources, and can be
grown without fertilizers. This makes mung bean a promising plant-based protein
source. But functional properties of mung bean proteins and its various fractions
(such as foaming, emulsification and gelation) have not been extensively studied

yet, as compared to other plant-based protein sources.

As a sustainable alternative to animal-derived proteins, plant-based proteins in
general have gained much attention recently in terms of functionalities, such as
solubility, emulsification, foaming and gelation. Recent scientific studies, plus the
recent availability of more plant-derived protein ingredients have allowed food
formulators to create plant-based food products of better quality. For example, less

“beany” or even non- “beany” and non-bitter soybean protein ingredients have
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been developed for products with proper textural and sensorial attributes, which
are able to fulfil consumer demands. Nevertheless, poor solubility and high
sedimentation rates in dispersions of plant protein ingredients still restrict the

scope of textures and functionalities that can be obtained.

As to extraction and purification methods, it is especially the traditional isoelectric
precipitation method that is widely used for plant proteins in the food industry. This
process requests large amounts of chemicals, water and a high energy input to
obtain the final isolates, with relatively high protein content (>70%). However, this
high protein purity is achieved at the cost of denaturing the proteins during iso-
electric precipitation and subsequent spray drying. As a result, functionality of

these proteins is often limited.

Milder processing approaches have the potential to be more sustainable, as well as
to better preserve protein structure. Indeed, by applying mild aqueous
fractionation (avoiding extreme pH and heating conditions) or dry fractionation
methods, the use of chemicals, water, and energy is reduced and native structures
of proteins are better preserved, also leading to higher protein functionality
(Pelgrom et al., 2013). It should be noted that this enhanced functionality is
typically comes at the cost of sacrificing protein purity: purity of mildly fractionated
fractions can be for example only 30%, such that in some cases it may be necessary

to still further concentrate or purify such fractions to increase the protein content.

In the present thesis, we use sustainable dry fractionation followed by a number of
mild wet processing routes (such as sedimentation-based layer separation and
liquid-liquid phase separation) to obtain mildly extracted Mung Bean protein
fractions, instead of the traditional wet process of isoelectric precipitation (see
Figure 1). We investigate the functionalities of these mildly fractionated mung bean

proteins, and their potential as future plant-based protein ingredients.
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Figure 1.1 Overview of dry fractionation and traditional wet (isoelectric precipitation)
fractionation methods to obtain plant-based proteins.

1.2 Plant protein fractionations

Replacing animal-based protein sources for plant-based protein sources is of much
interest due to its potential to increase the sustainability of our food supply (Aiking,
2011). Meat production poses a severe burden on land, water, and fossil fuels, and
it is though that with the present level of consumption of animal-based protein, it
is impossible to sustainably ensure food security for the future world population
(Aiking, 2011; Godfray et al., 2010). The present market for plant-based proteins is
dominated by proteins from just a few plant species, especially soybean and yellow
pea (Pisum sativum L.). These vegetal protein sources are specifically of interest as
they are pulses rich in proteins and are cultivated throughout the whole world
(Kudre et al., 2013). Next to these sources however, Mung bean proteins also have

a well-balanced amino acid composition, bland taste and are known for their
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possible health benefits (Adebiyi & Aluko, 2011; Du et al., 2018; Kudre et al., 2013;
Taherian et al., 2011). These may be a promising additional source, which is
important for example because some soybean proteins are known allergens (Beran
etal., 2018; Boye et al., 2010), because they have a strong beany flavour, etc. Table
1.1 shows the overall composition of these three legumes on dry matter base.

Table 1.1 Average nutritional composition of raw soybean, mung bean and yellow
pea crops based on dry matter.

Legume Protein (%) Carbohydrates (%) Lipids (%)  Ash (%)
Soybean ? 32.5-36.5 30.2-31.3 14.9-19.9 4.8-4.9
Mung bean b 24.6-26.3 62-68.9 13 3.7

Yellow pea ¢ 21.6-23.1 61.2-68.4 0.9-2.4 2.8-3.7

Data source: ° (Amonsou et al., 2011; USDA, 2019), © (Boye et al., 2010; Coffmann &
Garciaj, 1977; USDA, 2019), ¢ (Khattab et al., 2009; Ma et al., 2011)

Proteins of most pulses in storage cells are found in so-called protein bodies
surrounded by a membrane (Schmidt, 2013; Tombs, 1967). The size of protein
bodies is between 2 to 20 um, shapes are either irregular (soybeans) (Tombs, 1967)
or spherical (other legumes) (Kornet et al., 2020; Zhu et al., 2018). Protein bodies
have been found suspended in seeds together with starch granules and oil bodies.
It is required to fractionate plant proteins from seeds to remove some of the
undesired components before using them in food products. Here we do this using

mild fractionation methods that leave the protein structure largely intact.

1.2.1 Dry fractionation

Dry fractionation is a mild and sustainable approach to produce protein
concentrates from cereals and legumes, although generally protein purities
obtained are relatively low compared to isoelectric precipitation method (Pelgrom,
Boom, et al., 2015b). Impurities present can be e.g., carbohydrates, salts, phenols,
and oil. However, the overall functionality may be equal or even better than a highly

purified protein isolate (Kornet et al., 2020; Q. Yang et al., 2022).
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Dry fractionation typically consists of two steps. The first is milling of the seeds to
release the protein bodies and starch granules from the matrix. This is followed by
a step of dry separation of the flour, into various fractions with different particle
sizes using air classification. Eventually, a fraction enriched in protein, the so-called
fine fraction (FF) and other one mostly containing starch and cell wall material, the
so-called coarse fraction (CF) is obtained. The protein content of the FF can vary a
lot depending on protein source: between 17 to 56 g protein/ 100 g dry matter
according to previous research on soybean, pea, lupin, corn, and quinoa (Assatory
et al., 2019; Opazo-Navarrete et al., 2018; Pelgrom et al., 2014; Pelgrom et al.,
2013). It should be noted that legumes which are high in lipids or moisture are not
the ideal materials to be processed by dry fractionation (Pelgrom, Boom, et al.,
2015b; Pelgrom, Wang, et al., 2015; Schutyser & van der Goot, 2011). These would

necessitate pre-treatments such as defatting to obtain higher yields.

The dissociation of the seed components is critical to enable efficient separation.
This is largely dependent the structures in the seeds and on the milling conditions.
Pelgrom, Boom, et al. (2015b) studied optimal separation conditions for pea, bean,
lentil, and chickpea and found that the protein content of fine fraction is
determined by differences in particle density, seed hardness and starch granule size
at the same mill conditions. The seed hardness and starch granule size (Delcour &
Hoseney, 2010) have been found to be, respectively, negatively and positively
correlated with the efficiency of protein separation from starch during milling.
Various milling options such as impact mill, pin milling and jet milling etc. are
available to further tune fractionation. In the present thesis, we restrict ourselves

to the impact milling technique.

Several factors have been demonstrated to influence the separation efficiency
during air classification. A well-chosen milling speed can result in a higher protein

content, but excessive milling can damage the starch granules. Also, a flour that is



GENERAL INTRODUCTION | 13

too fine may adhere to the walls of the mill (Pelgrom et al., 2014), resulting in more
starch fragments ending up in the FF. The speed of the air classification is another
important factor to be considered. By increasing the air classification speed,
reduced particle sizes and increased protein content were found in the lupine FF.
Additives may also help. For example, by adding potato starches, the attractive
forces between particles can be decreased and the inter-particle distance can be

increased, leading to a higher protein separation efficiency.

Finally, next to air classification, one can also use another mode of dry separation:
electrostatic separation. This exploits differences in the dielectric properties of
flour particles instead of difference in size and density. In order to charge up feed
particles, tribo-electrification is used (Wang et al., 2015). Due to the many ionizable
groups of proteins, protein-rich particles can be charged up much more than starch
particles and dietary fibres. Consequently, protein-rich and starch-rich fractions can
be separated by an electric field (Wang et al., 2016). However, the tribo-charging
of protein bodies is highly plant-species dependent. For example, protein-rich
particles in wheat bran adopt a positive charge (Wang et al., 2015), whereas, rice
protein particles have been observed to be negatively charged (Pelgrom, Boom, et
al., 2015b). Likewise, particle size and milling speed affect the separation efficiency
of electrostatic separation. In particular, smaller particles were found to charge up
stronger than larger particles (J. Wang et al., 2014) and a high milling speed was
observed to make the particles agglomerate during tribo-charging (Wang et al.,

2016).

In summary, dry fractionation is an attractive process to extract proteins from plant
seeds in a sustainable and solvent-free way. The dry separation methods air
classification and electrostatic separation are techniques which can avoid the usage
of chemical reagents, and fully maintain the functionalities of the native proteins.

The main disadvantage of dry fractionation is the relatively low protein of the FF as
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compared to the protein content of traditional plant protein isolates. Further
research on mild processes that can enrich protein content of FF is therefore much

needed.

1.2.2 Mild wet processing

Next to dry fractionation, another trend is the use of mild wet fractionation
methods to obtain protein-rich fractionations. In this case, fractionation conditions
such as pH, ionic strength and temperature etc. are chosen carefully to avoid
damage to the structure of the plant proteins. Some of these processes may also
be more sustainable as compared to the traditional iso-electric precipitation

process.

Sedimentation-based separation

Afirst process that can be used after dry fractionation to generate protein-enriched
fractions with higher protein concentration is sedimentation-based separation also
referred as aqueous phase separation in literature (Avila Ruiz et al., 2016; Pelgrom,
Boom, et al., 2015a). For this process, FF can be further milled and suspended, or
directly suspended in aqueous solvents. Next low-speed centrifugation is used for
a set time, and this yields distinct layers, where separation is based on the Stokes
friction that determines the sedimentation speed of the particles. The number of
layers is plant-species specific. Forinstance, pea flour (Pelgrom, Boom, et al., 2015a)
and mung bean FF (Q. Yang et al., 2022) were found to give 4 distinct layers while
guinoa flour only yielded 3 layers (Avila Ruiz et al., 2016). The composition of the
layer is quite predictable, with starches, proteins, and cell wall materials usually
being enriched in different layers, the top layers being protein-rich and the bottom
layers being starch-rich (Pelgrom, Boom, et al., 2015a). Protein content of top layers
was reported around 67 g/ 100 g dry matter with a protein yield of 63% for pea FF
(Pelgrom, Boom, et al., 2015a) and 60 g/ 100 g dry matter with a protein yield of

62% for quinoa flour (Avila Ruiz et al., 2016), respectively, after concentrated by
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ultrafiltration. Protein purity values are up to 80 w/w % for this method. Water
usage and energy input can both be reduced by around 80% for this method, as

compared to traditional procedures (Pelgrom, Boom, et al., 2015a).

The sedimentation efficiencies of the different particles are affected by various
solution conditions. For example, for NaCl concentration ranging from 0 M to 0.5
M, and for quinoa suspensions, Avila Ruiz et al. (2016) found that higher salt
concentration resulted in an increased dry matter content of the top layer, but
significant increases in protein yield and purity were not observed. We find similar
results for Mung Bean in this thesis (Chapter 2), but also find that instead, pH has a
considerable effect on the protein content of the top layers. The functionality of
dry fractionated proteins that have additionally undergone mild wet processing
may be equal or even better than traditional highly purified protein isolates (Kornet
et al., 2020). Therefore, dry separation plus sedimentation-based fractionation is a
promising, economical, and sustainable process which in the future should allow

the industry to obtain plant-based protein ingredients with good functionality.

Liquid-Liquid phase separation

Another mild wet process to increase protein content is protein liquid-liquid phase
separation, also known as coacervation. While for pure proteins, liquid-liquid phase
separation eventually leads to macroscopic phase separation, in impure systems
(or when not waiting long enough for macroscopic phase separation to occur) one
can typically observe the formation of dense protein-rich droplets in a protein-poor

continuous phase.
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Figure 1.2 Simplified schematic of liquid-liquid phase separation (simple
coacervation).

Figure 1.2 illustrates macroscopic liquid-liquid biopolymer phase separation or
coacervation. Note that typically, when only one biopolymer component is involved,
the phase separation is referred to as “simple coacervation” (Lazko et al., 2004). In
contrast, when coacervation is due to complex formation of two different (often
oppositely charged) biopolymers, it is referred to as “complex coacervation”.
Biopolymer coacervation can occur due to several weak attractive interactions such
as hydrogen bonding, hydrophobic, electrostatic and van der Waals forces etc.
(Pathak et al., 2017). For complex coacervation, it has been shown that compact
coacervate structures form especially when the strongest interactions between
polymers are induced by electrostatic interactions. As a result, the overall system
is electroneutral in this case (Cochereau et al., 2019; de Kruif et al., 2004; Li & de

Vries, 2018; Liu et al., 2017).

Since, coacervation may be an attractive method to produce protein-rich colloidal
particles or microgels, in this thesis, we let Mung bean protein liquid-liquid phase
separation take place such that micron- or submicron sized protein droplets are
formed, and then to heat-set such droplets to form solid Mung bean protein

colloids.
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1.3 Mung bean protein fractionation and functionalities

Below we present some more specific information on Mung bean proteins, their
fractionation and their functionalities. As in other seeds, Mung bean proteins are
mainly storage proteins (Zhu et al., 2018), present in protein bodies bounded by a
single membrane (see in Figure 3). The isoelectric point (pl) of Mung bean protein
is between 4 and 5 (Boye et al., 2010). For the mature mung bean seeds specifically,
the protein composition is approximately 15% albumins and 60% globulins
(including 11S glycinin and legumin, 7S B-conglycinin and 8S vicilin) present in mung
beans (Zhu et al., 2018), and the 8S globulin is predominant. In turn, vicilin is mainly
composed of four polypeptides with molecular weights of about 60, 48, 32 and 26
kDa (Tang & Sun, 2010; Zhu et al., 2018). The 8S globulins have a molecular weight
of about 150 kDa and are heterotrimers of about 49 kDa (Itoh et al., 2006).

1[I |.|m

Figure 1.3 Autofluorescence image of mung bean seed obtained by Confocal laser
scanning microscope. Scale bar: 10 um.

1.3.1 Mung bean proteins fractionation

Typically, plant seed storage proteins are much less hydrophilic than e.g. milk- and

egg proteins. At least in part due to this property, it is difficult to efficiently extract
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them from the seeds in their native state (Li & de Vries, 2018). Currently, relatively
harsh conditions such as alkaline extraction, acid precipitation and spray drying are
used in the industry for the purification of proteins from seeds. For Mung Bean,
little work has been done yet on milder purification methods. As for other sources,
for Mung Bean the traditional alkaline extraction followed acid precipitation and
spray drying leads to Mung Bean protein isolates with proteins that are largely
denatured and hence limited food functionality (Kudre et al., 2013; Wang et al.,
2022; M. Yang et al., 2021).

In recent years, dry fractionation has drawn much attention as a mild and
sustainable protein extraction technology. Even though the purities obtained are
lower than obtained from traditional processes (Pelgrom, Boom, et al., 2015b), the
functionalities are comparable or better, since even though purity is less, the
proteins retain more of their original functionality. However, studies on such mild
extraction methods are still largely limited to widely investigated legumes such as
soybean, yellow pea, lentil, and quinoa. Data on mild extraction processes for Mung

Bean protein is still lacking.

1.3.2 Mung bean protein properties and functionalities

Proteins not only provide nutrition and energy but also play a role in determining
food structure and hence sensory attributes. Structuring properties of proteins, or
“functionality” include for example protein gelation, emulsification, and the ability
to generate stable foams. Such properties are significantly influenced by the
protein fractionation processing. For example, denaturation caused by spray dying
or isoelectric precipitation can lead to a reduced solubility, strongly affecting

functionalities such as emulsification and foaming.

For Mung Bean protein isolates, the highest solubility was reported to be around
81% at pH 10, and lowest solubility values were found around pH 4.6. As for other

proteins, solubility of mung bean proteins also depends on ionic strength. Kudre et
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al. (2013) found, for Mung Bean protein isolates, that addition of NaCl up to 0.45 M
increases solubility of mung bean proteins, but that at higher NaCl concentrations,
solubility decreases. The drying process also significantly affects the solubility of the
resulting powders, for example a higher solubility was found for freeze dried mung

bean protein isolates than spray dried isolates (Brishti et al., 2020).

Protein gelation (induced by e.g. heat, or by a drop in pH) is a crucial functionality,
that is often desired, but which sometimes also is to be avoided (e.g. in drinks).
Many food products require pasteurization or sterilization, and in these processes
control over protein gelation is also crucial. For Mung bean proteins, both acid-
induced and heat-induced gelation have been studied to some extent. For example,
the minimum concentration of Mung Bean protein required to induce gelation was
studied for Mung Bean protein extracted and dried in different ways (Brishti et al.,
2020). Also, acid induced gelation, with applications in plant-based dairy analogues,
was compared for Mung Bean protein and Pea protein (M. Yang et al., 2021).
Emulsification and foaming using Mung Bean proteins have also been investigated
by a number of authors, but not in great detail. Again, functionality is found to be
highly dependent on the way the Mung Bean proteins are extracted and processed
(Brishti et al., 2020; Du et al., 2018). Processing can also mean, e.g., an enzymatic
treatment. This was shown for example to lead to a higher emulsification ability,
emulsion stability and foam capacity for Mung Bean protein isolates, although it

was also found that foam stability was reduced (Liu et al., 2022).

In summary, there is only limited research on mung bean protein functionality.
Particularly lacking are investigations on more mildly purified Mung bean protein
fractions, for which we may expect more functionality than for the Mung Bean

protein isolates that are currently on the market.
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1.4 Objective and thesis outline

In the present thesis, we study mung beans as a starting material for obtaining
highly functional plant proteins via mild fractionation. In all cases we start by milling
of the Mung Beans, followed by dry fractionation and then apply mild wet

processing steps.

In Chapter 2, as a mild wet processing step, we use sedimentation-based
fractionation. We study the efficiency of protein extraction, and the functionalities
of the protein fractions resulting from this process, in particular viscosity and
gelation. In Chapter 3, as a mild wet processing step, we use liquid-liquid phase
separation of Mung Bean proteins. By reducing pH to moderately acidic values, we
find that submicron droplets high in Mung Bean protein are formed that we can
heat set and dry to form a new “Mung Bean protein ingredient” we will refer to
throughout the thesis as Mung Bean protein colloids mixture (MPCM). We study
the internal protein content and bulk behaviour of the Mung Bean protein colloids,
finding in particular that the colloidal formulation leads to a relatively low viscosity,
suitable for beverage formulations. In Chapter 4 and 5, the air-water interface of
mung bean protein colloids stabilised foam was studied. Chapter 4 demonstrates
excellent foam capacity and foam stability for the mung bean protein colloids, as
compared to other types of Mung Bean protein fractions (albumin, globulin, dry
fractionated mung bean flour). To understand why the colloidal formulation leads
to such excellent foams, in Chapter 5 we analyse the composition and foaming
ability of the mung bean protein colloid mixtures in more detail. We fractionate the
Mung Bean protein colloid mixtures into a supernatant fraction and pellets fraction
by centrifugation, and further separate the supernatant using ultrafiltration. Next
we studies the interfacial and foaming properties of all fractions thus obtained and
find that it is the synergistic action of components of different sizes that leads to

the excellent foaming of the Mung Bean protein colloid mixtures. Finally, Chapter
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6 provides an overview of the main findings in the present thesis and places them

in the broader context of the current literature.
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Abstract

A dry fractionation combine with an aqueous phase separation approach is
developed as a mild and sustainable Mung bean protein extraction process. Mung
bean seeds were dehulled or intactly milled and air classified to produce fine
fractions which are enriched in proteins. Subsequently, aqueous phase separation
was employed to yield a 4 layers separation system to increase the protein content.
The protein content of different layers distributed depend on varied conditions, the
pH condition was proved to be the parameter which influences the protein yield
strongly, the highest protein yield for Layer 1 was 80.9% at pH 8. Air classification
speed, stirring time, and salt addition did not show the ability to increase protein
yield significantly. Finally, shear viscosity and oscillatory measurements were
performed to investigate the rheological behaviour of the Mung bean proteins
obtained by our hybrid method. The viscosity of the mild extracted Mung bean
proteins was found lower than commercial Mung bean protein concentrates at a
comparable protein concentration, whereas the mild process did not have a

significant influence on heat-set gelation.
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2.1 Introduction

Plant proteins are drawing increasing interest as food ingredients. The global plant
protein market is expected to increase from 10.3 billion dollars in 2020 to 15.6
billion dollars by 2026 (MarketsandMarkets, 2021). This increase is a consequence
of the continuous growth of the world population and the shift of people’s dietary
pattern, towards a more sustainable, healthy and balanced diet. Therefore, plant
proteins have been studied as a potential replacer for the typical animal-derived
protein-rich products, such as cheese, milk, and meat (Mattice & Marangoni, 2020;

Rinaldoni et al., 2014; Waschatko et al., 2012; Wang et al., 2019; Kumar et al., 2016).

At this moment, the protein-rich fraction is extracted from plants by so-called wet
fractionation. This yields relatively pure protein isolates, but requires large amounts
of water and often leads to a loss of the native structure of the proteins (Pelgrom
et al., 2015a; Schutyser & van der Goot, 2011). In turn, this leads to poor solubility,
relatively high viscosity and compromised functionalities for emulsification,

gelation etc.

For applications such as plant-based beverages, presenting a pleasant viscosity
while possessing a desired protein concentration is especially problematic. For
example, a challenge is the relatively high protein concentration of minimal 6 (v/v) %
that is demanded. This often results in a drink with a high viscosity, which is usually
undesirable for high protein drinks (de Kort et al., 2011). Additionally, the preferred
viscosity depends on the consumer group. For instance, Streimikyté et al. (2013)
reported that the geriatric consumers with swallowing difficulties probably prefer
to products with ‘honey’ — level (350 - 1750 mPa.s) viscosity. Therefore, plant
protein ingredients that have a good solubility with low viscosity would be favoured

for plant-based beverages.

Except for high protein content, the undesired high viscosity can also be generated

by thermal preservation processes due to protein structure alteration even



32 | CHAPTER2

denaturation. Several approaches such as vacuum packing, freeze drying,
irradiation, etc. have been carried out to eliminate this disagreeable influence.
Moreover, milder fractionation procedures help to preserve the native structure of
plant proteins, leading to lower viscosities than at comparable protein
concentration, when compared with proteins obtained via other fractionation
procedures (Purwanti et al., 2011). An example is dry fractionation, which is both
more sustainable and leaves protein structures intact. In this procedure, milling is
followed by air classification to separate components based on the difference in
density or size. Eventually, this gives a fine fraction rich in native proteins and a

coarse fraction rich in starch.

Previous research has shown that peas, lupine, and beans can all be processed using
dry fractionation (Pelgrom et al., 2013; Schutyser & van der Goot, 2011; Pelgrom et
al., 2015b; Simons et al., 2017; Wu & Nichols, 2005). Schutyser et al. (2015)
reported that after air classification protein concentration can be increased from
23.8 to 58.8 g/100g dry matter for yellow pea, 40.4 to 59.4g /100g dry matter for
lupine. The method has also been applied for soybean. Xing et al. (2018) found that
for this case, protein can be enriched from 37 g/100g dry matter to 45 g/100g dry

matter (for defatted soybean).

So far, the crucial relation between plant protein functionality and the type of
processes used, has only been addressed for the (currently) most common
commercial crops such as soybeans and yellow pea. For other potentially important
crops, this relation has not yet been investigated. Here we focus on an attractive
proteinaceous material, viz. Mung bean (Vigna radiata (L.)), which possesses a well-
balanced amino acid composition and is cultured diffusely all over the world. Its
high protein- and low lipid content make it suitable for dry fractionation.
Additionally, Mung bean is known for its possible health benefits such as lowering

of plasma cholesterol, prevention of diabetes (Du et al., 2018; Kudre et al., 2013).
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Commercial Mung bean proteins are mostly extracted by wet fractionation, which
causes protein denaturation during both the protein precipitation and drying steps,
typically leading to loss of proteins native structure. Thus, research on native Mung
bean protein would be interesting and promising. However, research on the

functionality of mildly extracted Mung bean proteins is still lacking.

Here we consider a mild Mung bean purification using milling and air-classification
to obtain a protein enriched fine fraction (MBFF) and a dehulled protein enriched
fine fraction (DMBFF), followed by dissolution and centrifugation (at 2500 g) to
increase protein content. Different types of particles swell to different extents in
the dispersions after (low-speed) centrifugation, typically obtains a number of
distinct layers which are separated based on Stokes law dictated by the Ap+a? for
particles which Pe >> 1, the Peclet number (Pe) indicating that the system is
dominated by convection. The total number of layers depends on the protein
source used. For instance, pea flour was reported to form 4 distinct layers (Pelgrom
et al., 2015a), while quinoa flour exhibited 3 layers (Ruiz et al., 2016). Starches,
proteins, and cell wall materials typically separate into different layers, with the top
layers being protein-rich and the bottom layer being starch-rich (Pelgrom et al.,
2015a). In earlier work, this hybrid extraction method was shown to be promising
for extracting native pea protein: protein yields were found to be 66.9 g /100 g dry
matter in the top phases. The hybrid separation used considerably less water and
energy as compared to conventional separation methods (Pelgrom et al., 2015a;

Schutyser, 2015).

For the hybrid Mung bean protein purification described above we study the
influence of basic process parameters such as milling wheel speed, classification
rotation speed, dehulling, stirring time, pH, and salt addition on the protein
extraction and resulting functionality of the proteins. In particular, we focus on

measuring and understanding differences in the viscosity between the mildly
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purified Mung bean proteins and commercial Mung bean protein concentrates at

comparable protein concentrations.

2.2 Materials and Methods

2.2.1 Materials

Dried Mung bean (Vigna radiata) used for the experiments was purchased from a
local Asian store. The specification for the dried Mung bean with 6.4% moisture
content was protein 24 g/100 g, fat 2 g/100 g, carbohydrate 60 g/100 g (all based
on dry weight). All beans still contained their hulls and had not been heated. As the
reference, a commercial Mung bean protein concentrates M65 was obtained from
Barentz B.V. (Hoofddorp, Netherlands). The characteristics of M65 were protein
67.5g/100g, fat 0.10g/100g, carbohydrate 20.98g/100g and moisture content 6.88
g/100g. All other chemicals (Analytical grade) were obtained from Sigma Aldrich (St.

Louis, Missouri, United States).

2.2.2 Dehulling

Since polyphenols may interact with proteins both reversibly and irreversibly, we
removed the seed coat before milling to produce dehulled Mung bean fine fraction
(DMBFF) and dehulled Mung bean coarse fraction (DMBCF). The schematic
overview of the Mung bean hybrid separation method is shown in Fig. 2.1.
Dehulling was carried out by soaking the seeds in excess water for 8 hours at room
temperature. Afterward, the seed coat was removed by manual abrasion. After
dehulling, beans were dried using a Venticell Laboratory Oven LSISB2V/ VC111
(MMM Medcenter Einrichtungen GmbH, Planegg, Germany). The final moisture
content was lower than 9% as required to perform the subsequent dry fractionation

step at 50 °C without denaturing the proteins.
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2.2.3 Dry fractionation

For both Mung bean fine fraction (MBFF) and DMBFF, beans were milled using a
Multimill Hosokawa System (Hosokawa Micron B.V., Doetinchem, the Netherlands)
equipped with a ZPS50 (Hosokawa Micron B.V., Ausburg, Germany) impact mill.
Wheel speed was set to 8000 rpm and 4000 rpm for MBFF and DMBFF, respectively.
Mill feeding was carried out by a screw feeder at a rate 20 rpm and a batch size was
used of 400 g at the airflow 52 m3/h. After milling, the Multimill Hosokawa was
equipped with an ATP50 (Hosokawa Micron B.V., Ausburg, Germany) air classifier.
Subsequently, the impact milled flour was further air classified at different classifier
wheel speeds (1000 rpm, 2500 rpm and 4000 rpm for MBFF, 8000 rpm for DMBFF),
as indicated, at constant feed rate (20 rpm) and airflow (52 m3/h). The final protein-
rich Mung bean fine fractions (MBFF) and starch-rich coarse fractions were

obtained, the MBFF was used for experiments.

2.2.4 Scanning electron microscope

MBFF produced at different classification speeds were fixed on sample holders
with Carbon adhesive discs, the excess of flour was removed using an air gun.
Afterward, the samples were sputter coated with 2nm Tungsten (MED 020, Leica,
Vienna, Austria) and investigated with a field emission scanning electron
microscope (Magellan 400, FEI, Eindhoven, the Netherlands). All images were
recorded at a working distance of 5 mm with SE detection mode at 2kV at room

temperature.

2.2.5 Layer Formation in centrifugal field

For layer formation in the centrifugal field, 20 grams of MBFF was dissolved in 80
grams Milli-Q water (PURELAB Ultra, United Kingdom) at room temperature.
Stirring times were 10, 30, and 120 minutes, as indicated. After stirring, the samples

were transferred into 50mL blue cap centrifuge tubes and centrifuged at 2500 g for
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30 minutes by a Hermle Z-383K centrifuge (HERMLE Labortechnik GmbH, Wehingen,

Germany), resulting in layer formation.

Layer formation experiments were also performed at different ionic strengths and
pH values (as indicated, respectively). For these experiments, MBFF was first
dissolved in Mili-Q water. Next, the pH was set by the addition of small amounts of
1M HCl or NaOH solutions, and the ionic strength was adjusted by the addition of
solid NaCl.

Layers are numbered from the top of the tube, with the centrifugal field pointing
downwards. The top layer (Layer 1) was collected and prepared as a concentrated
stock solution (referred to as stock) by Amicon Stirred Cells Ultrafiltration system
(Merck KGaA, Darmstadt, Germany) using a 10kDa filter membrane. The stirred cell
was pressurized to 3.8 atm until the desired protein concentration (approximately
20%) was reached. The protein content of the stock solution was determined by
Dumas (Nitrogen analyser, Flash EA 1112 series, Thermo Scientific, Breda, the
Netherlands) with a nitrogen conversion factor of 6.25 (Mariotti et al., 2008).
Before measurements, stock solutions were stored in the fridge at 4 °C for no longer

than 5 days.

2.2.6 Particle size distribution

Particle size distribution of the MBFF powders were analysed using a laser
diffraction Mastersizer 3000 equipped with an Aero S dry dispersion unit (Malvern
Instruments Ltd., United Kingdom), the pressure was set at 200 kPa. For the layers
obtained after centrifugation, the particle size distribution measurements were
conducted by a laser diffraction particle size analyser Mastersizer 2000 (Malvern
Instruments Ltd., United Kingdom), the particle refractive index was set at 1.48 for

all samples.
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2.2.7 SDS-PAGE

Non-reducing SDS-PAGE were conducted to analyse the protein composition. An
Invitrogen 4-12% gradient Bis-Tris gel and 20x MES SDS running buffer (Thermo
fisher scientific Inc., Waltham, Massachusetts, United States) were used. Samples
were taken from the different layers obtained (1-4) after centrifugation of dissolved
MBFF. Subsequently, samples were diluted with deionized water to reach a protein
concentration range suitable for SDS-PAGE analysis. The gel electrophoresis was
performed for 30 min at a constant voltage (200 V) using an XCell Surelock Mini-
Cell electrophoresis system (Thermo fisher scientific Inc., Waltham, Massachusetts,
United States). Afterward, the gels were stained using Simply Blue Safe Stain and
imaged using a Biorad GS900 gel scanner (Bio-Rad, Hercules, California, United

States).

2.2.8 Protein content

Dry matter content (g/g) of the different samples were determined by drying the
samples overnight in an Venticell Laboratory oven at 105 °C. To determine the
protein content, the Dumas analysis was used with a nitrogen conversion factor of
6.25 as introduced in section 2.2.4. Protein content of layers and MBFF was

calculated by Eq. 2.1

protein from Dumas [g]

Protein content (dm %) = x 100% (2.1)

total mass [g]

Protein yield was calculated for each layer by Eq. 2.2

protein in layer from Dumas (g)

Protein yield (%) = X 100% (2.2)

total protein in sample from Dumas (g)

2.2.9 Mineral content analysis

The mineral composition was determined using inductively coupled plasma atomic
emission spectroscopy (ICP-OES) (iCAP 6300, Thermo Fisher Scientific Inc., Waltham,

Massachusetts, United States).
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2.2.10 Rheology

Flow curves before heat treatment

A stock solution with a protein concentration 22% was prepared by concentrating
MBFF Layer 1 obtained at pH 8 (the maximum protein yield pH condition for the
aqueous phase separation) using ultrafiltration. This stock solution was used to
make a concentration series (5.3% -16.5%) by diluting with Milli-Q water. M65
reference samples were made similarly with concentrations 5%-11%, where the
upper limit was chosen in view of the observed M65 solubility of 11.0 wt%. The
shear viscosity was measured over a shear rate range from 1 s *to 1000 s using
an MCR 502 rheometer (Anton Paar, Graz, Austria), which was equipped with a
sand-blasted concentric cylinder (CC17) geometry (Anton Paar, Graz, Austria). Data
were analysed using the Power-law model to acquire the flow index (n) and
consistency index (K). A volume of 4.7 ml of each sample was loaded in the cup of
the geometry and a solvent trap was used to prevent solvent evaporation. The flow

curves were measured in duplicate.

Small-strain dynamic rheology during heat treatment

After the flow curve measurements, small-strain dynamical rheological
measurements were performed during heat treatment. The temperature was
increased from 23 'C to 90 C at a constant rate of 3 'C / min, kept at 90 'C for 30 min
and finally decreased again at a rate of 3 'C/ min. During the heat treatment, values
for the storage modulus (G’) and loss modulus (G”’) were recorded at a strain of 1%
and a frequency of 1Hz. The loss tangent (tan 6 = G”/G’) at the end of the heat

treatment was also calculated. These measurements were conducted in duplicate.

2.2.11 Statistical analysis

All measurements were performed at least in triplicate except for indicated

otherwise. The results are presented as the mean + standard deviation of replicates.
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Statistic analysis was conducted by IBM SPSS Statistics 25 (IBM SPSS Inc., Chicago,
USA) with a one way ANOVA using the post-hoc method Tukey at P < 0.05 level.

2.3 Results and discussion

2.3.1 Dry fractionation

The particle size distributions of the fine fractions of the Mung bean flours (MBFF)
after air classification at different speeds were analysed using static light scattering.
The resulting particle size distributions are shown in Fig. 2.2A. For all three speeds
used (1000 rpm, 2500 rpm, 4000 rpm classifier wheel speed) there are two main
peaks, a smaller one at around 20 um and a larger one at around 150 um. There is
little difference between the particle size distributions at these different air
classification speeds. Next, the protein contents were determined for the MBFF.
Results are shown in Fig. 2.2B. There is little variation in protein content, all

powders have a protein content in the range of 23-24 g/100 g.
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Figure 2.2 The relative volume as a function of particle diameter distribution A) and
protein content B) of mung bean powder produced at 1000, 2500 and 4000 rpm
classifier wheel speed. All measurements were carried out in triplicate.

To determine the nature of the two particle populations in the powders, we turn to
scanning electron microscopy. A number of typical images are shown in Fig. 2.3
Despite the similarity in particle size distribution obtained from light scattering, a

comparison of Fig. 2.3A-2.3C seems to indicate that at 1000 rpm air classification is
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insufficient and large fragments still exist in the fine fraction. In general, after dry
fractionation, for fractured mung bean seed cells, a considerable amount of oval
starch granules with a typical size of 20 um and several protein bodies with a much
smaller size than starch granules can be seen to be liberated. The protein bodies
are much smaller in size, they can be better recognized in the image taken at a
higher magnification shown in Fig. 2.3D. Only dry fractionation does not separate
all protein bodies from all starch granules: many protein bodies are associated with
(fragments of) starch granules. Hence, if higher concentrations of native Mung bean
proteins are required, a further purification step will be necessary, for which we
here use (layer-based) centrifugal separation of (rather concentrated) aqueous

dispersions of MBFF.
o,

H et
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Figure 2.3 Morphology of mung bean flours produced at a classifier speed of A)
1000, B) 2500, C) 4000, D) 2500 rpm, showing unground fragments and individual
starch granules associated with protein bodies. PB: protein body, SG: starch granule.
Scale bars correspond to 200 um (A, B, C), and 20 um (D).
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2.3.2 Layer formation after centrifugation

After dispersing the MBFF in ultrapure water, and after centrifugation, the MBFF
has separated into 4 clearly distinguishable layers, as shown in Fig. 2.4A. Layers are
numbered from top to bottom, with the centrifugal field pointing downwards. The
compositional analysis of the layers will be discussed later, we start by noting some
general features. For these layer-based separations of plant proteins, it is found
that the top layers contain most of the protein, whereas the bottom layers contain
most of the carbohydrates (Pelgrom et al., 2015a). In our case, the volume of Layer
1 was by far the largest. Layer 1 was a low viscosity liquid. Layer 2 had a soft gel-
like consistency, whereas Layer 3 and 4 had a solid-like consistency, with Layer 4
being the hardest. From here on, we mostly focus on Layers 1 and 2, which contain

most of the Mung bean protein.

Volume (%)

Layer 3 1 \/\
0 o2 - .

Layer 4 0.01 0.1 1 10 100 1000 10000

-y Diameter (um)

Figure 2.4 Aqueous phase separation mung bean A) after 120 minutes of stirring
and 30 min centrifugation at 4500 g; B) particle size distribution of Layer 1 (grey
solid line), Layer 2 (yellow solid line), concentrated stock solution (dark yellow solid
line) and commercial product M65 (grey dashed line). All measurements were
carried out in triplicate.

First, for Layers 1 and 2, a stock solution and a commercial Mung bean protein
sample (denoted by M65) we analyzed the size distribution of the particles in the
dispersions, using static light scattering. Results are shown in Fig. 2.4B. Layer 1
showed a highly polydisperse distribution with a peak at 0.2 um and aggregates size

around 100 um, Layer 1 concentrate, Layer 2 and M65 presented a peak around
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100 um, 35 pum and 120 um, respectively. Since Layer 1 was a low viscosity liquid
layer, it was believed to mostly contain free protein particles. And Layer 2 could be
considered as more dense protein particles separated by the centrifugal force.
Although a similar particle size was confirmed for Layer 1 concentrate and M65 at
the same protein concentration, rheological behaviour such as viscosity of these
two samples were found different. The rheological properties will be investigated

and discussed in detail later.

Next an SDS-PAGE analysis under nonreducing condition was carried out on Layers
1 and 2, to determine whether some Mung bean proteins preferentially partition
in one of the layers or not. Results are shown in Fig. 2.5. Major bands are similar in
(relative) intensity for Layers 1 and 2: bands around 66 KDa, 50 KDa, 31 KDa, and
26KDa can be attributed to the most abundant 8S globulins (Vicilin) in Mung beans.
Bands around 40KDa and 20KDa can be considered as 11S globulins (Legumin) (Tang
& Sun, 2010). Except for some bands related to smaller proteins present in phase
2, SDS-PAGE shows no noticeable difference between the protein compositions of
Layers 1 and 2. Layer 2 does show more protein material that has not migrated into
the gel, signifying that it contains more protein in an aggregated state, as was also
found using light scattering. In short, the conclusion is that with respect to protein
composition, SDS-PAGE does not show much difference between the layers, the
only difference is in the total concentration and the aggregation state of the

proteins.
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Figure 2.5 The non-reducing SDS-PAGE pattern-of Layer 1 ‘and Layer 2 of MBFF
generated by aqueous phase separation at pH 8 without salt addition. M, L1, and L2
represent Marker 12, Layer 1, and Layer 2, respectively.

2.3.3 Protein content and yield

Subsequently, we analysed the protein content on a dry matter basis (g/g dm) and
as a yield for each of the 4 layers, for several variations of the fractionation and
purification process parameters. Parameters that were varied were: the wheel
speed for the air-classification, stirring time, pH and concentration of added NaCl
for the solvent to disperse the MBFF. Results are shown in Table 2.1. First,
irrespective of process parameters, and as expected, we find that protein yield
decreases with layer number. By far, most of the protein ends up in Layer 1. The
protein concentration of the Layer 2 is higher, but since its volume is much smaller,
the protein weight is lower than Layer 1 (3.188 g and 0.352 g for Layer 1 and Layer

2, respectively), leading to the protein yield of Layer 2 is lower. When optimizing
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the fractionation and purification process, we focus on the combined protein yield
for Layers 1 and 2, to which we simply refer as ‘protein yield’. Likewise, when
investigating the functionality of the isolated Mung bean proteins, we will do so for

the combined Layers 1 and 2.

We find that many of the varied processing parameters do not strongly affect the
protein yield of layer. First, consider the speed used for air-classification. When
increasing the wheel speed from 1000 rpm to 4000 rpm (keeping the stirring time
for the resulting MBFF at 10 min), we find the protein yield increases moderately
from 78.9% to 84.4% (See Appendix Figure S2.1). The difference between the yields
for 2500 rpm and 4000 rpm was not large, thus, 2500 rpm was used for the
remainder of the work. The effect of stir time when dispersing the MBFF, was even
less pronounced (See Appendix Figure S2.2), and we use the shortest stirring time
(10 min) for the remainder of the work. Likewise, we find that added NaCl only has
aminor influence on the protein yield of the layer (See Appendix Figure S2.3), hence

for the remainder of the work no NaCl was added.

The only process parameter we investigated that significantly affects the protein
yield is the pH of the MBFF dispersion used for the centrifugal layer separation.
Results for the protein contents of the layers, and the protein yield as a function of
pH (taken from Table 2.1), are shown in Fig. 2.6. When dispersed in Milli-Q water,
the pH of the MBFF dispersions was around 6.5. Acid and base were added to the
dispersions to bring the pH to values of pH 6 and pH 8 respectively. We find that
adding acid strongly reduces protein yield, whereas adding base, leads to a small
increase of the yield. The highest yield, obtained for air classification at 2500 rpm
and 10 min stirring at pH 8, with no added salt, is 85.1%. While in practice it may
not be worthwhile to perform the additional pH adjustment, for investigating the
functionality of the Mung bean proteins, we here continue with the Layer 1 proteins

obtained at the highest yield proteins, we here continue with the Layer 1 proteins
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obtained at the highest yield conditions (air classification at 2500 rpm, 10 min

stirring at pH 8, no added salt).
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Figure 2.6 Protein content and yield of 2500 rom mung bean fine fraction at pH 6, pH
6.5 (neutral) and pH 8 aqueous phase separation with 10 min stirring. All
measurements were carried out in triplicate.

Finally, we also investigated the effect of dehulling on protein yield (data not in
Table 2.1). Dehulled Mung bean seeds were milled at 4000 rpm, and subsequently
air-classified at a wheel speed of 8000 rpm, resulting in Dehulled Mung bean fine
fractions (DMBFF). We find that DMBFF has a much higher protein content (49 g/
100g dm, at 4000 rpm wheel speed) than MBFF (highest value is 24g/100g dry
matter, at 8000 rpm wheel speed). This result is not unexpected, since dehulling
leads to a significant reduction of non-protein material. Afterward, we continued
by performing centrifugal layer separation on the DMBFF. Surprisingly, here we find
that the dehulling reduces the overall protein yield (Appendix Figure S2.4A), the
total protein yield of DMBFF Layer 1 and Layer 2 was 72.8% whereas the total yield
of MBFF was 79.8% (neutral pH, no salt added). It is believed that the aqueous
system applied during centrifugal separation has a limited protein dissolve capacity.
Since DMBFF brings more proteins than MBFF into the system and a part of the

excessive proteins cannot be dissolved in the aqueous system, unable to be
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maintained in Layer 1 or Layer 2 after centrifugation. The extra proteins added but
cannot be dissolved could lower the protein yield. Wheel speed and air
classification speed employed to produce DMBFF could also influence the
separation efficiency. The setting we applied in the present study (mill speed 4000
rom, classification speed 8000 rpm) probably break the seeds insufficiently,
therefore, it cannot liberate maximum protein bodies from seeds. However, further
research should be performed to determine the optimum settings for DMBFF dry

fractionation.
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2.3.4 Mineral analysis

Mineral content is a key attribute of food ingredients that may (partly) depend on
fractionation and purification processes. Therefore, we have analysed the mineral
content for the MBFF and the MBCF, as obtained from the air-classification.
Similarly, we analysed the mineral content of the Layers 1-4 obtained of the MBFF
dispersions, a stock solution obtained by ultrafiltration of Layer 1, and a reference
commercial Mung bean protein powder (labelled M65). Except for powder samples,
other liquid or semi-solid samples are freeze dried before analysis. Results are

shown in Table 2.2.

Results were obtained using a flow injection analyser for Cl and ICP-OES for all other
elements. The coarse and fine flour fractions MBCF and MBFF present comparable
mineral contents except for Ca?*. This is probably caused by the higher fraction of
Calcium-enriched hull (Lombardi-Boccia et al., 1998) in the coarse fraction. In
general, the total mineral content of the stock is 36.99 g/kg which is higher than
M65 (24.51 g/kg), the difference between these samples is largely contributed by
K content which came from the raw material. Whereas mung bean protein samples
possess higher total amount of ions than commercial whey proteins. The Ca content
of Layer 1 and stock (0.9 g/kg) is 10-fold higher than whey proteins (0.09 g/kg)
(Cornacchia, Fortelle & Venema, 2014). This property makes the stock a promising

protein ingredient that can be employed in calcium fortification protein drinks.

For the layers, we find that Ca, Fe, Mg, Mn, P, Zn ions are enriched in Layer 2,
presumably because they are more strongly associated with proteins. This result is
partly aligning with the previous research. According to Posch et. al (1995) and
Wiiliams & Silva (2000), Mn and Zn as transition metal ions, interacting strongly
with proteins via electrostatic forces. The presence of Mg- and Ca-ions probably
can be explained by previous observation for soybean seed (Sussulini et al., 2006).

The content of Ca and Mg depends on applied extraction approaches since they
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were found to possess moderate interactions with proteins. Due to mildly
extraction method employed in the present study, Ca and Mg were allowed to

maintain their coordination with proteins, therefore, these ions were preserved.

Table 2.2 Elements distribution upon different fractions and treatments.

Elements Unit MBCF MBFF Layer1l Layer2 Layer3 Layer4 STOCK M65

Ca 1.92 0.51 0.83 2.55 0.57 n/a* 0.88 4.10
Cu 0.010 0.011 0.028 0.021 0.009 0.002 0.037 0.016
Fe 0.104 0.102 0.124 0.164 0.101 n/a 0.133 0.180
K 12.3 12.8 30.0 20.5 12.7 2.7 158 3.7
Mg 1.97 1.54 3.36 7.32 1.25 0.24 260 113
Mn g/kg 0.014 0.014 0.027 0.093 0.013 n/a 0.031 0.034
Na n/a n/a 4.970 2.973 2.051 0.395 2.610 4.334
P 4.14 4.83 11.20 18.7 4.0 0.88 9.53 7.44
1.92 2.21 5.22 4.01 2.07 0.37 426 3.24
Zn 0.028 0.031 n/a 0.074 0.025 n/a 0.084 0.057
c 0.40 0.55 1.67 n/a 0.36 0.08 1.04 0.29

*n/a represents results lower than the detection limit. The detection limit for Ca: 0.15g/kg;
Fe: 60 mg/kg; Mn: 0.05 g/kg; Na: 15 mg/kg; Zn: 5 mg/kg.

On the other hand, for Cu, K, Na, S, and Cl the amounts correspond to water content
in all layers, more amount of elements were detected in the layer which has higher
water content. It is suggesting that they are mostly not associated with proteins or
polysaccharides. While K, as a monovalent ion, tended to be lost during processing
since it binds to protein weakly (Sussulini et al., 2006). This can also explain the
considerable reduction in Na and K content that we observe after ultrafiltration to
obtain the stock solution from Layer 1 (from 4.970 to 2.610 g/kg and 30.0 to 15.8
g/kg, respectively). Amounts of Sodium in Layer 1 are similar to those in the M65
and lower than MG65 after ultrafiltration. Unfortunately, this value is still
significantly higher than commercial whey proteins, it is undesirable when
considering the low sodium diet recommendation. A further filtration process can

be applied to remove the extra sodium from the stock solution to qualify it as a
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commercial plant protein ingredient if necessary. Note that no significant amounts
of sodium were present in the dry fractions. This implies that the high Sodium

content is due to additions during processing, in particular during pH adjustment.

2.3.5 Rheology

First, we consider the viscosity of the mildly purified Mung bean proteins before
thermal treatment. Results for the flow curves of the MBFF Layer 1 protein and the

MG65 protein isolate at different concentrations are shown in Fig. 2.7.
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Figure 2.7 Viscosities of MBFF aqueous phase separation samples (solid lines) at
protein concentrations 5.3% (grey), 8.3% (orange), 11.0% (green), 16.5% (blue) and
commercial mung bean protein concentrates M65 (dashed lines) at 5.3% (grey),
8.3% (orange) and 11.0% (green). MBFF samples were prepared by diluting the
22.0% concentred protein stock solution. All measurements were carried out in
duplicate.

All  samples showed shear-thinning behaviour. At comparable protein
concentration, M65 was found to have significantly higher viscosities than the
MBFF Layer 1 samples. The highest viscosities were found for M65 at a
concentration of 11%, while at a concentration of 16.5%, the MBFF Layer 1 proteins
still exhibit a viscosity appreciably less than the M65 proteins at 11%. The Powder
— law model was applied to characterise the rheological behaviour of protein

solutions since it fitted the shear stress and shear rate data well. Table 2.3 showed
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that all samples are typical pseudoplastic fluids with n < 1. Protein solutions
exhibited significant decreases (P < 0.05) in flow index n with the increase in protein
concentration (indicating increased pseudoplasticity), whereas consistency index K
increased upon the increasing protein concentration. Hence, more expressed
viscous and shear thinning behaviours were observed with increasing protein
concentration (Dissanayake et al., 2013). Remarkably, K increased sharply (from
0.06 to 0.69) for M65 when protein concentration increased from 8.3% to 11.0%
while MBFF only increased from 0.05 to 0.11. This finding correlated with the
research of Bains & Pal (2019), who showed a similar K increase trend of emulsions.
The difference in K increase could be illustrated by the water-binding capacity of
the protein. Streimikyté et al. (2020) reported that the protein which possesses
good water-binding capacity contributed to a more pronounced shear-thinning

behaviour in solutions.

Table 2.3 Rheological characteristics of M65 and MBFF protein solutions.

sample Protein- Flow index Consistency index Deterrn.inatiozn

concentration n K (Pa.s") coefficient R

5.3% 0.88+0.01° 0.01+0.00*® 0.99+0.00*

M65 8.3% 0.83+0.01%° 0.06+0.01° 1.00£0.00*
11.0% 0.55+0.02°¢ 0.69+0.00*? 0.97+0.01

5.3% 0.79+0.02%° 0.01+0.00*® 0.99+0.00*

MBFF 8.3% 0.63+0.09"° 0.05+0.03° 0.97+0.02
11.0% 0.56+0.01°¢ 0.11+0.00*® 0.97+0.01

16.5% 0.52+0.06¢ 0.60+0.237 0.98+0.01

*Represents the standard deviation is lower than 1%.
Values are presented as mean + standard deviation. Letters indicate significant difference
between protein samples at P < 0.05.



A MILD HYBRID LIQUID SEPARATION TO OBTAIN FUNCTIONAL PROTEINS | 53

We also consider structure formation during heat treatment at higher protein
concentrations (>5%). Small deformation rheology is used to monitor protein
gelation during the thermal treatment, which consists of a heating ramp (23 °C -
90 °C at 3°C /min), followed by 30 min at 90 °C, and a cooling ramp (90 °C -23 °C,
at 3 °C /min). The results are shown in Fig. 2.8. The minimal gelling concentration
is around 10% for both the MBFF Layer 1 protein and the commercial M65
concentrates (Fig. 2.8C). As shown in Fig. 2.9, the final gel moduli (after the gels
having been cooled down back to the room temperature) increase rapidly with
increasing protein concentration, once above the critical concentration of around
10%, with not much difference between the MBFF Layer 1 proteins and the M65

protein isolate.
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Figure 2.8 The temporal evolution of the storage modulus G’ (triangles) and loss
modulus G”(crosses) of A) MBFF protein dilutions with 5.3% (grey), 8.3% (orange),
11.0% (green) and 16.5% (blue) protein concentration; B) MBFF protein dilution
(grey) and M65 solution (light grey) with a total protein concentration of 5.3%; C)
MBFF protein dilution (orange) and M65 solution (light orange) with a total protein
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concentration of 8.3%; D) MBFF protein solution (green) and M65 solution (light
green) with a total protein concentration of 11.0%. The thermal treatment is shown
by the dashed line. All measurements were conducted at a constant frequency of
1Hz and a constant strain of 1%. All measurements were carried out in duplicate.
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Figure 2.9. Gel properties of MBFF (solid symbols) and M65 (open symbols) heated at
90 °C as a function of protein concentration. All measurements were carried out in
duplicate.

2.4 Conclusion

We have shown how air-classification and centrifugal layer separation can be
combined to mildly purify Mung bean proteins, minimizing the level of
denaturation. In particular, we found that after performing centrifugal layer
separation on the MBFF at either its natural pH of 6.5 or at pH 8, both the yield
(71.61% and 80.92%, respectively) and protein content (64.57% and 64.22%,

respectively) of the Layer 1 fraction are very high.

In general, one expects protein denaturation and aggregation during ingredients
preparation to have a deleterious effect on the resulting ingredient functionality
(Schutyser & van der Goot, 2011). For example, for beverages, one requires high
solubility and low viscosity. Indeed, we find that solubility is lower, and viscosity is
higher for the reference commercial M65 Mung bean protein concentrates, as

compared to the MBFF Layer 1 proteins.
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Both differences can probably be attributed to the formation of protein aggregates
during ingredient preparation in the case of the commercial isolate M65. Indeed,
from light scattering we found (Fig. 4B) that the average particle diameters in
dispersions of MBFF Layer 1, concentrated MBFF Layer 1 and M65 were,
respectively, 0.2, 100, and 120 um.

Our results are consistent with what has been reported for other sources, such as
for pea. Kornet et al. (2020) found that for more mildly processed pea protein
fractions, the viscosity increased less rapidly with increasing protein concentrations
than pea protein fractions that had experienced more extreme pH and temperature
values. It should be noted that except for conditions applied to produce protein
ingredients, sterilisation approaches such as Pasteurisation could have an influence
on the viscosity of final products as well. Remarkably, we find that at least for this
case, the purification process and the associated degree of protein denaturation

and aggregation, does not seem to have a strong impact on heat-set gelation.

A crucial final step will be to develop a drying process for the MBFF Layer 1
dispersions that likewise maintains the native state of the proteins, such that these
mildly purified Mung bean proteins can be applied in, for example, plant protein

beverages.
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Abstract

Poor solubility is a common characteristic of many plant protein ingredients which
often hampers product formulation. We exploit simple coacervation, or liquid-
liquid phase separation, of plant proteins in flours, to formulate plant proteins as
powders of submicron colloids with good solubility and dispersibility. We consider
the specific case of mung bean flour, but the approach is more general. First, we
study the influence of pH on the formation of submicron protein droplets
(“coacervates”) after alkaline protein extraction from Mung bean flour. Next, the
proteins in droplets were heat-set into colloidal protein microgels, and the
morphology of the colloids was assessed by scanning electron microscopy. The
mung bean protein colloids have an intrinsic viscosity much lower than typical food
thickeners, indicating the dense nature of the particles. After spray-drying, they
maintain good solubility even close to the isoelectric point. Heat-induced gelation
of redispersed protein particles resulted in gels with moduli much less than those
of commercial mung bean protein concentrates at equivalent protein
concentration. Hence, the main impact of the pre-treatment is on solubility,
dispersibility and heat stability, with relevance to formulations such as plant-

protein based beverages.
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3.1 Introduction

Concerns over sustainability of animal proteins in our diet have led to a shift in
consumer preferences towards diets richer in plant proteins (Aydemir &
Yemenicioglu, 2013; Carbonaro et al., 2015). This is accompanied by an intense
interest in the food technology of processing plant proteins for novel food
formulations (Aiking, 2011). It is generally acknowledged that many plant protein
ingredients currently on the market suffer from problems with low solubility and
low functionality, which is disadvantageous in formulating new food products with
these ingredients. This behaviour is probably caused by intrinsic properties of plant
proteins and by processing steps used to isolate the proteins (Wouters et al., 2016).
Various approaches have been studied to remedy the deficiencies of current plant
protein ingredients. For example, dry fractionation (Assatory et al., 2019; Pelgrom
et al., 2013) can be used to obtain powders that retain the native structure of the

plant proteins, improve their functionality.

In applications such as beverages, it is often the solubility of plant proteins which is
limiting formulations. Earlier, researchers have shown for whey proteins that a
colloidal formulation is highly advantageous for formulating thermally stable
dispersions high in protein (Saglam et al., 2013; Saglam et al., 2012). We here
propose to investigate simple coacervation of plant proteins from flours as a mean
to obtain dense, colloidally sized plant protein micro and nano gels, in order to

formulate plant protein powders with high solubility and dispersibility.

It is well known that upon acidification, before becoming insoluble close to their
iso-electric points, many plant storage proteins exhibit liquid-liquid phase
separation, sometimes also called simple coacervation (Lazko et al., 2004). Liquid-
liguid phase separation of plant storage proteins has also been observed upon
acidifying soybean fraction isolates (Chen et al., 2020) or yellow pea flours (Lui et

al., 2007) initially dispersed at alkaline pH. For the case of flours (as opposed to the
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case of purified native plant storage proteins) macroscopic phase separation often
does not occur, but rather micro phase separation is observed, in the form of the
formation of small liquid, protein rich droplets which are typically of micron scale
(Cochereau et al., 2019; Kornet, Roozalipour, et al., 2022; Li et al., 2020; Lui et al.,
2007).

For relatively pure plant storage proteins, a number of recent studies have
highlighted that simple coacervation in combination with heat induced gelation can
be used to create a wide variety of microstructures including thin-walled capsules
(Chen et al., 2017; Chen et al., 2020; Teng et al., 2012; Zhao et al., 2020). Microgels
of plant storage proteins obtained directly from flours have not yet been studied

extensively with respect to their functionality, as far as we are aware of.

For the specific case of mung bean flour, our aim is therefore to identify conditions
of simple coacervation, to obtain microgels by heat set gelation of the protein
microdroplets, and to test whether these droplets can be spray dried or freeze dried
while retaining their functional properties. We used dry fractionation to start off
with ingredients that are somewhat higher in native proteins than whole mung

bean flour.

As we will show, mung bean protein coacervates (MBPC) obtained from dry
fractionated mung bean flour are much smaller (submicron) than the droplets
previously found upon acidifying (defatted) soybean flour (Lui et al., 2007). We find
the heat-gelled (sub)micron mung bean protein droplets can be spray dried and
resuspended without affecting the colloidal nature of the particles, and we
characterize the properties of the re-dispersed proteins using various physical-

chemical approaches.
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3.2 Materials and methods

3.2.1 Materials

Dried mung beans (Vigna radiata) were obtained from a local store. According to
the supplier the composition of the dried mung beans was protein 24%, fat 2%,
carbohydrate 60% g. All beans still contained their hull and were unheated.
Commercial mung bean protein concentrate (M65) containing 67.5 g/100 g protein,
0.10 g/100 g fat, and 20.98 g/100 g total carbohydrate was obtained from Barentz
B.V. (Hoofddorp, The Netherlands). All other chemicals and reagents were

analytical grade and purchased from Sigma Aldrich (Schnelldorf, Germany).

3.2.2 Dry fractionation

Mung bean seeds were milled at a wheel speed of 8000 rpm using an Alpine Multi-
processing System (Hosokawa Micron B.V., Doetinchem, the Netherlands)
equipped with a ZPS50 impact mill (Hosokawa Micron B-V., Ausburg, Germany).
After the milling step, the Alpine Multi-processing system was equipped with an
ATP50 air classifier to obtain a mung bean fine fraction (MBFF) at 2500 rpm
classification speed. For both milling and air classification, the feed rate was set to
20 rpm, a batch size was used of 400 g, and the airflow was set to 52 m3/h,

continuously.

3.2.3 Protein colloid production and characterization

Protein colloid production

Sodium metabisulfite was dissolved in MilliQ water to obtain a 15mM salt solution.
Next, 20% wt MBFF was suspended in the salt solution and stirred for 5 min. For
alkaline protein extraction, the pH was adjusted to 8.5 using 1M NaOH and the
solution was stirred for 1 hour at room temperature. This solution was
subsequently centrifuged (Hermle Z-383K centrifuge, HERMLE Labortechnik GmbH,

Wehingen, Germany) at 10,000 g for 30 min to remove insoluble fractions, and the
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supernatant was filtered using a grade 1 filter paper (Whatman, Massachusetts,
United States). Lastly, the pH of the supernatant was adjusted to pH 7 using 1M HCI.

This protein solution was stored at 4 °C until further use.

For protein colloid production, the protein solution was first allowed to re-
equilibrate to room temperature. Next, the pH was slowly decreased by the
dropwise addition of 1M HCI. Samples were prepared with final pH values in the
range of pH 5.8 to pH 6.8. Acidified mung bean protein samples for which micro-
phase separation was established are referred to as “mung bean protein simple
coacervate” (MBPSC) samples. The micro-phase separation was examined under an
Axioskop 50 Microscope (Zeiss, Vienna, Austria). MBPSC samples were heated at
80°C for 20min to gel the submicron protein droplets, resulting microgels are

referred to as “mung bean protein colloids” (MBPC).

Scanning electron microscope (SEM)

MBPC samples were critical point dried (CPD) and investigated with a field emission
scanning electron microscope (Magellan 400, FEl, Eindhoven, the Netherlands). To
prepare the CPD sample, a drop of 10% MBPC solution was transferred to a poly-L-
lysine Cellware 12mm round Glass coverslip (BioCoat, Discovery Labware Inc., USA)
and fixed for 30 min. Afterwards, the coverslip was gently rinsed in Milli-Q and
dehydrated in a series of 30%, 50%, 70% and 100% (twice) acetone solutions for 10
min each. The sample was subsequently dried by critical point dryer (CPD300, Leica,
Germany) using carbon dioxide. To make the sample conductive for SEM analysis,
samples were sputter coated (SCD 500, Leica, Germany) with 2 nm Tungsten. All
images were recorded at a working distance of 5 mm with SE detection mode at

2kV at room temperature.



PROTEIN COLLOIDS PRODUCED BY SIMPLE COACERVATION | 67

3.2.4 Drying techniques

Freeze drying
Mung bean Protein Colloids (MBPC) were freeze-dried using a Freeze dryer Alpha
2-4 LD plus (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,

Germany) to obtain freeze-dried mung bean protein colloids (FDMBPC).

Spray drying

Spray-dried mung bean protein colloid powder (SDMBPC) was obtained by drying
MBPC samples (heat treated as described above) using a Buchi Mini spray dryer B-
290 (BUCHI Corporation, New Castle, USA). The inlet and outlet temperature were
150 °C and 60°C, respectively. The aspirator was set to 95% of its maximum
aspirator rate, the pump speed was set to 15% of its maximum pump rate. Gas flow

was set to 50 kg/h, and the nozzle cleaner was set on level 3 to prevent sample

clogging.

3.2.5 Protein content

Dumas

The dry matter content of (possibly hydrated) MBFF was determined by precisely
determining the weight before and after drying of approximately 100 milligrams
MBFF. Samples were dried in an evaporation dish overnight in an oven at 105 °C.
To determine the protein content, Dumas analysis (Flash EA 1112 series, Thermo
Scientific, Breda, the Netherlands) was used, assuming a nitrogen conversion factor

of 6.25 (Mariotti et al., 2008).

Internal protein concentration

The protein concentration inside the (heat-set) protein droplets in the FDMBPC
samples was inferred from the intrinsic viscosity of FDMBPC samples. The
continuous phase surrounding the protein droplets in the MBPC samples contains

dissolved protein that interferes with viscosimetry, since that proceeds via the
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analysis of a dilution series, “washed” MBPC samples of known total dry matter
were prepared for viscosimetry with 20 mM sodium phosphate buffer (pH 7.0) as
the continuous phase. Washing was achieved by centrifuging 10% wt samples at
30,000g for 30 min and removing supernatant from the tube, and then same
amount of buffer was added to dissolve the pellet. 7 times and 10 times diluted
pellet suspensions were used to make further series of dilutions, the final internal
protein content was obtained by averaging results of 7 times and 10 times.
Viscosities 7 of a dilution series of washed FDMBPC were determined using a
capillary viscometer (Ubbelohde) placed in a water bath at 25 °C. For each dilution
the viscosity 17 was measured in triplicate. The intrinsic viscosity ([n]) was obtained
from the intercept of the Huggins plot (the specific viscosity ns, / dry matter
concentration versus dry matter per unit of volume). Specific viscosities (ns,) were

obtained from the sample viscosities n using

Nsp = 77;;70 (3.1)

where no is the viscosity of the continuous phase. An estimate for the specific
volume Vi, (ml/ dry mass in g) of the protein colloids can be obtained assuming the

colloids are spherical, from the Einstein relation

>l (32)

Finally, the inverse of the specific volume provides the estimate for the internal

protein concentration of the FDMBPC

1

Cw,internal = >
sp

(3.3)

3.2.6 Colloidal stability

To investigate the colloidal stability of MBPSC, samples of 20 ml were loaded in a
glass test tubes with a stirrer bar inside. Samples were heated at 80 °C in a water

bath for 5, 10, 15 and 20 minutes. Immediately after the heat treatment, samples
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were placed in an ice bath to prevent further aggregation. They were kept at 4 °C,
together with an unheated reference sample, until further measurements. For all
samples, particle size distributions were measured using static light scattering
(Mastersizer 2000, Malvern instruments, Malvern, United Kingdom), setting the

particle refractive index to 1.48.

3.2.7 Re-dispersibility and particle dissolution for dried protein

particle powders

To assay re-dispersibility after drying, SODOMBPC or FDMBPC powders were dispersed
in water at the same concentration as before drying. Particle size distributions after
re-dispersion were determined using a Mastersizer 2000 (Malvern instruments,

Malvern, United Kingdom).

Next, to investigate whether the protein colloids in the SDMBPC or FDMBPC
powders would dissolve when dispersed in buffers of varying pH, 1% w/w FDMPC
and SDMBPC dispersions were prepared at pH 4, 5, 6.75 (natural), 9 and 11 at 0.1
M of added salt (NaCl) to eliminate the influence of ionic strength changes on the
fraction of proteins dissolved. Dispersions were first stirred for 30 min at room
temperature before pH values were carefully adjusted by the dropwise addition of
1M NaOH or 1M HCI. Next, samples were stirred for 1 h and centrifuged (Hermle Z-
383K centrifuge, HERMLE Labortechnik GmbH, Wehingen, Germany) at 17,000g for
30 min. The protein concentration of supernatant was determined by DUMAS with
a nitrogen conversion factor of 6.25, and the fraction of protein dissolved, @issolved,

was calculated from

c Supernatant
Dyissoved = C —— X 100% (3.4)
Suspension

Where C supematant is the protein concentration of supernatant, and the C suspension IS
the protein concentration of the suspension. To determine the effect of ionic

strength on the fraction of proteins dissolved, 1% w/w FDMBPC and SDMBPC
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dispersions were prepared at different concentrations of added salt (0 M, 0.1 M
and 0.5M NaCl) at fixed pH 6.75 (the natural pH of the dispersions). The same
method and calculation were applied as above to determine the fraction of proteins

dissolved.

3.2.8 Rheology

Shear viscosity

Shear viscosities of the samples were measured in triplicate, using a double gap
cylinder (DG 26.7) geometry over a shear rate range of 1 — 100 s*. Measurements
were conducted using a MCR 502 rheometer (Anton Paar, Graz, Austria). Flow
curves were analysed to obtain the flow behaviour index (n) and consistency index

(K) using a power-law model
T=Ky" (3.5)

Where T is the shear stress, K is the consistency index, y is the shear rate, and n is

the flow behavior index.

Oscillatory rheology

For oscillatory rheology, an MCR 502 rheometer combined with a sand-blasted
concentric cylinder (CC17) geometry was used. Samples were monitored for the
linear rheological behaviour during their gelation induced by heating. Storage
modulus (G’) and the loss modulus (G’’) were recorded at a strain of 1% and a
frequency of 1Hz, during a heat treatment consisting of an increase in temperature
from 23 °C to 90 'C at a constant heating rate of 3 'C / min, a fixed temperature of
90 ‘C for 30 min, followed by cooling back to 23 'C at a rate of 3 'C / min.

Measurements were conducted in duplicate.

3.2.9 Statistical analysis

Unless mentioned otherwise, for all measurements, results are presented as the

mean + standard deviation of replicates. Measurements were performed at least in
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duplicate. IBM SPSS Statistics 25 (IBM SPSS Inc., Chicago, USA) was used to conduct

one way ANOVA analysis, using the post-hoc method Tukey at the P < 0.05 level.

3.3 Results and discussions

3.3.1 Mung Bean Protein Simple Coacervates (MBPSC)

Protein droplet formation upon acidifying flours dispersed in alkaline has been
observed for especially soy and yellow pea (Lui, et al., 2007). Here we sought to
characterize the same phenomenon for alkaline extracted mung bean flour. To
maintain full protein functionality, we first applied an air classification to separate
the freshly milled mung beans, giving a mung mean fine fraction (MBFF) powder. A
high concentration (20% wt) of MBFF was alkali extracted at pH 8.5. To check for
liquid-liquid binary protein phase separation, something accompanied by droplet
formation by the newly formed phase, we first performed optical microscopy on
different samples obtained by acidifying the supernatant after alkaline extraction

to various final pH values.

The results are shown in Figure 1. We find that in the narrow pH window of pH 6.8
to 6.0, there was a progression from spherical, micron-sized droplets that first
increased in number and then aggregated and acquired irregular shapes at pH 6.
For further studies, we choose pH 6.75, since at this pH a large enough number of
droplets appeared to be formed that do not aggregated. This optimum pH is higher
than the value of pH 6.2 - 5.7 previously shown to induce liquid-liquid binary phase

separation in alkaline extracted soy flour (Lui, et al., 2007).
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Figure 3.1 Optical microscopy Images of Mung Bean Protein Simple Coacervates
(MBPSC) formed from air classified mung bean flour, by alkaline extraction of 20%
(w/w) flour at pH 8.5 followed by acidification to the indicated pH values. Scale bar
=20 um.

For a more precise assessment of the size distribution of the Mung bean protein
droplets, or MBPSC formed at pH 6.75, we used static light scattering to obtain the
particle size distribution (PSD). Results are shown in Figure 3.2a. We find a distinctly
bimodal distribution with a large peak in the volume-weighted PSD at around 0.15
pum, and a smaller rather broad peak centred on 10 um. Additionally, the large peak
at 0.15 um has a distinct shoulder at around 1 pum. This implies the droplets
observed with the optical microscopy represented only a small fraction of the total
particles that are presented in the sample, and that most particles were in fact

below the resolution of light microscopy.
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Therefore, we also sought to use electron microscopy to visualize the many smaller
particles present in the MBSPC samples. Results of SEM imaging on the MBSPC
samples is shown in Figure 3.2b. This figure appears to be at least consistent with
the PSD obtained from light scattering in that it shows a few larger particles
(indicated by a blue arrow), and many much smaller particles (indicated by yellow

arrows), stuck to each other and to the larger particles.
a) o . b)
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Figure 3.2 A) Farticle size distributions of Mung bean protein simple coacervates,
prepared by acidifying 20% wt of alkaline extracted (pH 8.5) air classified Mung
Bean Flour to pH 6.75 as determined using static light scattering B) Scanning
electron micrographs (SEM) of Mung bean protein colloids (critical point dried and
Tungsten coated). Scale bar=500 nm.

None of the methods used above can distinguish protein-containing from non-
protein containing particles. Therefore, we next used Confocal Laser Scanning
Microscopy (CLSM). Freshly prepared MBSPC dispersions acidified down to pH 6.75
were stained with Rhodamine B and imaged using CLSM. Representative results are
shown in Fig 3.3. The CLSM-optical microscopy overlayed images clearly show that
not all of the particles in the dispersions obtained from the mung bean flour were
rich in protein: some could be small air bubbles, whereas others may be starch
fragments not removed by the centrifugation step following the alkaline extraction.
On the other hand, it is very clear that other particles do correspond to regions of
high fluorescence and hence high protein concentration. Unfortunately, with CLSM

we can only image the few very large particles that existed in the overall (volume
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weighted) distribution, which was dominated by the much smaller particles with a

characteristic size of around 150 nm.
a)

Figure 3.3 Confocal laser scanning microscopy (CLSM) images of A) MBPSC
prepared by acidifying 20% wt of alkaline extracted (pH 8.5) air classified Mung
Bean Flour to pH 6.75, labelled with Rhodamine b. Scale bar = 10 um. B) detail view
of region indicated by the white square in Figure 3.3a. Scale bar = 5 um,
respectively.

For the microscopically visible particles we can therefore conclude that they are
oftentimes spherical and contain a high concentration of protein. The presence of
these particles indicates that also in Mung Bean Flour, there is micro-phase
separation into a continuous phase and liquid droplets high in protein, as was
earlier observed for soy flour. However, a characteristic difference appears to be
that at least for the MBFF that we use here, these droplets for the majority, did not
grow out to achieve sizes of many microns, as they did for soy flour, but instead,

remained small, having submicron sizes.

3.3.2 Mung Bean Protein Colloids (MBPC)

Since simple coacervates are reversible structures formed by liquid-liquid phase
separation, they may disappear, for example if the pH changes (Popello et al., 1992).

A heating step is necessary to convert the Mung Bean Protein Simple Coacervate
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(MBPSC) droplets into solid Mung Bean Protein Colloids (MBPC) by gelling the

protein coacervate droplets.

To investigate the stability of MBPC formed by heating MBPSC droplets, we first
studied changes to macroscopic and microscopic visual appearance caused by

heating. Results are shown in Figure 3.4.

As is clear from Figures 3.4 a and b, at the macroscopic level, the heat treatment
resulted in the dispersions becoming much opaquer, possibly indicating that denser,
more strongly scattering particles generated upon heating. Consistently, optical
microscopy, shown in Figure 3.4c (MBPSC droplets, unheated) and Figure 3.4d

(MBPC, heated) suggests a higher optical contrast for the heated particles.

Even though in optical microscopy there were no indications of aggregation being
caused by heating, this does not tell the whole story since the majority of the
particles have submicron sizes and cannot be seen in optical microscopy. Therefore,
particle size distributions before and after heating were obtained from static light

scattering.
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Figure 3.4 Changes to macroscopic and microscopic visual appearance caused by
heating MBPSC droplets, to form MBPC. Samples prepared by acidifying 20% wt of
alkaline extracted (pH 8.5) air classified Mung Bean Flour to pH 6.75 A)
Macroscopic appearance before heating (MBPSC) and B) after heating (MBPC). C)
optical microscope images of MBPSC (unheated) and D) MBPC (heated for 5 min,
10 min, 15 min, and 20 min at 80 °C, respectively). Scale bar= 20um.
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Results in Figure 3.5a confirm that heating hardly influences particle size
distribution: no large aggregates were formed after heating. Diameters of unheated
(MBPSC droplets), 5 min, 10 min, 15 min, and 20 min heated MBPC were centred
around 0.15 pum, within the error of the measurement. Note that Fig. 5b shows
volume averaged results, such that there were only a small number larger particles,
with diameters between 1 um to 10 um, and most particles in the MBPC samples

were submicron.

Achieving near complete preservation of the original size distributions upon
heating is desired, but nontrivial. In the case of pea (Cochereau, et al., 2019),
structural changes were observed upon heating for simple protein coacervate
droplets, and others including soy (Zhao, et al., 2020), were changed into hollow
microcapsules. Presumably, the fact that we use much less purified proteins and
rapid heating may also have contributed to observed preservation of size

distributions.
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Figure 3.5 Particle size distributions of unheated (—) and 5 min (—), 10 min (—),
15 min (—), 20 min (—) heated MBPC, prepared by acidifying 20% wt of alkaline
extracted (pH 8.5) air classified Mung Bean Flour to pH 6.75, on A) Day 0 and B)
Day 5.

As a side note, we observed the (unheated) MBPSC droplets undergo reversible
self-association upon cooling to 4°C. Even though at room temperature, the MBPSC
dispersions were stable against sedimentation even at 10,000 g (for 30 min,

Appendix Figure $3.1), storing them at 4 'C overnight led to the formation of a dense
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and a dilute layer (see Appendix Figure S3.2). Mild agitation at room temperature
dispersed the droplets again. In contrast, the heated MBPC dispersions did not

show this behaviour.

3.3.3 Drying and redispersing MBPC

The MBPC can only be useful as a plant protein ingredient if we can actually dry
them without loss of their functional properties and without loss of solubility. In
particular drying methods can negatively affect the dispersibility of plant proteins
(Pelgrom et al., 2013; Shen et al., 2021). Both freeze-drying and spray drying of
MBPC dispersions were used to obtain, respectively FDMBPC and SDMBPC powders.
These were dispersed at different pH and ionic strengths and their

solubility/dispersibility were assayed using a centrifugation test. Results are shown

in Figure 3.6.
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Figure 3.6 Solubility curves (w/w) of freeze-dried MBPC (FDMBPC, triangles) and
spray dried MBPC (SDMBPC, circles) as a function of A) pH (left) and B) ionic
strengths (right). MBPC were prepared by acidifying 20% wt of alkaline extracted
(pH 8.5) air classified Mung Bean Flour to pH 6.75.

As shown in Figure 3.6a, the FDMBPC and SDMBP were both more soluble at
alkaline conditions than at acidic conditions. A minimum solubility was found
around pH 5 as expected, since this was close to the isoelectric point of mung bean

proteins (pH 4.6) (Du et al., 2018). Comparing with mung bean protein isolate, the
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FDMBPC had a much higher solubility even at the isoelectric point (approximately
20%). At pH 4, the FDMBPC and SDMBPC still showed remarkably high solubilities
of around 47% and 30% respectively, while mung bean protein isolates typically
have solubilities lower than 10% at this pH (Du et al., 2018; Kudre et al., 2013). We
attribute this good solubility close to the mild methods used during the MBPC
production. Indeed, it is widely agreed that extensive purification can lead to
protein denaturation and lower protein solubility (Du et al., 2018; Kudre et al., 2013;
Pelgrom et al., 2013). Finally, the salt dependence of the FDMBPC and SDMBPC
powders is shown in Figure 3.6b. We found salt hardly affects the solubility of the
FDMBPC and SDMBPC powders.
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Figure 3.7 Particle size distributions of unheated mung bean protein simple
coacervates (MBPSC) dispersions (blue dash line), 20 min heated mung bean
protein colloids (MBPC) dispersions (green dash line), re-dispersed freeze-dried
mung bean protein colloids (FDMBPC) powder (purple line) and re-dispersed spray-
dried mung bean protein colloids (SDMBPC) powder (yellow line). MBPSC were
prepared by acidifying 20% wt of alkaline extracted (pH 8.5) air classified mung
bean flour to pH 6.75.

Next to knowing that the FDMBPC and SDMBPC powders have good re-
dispersibility, we were interested in finding out whether particle sizes after
redispersion will be very much affected by drying. Results are shown in Figure 3.7.
FDMBPC and SDMBPC powders were dispersed in water at a protein concentration

(4%), identical to the protein concentration of the MBPC dispersions before drying.
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After re-dispersion, particle size distributions were determined, and compared to
those of the original (unheated) MBPSC dispersions and (heated) MBPC dispersions.
We found that both freeze drying and spray drying allow for the redispersion of the
protein particles with sizes very close to those before drying. Unavoidably, there
was a somewhat larger fraction of larger particles after drying, but this fraction

remains small.

3.3.4 Viscosity and thermal stability of FDMBPC

We proceed with evaluating functional properties of the FDMBC powders for
application in beverages. Desired functionalities are low viscosity and good thermal
stability. A low viscosity arises if the MBPC are compact and non-swelling, or in

other words, have a high internal concentration.

By using centrifugation to pellet pea protein coacervate dispersions, Kornet, et al.
(2022) estimated an internal protein content of the coacervate droplets around 45%
wt via mass balance. Instead of that, we followed a more precise method of Saricay,
Wierenga, and de Vries (2016) based on specific viscosity measurements (cf. section
2.2.4), and estimated the internal concentration for redispersed freeze-dried mung
bean proteins colloids (FDMBPC). Assuming the mung bean protein colloids are
roughly spherical we can estimate their specific volume from their intrinsic viscosity
and the Einstein relation for the viscosity of hard spheres. Next, we can take the
inverse of the specific volume as our estimate for the weight concentration (based

on dry mass) inside the individual mung bean protein colloids.
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Figure 3.8 Huggins plot for washed FDMBPC powder. 1, is the specific viscosity
measured using capillary viscosimetry. C is the weight concentration of washed
FDMBPC, based on dry mass. The FDMBPC was prepared by acidifying 20% wt of
alkaline extracted (pH 8.5) air classified Mung Bean Flour to pH 6.75 (MBPSC),
heating for 20 minutes to form MBPC, and subsequent freeze drying to obtain the
FDMBPC powder. The FDMBPC powder was washed once by preparing a 10% wt
FDMBPC dispersion in PO4 spinning down the protein colloids using an
ultracentrifuge and resuspending the pellet to the desired concentration.

A washing step was employed to ensure that dilution did not affect the viscosity of
the continuous phase. Figure 3.8 shows a Huggins plot for the specific viscosity
(obtained using capillary viscosimetry) from which we can deduce the intrinsic
viscosity by extrapolating to concentration zero. Results of the analysis of the
Huggins plot are given in Table 3.1.

Table 3.1 Results of analysis of Huggins plot (Figure 3.8) for washed FDMBPC
powder.

Intrinsic viscosity (mL/g) 15+1
Specific volume (mL/g) 6+1
Internal concentration (g/mL) 0.17+0.02

* All measurements were conducted at least in triplicate. Values are presented as mean *
standard deviation.
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The average intrinsic viscosity for FDMBPC is 15 + 1 mL/g. This is significantly lower
than typical food thickeners, which have intrinsic viscosities in the range of 30-150
mL/g (Saricay et al., 2016). Reported intrinsic viscosities for denatured whey protein
isolates and concentrates (Daubert et al., 2006; Eissa et al., 2013) are also a factor
two larger than those we found here. On the other hand, the internal concentration
was on the lower end (approaching 20% wt) of the values of 20-45% wt reported
previously for other simple legume protein coacervate droplets (Kornet,
Roozalipour, et al., 2022; Li et al., 2020; Lui et al., 2007). This may be related to the
fact that we have additionally heated, dried and redispersed the protein colloids,
and with the fact that the simple protein coacervates for mung bean flour appear
to behave different from those in pea- and soy flour, where typical coacervate
droplets sizes can be many microns, much larger than in the case of mung bean

flour.

As mentioned, in the context of plant proteins for beverage applications we are
looking for high solubility, low viscosity and basically no, or only very weak heat-
induced gelation. While the fact that the intrinsic viscosity of FDMBPC was low, is
encouraging, we also would like to check the (shear-rate dependent) viscosity of
redispersed FDMBPC powders at higher concentrations more representative of
applications. This was performed for two representative pH values, pH 6.75 and pH
3.5. Results are shown in Fig. 3.9. Furthermore, we also investigated the recovery
process of samples and there was no time dependency found for FDMBPC. The flow
curves could be well represented by a power law model. Fit parameters

(consistency indices K and flow indices n) are given in Table 3.2.
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Figure 3.9 Viscosity of FDMBPC as a function of shear rate, for various
concentrations, at both neutral and acidic pH A) pH 6.75, protein concentrations:
6% (M),8% (4),10% (e), and 12% ( ®) B) pH 3.5, protein concentrations: 6% (0),8%
(/),10% (O), and 12% ( <>). FDMBPC was prepared by acidifying 20% wt of alkaline
extracted (pH 8.5) air classified Mung Bean Flour to pH 6.75, heating and freeze
drying. Error bars represent standard deviation of triplicate experiments.

Table 3.2 Fit parameters (consistency index K and flow index n) and for flow curves
shown in Figure 3.9.

sample Protein Flowindex Consistencyindex Determination
concentration n K (Pa.s") coefficient RA2
6% 0.91+0.01¢ 0.01+0.00? 1.00£0.00*
oH 6.75 8% 0.88+0.00¢ 0.02+0.00? 1.00+0.00*
10% 0.66+0.05°¢ 0.52+0.21%° 1.00+0.00*
12% 0.55+0.01°° 2.13+0.20¢ 1.00£0.00*
6% 0.37+0.01° 0.09+0.00? 0.89+0.01
pH3.5 8% 0.36+0.00° 0.26+0.01%° 0.96+0.00*
10% 0.37+0.04° 0.58+0.05%° 0.96+0.01
12% 0.42+0.06% 0.71+0.06° 0.96+0.02

* Represents standard deviation is lower than 1%.
All measurements were conducted at least in duplicate. Values are presented as mean *
standard deviation. Letters indicate significant difference at P < 0.05.

For pH 6.75, we found a Nearly Newtonian behaviour for concentrations of 6% and
8%. At higher concentrations, FDMBPC dispersions started exhibiting shear-
thinning behaviour as expected for concentrated dispersions of protein microgels

(Saricay et al. 2016). For pH 3.5, it appeared that shear thinning already set in at
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lower concentrations, possibly indicating an increased swelling of the microgels due
to increased electrostatic repulsion inside the microgels at low pH. In all cases the
strong shear thinning implies that at the rather high shear rates of oral processing,

viscosities of the FDMBPC dispersions will be experienced as low.

Finally, we turned to the rheological behaviour of FDMBPC dispersions when
heated. For beverage applications, ideally the plant protein dispersions should not
be very sensitive to (re)heating, such as could occur e.g., during pasteurization or
sterilization. To characterize changes to the rheology during heating we use
oscillatory rheology at a fixed frequency (1Hz) to determine the storage (G’) and
loss moduli (G”’) of the FDMBPC dispersions during a heating and cooling ramp (hold
time at 90°C of 30 min). We do so for various concentrations and pH values. A
commercial mung bean protein isolate (referred to as M65) was used as a
benchmark to compare against. A representative measurement, for 12% FDMBPC
at pH 6.75, is shown in Figure 3.10. Final storage moduli after cooling down to room

temperature for all measurements are given in Table 3.3.

As shown in Table 3.3, final storage moduli (G’) seems independent on protein
concentrations, while lower pH led significant increases in G’ (3-fold and 2-fold
increase, respectively). It can be considered as a result of the reduced net charge
of the proteins around the isoelectric point (Brickner-Gihmann et al., 2021;
Ringgenberg et al., 2013), more intensive aggregation therefore was yielded. As a
benchmark, 10% commercial mung bean protein concentrates M65 suspension

were prepared and measured at natural pH.
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For M65, a much higher G’ was observed after cooling, indicating a less thermal
stability possesses. Hence, the commercial M65 gels much more readily than our
FDMBPC powder, making the latter an attractive ingredient for formulating plant-

based beverages.
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Figure 3.10 Viscoelastic properties of FDMBC prepared by acidifying 20% wt of
alkaline extracted (pH 8.5) air classified Mung Bean Flour to pH 6.75 and freeze
drying. Storage modulus (solid symbols) and loss modulus (open symbols) versus
time at 12% protein concentration at natural pH. The temperature profiles are
indicated by the dashed line. Error bars represent standard deviation of duplicates.
Error bars represent standard deviation of duplicates.

Table 3.3 Gel properties of FDMBPC heated at 90 °C and cooled to room
temperature at Natural pH and pH 3.5. Commercial mung bean protein
concentrates M65 were added as reference.

Protein Storage modulus (Pa)
concentration Natural pH pH 3.5
M65 10% 6663.0 + 254.2¢ /
10% 1006.3 + 204.1° 2979.4 + 118.6°
FDMBPC
12% 1231.0+218.1° 2531.8 + 450.8%°

* All measurements were conducted in duplicate and values are shown as mean * standard
deviation. Letters present significant difference at a P < 0.05.
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3.4 Conclusion

The mung bean protein colloids generated by simple coacervation were proved to
be a potential vehicle to deliver proteins in beverage systems. This can be
attributed to theirs relatively low intrinsic viscosity, superior re-dispersibility and

solubility, and weak gelation behaviour.

By employing a delicate approach to determine the internal protein content of
MBPC, we found that the intrinsic viscosity of MBPC is approximately 15 ml/g,
which is significantly lower than common protein-based food thickeners (30 ml/g -
150ml/g). In the meanwhile, with an internal protein concentration of 0.17 g/ml.
MBPC has good solubilities both at acidic conditions and practical salt levels
relevant to industry productions. The drying method did not significantly affect

solubilities of MBPC.

In general, the rheological behaviours of a product are inseparably from the
consumers acceptance. The viscosity of the FDMBPC was found in the proper range
(“honey” level) which is appreciated by consumers. As for gelation behaviours, pH
was found have an obvious influence on heat-set gelation of MBPC. The storage
moduli of FDMBPC increased significantly after pH was decreased to 3.5. In
summary, MBPC showed a much weaker gelation behaviour than benchmark M65
in heat-induced gels, suggesting it can be considered as a promising plant-based

ingredient for beverages.

The study shows that MBPC has a high solubility while present an appropriate
viscosity and a weaker gelation behaviour, which meet the main requirements of
beverage systems. Therefore, plus the remarkable resistance to sedimentation,
coalescence, and phase separation of them, MBPC would be an attractive building

blocks to plant-based beverages.
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Abstract

Mung bean is an upcoming source of plant proteins with good foaming properties.
The relation between its foaming properties and interfacial properties has not
received much attention and was addressed in this work. To this end, five different
mung bean protein fractions were produced. First, a protein-rich flour was obtained
using dry fractionation, which was further processed into a protein mixture using
mild wet fractionation to remove starch granules and other insoluble components.
The protein mixture was further treated by isoelectric point precipitation to obtain
a globulin- and albumin-rich fraction. Finally, we used the protein nativity of the dry
fractionated flour to create protein coacervate droplets via liquid-liquid phase
separation of the proteins at slightly acidic pH. The protein-rich coacervate droplets
were heated and cross-linked into gelled particles, or “protein colloids”. The
interfacial and foam-stabilising properties of the flour and protein mixture were
dominated by the globulins, producing a foam with a poor stability. Aloumins
formed substantially stiffer interfaces, leading to foams with a high stability. The
highest foam stability was observed for the protein colloids, which we attribute to
the formation of stiff interfacial layers and probably also pinning of the lamellae in
the foams by the protein colloids. In summary, mung bean albumins were found to
possess substantially better foaming properties than the globulins, but especially
mung bean protein colloids are a promising candidate for a plant-based foam

ingredient.



PHYSICAL, INTERFACIAL AND FOAMING PROPERTIES OF FRACTIONS | 93

4.1 Introduction

The interest in plant-based alternatives for animal-based ingredients is rapidly
growing. One of these animal-based ingredients to be replaced is egg white, which
acts as a widely used foaming agent in a variety of aerated food products, such as
meringue, cake and mousse. An upcoming and promising plant-based alternative
for egg white is mung bean (MB) (Brishti et al., 2017; Du et al., 2018; Yi-Shen et al.,
2018). It is a widely cultivated legume crop in Asia, Southern Europe, and Northern
America. MB is high in essential amino acids and bioactive proteins/peptides (Kudre
et al.,, 2013; Yi-Shen et al., 2018). The major component in the seeds are
carbohydrates, mostly present as starch granules, which can comprise between 55-
65% (w/w) of the seed. The second largest fraction are proteins, which are
responsible for 20-33% (w/w) of the seed. Also, MB contains about 1-1.85% (w/w)
fat, which is favourable for protein fractionation, as defatting is not required
(Anwar et al., 2007; Brishti et al., 2017; Ganesan & Xu, 2018; Mubarak, 2005). MB
proteins have been studied for their foaming properties, but an extensive
characterisation of their interfacial properties is lacking (Brishti et al., 2017; Du et
al., 2018). Therefore, here we aim to perform a detailed study to fully understand
the interface and foaming properties of MB proteins, fractionated and processed

in various ways.

Plant proteins are commonly used as foaming ingredients. Conventional
fractionation involves extensive wet processing. Seeds are milled and dispersed at
alkaline pH for optimal protein solubility and yield. (Bara¢ et al., 2015; Du et al.,
2018; Kudre et al., 2013; Liu et al., 2015; Tang & Sun, 2010). Next, non-soluble
components, such as starch granules and cell wall material, are removed by
centrifugation or filtration. The resulting supernatant is high in protein content, but
also in other solutes, such as sugars, salts and phenols. These solutes can be

removed by precipitating the proteins at their isoelectric point (pl), which is
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generally performed between pH 4 — 5 for MB protein (Brishti et al., 2017; Du et al.,
2018; Kudre et al., 2013). Finally, the precipitated proteins are obtained and further

processed into a protein isolate.

This above wet fractionation method has several disadvantages, as it involves many
processing steps, each requiring copious amounts of energy and water (Lie-Piang
etal., 2021). Another drawback is a side stream after the second centrifugation step
(after iso-electric precipitation) (Chua & Liu, 2019). The major protein fraction in
legumes are the storage protein globulins and albumins (Chéreau et al., 2016; Lam
et al., 2018), with globulins being defined as being soluble in dilute-saline solutions,
and albumins being defined as being soluble in pure water (Osborne, 1924). The
globulins often have a pl between pH 4 and 5, while albumins are typically soluble
in a wide pH range from 2 — 12 (Gonzalez-Pérez et al., 2005). This suggests that the
precipitate after isoelectric point precipitation mainly contains globulins, while the
supernatant mainly contains the albumins. Yi-Shen et al. reported that 60% (w/w)
of the protein in the MB seeds comprises of globulins, while 25% (w/w) of the
proteins are albumins (Yi-Shen et al., 2018). As a result, up to 25% (w/w) of the MB
proteins might be lost after the pl precipitation step. Extensive processing leads to
higher proteins purity, but higher purities are often correlated to lower protein
yields (Loveday, 2020; Tamayo Tenorio et al., 2018). Avoiding the precipitation step,
thus using a milder fractionation process, would significantly increase the protein
yield (Tamayo Tenorio et al., 2018). Another major advantage of a milder
fractionation process that avoids iso-electric precipitation is that changes in protein
structure may be avoided. Such changes do occur with pl precipitation, and are
linked to the aggregation of globulins, and to lower protein solubility (Geerts et al.,

2017; Pelgrom et al., 2014).

The most energy-consuming step in wet fractionation is final drying step, which is

often performed by freeze-drying in scientific studies, or spray-drying or drum-
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drying on industrial scales. Avoiding the drying step would significantly increase the
sustainability aspect of plant-based protein ingredients (Lie-Piang et al., 2021). An
alternative purification method that avoids drying is dry fractionation. Proteins in
seeds are stored in so-called protein bodies with typical sizes between 1 and 3 um
(Pernollet, 1978), whereas starch granules have larger sizes in the ranging of 7 to
26 um for MB (Hoover et al., 1997). By carefully milling MB seeds, protein bodies
and starch granules can be detached from each other. Since protein bodies and
starch granules differ in size and weight, the two fractions can subsequently be
separated by air classification. The results is a flour separated into a coarse fraction
rich in starch granules, and a fine fraction (FF) rich in protein bodies. The MB FF is
a first MB protein fraction we will study for its interfacial and foaming behaviour.
Next to the reducing water and energy usage, dry fractionation fully preserves the
native structure of the protein resulting in higher functionality, for example in
foaming. Some starch granules may still be present in the fine fraction, and these
may affect the foaming properties of MB proteins purified in this way. Therefore,
we also use a combination of dry fractionation and wet-processing step to
furthermore remove the starch granules (Zhang et al., 2015). This mildly purified
protein mixture (MIL) is a second sample we will use to study MB protein foaming.
A second and third sample are more extensively purified globulin-rich (GLOB) and

the albumin-rich (ALB) fractions, obtained from the MIL fraction.

Finally, we also study heat-processed MB proteins for their foaming properties. We
use a process to aggregate MB proteins described in Chapter 3, resulting in MB
protein aggregates previously called MB “protein colloids”. Colloidal particles and
protein aggregates are known to enhance the stability of protein-stabilised foams
by increasing the viscosity of the liquid phase or by blocking the lamellae and/or
plateau borders of the foam. Both phenomena can result in slower drainage of the
foam, leading to more stable foams (Dhayal et al., 2015; Rullier et al., 2008, 2009).

The protein colloids are produced from the MIL fraction by adjusting the pH to
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slightly acidic pH values, leading to the formation of protein-rich, submicron
droplets (protein coacervates) in a continuous protein-poor phase. These protein
droplets are subsequently gelled by a heating step. This is a relatively simple
method to create protein colloids. Protein colloids produced in this way can be
regarded as nanogels or microgels, and could also be used for other functions, such
as fat replacement, encapsulation and targeted delivery in the food industry
(Inthavong et al., 2019; Karaca et al., 2009; Saglam et al., 2013; Sandoval-Castilla et
al., 2004; Shewan & Stokes, 2013). This is the last sample (MPCM) for which we will

study MB protein interfacial and foaming properties.

In summary, we study the interfacial and foam-stabilising properties of five
different MB protein fractions: dry-fractionated fine fraction (FF), mildly purified
protein fraction (MIL), globulin-rich fraction (GLOB), albumin-rich fraction (ALB),
the protein colloids (MPCM).

For these fractions, a detailed physicochemical characterisation was performed and
interfacial properties were evaluated using large amplitude oscillatory dilatation
(LAOD) in drop tensiometry. Foam stability for foams obtained from the different
MB fractions was studied using whipping and sparging methods. Our
comprehensive approach especially aims at establishing a relation between the
nature of the different MB protein fractions and their ability to act as a foaming

agent.

4.2 Experimental section

4.2.1 Materials

Dried mung bean seeds (GC Mung Bean, Thailand) were obtained from online Asian
store MyEUshop (The Netherlands). All chemicals (Sigma-Aldrich, USA) and

materials for SDS-PAGE (Invitrogen Nove, Thermo Fisher Scientific, USA) were used
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as received. The samples were prepared in water (MilliQ Purelab Ultra, Darmstadt,

Germany), unless stated differently.

4.2.2 Sample preparation

4.2.2.1Preparation of dry fractionation fine fraction

Mung beans (MB) were dry fractionated at a batch size of 400 g using a Multimill
Hosakawa System (Hosakawa, Germany) equipped with a ZPS50 impact mill. The
milling parameters were set at a wheel speed of 8000 rpm, airflow of 52 m3/hr and
feed speed of 20 rpm. The resulting flour was air classified with an ATP50 air
classifier at a rotation speed of 2500 rpm, a feed rate of 20 rpm and a 52 m3/hr
airflow. The final result is that the flour separates into a coarse and fine fraction.
The fine fraction (FF) was used for further fractionation of the proteins. A schematic

overview of the fractionation routes is shown in Figure 4.1.

Milling
Mung bean — Fine fraction (FF)
Dry fractionation

Disperse at pH 8.5
Centrifugation

N
Supernatant:

Protei t —ee L
rotein coacervates Adjust pH to 6.75 [ Protein mixture (MIL)

- J J

Heating . o
80 °C for 20 min Globulin preupnatpn atpH 4.5
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Globulin fraction (GLOB) Albumin fraction (ALB)
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Protein colloids (MPCM) [ Precipitate: [ Supernatant: ]

A J

Figure 4.1 Schematic overview of the protein fractionation routes used to obtain
five different protein-enriched fractions.

4.2.2.2 Preparation of wet fractionated protein fractions

The fine fraction (FF) was dispersed in water in a 1:10 (w/w) FF/water ratio. While
stirring for 2 hrs, the pH was adjusted to 8.5 using 1 M NaOH solution. Afterwards,
the dispersion was centrifugated at 10000 g for 30 min. The supernatant was
separated from the pellet and freeze-dried, which resulted in the mildly purified

protein mixture (MIL). The freshly prepared MIL, so not freeze-dried, was further
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processed by adjusting the pH to 4.5 using 1M HCI, while stirring for 1 hr, to induce
isoelectric point precipitation. The precipitated proteins were separated by
centrifugation at 10000 g for 30 min. The pellet was re-dispersed in water and the
pH was adjusted to 7.0 using 1 M NaOH. After 1 hr of stirring, this fraction was
freeze-dried to obtain the globulin-rich fraction (GLOB). The supernatant from the
acid precipitation step was dialysed against water (using a dialysis membrane with
a 3.5 kDa cut-off) at 4 °C to remove the small solutes. The dialysate was changed
five times, ensuring the conductivity of the water became constant. Afterwards, the

dialysed sample was freeze-dried to obtain the albumin-rich fraction (ALB).

4.2.2.3 Preparation of the protein colloids

The protein colloids (MPCM) were prepared using the method from Chapter 3. In
brief, FF was dissolved in 15 mM sodium metabisulfite solution in a 1:4 (w/w)
FF/solution ratio and stirred for 5 min. Afterwards, the pH was adjusted to 8.5 using
1 M NaOH, followed by 1 hr stirring. The solution was centrifuged at 10000 g for 30
min, and the supernatant was collected through a paper filter. The pH of the
supernatant was adjusted to 6.75 to induce liquid-liquid phase separation. The
protein coacervates were heated, while slowly stirring with a magnetic stirrer rod
at 80 °C for 20 min, to induce cross-linking. Afterwards, the sample was cooled in

an ice-water bath and freeze-dried to obtain the protein colloids (MPCM).

4.2.2.4 Determination of protein content

The protein content was analysed using Dumas in a Flash EA 112 NC Analyser
(Thermo Fischer Scientific, USA). The nitrogen content was determined and
converted into a protein content using a nitrogen conversion factor of 6.25

(Mariotti et al., 2008). All samples were measured in triplicate.

4.2.2.5 Dissolving samples
All samples were dissolved based on protein content (% w/w) in a 20 mM POs-

buffer, pH 7.0, and stirred for at least 4 hrs at room temperature. Samples were
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dissolved in a protein concentration range from 0.1 to 1.0% (w/w), specified in the

sections below.

4.2.3 Determination of protein composition by SDS-PAGE

Solutions of 0.1% (w/w) protein were prepared in water. The protein solutions (45
ML) were mixed with NUPAGE LDS sample buffer (7 yL) and 500 mM DDT (6L). The
mixtures were heated for 10 min at 70 °C and loaded on a 4-12% (w/w) BisTris gel.
A Mark 12 molecular weight marker in the range of 2.5-200 kDa was also included.
Electrophoresis was performed on the gel for 30 min at 200 V. Afterwards, the
proteins were stained with SimplyBlue Safestain, and the gel was analysed using a

gel scanner and Image Lab v5.2.1. software.

4.2.4 Determination of protein size by SEC

Size exclusion chromatography (SEC) was performed using an AKTA pure 25 system
(Cytiva, Marlborough, MA, USA) equipped with Superdex’ 200 10/300 GL column.
First, protein solutions with a 0.1% (w/w) protein content were centrifuged at
15000 g for 10 min. The supernatant (50 plL) was injected into the system, and the
eluent was a sodium phosphate buffer (20 mM, pH 7.0) containing 50 mM NacCl.
The flow rate was set at 0.5 mL/min. The elution was analysed with UV absorbance

at 280 nm.

4.2.5 Determination of zeta-potential and particle size

Except for MPCM, the particle size distribution and zeta-potential were analysed
using dynamic light scattering in a Zetasizer Nano ZS (Malvern Instruments Ltd., UK).
Solutions with 0.01% (w/w) protein were injected in a DTS1070 Zetasizer cell. The
samples were filtered over a 0.45 or 1.2 um syringe filter (hydrophobic, Whatman)
before injection, and the usage of type of filter will be mentioned in the captions.
Before analysis, the cell containing the sample was equilibrated for 2 min at 20 °C,

followed by a size distribution measurement, where 12 scans were performed in
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automatic mode, of which an average was calculated. For MPCM samples, particle
size distributions were measured using static light scattering (Mastersizer 2000,
Malvern instruments, United Kingdom), setting the particle refractive index to 1.48.
The zeta-potential was determined at 40V with at least 25 single measurements.

All measurements were at least performed in triplicate at 20 °C.

4.2.6 Determination of protein thermal stability by DSC

The protein denaturation properties were determined by a differential scanning
calorimetry (DSC) in a Discovery DSC25 (TA Instruments, USA). Stainless steel high
volume pans were filled with about 40 UL of 5% protein (w/w) solutions. An empty
stainless-steel high-volume pan was set as a blank reference, and nitrogen was used
as a carrier gas. The samples were first equilibrated at 5 °C for 5 min, followed by
heating to 140 °C at a rate of 5 °C/min. Subsequently, to investigate potential
refolding of the proteins, samples were cooled down from 140 °C to 5 °C at a rate
of 10 °C/min, and then reheated to 140°C at a rate of 5 °C/min. All samples were

studied in duplicate.

4.2.7 Determination of protein surface hydrophobicity

The protein surface hydrophobicity was determined using 8-anilino-1-
napthalenesulfonic acid ammonium salt (ANSA) as a fluorescence agent. Samples
were dissolved in buffer based on protein concentration varying from 0.005 — 0.04%
(w/w). Double-sided transparent plastic cuvettes of 4 mL were filled with 3 mL
protein solution, and 25 L of an 8 mM ANSA solution was added. The samples were
carefully mixed by rotation and incubated for 1 hr in the absence of light to avoid
deterioration of the ANSA agent. After incubation, an LS 50B luminescence
spectrometer (Perkin ElImer, USA) was used, and the excitation wavelength was 390
nm, and the emission wavelength was set at 470 nm. The buffer solution was also
included in the analysis as a blank. The slope of the fluorescence intensity over

protein concentration was used as a quantification of the surface hydrophobicity.
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The various samples were compared by calculating a relative surface

hydrophobicity among the samples. All samples were analysed in triplicate.

4.2.8 Determination of surface tension and surface dilatational

properties

The mechanical properties of the air-water interface were studied by performing
surface dilatational rheology in a drop tensiometer PAT-1M (Sinterface
Technologies, Germany). A 0.1% (w/w) protein solution was used to form a hanging
droplet with a surface area of 20 mm? at the tip of a hollow needle. The surface
tension was calculated by fitting the Young-Laplace equation to the shape of the
droplet. Three types of measurements were performed, and prior to the start of
each of these analyses, the droplets were equilibrated for 10800 s. Frequency
sweeps were performed at a constant amplitude of 3% and a frequency which
increased from 0.002 to 0.1 Hz. Amplitude sweeps were performed at a constant
frequency of 0.02 Hz and an amplitude which increased from 3 to 30% deformation.
In these oscillatory deformations, five cycles were performed for each frequency or
amplitude step. The relaxation behaviour of the interface was also studied by
performing step-dilations, where the interface was subjected to a 10% rapid
compression or extension (2s step time) of the area. All measurements were

performed at least in triplicate at 20 °C.

4.2.9 Rheology data analysis

The raw data of the amplitude sweeps were transformed into Lissajous plots by
plotting the oscillating surface stress (y-yo) against deformation ((A-Ao)/Ao). Here, y
and A are the surface tension and area of the deformed interface, yo and Ao are the
surface tension and area of the non-deformed interface. The plots were generated

using the middle three oscillations.
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4.2.10 Determination of foam properties

4.2.10.1. Ability and stability of foams created by whipping

Foams were created by whipping 15 mL of 0.1 — 1.0% protein (w/w) solutions with
an overhead stirrer equipped with an aerolatte foam head at 2,000 rpm for 2 min
in a plastic container (34 mm diameter). The foamability was determined by
marking the bottom and upper level of the foam. The height was measured and
recalculated into the maximum foam volume using the radius of the container. The

foam overrun was defined by:

Maximum foam volume (mL)

Foam overrun (%) = x 100% (4.1)

Initial solution volume (15 mL)

4.2.10.2 Stability of foams created by sparging

Sparged foams were created in a Foam scan foaming device (Teclis IT-concept,
France). A glass cylinder (60 mm diameter) was filled with 40 ml of sample, and gas
was sparged through a metal frit (27 um pore size, 100 um distance between
centres of pores, square lattice) at a flow rate of 400 mL/min. The generated foam
in the tube was studied by image analysis to obtain a foam volume, and the foams
were sparged to a volume of 400 mL. Afterwards, the foam volume was monitored
until a 50% decay of volume, which is known as the foam volume half-life time. A
second camera recorded a detailed image of the air bubbles, which was analysed
using a custom Matlab script with a DIPlip and DIPimage analysis software package
(TU Delft, NL) to determine an average bubble size. All experiments were

performed at least in triplicate at 20 °C.

4.2.11 Statistical analysis

The results of this study were shown as means with standard deviation. Statistical
analysis was conducted using SPSS v25.0 (IIBM SPSS Inc., USA). One-way ANOVA

(one-way analysis of variance) with Duncan post-hoc method (p < 0.05) was
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performed to evaluate the statistical significance of the differences among the

means.

4.3 Results and discussion

4.3.1 Protein fractionation process

Dry fractionation of mung bean (MB) resulted in a fine fraction (FF) with 25.2% (w/w)
of protein. Next to protein, there are still damaged starch granules in the FF present
(shown in microscopy images in Figure S4.1 in the Appendix). This was also found
for dry fractionated yellow pea seeds, where starch granules were also damaged
upon milling (Méller et al., 2021). The remaining starch granules were removed by
dispersing the FF in water followed by centrifugation, which yielded the mildly
purified protein mixture (MIL). Removal of starch was reflected in a protein content
increase to 58.8% (w/w). A similar fractionation of yellow pea, which is also a pulse,
resulted in a protein content of 54.8% (w/w) (R. Kornet et al., 2022). The remaining
41.2% (w/w) of the MIL was previously found to be salts and soluble saccharides
for yellow pea (C. Kornet et al., 2020). The MIL was further purified by isoelectric
point (pl) precipitation at pH 4.5, which resulted in a nearly zero net protein charge
of the globulins, leading to aggregation, followed by precipitation. The globulins can
be recovered using centrifugation, leading to a globulin-rich fraction (GLOB) with a
protein content of 89.4% (w/w). A drawback of extensive purification is a lower
protein recovery of 66.6% (w/w), while MIL had a protein recovery of 79.4% (w/w).
The major difference is the loss of albumins in the supernatant after the isoelectric
precipitation step, as albumins remain soluble at a large pH range between 2 and
12 (Gonzalez-Perez et al., 2005). Direct utilisation of the albumin-rich supernatant
has a potential drawback, as many non-protein components are present, such as
salts, saccharides, but also anti-nutritional components, such as lipoxygenases,
phytic acids and tannins (Chua & Liu, 2019). However, these solutes were removed

using dialysis (or filtration), leading to the albumin-rich fraction (ALB) with a protein
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content of 47.1% (w/w). The protein colloid fraction had a protein content of 50.0%

(w/w).

Table 4.1 The protein content (Nx6.25) based on dry matter (% w/w) and protein
recovery (expressed as the amount of protein obtained from the FF) of FF (fine
fraction), MIL (protein mixture), MPCM (protein colloids), GLOB (globulin fraction),
and ALB (albumin fraction). Values are presented as mean + standard deviation. The
values with the same superscript are not significantly different (p > 0.05) from each
other.

FF MIL GLOB ALB MPCM
Protein ¢ 5 104" 588:+3.2° 89.4+06° 47.1+15° 50.0%0.5°
content (%)
Protein

100 79.4 66.6 10.5 80
recovery (%)

4.3.2 Protein composition

In the next step, the protein composition was analysed using SDS-PAGE under
reducing conditions, where disulphide bonds between protein subunits were
broken down (Figure 4.2A). The two major storage protein classes globulin and
albumin can be observed in the gel. Globulins in legumins are further divided into
two sub-classes: vicilin (VIC) and legumin (LEG) (Mendoza et al., 2001; Tang & Sun,
2010). Native MB vicilin had a molecular weight between 158 — 200 kDa, while MB
legumin had a molecular weight of around 360 kDa. For GLOB, there are high-
intensity bands between 20 and 30 kDa, at 34 kDa, and between 40 and 55 kDa.
Subunits for legumin were previously identified at 24 and 40 kDa, while vicilin had
subunits at 26, 32, 48 and 60 kDa (Mendoza et al., 2001). A majority of these bands
are prominently present on the lanes of FF, MIL, and GLOB, indicating the presence

of both MB vicilin and legumin.

A few typical bands were found for albumins at 25 kDa and between 70 and 95 kDa.
The FF and MIL had bands for globulin and albumin subunits, which is expected as
FF is unprocessed (obtained after dry fractionation), and both proteins are retained

in MIL due to the mild wet fractionation method. Similar protein composition was
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also found when performing size exclusion chromatography (SEC) on FF (data
shown in Figure S4.2 in the Appendix). The GLOB showed thicker bands for the
globulin subunits, and the bands for albumin proteins were (nearly) absent. The
opposite was observed for the ALB sample, suggesting a successful separation of
both albumin and globulins. The separation of albumin and globulin from MIL into
ALB and GLOB was again confirmed using SEC (Figure 4.2B). Here, prominent peaks
for legumin (11 min elution time, 660 kDa) and vicilin (12 min, 258 kDa) are present
in GLOB, and absent in ALB. The ALB sample showed dominating peaks at 14.5 (113
kDa) and 17 min (32 kDa), showing the major fraction in this isolate are albumins.
Also here, the smaller size of albumins compared to globulins (legumin & vicilin) is

evident.

MPCM showed both bands for aloumins and globulins in the SDS-PAGE gel (Figure
4.2A), but the bands had lower intensity compared to MIL. Fewer proteins might be
incorporated in the gel, as the proteins are expected to form large colloids in MPCM
that might not have passed into the much smaller pores of the gel. We will evaluate

the particle size of the MB protein fractions in the next section.
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Figure 4.2 (A) SDS-PAGE profile under reducing conditions of FF (fine fraction), MIL
(protein mixture), MPCM (protein colloids), GLOB (globulin fraction), and ALB
(albumin fraction). (B) SEC chromatogram with the 280 nm absorbance over eluted
volume of MIL (green), ALB (grey) and GLOB (orange). The numbers in brackets
indicate the molecular weight (kDa) of the corresponding peak. The calibration curve
can be found in the appendix Figure 54.3.

4.3.3 Protein size distribution

Size distributions of the MB protein fractions obtained from dynamic light
scattering are shown in Figure 4.3. The FF had a peak between 100 — 220 nm with
a maximum peak height at 164 nm, which are probably protein bodies or starch
granule fragments. Large starch granules are not shown in the size distribution of
FF, as the sample was filtered over 1.2 uym before analysis. Of course, smaller
albumin & globulin proteins might be present in the FF, but the large peak at 100-
220 nm is most likely dominating the overall scattering signal. This large material
was removed when creating the MIL fraction, which showed a peak at a smaller size
between 4 and 20 nm with a maximum peak height at 10 nm. GLOB showed a
comparable size distribution with a similar peak at 8.7 nm, while ALB had a peak at
3.6 nm. A smaller size for ALB is expected as albumins are smaller than globulins,
as shown in the SDS-PAGE profile & SEC chromatogram (Figure 4.2). Also, the
globulins seem to dictate the size distribution of MIL, which could be due to the

presence of more globulins than albumins. Based on the protein yield, we expect
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roughly 13% of albumins and 87% globulins in the MIL. Finally, the MPCM showed
a major peak between 50-800 nm. This confirms the formation and presence of

protein colloids.

50 -
FF
40 -
$ 30 -
© MIL
ALB
£ 20 1
S
10 -+ I\
GLOB
‘\ I\ MPCM
0 T IIIIII}[ 1 TiT T |||M
0.1 10 1000 100000 10000000

Diameter (nm)

Figure 4.3 The size distribution of MB protein fractions: FF (fine fraction, filtered over
1.2 um, red), MIL (protein mixture, filtered over 0.45 lum, green), MPCM (coacervate
colloids, unfiltered, blue), GLOB (globulin fraction, filtered over 0.45 um, orange),
and ALB (albumin fraction, filtered over 0.45 um, grey). For clarity reasons, one
representative measurement is shown for each sample, while comparable results
were obtained from three replicates.

4.3.4 Protein heat denaturation properties

Extensive purification or processing of proteins might alter the protein structure.
Therefore, the protein thermal properties were evaluated using differential
scanning calorimetry (DSC). The denaturation temperatures and enthalpy are
shown in Table 4.2. FF had lower denaturation temperatures (Tonset and Tpeak Of 70.8
and 76.6 °C) compared to MIL, and also a substantially higher enthalpy (30.2 J/g)
due to starch gelatinisation (Hoover et al., 1997). MIL (obtained through removal
of starch) had a Tonset and Tpeak Of 72.6 and 80.7 °C, respectively. The denaturation
behaviour of MIL is most likely dominated by the globulins, as GLOB showed
comparable denaturation temperatures, while albumin showed lower ones.

However, the denaturation enthalpy of GLOB is about 23% lower compared to MIL.
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One could argue that the GLOB fractionation might have altered protein structure,
such as increased aggregation, as also found for pea globulins (C. Kornet et al.,
2020). This could ultimately lead to the slightly lower enthalpy of GLOB.

Table 4.2 Protein denaturation temperature and enthalpy of MB protein fractions.
Values are presented as mean * standard deviation.

FF MIL GLOB ALB MPCM

Tonset (°C) 708+0.8 72.6+00 71.2+x09 67.6+03 80.7x0.0
Tpeak (°C) 76.6+0.1 80.7+0.1 79409 76.6%£0.1 87.6+0.1
Enthalpy

. 30.2+1.0 10.4+£0.2 8.0+£0.0 2.7+0.0 34+0.1
(J/g protein)

ALB had a substantially lower enthalpy than GLOB, which is related to their tertiary
protein structures. From other plant sources, it is known that globulins are folded
into (larger) globular structures, while albumins have a more simple structure
(Gonzalez-Perez & Vereijken, 2007; Souza, 2020). MPCM had the highest
denaturation temperatures, which was expected, as the sample was heated at 80 °C.
Even though 80 °C is at the peak denaturation temperature of the globulins,
complete denaturation of proteins requires higher temperatures. We expect that a
portion of the globulins is not or only partly denatured, which is reflected in the
remaining denaturation enthalpy of 3.4 J/g protein for MPCM. In summary, the
extensive purification process to obtain GLOB and ALB seemed to slightly alter the
protein nativity of the globulins, while heating the colloids resulted in vast

alteration of protein structure.

4.3.5 Protein surface hydrophobicity and zeta-potential

The protein surface properties (influenced by hydrophobicity and charge of the
protein) are known to affect the protein’s interfacial properties. Therefore, we
evaluated the relative protein surface hydrophobicity (Table 4.3). In previous
studies, globulins of yellow pea, Bambara groundnut and rapeseed were found to
have a higher surface hydrophobicity than albumins (C. Kornet et al., 2020; Ntone

etal., 2021; Yang, de Wit, et al., 2022). A similar relationship is present in this work,
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as the surface hydrophobicity of GLOB is about 45% higher than ALB. FF and MIL
showed lower surface hydrophobicity, which could be related to the presence of
non-proteinaceous components that cover hydrophobic domains of the protein or
interfere with the hydrophobic probe. Another explanation is the slight alteration
of protein structure due to the extensive processing, as shown by DSC (Table 4.2).
This could lead to higher surface hydrophobicity values for GLOB and ALB in
comparison to FF and MIL. The highest surface hydrophobicity was found for MPCM,
which is between 3 — 10 times higher than the other MB protein fractions. This
finding is not unexpected, as the MPCM sample was heat-denatured to form cross-
links, thus leading to more exposed hydrophobic groups on the surface of the
coacervate colloids. A second protein surface property of interest is the zeta
potential (Table 4.3). Here, we showed a zeta-potential between -14.8 to -22.4 mV
for FF, MIL, GLOB and MPCM. These fractions are high in globulins, which probably
resulted in comparable surface charges. Albumins showed a substantially lower
zeta-potential of -2.3 mV.

Table 4.3 The relative protein surface hydrophobicity and zeta-potential of FF (fine
fraction), MIL (protein mixture), MPCM (protein colloids), GLOB (globulin fraction),
and ALB (albumin fraction) dissolved in a sodium phosphate buffer. Values are
presented as the mean value * standard deviation. The means with the same
superscript in the same column are not significantly different from each other (p >
0.05).

Relati rotein surf
elative protein surface Zeta-potential (mV)

hydrophobicity
FF 0.18+£0.01° -22.4+2.3°
MIL 0.10 £ 0.01° -19.8+1.8°
GLOB 0.29 + 0.02¢ -14.8+0.9°
ALB 0.20 £ 0.02° -2.3+1.5¢

MPCM 1.00 + 0.04¢ -19.7 £+ 1.6°
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4.3.6 Interfacial properties

4.3.6.1 Adsorption behavior

All the samples showed an immediate increase of surface pressure at the first
measurement point at 1 s (Figure 4.4A). ALB had the highest initial surface pressure
increase. The rapid initial adsorption of ALB probably results from the small
molecular size, leading to a high diffusional flux towards the interface. The smaller
size and low surface charge of albumins can also contribute to a lower energy
barrier for adsorption. GLOB showed a much slower initial adsorption compared to
ALB, probably due to the higher molecular weight and surface charge. FF and MIL
showed higher surface pressure values over the three hours of adsorption time.
This could be a contribution of albumins for FF and MIL, as both albumins and
globulins are present. We should also keep in mind that many non-proteinaceous
components (e.g. phospholipids and phenols) are present in FF and MIL, which can
compete with the proteins for the interface, or interact with the proteins, thereby

affecting the surface properties of the proteins (Bock et al., 2021; He et al., 2008).

The protein colloids (MPCM) showed a slight surface pressure increase in the initial
phase (first 20 s) compared to GLOB, which is surprising, as the protein colloids are
much larger (Figure 4.3). Such large colloids (50-800 nm) are not expected to adsorb
at the air-water interface due to the high energy barrier against adsorption. In
previous work, whey protein colloids were produced, which also did not adsorb at
the air-water interface (Yang et al., 2020), while smaller non-cross-linked material
also present in the dispersion dictated the interfacial properties. For the MPCM
fraction, we also expect the interfacial dominance of non-cross-linked proteins,
which might be highly surface-active due to exposure of hydrophobic groups, as

shown in the surface hydrophobicity determination (Table 4.3).
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Figure 4.4 (A) The surface pressure as a function of time of FF (fine fraction, red
squares), MIL (protein mixture, green triangles), MPCM (coacervate colloids, blue
diamonds), GLOB (globulin fraction, orange circles), and ALB (albumin fraction,
white circles). Averages of three replicates are shown, and the standard deviation
was below 5%. (B) The surface dilatational moduli versus deformation amplitude of
the earlier mentioned MB protein fractions. The E4’ was shown as symbols with a line
to guide the eye, while the Ed” of all samples were very low, with values in the grey
area. The shown averages and standard deviations are the results of at least three
replicates.

4.3.6.2 Surface dilatational rheology
The mechanical properties of air-water interfacial films stabilised by the MB protein
fractions were studied using surface dilatational rheology. Frequency and

amplitude sweeps, and step-dilatations were performed.

Frequency sweeps

In frequency sweeps, the deformation amplitude was constant at 3%, while the
frequency of the oscillation was varied. The dilatational storage moduli (results not
shown) showed a weak power law dependence on frequency, i.e., £, ~ w". The n-
value are shown in Table 4.4. An n-value of 0.5 was previously related to an
interfacial film, where the elasticity is determined by the mass exchange of
stabiliser between the bulk and the interface, also known as the Lucassen-Van den
Tempel model(Lucassen & Van Den Tempel, 1972). The interfacial layers stabilised

by the different MB protein fractions had n-values between 0.08 and 0.17. The
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storage modulus was significantly higher than the loss modulus, something typical
for soft viscoelastic disordered solids ***°. Exchange of material between bulk and
interface does not appear to play a significant role in the response, which is more
likely governed by in-plane rearrangements and momentum exchange with the
bulk phase.

Table 4.4 The n-value of E4 ~ w", obtained from frequency sweeps on MB-protein
stabilised interfacial films. Values are presented as mean * standard deviation.

n-value
FF 0.17 +0.02°
MiL 0.14 +0.03°
MPCM 0.08 +0.03?
GLOB 0.16 + 0.03°
ALB 0.14 +0.02°

Amplitude sweeps

The mechanical properties of the interfacial films were further analysed by
performing amplitude sweeps, where the deformation amplitude of the interfacial
area is increased from 3 to 30%, while the oscillation frequency is constant (Figure
4.4B). Here, we are interested in the magnitude and amplitude dependence of the
surface dilatational elastic moduli Ed’. When comparing ALB- and GLOB-stabilised
interfaces, the ALB had higher moduli decreasing from 80 to 38 mN/m, while GLOB
had lower moduli between 52 and 32 mN/m. This implies the formation of stiffer
layers by ALB. The lower amplitude dependence of GLOB indicates there is less
disruption of the surface microstructure compared to ALB. The FF- and MIL-
stabilised interfacial films had moduli of 51-32 and 51-29 mN/m, respectively,
similar to GLOB. This would indicate a globulin-dominated interfacial layer for FF
and MIL, probably due to the high concentration of globulins. The moduli of MPCM
were between those of GLOB and ALB, with a decrease from 68-38 mN/m. That
MPCM formed stiffer interfacial layers than GLOB, FF and MIL could be related to

the increased hydrophobic interactions among adsorbed proteins (see Table 4.3).
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The microstructure of the interfaces was clearly affected by large deformations, as
the E,"values (Figure 4.4B) decreased with increasing deformation amplitudes, also
known as the nonlinear viscoelastic (NLVE) behavior. Disruptions of the interfacial
microstructure can lead to nonlinearities in the surface stress/pressure signal. The
moduli in Figure 4.4 are obtained by Fourier transforming the surface stress signal
and calculated using the intensity and phase of the first harmonic of the obtained
Fourier spectrum. Using the first harmonic is reliable only when the deformations
are small and in the linear viscoelastic (LVE) regime, where nonlinearities are
negligible. Most of the deformations in Figure 4.4B are in the NLVE regime, leading
to nonlinearities, thus higher-order harmonics in the Fourier spectrum. These
higher-order harmonics (and nonlinearities) are neglected in the E,” calculation. A
gualitative analysis method to incorporate the nonlinearities is plotting the surface
pressure as a function of deformation in Lissajous(-Bowditch) plots (Ewoldt et al.,

2007; Xia et al., 2022).

Lissajous plots

Lissajous plots of the MB-protein fraction-stabilised interfaces are shown in Figure
4.5. The plots move clockwise, where the interfacial area is extended in the upper
part of the cycle, and the opposite (compression) occurs in the bottom part of the
cycle. An important characteristic is the width of the plots, which indicates the type
of rheological response of the interfacial layer. A straight line (closed plot) reveals
a fully elastic response, a circle indicates a viscous response, and an ellipse suggests
a viscoelastic response. The angle of the main axis of the plots with the horizontal
axis is related to the interfacial stiffness, and a plot that is more tilted towards the
vertical axis suggests a stiffer interface. Nonlinearities can lead to asymmetries
between the extension and compression cycle, which we will elaborate discuss for

the graphs.
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Figure 4.5 Lissajous plots of surface pressure as a function of deformation. The plots
are obtained from the amplitude sweeps of interfacial layers stabilised by the MB
protein fractions: FF (fine fraction), MIL (protein mixture), MPCM (coacervate
colloids), GLOB (globulin fraction), and ALB (albumin fraction). One representative
plot is shown for each sample, while comparable plots were obtained for at least
three replicates.

At 5% deformation, the MPCM- and ALB-stabilised interfaces showed wider plots
compared to FF, MIL and GLOB. This indicates a higher energy dissipation upon
deformation. Also, the MPCM and ALB are more tilted toward the vertical axis,
indicating a stiffer interfacial film. Nonlinear behaviour is clearly present at 30%
deformation, as all plots become asymmetric. For both MPCM and ALB, at the start
of the extension part of the cycle (bottom-left point), we can observe a relatively
fast surface pressure increase, followed by a gradually smaller increase of surface
pressure. For MPCM, a nearly flat curve can be observed between a deformation
of 0.25-0.30. Such behaviour is called intra-cycle strain softening in extension,
revealing a gradual disruption (and softening) of the microstructure. With this, the

elastic component of the response diminishes, while the viscous component starts
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dominating. On the time scale of a single cycle, there is negligible mass transfer
between bulk and interface (as evident from the frequency sweeps). This means
the surface density decreases upon expansion, and this may also contribute to the

observed softening behaviour.

In the compression cycle, we can observe an opposite phenomenon, as the surface
pressure rapidly decreases to values of -18 and -20 mN/m at a deformation of -0.35
for ALB and MPCM. This behaviour is known as intra-cycle strain hardening in
compression, as the adsorbed proteins are concentrated upon (extensive)
compression, resulting in the jamming of proteins at the interface. The combination
of strain softening in extension and strain hardening in compression implies strong
in-plane interactions between adsorbed proteins. Such behaviour was previously
related to the formation of viscoelastic solid-like interfacial layers (Hinderink et al.,
2020; Yang et al., 2020). The ability of albumins to form stiff solid-like interfacial
layers was previously related to the small molecular size and low surface charge
(Yang, Kornet, et al., 2022). This would allow a closer approach of proteins and more
effective coverage, leading to stronger in-plane protein-protein interactions. The
proteins in the MPCM might be able to form such layers due to the high surface

hydrophobicity (Table 4.3), which can also lead to stronger attractive interaction.

Different behaviour is present for the FF-, MIL- and GLOB-stabilised interfaces, as
these protein fractions show narrower 5% deformation plots that are more tilted
towards the horizontal axis. At 30%, the asymmetries were less pronounced in
comparison to the ALB- and MPCM-stabilised interfaces. This implies that the FF-,
MIL- and GLOB-stabilised interfaces formed weak and more easily stretchable
interfaces. We also conclude that the globulins dominate the interfacial properties
in both FF and MIL, which was also observed for a protein mixture from yellow pea
and Bambara groundnut (R. Kornet et al., 2022; Yang, de Wit, et al., 2022). For

Bambara groundnut, it is shown explicitly that the legumin dominated the
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interfacial properties in a globulin mixture of both legumin and vicilin, probably due
to faster adsorption of legumin at the air-water interface than vicilin. The weak
interfacial layers formed by MB globulin could be due to their largely aggregated
state in combination with high surface charges. As a result, this could lead to a lower
and less effective surface coverage, thus weaker in-plane interaction at the

interface.

Step-dilatation experiments

The interfacial properties of the MB protein fraction-stabilised interfaces were
further investigated by studying the relaxation response. The response was
initiated by performing step-dilatations on the air-water interface. The relaxation
response was fitted with a combination of a Kohlraus-William-Watts (KWW) stretch

exponential and a regular exponential term (Equation 1)(Watts & Davies, 1969).
y(t) = ae= ¢/ 4 pe-t/ta 4 ¢ (4.2)

Here, the stretch exponent B and relaxation time t1 are shown in Table 4.5. Other
parameters, such as the characteristic time of the second term T, and fitting
parameters a, b, and c are shown in Table S4.1 in the Appendix. The KWW is a
phenomenological model that was initially used to describe the relaxation
responses of disordered systems and later for protein-stabilised interfaces (Klafter
& Shlesinger, 1986; Sagis et al., 2019; Watts & Davies, 1969; Yang et al., 2021). A
stretch component of B<1 indicates dynamic heterogeneity, which may suggest a
wide range of relaxation times due to local variations in the relaxation response. In
our work, we show [ values varying from 0.53 to 0.63 for all MB protein stabilised
interfaces. This reveals the presence of dynamic heterogeneity, which we
previously related to the heterogeneous microstructure of a protein-stabilised
interface (Yang et al., 2020). Such a microstructure is comprised of proteins clusters,

leading to the co-existence of dilute/dense and thicker/thinner regions. Such
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dissimilarities could result in local differences in the relaxation response, thus a
wide range of relaxation times, and the emergence of dynamic heterogeneity. The
relaxation time varies between 19.2 and 34.1 s, which is typical for protein
interfaces(Sagis et al., 2019). The relaxation response of these interfacial films
indicates the formation of disordered/heterogeneous solid-like materials, as
observed for a wide range of protein-stabilised interfacial films (R. Kornet et al.,
2022; Riihs et al., 2013; Yang et al., 2020). The findings from the step-dilatation
experiment, in combination with the frequency and amplitude sweeps
demonstrate the formation of viscoelastic disordered solid-like interfacial films by
the MB fractions.

Table 4.5 The stretch exponent 8 and characteristic relaxation time t; values
obtained from step-dilatation experiments of air-water interfaces stabilised by the
MB protein fractions. Values are presented as mean * standard deviation. The means
with the same superscript in the same column are not significantly different from
each other (p > 0.05).

Extension Compression
B T1(s) B T1(s)

FF 0.60 £0.03° 32.4+6.9° 0.58 £0.01° 27.9+7.1%

MiL 0.60 + 0.02° 30.8 £ 8.4° 0.59 +0.03° 23.8+4.0%
MPCM 0.57 £ 0.04° 25.2 +5.1° 0.63 £ 0.04° 34.1+8.2°
GLOB 0.54 + 0.05? 22.2+3.7° 0.60 + 0.06° 17.3 £5.3%
ALB 0.53 + 0.03? 19.2 £ 8.0° 0.60 + 0.052 18.1 + 3.5%

4.3.7 Foams

4.3.7.1 Foamability

The foamability of the MB protein-stabilised foams was evaluated by studying the
foam overrun after whipping, and the average air bubble size after sparging with
nitrogen gas (Figure 4.6 A & B). The overrun was determined as the foam volume
expressed over the initial protein solution volume. The FF, MIL and GLOB, where
the globulins dominated the interfacial properties, had the lowest overruns. These
values varied from 42 — 75% at 0.1% (w/w) and 200-258 % at 1.0% (w/w) protein.

A substantially higher overrun was found for the ALB with values of 307 and 342%.
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At 0.1% (w/w) protein, the globulin-dominated fractions (FF, MIL and GLOB) also
had much larger air bubble sizes (0.20 — 0.39 mm) than ALB (0.06 mm). Albumins
formed higher volumes of foam with smaller air bubbles, which is in line with the
initially faster adsorption of ALB compared to FF, MIL and GLOB (Figure 4.4A). The
ability to form stiffer interfacial layers by ALB also contributes to a higher foam
volume, as the air bubbles are protected against immediate coalescence during

foam formation, leading to more and smaller air bubbles, thus higher foam volumes.
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Figure 4.6 (A) The overrun, (B) average air bubble size directly after foam formation,
(C) volume half-life time of foams prepared with FF (fine fraction), MIL (protein
mixture), MPCM (coacervate colloids), GLOB (globulin fraction), and ALB (albumin
fraction). Foams were created at 0.1% and 1.0% (w/w) protein, shown in grey and
black bars, representatively. The averages and standard deviations are the results of
at least three replicates. > = 1.0% (w/w) albumin foams were not created for air
bubble size and half-life time analysis.

At 1.0% (w/w) protein, the MiL-stabilised foam had the smallest air bubbles and
overrun among the globulin-dominated fractions (FF, MIL and GLOB). MIL is
comprised of both albumins and globulins. The albumins in MIL might have
contributed to the increased foamability. The FF also contains albumins but has the

largest air bubbles. The large starch granules present in this fraction could act as
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anti-foaming particles during foam formation. Solid particles may rupture thin films
by a mechanism called bridging dewetting (Denkov & Marinova, 2006). Here, the
particle is present between two films, and will contact both films upon thinning due
to drainage. The particle may dewet the liquid, resulting in the thin film's
perforation, and finally, film rupture. As a result, bubbles coalesce, leading to lower

foam overrun.

4.3.7.2 Foam stability

The foam stability was determined from the foam half-life time, which is the time
required for the foam volume to decay by 50% (Figure 4.6C). The bulk viscosity of
the solution can increase foam stability, as higher viscosity might decrease liquid
drainage. Therefore, the viscosity of the protein solutions was analysed, which was
found to be close to that of water for all samples (shown in Table S4.2 in the
Appendix). Therefore, the bulk viscosity is not able to explain the differences in the

foaming properties of the different protein fractions.

The FF had the lowest half-life times (below 6 min), which is most likely due to
destabilisation by starch granules. Removal of granules results in MIL, with higher
foam stability and a half-life time up to 45 min at 1.0% (w/w). GLOB had an even
longer half-life time of 87 min at 1.0% (w/w) protein. ALB had substantially higher
foam stability with a half-life time of 240 min at 0.1% (w/w), which is probably the
result of the formation of smaller air bubbles and stiffer interfacial layers. The
smaller and monodisperse distribution of air bubbles reduces the rate of
disproportionation, and the stiffer interfacial layers also reduce the rate of
disproportionation and the probability of air bubbles coalescence. As shown in
previous studies, plant albumins formed stable foams due to their small molecular
size and low surface charges, while the highly aggregated globulins resulted in
larger air bubbles and weaker interfacial films, thus lower foam stability (Ghumman

et al., 2016; Lu et al., 2000; Yang, Kornet, et al., 2022).
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Interestingly, the foam stability of MIL did not increase due to the presence of
albumins, while the foamability was slightly higher for MIL (in comparison to GLOB).
We could argue that the total amount of albumins is too low, only comprising ~13%
of the total protein content in MIL (calculated based on protein yield in the current
work). The albumins might contribute to the formation of more interfacial area,
thus smaller air bubbles and higher foam volumes. However, globulins seem to
dictate the mechanical properties of the MiIL-stabilised air-water interface, as
shown by interfacial rheology (Figure 4.5), which could result in lower foam
stability of MIL. With regard to the extent of purification, the FF-, MIL- and GLOB-
stabilised foams showed similar foamability. It seems that no or mild purification is
sufficient to obtain a foaming ingredient with good foamability. However, more
extensive purification does result in higher foam stability. Besides, the side stream
of the extensive process (ALB) possesses superior foaming properties. It is worth
mentioning that the foaming properties of the ALB were nearly as good as whey
protein isolate-stabilised foams, which had a foam half-life time of 258 min (Yang
et al., 2021), while ALB had one of 240 min at a similar protein concentration and

system conditions (method of foam formation and dissolution buffer).

4.3.7.3 Foaming properties of protein colloids

A final sample in this study are the protein colloids (MPCM). At 0.1% (w/w) MPCM
showed a foam overrun of 60%, similar to FF, MIL and GLOB (Figure 4.6A). At 1.0%
(w/w), the overrun increased vastly to 324%, nearly as high as ALB. As mentioned
in earlier sections, we expect the small non-cross-linked proteins to dominate the
interfacial properties of MPCM. With this in mind, the absolute amount of surface
active non-cross-linked proteins is low at 0.1% (w/w), but increases by tenfold at
1.0% (w/w). This was also reflected in the average air bubble size (Figure 4.6B),
which was found to be 0.05 mm, even smaller than air bubbles of 1.0% (w/w) MIL-
stabilised foams. The most prominent improvement is the foam stability, with a

half-life time of 400 min at 1.0% (w/w). Turning MIL into MPCM resulted in a foam
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stability increase of roughly 12 times. The high foam stability could result from the
formation of stiff interfacial layers, as shown in interfacial rheology (Figure 4.5). In
addition, the colloids could also contribute to the foam stability, as particles can
cause pinning in the foam. In this process, the colloids are trapped in the lamellae
and plateau borders between the air bubbles. This process can vastly reduce the
drainage and increase thin film stability, thus slowing down the coalescence of air
bubbles. Such a phenomenon was previously shown for casein particles and dairy
protein aggregates (Chen et al., 2017; Dhayal et al., 2015; Rullier et al., 2008). In
conclusion, the formation of coacervate colloids is a promising and controlled

method to significantly enhance the foaming properties of mung bean proteins.

4.4 Conclusion

In this work, the physical-chemical, interface and foam stabilising properties of five
mung bean protein fractions were evaluated. The interfacial properties of the dry
fractionated fine fraction (FF), the protein mixture (MIL) and globulin-rich fraction
(GLOB) were similar, suggesting that globulins dominated the interfacial films for
FF and MIL. Physical-chemical analysis showed large (and aggregated) proteins with
high zeta-potential. This could lead to an ineffective surface coverage with weak in-
plane protein-protein interactions. As a result, the globulin proteins formed weak
and more easily stretchable interfacial layers, leading to low foamability and

stability for FF, MIL and GLOB.

The other major protein in mung bean are the albumins (ALB), which are smaller
proteins with lower zeta-potential values. More proteins fit on the interface that
can also approach each other closer, giving a stiff interfacial film due to strong
protein-protein in-plane interactions. The result is an high performance in foaming
properties with nearly two times higher foam volumes and five times higher
stability compared to GLOB-stabilised foams. The albumins present in FF and MIL

slightly increased the foamability compared to GLOB, but their foam stability is
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substantially than GLOB. Mild purification yields FF and MIL with the highest protein
nativity and also presence of albumins, but these traits were not sufficient to boost
their foaming performance. An underlaying reason could be the presence of more
impurities in FF and MIL. Further purification into GLOB increases the foam stability,

and yields excellent foam stabiliser ALB as a side-stream.

Another promising ingredient are the protein coacervate colloids MPCM, which
showed similar foamability, and even higher foam stability than ALB. We expect
that the formed coacervate colloids with sizes between 50 and 800 nm can block
the lamellae or/and plateau borders between the air bubbles. As a result, the
drainage and destabilisation processes are slowed down, leading to extraordinarily
high foam stability (> 400 min). Simple coacervation is, relatively simple method to
form protein colloids with good foaming properties. In addition, proteins in MPCM
were able to form stiff interfacial films, which could be related to more hydrophobic
interactions at the interface between the more hydrophobic MPCM. The exact

interface and foam stabilising mechanism requires analysis in future studies.

In this work, we have shown the high potential of mung bean proteins as foam
stabilisers. The ability to form and stabilise foam is intimately related to the
fractionation used, as this affects the protein purity, protein aggregated state and
protein composition. Exploring the different mild and sustainable protein
fractionation routes to obtain protein ingredients with useful functional properties,
can contribute to the creation of plant-based alternatives, thereby contributing to

the current plant protein transition.
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Abstract

Protein aggregates are known to enhance foam stability by either increasing the
thin film viscosity or by blocking the lamellae of a foam. In a previous study we
observed that the mung bean protein colloids mixture (MPCM) was a promising
foam stabiliser. However, the stabilisation mechanism was not clearly identified.
Therefore, several mung bean protein fractions from the MPCM were studied for
their contribution for creating a stable foam with a high overrun. The MPCM were
produced by heating the protein coacervates that were formed by liquid-liquid
phase separation. Three different mung bean protein fractions were included in this
study. 1) The fraction containing only the protein colloids (COL). 2) The fraction
containing only the proteins that are present in the continuous phase of the MPCM
(SUP) and 3) a protein fraction that was obtained by a mild purification of the mung
bean flour (MIL). The foam stabilising properties of the three protein fractions were
studied by measuring the adsorption rate, interfacial rheology and surface
microstructure. Also, the foam capacity, foam stability and air bubble size were
measured. It was found that the highest foam capacity was observed for the SUP
fraction by generating stiffer interfaces, in addition, it also brought high foam
stability to MPCM. The other factor resulted in a long lasting MPCM foam is COL
fraction. The COL fraction was found to form a viscoelastic thin film between air
bubbles, thereby decreasing the drainage and destabilisation rate of the foam. In
brief, SUP and COL fractions co-operate in the formation of highly stable MPCM
foam leading to a promising plant-derived candidate for producing stable foams in

food products.
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5.1 Introduction

As an alternative for animal-based proteins, plant-based proteins have been given
considerable attention in terms of their functionalities. Besides currently prevalent
topic meat analogue, plant derived proteins can be considered as a replacement
for dairy or egg proteins as well. Among these alternatives, mung bean is an
upcoming and promising plant-based protein source (Wang et al., 2022; M. Yang et
al.,, 2021). The main reasons for this rising interest are sustainability and well-
balanced amino acid (Hou et al.,, 2019) of mung bean proteins. In terms of
sustainability, mung bean is allowed to culture with less water usage and without
fertilizers. In addition, it is widely cultured not only in traditional mung bean

consuming countries (Asia), but also Southern Europe, and Northern American.

A key functionality for which people looking to replace animal proteins is foaming.
The main focus is on soybean and pea proteins, unfortunately, both of them
showed barely satisfied interfacial behaviour as compared to animal-derived
proteins. The foaming capacity of these plant proteins were observed lower (Brishti
et al., 2017; Kornet, Yang, et al., 2022; Ma et al., 2011; Xia et al., 2022) than whey
protein isolates in many cases (Nicorescu et al., 2009; J. Yang, R. Kornet, et al., 2022).
As for mung bean proteins, rather limited investigations have been conducted on
their interfacial stabilising properties, they were found present better foam
capacity with a lower stability than soybean (Brishti et al., 2017; Liu et al., 2022).
However, the foaming stabilisation mechanism behind mung bean proteins is still

unknown.

It has been shown that mild processes can produce plant protein ingredients with
altered functionalities (Assatory et al., 2019; Kornet, Yang, et al., 2022; Pelgrom,
Boom, et al., 2015a; Jack Yang, Iris Faber, et al.,, 2021; Q. Yang et al., 2022).
Nevertheless, extensive processing not always led to a worse functional behaviour.

Heating induced colloids and aggregates were found able to increase the stability
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of protein stabilised foams. So far, majority of these research focus on thermal
aggregation generated by animal-based globular proteins due to their high
solubility and presence forms of monomers and dimers in dispersions (Nicolai,
2016). Aggregates of whey protein isolates (Nicorescu et al., 2009; Nicorescu et al.,
2010; Schmitt et al., 2007) , whey protein microgels (Nicolai, 2016), casein micelle
(Chen et al., 2018), and B-lactoglobulins (Rullier et al., 2009, 2010; Rullier et al.,
2008) were extensively studied at both acidic and neutral pH, they were proved to
efficiently enhance the foam stability only with the company of sufficient amount
of non-aggregated proteins. Based on these studies, aggregates have been revealed
enhance foam stability in two ways: either by increasing the viscosity of the thin
film or by acting as blockage in the lamellae or plateau borders, resulting in slowing
down the drainage rate and leading to more stable foam (Chen et al., 2018; Rullier
et al.,, 2009; Rullier et al., 2008). Unfortunately, the implementation of these

mechanisms on plant-based aggregates is still limited.

Soybean protein is a typical plant-derived protein which has been extensively
studied in terms of its functionalities. By heating soybean protein isolates at various
temperatures from 80 °C to 100 °C, Guo et al. (2015) produced soluble aggregates
of medium-size (670 to 1000 kDa) and large-size (> 1000 kDa). Medium-size
aggregates appeared to be essential to enhance foaming capacity due to a
supportive effect provided by their loose structure, while large proportion (> 50%)
of large-size aggregates presented would form films with increased thickness,
leading to promoted foaming stability. This improvement in foaming stability could

be resulted in by the thin film stabilisation mechanism mentioned before.

Except for aggregates size, the impact of protein composition and processing on
aggregates foam stabilising properties has been revealed. Heat-induced pea
protein aggregates have been produced to evaluate the influence of heating and

drying on their foaming properties at two food systems related pH (J. Yang, H. C. M.
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Mocking-Bode, et al., 2022). It was shown that independent of drying methods, the
stiffest layers were formed by the pea protein aggregates. Heating induced the
surface activity of globulin aggregates, thereby they were hampered to adsorb to
interfaces. In the meanwhile, albumins remain soluble and got enriched relatively
by globulin aggregation, dominating interface and foaming properties of the heated
pea protein stabilised foams. However, these cases still unable to be demonstrated

by the stabilisation mechanisms obtained from dairy protein aggregates.

Previously, we produced mung bean protein colloids which are suitable for
beverages due to their high internal protein content, low intrinsic viscosity and
weak heat-induced gelation behaviour in Chapter 3. Surprisingly, an extraordinary
interface behaviour was observed in our previous study as well. The colloidal mung
bean protein dispersions formed exceptionally highly stable foams (half-life time
around 400 min) with high capacity (overrun around 325%), it is dramatically higher
than foam stabilised by pea protein aggregates which showed a half-life time app.
4 min. It would be worthy to mention that, mung bean protein colloids even can
generate foams with unexpectedly higher stability than whey protein isolates which
presented a half-life time around 260 min (Jack Yang, Sarah P. Lamochi Roozalipour,
etal., 2021). However, the reasons resulted in such an excellent foaming behaviour
of mung bean protein colloids are still unknown. Since functionality of plant-based
proteins are different from source to source, the role of fractions of thermal
induced plant protein aggregates in foam stabilisation still needs to be validated for
legumes other than vyellow pea and soybean. Additionally, exploring the
stabilisation mechanism of mung bean protein colloids to develop it as a highly

functional plant-derived ingredient would be favoured by food industry.

Hence, to determine the stabilising mechanism of colloids mixtures as well as the
role of aggregates and non-aggregates fractions in foam stabilisation, MPCM (mung

bean protein colloids mixture) fractions were obtained by fractionated MPCM
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solutions in the present study. The interfacial behaviour including adsorption rate,
surface oscillatory dilatational rheology and surface microstructure of fractions
were investigated. Also, the foam abilities including foam capacity, foam stability
and air bubble size were measured, the stabilisation mechanism were revealed by
determining the stability curves of fractions and albumin mixtures. We then proved
the potential of MPCM to be developed into a sustainable and highly functional

plant-protein foaming agent in food systems.

5.2 Materials and methods

5.2.1. Materials

Dry mung bean seeds (Golden Chief, Thailand) were purchased from the online
Asian store MyEUShop (Nieuw-Vennep, The Netherlands). All chemicals (Sigma-
Aldrich, USA) were used as received. The solutions were prepared in ultrapure

water (MilliQ Purelab Ultra, Darmstadt, Germany).

5.2.2 Sample preparation

5.2.2.1 Preparation of mung bean protein colloids

The mung bean protein fine fraction (FF) was obtained by dry fractionation as
described earlier (Yang et al., 2022). A 20% wt. suspension was produced by
dispersing the FF fraction in 15 mM sodium metabisulfite solution, where the pH of
the suspension was adjusted to 8.5 using 1M NaOH. After 1h stirring at room
temperature, the suspension was centrifuged at 10,000 g for 30 min to remove
starch granules and insolvable fragments and the supernatant was collected.
Afterwards, the pH of the supernatant was adjusted to 6.75 to induce the formation
of the liquid nearly spherical protein coacervates. The proteins in the coacervates
were cross-linked by a heating step at 80°C for 20 minutes, while stirring to obtain
the so-called mung bean protein colloids mixture (MPCM). Subsequently, the

MPCM were freeze dried to be used for the present investigations.
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5.2.2.2. Fractionation of mung bean proteins and colloids

All samples were prepared based on weight-based protein content (% w/w) in a 20
mM POs-buffer, pH 7.0, while stirring for at least 4 hrs at room temperature.
Samples were prepared in a protein concentration range from 0.1 to 1.0% (w/w).
In order to obtain different fractions, a 1% MPCM suspension was prepared and
centrifuged at 20000g for 30min. The supernatant obtained from the first
centrifugation step was obtained as a sample and referred to as supernatant (SUP).
The buffer was added to resuspend the pellet and the centrifugation and washing
step was repeated three times to finally obtain the purified pellet (COL).
Additionally, a mildly purified protein mixture (MIL) was obtained by dispersing FF
in water followed by a centrifugation step to remove the starch granules and

cellular debris. More details were presented in Figure 5.1.
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Figure 5.1 Schematic overview of the sample fractionation. Purple circles represent
the different solutions during fractionation, the green boxes represent methods used
and the yellow circles indicating the final samples for analysis.
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5.2.3 Size exclusion chromatography

Size exclusion chromatography (SEC) was carried out by an an AKTA pure 25 system
(Cytiva, Marlborough, MA, USA) equipped with Superdex® 200 10/300 GL column.
Protein solutions with protein concentrations of 0.1% (w/w) were centrifuged at
15000 g for 10 min. Subsequently, 50 uL supernatant was injected into the system
which has sodium phosphate buffer (20 mM, pH 7.0) containing 50 mM NaCl as the
eluent. The flow rate was set at 0.5 mL/min and the elution was recorded with UV

absorbance at 280 nm.

5.2.4 Particle size distribution

The particle size distribution of MIL, SUP and COL were analysed using dynamic light
scattering (Zetasizer Nano ZS, Malvern Instruments Ltd., United Kingdom).
Dispersions with 0.1 % (w/w) protein were injected in a DTS1070 Zetasizer cell. Prior
to analysis, the cell containing sample was equilibrated for 2 min at 20 °C, followed
by a size distribution measurement, where 12 scans were performed in automatic
mode, of which an average was calculated. For MPCM samples, particle size
distributions were measured using static light scattering (Mastersizer 2000,
Malvern instruments, United Kingdom), setting the particle refractive index to 1.48.

All measurements were at least performed in triplicate.

5.2.5 Protein surface hydrophobicity

The protein surface hydrophobicity was determined using 8-anilino-1-
napthalenesulfonic acid ammonium salt (ANSA) as a fluorescence agent. MPCM
fractions are dissolved in a phosphate buffer at protein concentrations varying from
0.005 - 0.04 % (w/w). Protein dispersions were loaded in double-sided transparent
plastic cuvettes, and 25 pL of 8 mM ANSA solution were added in each cuvette.
Next, the samples were mixed using a vortex mixer and incubated for 1 hr in dark
environment to prevent deterioration of the ANSA reagent. After incubation, the

fluorescence of samples was determined by an LS 50B luminescence spectrometer
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(Perkin Elmer, USA), the excitation wavelength was 390 nm and the emission
wavelength was set at 470 nm. The buffer solution was used as a blank. The initial
slope of the fluorescence intensity versus protein concentration was used as
measure of surface hydrophobicity (Ho). The relative surface hydrophobicity was
calculated to compare hydrophobicity among the samples. All samples were

studied in triplicate.

5.2.6 Surface tension and surface dilatational properties

The mechanical properties of the air-water interface were studied by performing
surface dilatational rheology in a drop tensiometer PAT-1M (Sinterface
Technologies, Germany). A 0.1% (w/w) protein solution was used to form a hanging
droplet with a surface area of 20 mm? at the tip of a hollow needle. The surface
tension was calculated by fitting the Young-Laplace equation to the shape of the
droplet. Three types of oscillatory deformation measurements were performed,
and prior to the start of each of these analyses, the droplets were equilibrated for
3 hrs. Frequency sweeps were performed at a constant amplitude of 3%, and a
frequency series, which increased from 0.002 to 0.1 Hz. Amplitude sweeps were
performed at a constant frequency of 0.02 Hz, and an amplitude series, which
increased from 3 to 30% deformation amplitude. In these oscillatory deformations,
five cycles were performed for each frequency or amplitude step. The relaxation
behaviour of the interface was also studied by performing step-dilations, where the
interface was subjected to a 10% rapid compression or extension (2s step time) of

the area. All measurements were performed at least in triplicate at 20 °C.

5.2.7 Rheology data analysis

The raw data of the amplitude sweeps were transformed into Lissajous plots by
plotting the surface stress (y-yo) against the deformation ((A-Ao)/Ao). The y and A

are the surface tension and area of the deformed interface, and yo and Ao are the
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surface tension and area of the non-deformed interface. The plots were generated

using the middle three of five oscillations.

5.2.8 Preparation of Langmuir-Blodgett films

Langmuir-Blodgett films of the interfacial films were created using a Langmuir
trough (243 mm? Langmuir-Blodgett Trough KN 2002, KSV NIMA/Biolin Scientific Oy,
Finland). First, the trough was filled with the subphase, a 20 mM PO, buffer at pH
7.0. The surface was carefully cleaned using a vacuum pump. Afterwards, 200 pL of
0.01% protein (w/w) solution of MIL and MPCM was injected at the bottom of the
trough using a gas-tight syringe. The proteins were allowed to adsorb at the
interface for 10800 s, while the surface pressure was monitored using a Wilhelmy
plate (platinum, perimeter 20 mm, height 10 mm). After equilibration, the interface
was compressed by Teflon barriers at a moving speed of 5 mm/min. The interfacial
films were compressed to a target surface pressure 15 or 25 mN/m, and the protein
film was deposited on a freshly cleaved mica substrate (Highest Grade V1 Mica, Ted
Pella, USA) using the Langmuir-Blodgett deposition at a withdraw speed of 1
mm/min. The Langmuir-Blodgett films were dried for two days and were further
analysed using atomic force microscopy. All films were produced in duplicate at

20 °C.

5.2.9 Determination of the interfacial structure by AFM

Atomic force microscopy (AFM) was applied to study the topography of the
interfacial microstructure of Langmuir-Blodgett films. The AFM (Multimode 8-HR,
Bruker, USA) was equipped with a Scanasyst-air model non-conductive pyramidal
silicon nitride probe (Bruker, USA) with a normal spring constant of 0.40 mN/m. The
films were recorded in tapping mode at a lateral frequency of 0.977 Hz, and an area
of 2x2 um? were analysed with a lateral resolution of 512x512 pixels?. All films were
recorded on at least two locations to ensure good representativeness, and the

images were analysed using Nanoscope Analysis software v1.5 (Bruker, USA).
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5.2.10 Determination of foam properties

5.2.10.1 Ability and stability of foams created by whipping

Foams were created by whipping 15 mL of 0.1 — 1.0% protein (w/w) solutions with
an overhead stirrer equipped with an aerolatte foam head at 2,000 rpm for 2 min
in a plastic container (34 mm diameter). The foam ability was determined by
marking the bottom and upper level of the foam, of which the height was measured
and recalculated into the maximum foam volume using the radius of the container.

From this, the overrun was calculated by equation 1.

Maximum foam volume (mL)

Foam overrun (%) = x 100 % (5.1)

Initial solution volume (15 mL)

After determining the maximum foam volume, the foam sample was transferred
into a 50 mL volumetric glass cylinder. The liquid and foam height of the sample
was determined from 1 min after foam formation, until the foam volume decayed

by half. All measurements were performed in triplicate at 20 °C.

5.2.10.2 Stability of foams created by sparging

Sparged foams were created in a Foam scan foaming device (Tecles IT-concept,
France). A glass cylinder (60 mm diameter) was filled with 40 ml of sample and gas
was sparged through a metal frit (27 um pore size, 100 um distance between
centres of pores, square lattice) at a flow rate of 400 mL/min. The generated foam
in the tube was studied by image analysis to obtain a foam volume, and the foams
were sparged to a volume of 400 mL. Afterwards, the foam volume was monitored
until a 50% decay of volume, which is known as the foam volume half-life time. A
second camera recorded a detailed image of the air bubbles, which was analysed
using a custom Matlab script with a DIPlip and DIPimage analysis software package
(TU Delft, NL) to determine an average bubble size. All experiments were at least

performed in duplicate at 20 °C.
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5.3 Results and discussion

5.3.1 Characterization of the different protein fractions

In Chapter 4, we have showed that MPCM possess a superior foam capacity and
stability. In order to reveal the mechanism behind, MPCM were fractionated into
SUP and COL by centrifugation, several washing steps and redispersing. The protein
content and dry matter content of these fractions were determined. As shown in
Table 5.1, the majority of proteins in MPCM ended up in SUP, consequently led to
a higher dry matter content.

Table 5.1 Protein content and dry matter of supernatant and pellets fractionated
from mung bean protein colloids solutions.

Amount of protein of MPCM in  Amount of dry matter of MPCM

SUP or COL (%) in SUP or COL (%)
sup 67.2+2.3 72.1+0.3
CcoL 32.8+2.3 27.7+0.5

SEC (size exclusion chromatography) was performed to investigate the protein
composition pf different Mung bean fractions. As shown in Figure 5.2, a major peak
for legumin was observed around an elution volume of 11 mL, representing
proteins with molecular weight of 660 kDa in MIL. Also, several minor peaks for
vicilin (around 12 mL, 261 kDa) and albumin (around 14.5 and 16 mL, 113 and 35
kDa, respectively) were observed in MIL, while only vicilin was tracked in SUP. The
absence of legumin in SUP suggested that most of them ended up in COL. A similar
observation was reported by Kornet, Roozalipour, et al. (2022) and (Lui, Litster, &
White, 2007), where most of the vicilin remained in the continuous phase, while
most of the legumin (approx. 70%) were found in the coacervates of pea and soy
proteins. The SEC result imply that the protein composition in coacervates of

legume proteins may dominated by legumins.
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Figure 5.2 SEC chromatogram of the 280 nm absorbance as a function of eluted
volume of MIL (mildly purified protein mixture, green) and SUP (supernatant of
MPCM, purple). The number in rackets represent the molecular weight (kDa) of the
corresponding peak. The dashed line represents the calibration curve.

The size distribution results of MPCM fractions and mildly purified MB proteins
mixtures (MIL) were obtained from dynamic light scattering and static light
scattering (MPCM) and presented in Figure 5.3. MIL sample showed a smallest
average diameter around 10 nm attributed to mildly purification. SUP was found
have a peak at 30 nm and a shoulder between 50 -700 nm. On another hand, COL
showed the largest average diameter around 1000nm while MPCM showed a
particle size distribution between SUP and COL as expected. The average size of
MPCM is around 150 nm, and a second peak around 100000 nm were observed.

These are few number of aggregates can be neglected based on volume distribution.

The protein foam properties are largely impacted by protein surface properties
such as hydrophobicity. As an index of the number of hydrophobic groups on the
surface of proteins, the relative protein Ho (surface hydrophobicity) was
determined by using ANSA. As shown in Table 5.2, COL seems dominate the Ho of
MPCM since they show a comparable hydrophobicity. Nevertheless, COL showed a
relative hydrophobicity higher than SUP, indicating more surface exposed

hydrophobic groups of COL. It should be noted that these MPCM fractions showed
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significantly higher hydrophobicity values than mildly processed MIL samples. This
would be attributed to heating induced structure alteration during protein
coacervates crosslink. These heat induced increases in surface hydrophobicity have
been reported widely by previous researchers, in terms of soybean proteins (Shen
& Tang, 2012; Z. Wang et al., 2014). The other possible reason for this increase in
Ho is the freeze-drying method applied. As shown by Brishti et al. (2020), freeze-
drying resulted a higher Ho of MB proteins than other drying methods. Hy of freeze-
dried MB protein samples are consequently higher than MIL which was mildly

extracted and not experienced any drying process yet.
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Figure 5.3 The size distribution of mung bean protein colloids mixtures (MPCM,
red), mildly purified protein mixtures (MIL, green), supernatant of MPCM (SUP,
purple) and pellets of MPCM (COL, yellow). All measurements were carried out in
triplicate.

Table 5.2 Relative hydrophobicity of MB protein COL (Pellets) and Sup
(Supernatant) fractionated from mung bean protein colloids solutions, and MIL
(Mildly purified protein mixtures) obtained from MB fine fraction. The
hydrophobicity was calculated based on result of MPCM.

Hydrophobicity
MPCM 1.00+£0.03
coL 0.96 +0.03
SuUpP 0.62 +0.02

MIL 0.24+£0.01
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5.3.2 Interfacial properties of MB fractions

5.3.2.1 Adsorption behavior

Since foams normally form in a short period (a couple of seconds), the adsorption
behaviour of proteins to the interface is an imperative factor to be determined. In
Figure 5.4, the highest adsorption rate was presented by MIL, this would be
attributed to its smallest particle size as shown in Figure 5.3. Considering to particle
size of MPCM is much larger than MIL, MPCM showed an unexpected comparable
adsorption behaviour as MIL during the whole process. This could reveal that
MPCM are exceedingly surface-active due to exposure of hydrophobic domains.
According to previous report, the presence of smaller non-cross-linked particles in
whey protein colloids dispersion mainly responsible for ruling interfacial properties
(Yang et al., 2020). To investigate the role of these smaller particles in the MPCM
suspension, a centrifugation process was carried out to separate smaller particles
(SUP) from larger pellets. The interfacial properties of MPCM were found beneficial
from both SUP and COL. Smaller particle size of SUP brought a rapid increase in
surface pressure in the initial phase (first 30 s) compared to COL, as they were
allowing to move agiler toward the interface. After 5 min, when the increase in
surface pressure of SUP slowing down, COL started to enter a considerable
increasing period. This probably can be linked to its highly hydrophobic surface as
shown in Table 5.2. Therefore, we presume that the contribution of SUP in the
initial phase and of COL in the later phase, together have a synergy effect on
interfacial properties of MPCM. The assumption was further investigated in foam

properties tests.
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Figure 5.4 Surface pressure as a function of time of MPCM (colloids, red squares),
MIL (mildly purified protein mixture, green triangles), COL (pellets, yellow crosses)
and SUP (supernatant, purple circles). All measurements were conducted at least
in triplicate.

5.3.2.2 Surface oscillatory dilatational rheology

Amplitude sweeps

To gain an insight on the stability and strength of the interfacial films upon
deformation, amplitude sweeps were performed with an interfacial area range
from 3 % - 30% at a constant frequency. MPCM and SUP showed almost identical
behaviours upon increasing amplitudes. The Ed’ (dilatational elastic moduli) of both
samples decreased from 70 to 37 mN/m approximately, whereas COL had a lower
modulus ranged between 41 - 29 mN/m. Suggesting stiffer interface
microstructures formed by MPCM and SUP and more stretchable layers obtained
from COL, therefore, SUP may dominate dilatational behaviour of MPCM. To
investigate the influence of processing on MB protein interfacial behaviour, mildly
purified protein mixtures MIL was measured as well. The Ed’ of MIL was found
located between 51 - 29 mN/m, showing a comparable amplitude dependency as
MPCM. Hence, the mildly purification process cannot be related to a stiffer or a

more stretchable interfacial microstructure.
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Figure 5.5 Surface dilatational moduli as a function of deformation amplitude of
MPCM (mung bean protein colloids mixture, red), MIL (mildly purified protein
mixtures, green), SUP (supernatant, purple) and COL (pellets, yellow). All
measurements were conducted in triplicate.

Disruption of the interfacial microstructure caused by deformation could lead
nonlinear viscoelastic behaviours. As shown in Figure 5.5, all surfaces stabilised by
MB fractions are in the NLVE (non-linear regime) as Ed’ obviously decreased at
higher amplitudes. It brings higher-order harmonics into the Fourier spectrum of
the stress response. However, the moduli shown in Figure 5.5 are obtained based
on the first harmonic of the Fourier spectrum, where nonlinear behaviour are
negligible, these transformed values are only dependable if the limited
deformations and linear viscoelastic regime applied. To reveal this neglected
nonlinear data, a qualitative analysis was conducted, and the results were plotted

as Lissajous plots.
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Lissajous plots
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Figure 5.6 Lissajous plots of deformation versus surface pressure. The plots are
obtained from the amplitude sweeps of the mung bean MIL (mildly purified protein
mixture, green), MPCM (mung bean protein colloids mixtures, red), COL (MPCM
pellets, yellow) and SUP (MPCM supernatants, purple) stabilised interfacial layers.
All measurements were conducted at least in triplicate and one representative plot
is presented for each sample.

In order to evaluate nonlinear deformations more accurately, Lissajous plots were
plotted in Figure 5.6 as surface pressure over deformation. The movement of
Lissajous plots is clockwise, where the interfacial area of the MPCM fractions
stabilised interfaces are extended in the upper part of the cycle and are compressed

in the lower part of the cycle.

As shown in Figure 5.6, all plots are symmetric at 5% deformation, suggesting
almost linear response upon deformation. Only COL showed a narrower plot, which
indicates a more elastic response of the COL stabilised interface. Other fractions
presented wider ellipse shapes, which indicates more viscous response behaviours
and higher energy dissipation upon deformation than COL. SUP and MPCM were
found more tilted toward the vertical axis, indicating formation of stiffer interfacial

films than MIL and COL. This is in line with the results of amplitude sweeps.
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When deformation increased to 30%, except for COL, other samples all showed
significant nonlinear behaviour upon deformation as revealed by their asymmetric
plots. Relatively fast surface pressure increases were found for MIL, MPCM and SUP
at the beginning of the extension phase of the cycle. Subsequently, mild increases
in surface pressure were observed. In which intra-cycle strain softening phenomena
happened, revealing a gradual disruption of the microstructure. This should be
attributed to the interfacial layer dilution. The interfacial is stretched upon
extension, and extra proteins are probably cannot be included, therefore, the
adsorbed proteins were diluted resulted in softening. Whereas in the compression
phase, MIL, MPCM and SUP all presented steep increases in surface pressure upon
deformation. The density effect of stabilisers contributes to this phenomenon. It
was reported by previous research (Yang et al.,, 2020) that compression can
concentrate stabilisers and generate jammed adsorbed proteins at the interface,
led to intra-cycle hardening in compression. The presence of softening in extension
and hardening in compression can be considered as a consequence of in-plane

interactions between adsorbed proteins.

COL was found show obviously different interfacial behaviour from others. The
larger angle it presented with horizontal axis and the less asymmetries suggesting
that weak and more stretchable film was stabilised by COL. And the larger width of
the plots indicating less energy dissipation upon deformation. This observation was
supported by amplitude sweep test as shown in Figure 5.5, where lower moduli of
COL than MIL, SUP and MPCM were found. The weak and more stretchable
interlayers formed by COL could be a result of its relatively larger particle size, less
effective surface coverage was reached, and weaker in-plane interaction was
established. Comparing to SUP, COL seems possess less dominance in interfacial
behaviour. This is relevant to slower adsorption speed COL showed at interface (as
shown in Figure 5.4), thus, the behaviour of MPCM is mainly dependent on SUP in

nonlinear phase. Nevertheless, the difference between MPCM and SUP suggesting
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that more than one fraction contributed to the interfacial behaviour of MPCM.
Therefore, we propose that both SUP and COL contributed to the interfacial
properties of MPCM, further investigations were conducted to reveal the

cooperation between different fractions.

5.3.3 Interfacial microstructure of MB fractions
15 N/m 25 m/m

PM

: 2.5 nm

coL

2um

Figure 5.7 Atomic Force Microscopy (AFM) images of Langmuir-Blodgett films
prepared by MIL (mildly purified mung bean protein mixtures) and MPCM (mung
bean protein colloids mixture) stabilised air-water interfaces. The surface pressure
designates the conditions applied during the film sampling.

To obtain detailed insights into the interfacial microstructure of MPCM and MIL
stabilised interfaces, the topography of these interfaces was examined by atomic
force microscopy (AFM). The protein stabilised interfacial layers were transferred
onto a solid substrate with assistance of Langmuir-Blodgett (LB) deposition. As
shown in Figure 5.7, both MIL and MPCM presented structures with obvious
heterogeneity (white dots) at a surface pressure of 15 mN/m, higher density thicker
regions were observed in MPCM, indicating more and larger cluster presented in
MPCM film. These clusters should be protein clusters considering to heating

process applied during MPCM preparation. This finding is in line with previous
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report, these clusters were proved to be protein clusters by Sagis et al. (2019).
Larger protein clusters presented by MPCM is also a result of particle size, larger
sizes it possesses compared to MIL bring more relatively larger clusters at the

interface.

With increased surface pressure of 25 mN/m, same phenomenon can be observed
for both MIL and MPCM. Upon higher compression, fewer large protein clusters
were visible whereas more smaller protein dense regions were found surrounded
by thinner regions, suggesting denser films formation. This result can be attributed
to stiffness of interface formed by MIL and MPCM, according to J. Yang, R. Kornet,
et al. (2022), the protein which can form stiff and cohesive layers can lead to a
denser film, due to strong in-plane interactions, proteins can still remain on the
interface after compression. It is not a behaviour only has been observed in mung
bean proteins, other protein stabilised interfaces show this denser layer after
compression as well, for example, pea proteins(Kornet, Yang, et al., 2022),
rapeseed proteins (Jack Yang, Iris Faber, et al., 2021), and even animal-based
proteins such as whey proteins (Riihs et al., 2013) and bovine serum albumin (Sah

& Kundu, 2017).
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5.3.4 Foam properties
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Figure 5.8 The (A) overrun, (B) half-life time and (C) air bubble size (ds;) of MIL
(mildly purified mung bean protein mixture), MPCM (mung bean protein colloids
mixture), SUP (supernatant) and COL (pellets) stabilised foam. Foams were
prepared at protein concentration of 0.1 wt% (light colour bars) and 1 wt% (dark
colour bars). The average and standard deviations were obtained from at least 3
replicates. * 0.1 wt% COL foams were not created for half-life time and air bubble
size analysis.
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To evaluate foaming properties of various mung bean protein fractions, the foam
overrun, half-life time and air bubble size of the foam were obtained. The foam
overrun was determined by whipping the fraction solutions and characterised as
the foam volume over the initial solution volume. To evaluate foam stability,
different mung bean protein fraction stabilised foams were prepared by sparging,
50% decay time was recorded by a foam scan, afterwards, the air bubble size was

analysed by Matlab package.
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Foam capacity

The most considerable increase in overrun was observed for MPCM, it increased
vastly from 60 % to 324 % when the protein concentration increased from 0.1 wt%
to 1 wt%. Even though COL has the most comparable surface activity as MPCM, the
foamability of MPCM seems dominated by SUP. According to Figure 5.8, COL barely
can make foam itself, the lowest overrun was observed for both protein
concentrations. It could be related to its lagged adsorption and significantly larger
air bubble size compared to SUP at 1 wt%. This was also revealed by results of air
bubble size, increased protein concentration introduced enough rapid adsorbed
oligomers at the interfaces, thus brought smaller air bubble size to MPCM and
contribute to a higher overrun. Additionally, the relatively stiffer interfacial layers
SUP formed can also play a role, it would prevent air bubbles from collapse,
consequently, a higher foam volume. Considering to relatively lower absolute
number of oligomers presented in MPCM, the foam capacity is weaker than SUP is
logical. The same finding was previously reported by Kornet, Yang, et al. (2022) for
pea protein fractions. It should be noted that, MIL (mildly purified protein mixture)
did not show a better foamability than SUP although it has the smaller particle size
(around 10 nm) than SUP, and a rapid adsorption rate. This unexpecting could be
attributed to its lowest surface activity and bland interfacial layer stiffness, the
latter cannot afford accumulation of air bubbles, hence, foam would start to

collapse after a while.

Foam stability

Another foam property should be assessed is the foam stability, half-life time was
used to reflect the stability of foams stabilised by different mung bean protein
fractions. The MPCM showed a superior foam stability than others, while SUP and
COL only showed less pronounced increase in half-life time with increased protein
concentration. On the other hand, a better foam stability can be introduced by

smaller air bubble size. Since no significant difference in bubble size was observed



PROTEIN COLLOIDS AS ANOVEL FOAM STABILISER | 155

for different fractions stabilised foams at 1 % w/w, it suggests that there is the
synergy effect between different fractions as reported by (Burke et al., 2014). To
explore the mechanism behind this effect, the whipping tests were performed on
different fractions and their mixtures to obtain foam stability curves (Figure 5.9).
0.1% w/w albumins were mixed with fractions to eliminate the influence of varied

initial foam volume.
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Figure 5.9 Foam volume as a function of time of A) 0.1% w/w ALB (albumin), 0.1%
w/w MPCM (mung bean protein colloids mixtures) and ALBMPCM (mixture of 0.1%
w/w albumin and 0.1% w/w mung bean protein colloids mixture) stabilised foam,
B) 0.1% w/w ALB (albumin), 0.067% w/w SUP (supernatant separated from 0.1%
MPCM) and ALBSUP (mixture of 0.1% w/w albumin and 0.067% w/w Supernatant)
and C) 0.1% w/w ALB (albumin), 0.033% w/w COL (colloids, pellets separated from
0.1% MPCM) and ALBCOL (mixture of 0.1% w/w albumin and 0.033% w/w colloids).
All measurements were conducted at least in triplicate.
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As reported previously (Rullier et al., 2008; Saint-Jalmes et al., 2005; Schmitt et al.,
2007), there are two mechanisms can explain the enhanced foam stability, either
by confinement of protein aggregates in the Plateau borders or by the formation of
viscoelastic layers in the thin film. It is possible that large particles act as blockages
in the lamellae and Plateau boarders, hence slow down the drainage and
destabilisation of the foam. However, COL possess the largest particle size, whereas
they were unable to provide the highest stability among others, we found MPCM,
SUP and COL showed similar foam stability curves in Figure 5.9. It reveals that COL
may form viscoelastic layers in the thin film and contribute to the stabilisation of
the foam. This finding was confirmed by Lissajous plots as well; the most elastic
interface was found formed by COL (Figure 5.6). Consequently, we presume that
SUP and COL both are essential to maintain MPCM foam stable as shown in Figure
5.10. SUP possess smaller particles which are able to generate stiffer interfacial
layers as shown in rheology results (Figure 5.6), on the other hand, COL can form
viscoelastic layers in the thin film, thus extraordinarily high foam stability

established as a result of this collaboration.

In summary, SUP and COL collaborate greatly in the formation of highly stable foam.
SUP has the small particle size enable them to move to interfaces rapidly,
contributing to foam accumulation and leading to a high foam capacity. Additionally,
the relatively small particles of SUP than COL can produce stiffer interfaces, leading
to a high foam stability. COL as a stabiliser in thin film between air bubbles due to
formation of viscoelastic layers, competently slow down the drainage and

destabilisation, hence, contribute to a long-lasting foam.
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Figure 5.10 Simplified schematic overview of MPCM (mung bean protein colloids
mixtures) stabilised foam. Smaller blue and orange spheres represent SUP
(Supernatant) and larger purple spheres represent COL (Colloids).

5.4 Conclusion

The interfacial stabilising behaviour of mung bean protein colloids mixtures and its
fractions were studied to reveal the mechanism behind MPCM foaming stability
phenomenon. SUP seems dominate interfacial behaviour of MPCM, since they both
were found form stiffer layers with strong in-plane interactions at the air-water
interface. COL presented a distinctly more stretchable interfaces compared to SUP,
it could be attributed to its relatively larger particle size resulted in less effective
coverage, therefore, weaker in-plane interactions. MIL sample was unable to show
any superior interfacial stabilising properties even though it possesses smallest
particle size and the most rapid adsorption rate, a relatively lower foam capacity
and poorer foam stability indicating that mild purification process cannot yield a

better foaming behaviour for mung bean proteins.

Additionally, the role of various fractions was investigated. It should be noticed that
the high foam stability was not achieved by sacrificing foam capacity as other plant-
based proteins, MPCM was observed presented both high foam capacity (app.
325%) and foam stability (app. 400 min). Due to rapid moving speed, the highest

foam capacity was observed for SUP like other unaggregated proteins. Furthermore,



158 | CHAPTERS

by generating stiffer interfaces, it also brought high foam stability to MPCM. The
other factor resulted in long lasting MPCM foam is COL. It was found form
viscoelastic thin film between air bubbles, thereby decrease the drainage and
destabilisation rate. In brief, SUP and COL co-operate greatly in the formation of
highly stable MPCM foam. Heat-induced aggregates can enhance the foaming
stability of mung bean proteins as other previously reported plant-based proteins
and dairy proteins, and also lead to a foam with high capacity. Hence, MPCM can
be considered as a promising and novel foaming agent for plant-based food

products, for example, protein fortified beverages.
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6.1 Introduction

Mung bean proteins are well known for their well-balanced amino acid composition,
their sustainable production and promising possible replacement for soybean
proteins. Hitherto, the available research mostly focuses on mung bean protein
isolates obtained by traditional isoelectric precipitation approaches. This method
produces highly pure protein fractions at the expense of losing part of the protein
functionality. In contrast, milder fractionation methods usually require less water
and energy input, retain native protein functionalities, but typically yield
ingredients with lower protein content. In the current work, we start from protein-

rich mung bean fractions (MBFF) obtained by dry fractionation.

In brief, in this thesis, in Chapter 2 we performed an aqueous-phase sedimentation-
based separation to further increase protein content of MBFF. We investigated
protein yield and purity for this method, as well as the resulting bulk functionalities
of the mildly extracted proteins. Alternatively, in Chapter 3, to further increase
protein content of MBFF, we used liquid-liquid phase separation, also called simple
coacervation, to create dispersions of submicron droplets concentrated in Mung
Bean protein. By heating this dispersion, Mung bean protein colloids mixtures
(MPCM) were produced. Functional properties of MPCM were investigated in terms
of bulk behaviour (Chapter 3) and interfacial behaviour (Chapters 4 & 5). An
overview of the research in this thesis using various mung bean protein fractions is

shown in Figure 6.1.
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6.2 Perspective on protein colloid formation methods

To provide a broader perspective on protein colloids, in the present section, we
review methods to produce them. Some of the routes are already widely used while

others are new and not yet used widely developed.

Emulsification

Emulsification methods (Joye & McClements, 2014) can be used for producing
proteinaceous particles with colloidal sizes. For example, emulsification of a dense
aqueous protein solution in an oil phase was followed by thermal gelation, was
used to produce solid like proteinaceous particles in oil that were subsequently
separated from the oil (Saglam et al., 2013). This process resulting in dense protein
particles. In work of Saglam et al., spherical whey protein particles with diameters
larger than 1 um were obtained with a high internal protein content (e.g. 20 v/v %).
The need to use the oil soluble stabilizer PGPR in this process makes the production
of food-grade protein particles by this process unattractive, since food producers
are trying to minimize or eliminate the use of this stabilizers in their product.
Therefore, next we discuss an alternative method for protein colloid preparation,
based on simple coacervation. This method may result in smaller particle sizes than
the protein colloids prepared with emulsification (Purwanti et al., 2013).
Coacervation

Coacervation is a synonym for liquid-liquid phase separation for the special case
that the liquid which is undergoing phase separation is a polymer solution.
Polymers or polymer mixtures in solution may undergo liquid-liquid phase
separation into a polymer dense and a polymer dilute phase. The dense phase is
typically called the coacervate, the dilute phase is typically called the excess phase,
and the phase separation process is referred to as “coacervation” (de Kruif et al.,
2004). Dispersions of droplets of the dense phase in the excess phase are also often

referred to as coacervates.
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According to previous research, the pH, ionic strength and temperature are the
main parameters controlling the coacervation of biopolymers, including proteins.
Since phase separation is spontaneous, preparing protein coacervates require little
energy input (Cho & Jones, 2019) the process is scalable, the size distribution of
coacervate droplets can be simply monitored and, last but not least, these resulting
protein colloids can be used to tune the rheological properties of food products
(Amin et al., 2014; Ru et al., 2012; Shewan & Stokes, 2013). Therefore, coacervation
is an attractive method for the food industry to produce functional protein-rich

colloids.

Two distinct coacervation methods, simple and complex coacervation can be
distinguished (Table 6.1). Simple coacervation is also referred to as self-
coacervation or liquid-liquid (micro) phase separation (Chen et al., 2020). It is an
approach to produce colloids from a single protein type (Figure 1) and it is this
process which has been studied in this thesis (Chapter 3, 4 and 5).

Change in

lemperalure,

solution pII,
\,\,\-N‘ ionic strength

V\:\:;:h—

Protein in aqueous Aggregate

solution

Figure 6.2 Preparation of protein colloids by simple coacervation (Lohcharoenkal et
al., 2014).

Simple coacervation is induced by changing the solvent conditions of the protein
solutions by the addition of salt or ethanol or a change in pH or temperature (Chen
et al., 2017; Joye et al., 2019; Shewan & Stokes, 2013). This approach was applied
using animal-derived proteins, such as, albumin, casein and gelatin. The plant

proteins used to produce coacervates, where mainly soy glycinin (Chen et al., 2017),
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pea protein (Cochereau et al., 2019), gliadin, zein and kafirin (Chen et al., 2020).

More examples and more details for simple coacervation are presented in Table 6.2.

Simple coacervation was reported to occur within a narrow range of pH and salt
concentrations (Van Megen, 1974) and to depend on the type of protein used.
Indeed, we found that the optimal pH for mung bean coacervate formation is
around pH 6.7 (Chapter 3), whereas for alkaline extracted soy flour the optimal pH
values were reported to be between pH 5.7 and 6.2 (Lui et al., 2007). As for
temperature, it is interesting to note that coacervate formation could be enhanced
at low temperatures, since the critical pH was found to be above neutral pH at 5 °C
(Cochereau et al.,, 2019). Thus, a low temperature probably accelerates
coacervation more than ambient or higher temperature. Indeed, a similar
phenomenon was observed in Chapter 3. By storing the mung bean protein
coacervates at 4 °C overnight, we found a distinctive phase separation into a clear
(dilute) and an opaque (concentrated) layer. In contrast, no such phase separation

was observed when the sample was stored overnight at room temperature.

It should be noted that protein coacervate formation is typically reversible (Yan &
Zhang, 2014), hence the coacervate droplets may re-dissolve when solution
conditions are changed. Therefore, to form true “protein colloids” that are stable
against environmental changes as required by most food applications, the protein
coacervate droplets need to be solidified or gelled in some way, or in other words,

the proteins inside the droplets need to be (irreversibly) aggregated.

N n Particle. }\,{’\f‘ Particle %
: . Q - ) formation ’\{\’li\;ﬁ gelation
“n '
§ X E— §§§Jx — 1%%

¢ ¢ s
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Figure 6.3 Schematic overview of the two-step microgel formation (McClements,

2017).
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In general, particle gelation can be induced by heat treatment or cold gelation
(Figure 6.3). According to previous research, especially thermal treatment is a
simple and practical method to induce plant protein coacervation gelation (see
Table 6.2). Stable heat-induced microgels (resistant towards dilution in water) were
prepared by simple coacervation of pea protein isolates with an approximate size
between 4.9 and 7.2 um (Cochereau et al., 2019). These are much larger than our
MPCM as observed in Chapter 3 (app. 0.15 pum). This difference in size could be
caused by the difference in intrinsic properties of mung bean fine fraction versus
the pea protein isolate fractions used there. Some studies have shown that, when
dispersed in aqueous solutions, the microgel particles tend to sediment rapidly as
a result of their relatively high density and large size (Jonassen et al.,, 2012;
Matalanis & McClements, 2013; Zhang, Zhang, Chen, et al., 2016; Zhang, Zhang, Zou,
et al., 2016). When applying microgels in low viscosity products, it is therefore
important to ensure that the microgels have small dimensions in order to prevent
sedimentation. Fortunately, the smaller size of MPCM indeed avoids sedimentation,

making MPCM suitable to be used in beverages.

Microgels of globular plant proteins, obtained by irreversibly cross-linking protein-
rich droplets, could indeed have promising applications in plant-based protein
beverages. However, no successful application has yet been reported for legume
globular proteins, presumably since large-scale production of stable dispersions of
suitable plant protein colloids has not yet been achieved, and possibly also due to
unawareness to the concept of “protein colloids” as a food ingredient (Shewan &

Stokes, 2013).
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6.3 Fractionation methods of plant-based proteins

The functionalities of proteins depend on the processing conditions used during
their fractionation. Here we will discuss the influence of the fractionation methods
used, on the functional properties of plant proteins. To place our study on Mung
Bean proteins in a broader perspective, other legume proteins are also included in

the discussion.

6.3.1 Current research status of fractionation methods

6.3.1.1 Traditional isoelectric precipitation

Relatively harsh conditions are used in industry in order to produce ingredients with
high protein content (e.g. > 80% for protein concentrates) (Assatory et al., 2019;
Pelgrom, Boom, et al.,, 2015a). At this moment mainly wet fractionation, in
particular isoelectric precipitation, is used to obtain protein-rich fractions
originating from mung beans (Brishti et al., 2020; Brishti et al., 2021; Du et al., 2018;
Wang et al., 2022). Wet fractionation is essential to food industry, because plant
proteins are much less hydrophilic than proteins from milk or eggs and often cannot
be extracted easily from the raw plant material in their native state (Li & de Vries,

2018).

Firstly, aqueous extraction processes typically require pre-treatments such as
dehulling, milling and defatting. Next, soluble proteins and other components are
extracted by dispersing the flour in an alkaline solution followed by centrifugation.
The pH of the supernatant is then adjusted to the isoelectric point of the protein to
induce precipitation of the majority of the proteins. Finally, the precipitated
proteins are spray-dried into a powder. The main advantage of this technique is
that it produces protein isolates with high protein purities. However, the
functionality of the proteins is often compromised, because of the iso-electric
precipitation and, possibly, also by the spray drying process. Additionally, it requires

a large input of energy, water, and chemicals. These factors work against the
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current trend towards a more sustainable processing in the food industry.
Therefore, an alternative for isoelectric precipitation could be of benefit for the

food industry.

6.3.1.2 Dry fractionation

Dry fractionation is milder and more sustainable for protein ingredients production
from legumes, although generally, the purities obtained are lower (Pelgrom, Boom,
et al., 2015a). A major advantage of dry fractionation is that the native functional
properties of the proteins are retained (Avila Ruiz et al., 2016). Although mild
processing results in a lower protein purity due to the presence of impurities e.g.
carbohydrates, salts, phenols and oil, the overall functionality may be equal or even

better than a highly purified protein isolate (Kornet et al., 2020).

Dry fractionation usually consists of two steps. The first step is fine milling of the
seeds to release the protein bodies and starch granules from seeds. The second
step is the dry separation of the flour in fractions based on particle size and particle
density using air classification and/or electrostatic separation. The dissociation of
seed components is critical to enable separation and is dependent on seed
structure and the milling conditions (Pelgrom, Boom, et al., 2015b). This technique
is not designed for oil-rich legumes, such as soybeans and lupines, since lipids make
it difficult to freely disperse millings of crops into the air, even after the oil
extraction with hexane (Schutyser & van der Goot, 2011). Unfortunately, studies
using dry fractionation to extract mung bean proteins are still very limited. We have
shown it is possible to use dry fractionation to obtain protein enriched mung bean
protein fine fractions (MBFF) in Chapter 2. Fine fractions with protein contents
around 24 g/ 100 g flour were obtained after air classification at a classifier wheel

speed of 2500 rpm.
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6.3.1.3 Mild hybrid fractionation

The main disadvantage of the dry fractionation is the relatively low protein purity
as compared to wet fractionation. Hence, additional wet processing steps may still
be required to obtain ingredients with the higher protein contents required for
many industrial applications. We have investigated two mild steps that can be used
to further increase protein content. In Chapter 2 we used aqueous sedimentation-
based separation, and in Chapter 3 we used liquid-liquid phase separation or simple
coacervation. We have found that these mild methods better preserve the native
functionalities of the proteins than traditional isoelectric precipitation. The relation
between processing and functionality for legume proteins will be discussed in more

detail in the following section.

6.3.2 The influence of fractionation and processing on plant-

based protein functionalities

In general, extensive fractionation is associated with a higher degree of
denaturation of the proteins, which in turn is closely related to protein
functionalities (Kudre et al., 2013; van der Goot et al., 2016). In this section, we will
discuss the influence of fractionation methods on protein functionalities such as
viscosity, solubility, gelation and interfacial properties. This discussion will not only
focus on mung bean proteins, but also include some other legume proteins as a

comparison.

6.3.2.1 Bulk functional properties

Solubility

Especially for beverage applications, a key functional property of proteins is their
solubility. The solubility of a protein as a function of pH is commonly measured,
because it is a key factor allowing (or disallowing) formulations with the required
level of protein in food products. When a globular protein denatures, its

hydrophobic patches, that are mainly folded towards the centre of the protein,
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become exposed to the solvent leading to a reduced solubility. Therefore, reduced
protein solubility can be considered as a practical indicator for the denaturation
introduced by fractionation. Replacing harsh isolation methods by milder ones, like
the replacement of wet fractionation for dry fractionation, can result in a protein
retaining more native protein structure, resulting in improved water solubility. For
example, Pelgrom et al. (2013) show that milled and air-classified pea protein
concentrates are highly soluble in water, making them an interesting ingredient for
preparing liquid foods that are high in protein content. This statement is in line with
Kornet, Shek, et al. (2021), where it was observed that a mild aqueous fractionation

can yield highly soluble pea proteins.

One should take into consideration however, that heating is often applied during
processing of beverages. In general, heating leads to protein denaturation,
affecting the solubility of the protein. However, Tang and Sun (2010) indicated that
additional heating of mung bean protein isolates could also increase protein
solubility, which was attributed to increases in the charged residues on the protein
surface, as a result of protein denaturation and/or unfolding. In our case, to obtain
mung bean protein colloids (MPCM), simple coacervates were heated to arrive at a
crosslinked internal structure, as described in Chapter 3. Nevertheless, the MPCM
retained a high solubility (47%), even close to the Mung Bean protein isoelectric

point (pH 4-5).

Viscosity

Similar to solubility, the viscosity of a protein solution is also strongly influenced by
the fractionation method used. It is reasonable to assume, that protein aggregates
formed during extensive processing could increase the viscosity of the protein
solutions, thereby limiting their application window. For example, high viscosity
beverages are particularly undesired for liquid medical formulations (Streimikyte et

al., 2020). In contrast, Boye et al. (2010) claimed that high starch and fibre contents
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of legumes make them less suitable for beverage applications, where low viscosities
are desired. Extensive fractionation that resulted in a globulin-rich fraction, was
able to form soluble aggregates, that probably cause the high viscosity of pea
protein isolates dispersions (Kornet et al., 2020). The effect of mild fractionation on
the viscosity of mung bean proteins is discussed in Chapter 2 and 3. The viscosity
of mung bean proteins purified by aqueous sedimentation-based separation was
found lower compared to commercial mung bean protein concentrates at
comparable protein concentrations. Likewise, in Chapter 3, lower viscosities
compare to commercial mung bean protein concentrates were also observed for
MPCM obtained by mild liquid-liquid phase separation. These colloids produced by
simple coacervation had an intrinsic viscosity around 15 mL/g, which is significantly
lower than general protein-based food thickeners, while still possessing an internal

protein concentration of 17 % wt.

Gelation

Except for solubility and viscosity, gelation is another functional property that can
be considerably affected by protein aggregation generated during fractionation.
More aggregates introduced by either isoelectric precipitation or spray-drying were
found to lead to a more heterogeneous gel network in the heat induced gels,
resulting in more softer and brittle gels compare to mildly fractionated pea protein
gels (Kornet, Linden, et al., 2021). However, Pelgrom, Boom, et al. (2015a) observed
that dry fractionated pea protein formed softer gels than commercial pea proteins.
To confirm this observation, more investigation is needed. In terms of least gelation
concentration (LGC), dry fractionated pea protein showed the highest LGC
compared to extensive extraction protein fractions (linggi Yang et al., 2021). In
contrast, dry fractionation does not seem to lead to mung bean protein fractions
with a higher LGC. Schlangen et al. (2022) reported that fine fraction of mung bean
has LGC around 7.5% (w/w), which is significantly lower than value of mung bean

protein isolates (12% (w/w)) as reported by Brishti et al. (2017) and the 10% (w/w)
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as reported by Coffmann and Garciaj (1977). Except for LGC measurements, also
rheology was used to determine the gelation of protein fractions. It seems that dry
fractionation leads to a higher storage modulus (G’) after thermal treatment. In
Chapter 2, we observed that the final G’ of MBFF was 34000 Pa, whereas Brishti et
al. (2020) reported that no gelation occurred for mung bean protein isolates. Our
finding is in line with Schlangen et al. (2022), where a much higher G’ (12250 Pa)
for the mung bean fine fraction was found after heating. Additionally, liquid-liquid
phase separation was found to weaken the gelation after thermal treatment. In
Chapter 3, a lower final G’ of 1000 Pa was observed in MPCM samples in
comparison to commercial mung bean protein concentrate M65 (G’ = 6660 Pa). The
difference in gelation of these mung bean fractions reveal that, by adjusting the
processing steps, the gelling properties of mung bean fractions could be tuned to
fit a wide range of applications. It is suggested that dry fractionated and aqueous
phase separated mung bean fractions would be valuable candidates for products
where a strong gel network is preferred, such as gelled dairy alternatives and meat
analogues. Alternatively, MPCM with a lower G’ after heat treatment might be a

good candidate for plant-based drinks, where gelation is not desired.

6.3.2.2 Interfacial functional properties
To better understand the behaviour of emulsions and foams, the interfacial
behaviour of the proteins should be studied. In this thesis we only focus on the

foaming properties of the mildly fractionated mung bean proteins.

Foamin

In gene?al, the foaming capacity (or foamability) and foam stability are chosen as
parameters to characterize the behaviour of a foam. One conclusion that follows
from literature is that commercial pea protein isolates show worse foaming
properties compared to pea protein isolates obtained by other techniques (Kornet,

Linden, et al.,, 2021). In Chapter 4, it was found that the foaming capacity of MPCM

is 324 % at 1 w/w % protein concentration, whereas mung bean isolates only show
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a foam capacity of 26 % (Du et al., 2018) and 90 % (Brishti et al., 2017) even at a
higher protein concentration. Therefore, we conclude that simple coacervation- or
liquid-liquid phase separation - would be a valuable technique to produce a mung

bean protein ingredient with excellent foaming behaviour.

6.4 Summary and outlook

We showed that the functionalities of mung bean protein can be tuned over a wide
range of applicability by adjusting fractionation and processing methods leading to
a different mung bean protein fractions. In particular, dry fractionation followed by
simple coacervation is a promising route towards plant-derived ingredients. This
route is also more sustainable than the traditional processing methods. Subsequent
gelation of the coacervate droplets into Mung Bean Protein Colloid Mixtures
(MPCM), results in a mildly purified Mung Bean protein ingredient that is highly

functional and suitable e.g. for plant protein-fortified beverages.

Due to promising surface properties (e.g., surface hydrophobicity and emulsifying
properties), colloidally sized biopolymer particles have also been studied for
applications in Pickering emulsions (Liu & Tang, 2014; Zhang et al., 2020; Zhu et al.,
2017). Therefore, it would be interesting to determine if MPCM could also be good
Pickering stabilizers of emulsions. In addition, we would recommend studying the
relation between the gelation behaviour of the gels made by MPCM, including gel
strength, elasticity, water holding capacity etc. together with the processing
conditions used to induce gelation (e.g., temperature, time, rate of heating, high
pressure treatment etc). In this case, not only the application range of mildly
fractionated mung bean proteins would be broadened, but also valuable guidelines

of systematic mildly fractionation methods for other legumes could be provided.

In this thesis it has been shown that MPCM can be considered as a promising plant-
based protein ingredient considering its excellent functional properties in terms of

stability, solubility, thickening, emulsification and foaming properties. In the
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General Discussion we conclude that the routes and their possibilities for fine
tuning, as investigated in this thesis, towards MPCM from Mung bean, lead to a
wide applicability window for relevant functionalities of gelation, foaming and
emulsification. Some similarities with results from other research were also

identified, but no systematic approach for using MPCM was addressed before.

The routes towards MCPM will apply to other plant-based ingredient sources, with
according finetuning capabilities. As such, this thesis provides a systematic basis for
exploring plant-based ingredients that are minimally processed and sustainable,

and exhibit a wide range of applicability.

At the same time, the formation of such other and novel MPCM, of other
ingredients, needs to be understood in terms of microstructural changes that occur
during their formation, and the relations between the internal microstructure and

composition versus the functional properties of such MPCM need to be established.
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Two current challenges for the food industry are to achieve (1) a shift from the use
of high purity ingredients to the use of less purified ingredients, and (2) a shift from
the use of (mainly) animal-based proteins, to the use of (mainly) plant-based
proteins. The present study connects to both these transitions by focusing on
developing new, mildly purified Mung Bean protein ingredients with good
functionality. Chapters 2 & 3 mainly focus on protein extraction and ingredient
formulation, whereas Chapters 4 & 5, focus mostly on the functionality of the new

protein ingredients.

In Chapter 2 we used air-classification and sedimentation-based separation to
obtain mildly purify mung bean proteins with minimal denaturation with good yield
and protein content. Most of the protein concentrated in a single layer (Layer 1)
during the sedimentation-based separation. For this layer, protein yields were 72%
and 81%, respectively, and protein contents were 65% and 64%, respectively, when
extracting either at pH 6.5 or at pH 8. The mildly extracted mung bean proteins
showed a higher solubility and lower viscosity as compared to a reference
commercial mung bean protein concentrate (M65), which we attribute to the
(relative) absence of protein aggregates in the mildly extracted Mung bean proteins.
Indeed, from light scattering we found that the average particle diameters of mung
bean fine fraction (MBFF) Layer 1 and M65 dispersions were 0.2 and 120 um,
respectively. While viscosities of the mildly purified protein were low as compared
to those of the M65 reference isolate, we found that heat-set gelation of the mildly
purified Mung Bean proteins and the M65 reference isolate leads to hydrogels with
very similar rheological characteristics. We conclude therefore that the mildly
purified mung bean protein obtained here may be useful in food products which
require high protein solubility and low product viscosity, for example, protein rich

plant-based beverages.
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Next, in Chapter 3 instead of sedimentation-based separation, we use simple
coacervation to further increase the protein content when starting from air-
classified Mung Bean flour. The simple coacervation leads to the formation of tiny
concentrated droplets rich in protein, which we heat-set to form Mung Bean

Protein Colloids (MBPC).

From viscosimetry we found that, as a protein ingredient, MBPC has a significantly
lower intrinsic viscosity (15 mL/g) as compared to typical food thickeners (30— 150
mL/g). The internal protein concentration of the MBPC particles is found to be quite
high, around 17% wt. The MBPC particles can be dried using freeze-drying and spray
drying. Both types of powders readily redisperse to the original particle sizes.
Dispersed, freeze dried mung bean protein colloids (FDMBPC) have much weaker
heat-induced gelation and lower viscosity as compared to commercial Mung Bean
protein isolate reference M65. Hence, in combination the with good stability of
MBPC dispersions against sedimentation, we believe MBPC could be an interesting

new protein ingredient for protein-rich plant-based beverages.

In Chapter 4 we compare the interfacial properties of a range of different mung
bean protein fractions: mung bean fine fraction (FF), mung bean protein mixture
(PM, obtained by removing insoluble materials from FF), mung bean globulin-rich
extract (GLOB), mung bean albumin-rich extract (ALB), and finally our mung bean
protein colloids (COL). We found that FF or PM already stabilise foams to some
extent. By comparison to the more purified GLOB and ALB samples, we conclude
that is mostly the globulins that dominate the interfacial properties of FF and PM.
The globulins form weak and stretchable interfacial layers however. In contrast,
ALB was found to be an excellent foaming agent, forming stiffer and more solid-like
interfaces with strong in-plane interactions. The longer-term stability of the ALB
foams was not very good. Somewhat surprisingly, the COL samples appear to

combine the best of both worlds: they are not highly purified yet have similar
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foamability as ALB. Best of all, the longer-term stability of the COL foams was found

to be excellent, much better than for ALB.

To explain the remarkably good foaming functionality of the COL samples, in
Chapter 5, we separate the MBPC dispersions into two parts using centrifugation.
We find that the supernatant (SUP), dominates interfacial behaviour of MBPC,
forming stiff layers with strong in-plane interactions at the air-water interfaces, like
ALB. The particles from the (redispersed) precipitate on the other hand, form much
more stretchable interfaces by themselves compared to SUP, are crucial to obtain
the long-term stability of the foams as well. Presumably, the larger particles
stabilize the foams by forming viscoelastic thin films between air bubbles that

decrease drainage and decrease the destabilisation rate of the foam.

Finally, in Chapter 6, the results of the thesis are placed in a broader scientific
context via a discussion of the application potential in food products of the mildly
purified Mung Bean protein ingredients that we have developed. We also discuss
the further work that still needs to be done to realize such applications. Finally, we
point out and discuss the possible extensions of our approach to proteins from

other legumes.
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Figure S2.1 Protein content and yield of 1000, 2500 and 4000 rom mung bean fine
fraction after aqueous phase separation with 10 min stirring.
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Figure S2.2 Protein content and yield of 2500 rom mung bean fine fraction after
aqueous phase separation with stirring 10, 30, 120 min.
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Figure S2.3 Protein content and yield of 2500 rom mung bean fine fraction without,
with 0.25M and 0.5M NaCl addition in aqueous phase separation with 10 min
stirring
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Figure S2.4 Protein content and yield of dehulled mung bean fine fraction at A) pH
6 (neutral) and B) pH 8 with OM, 0.25M and 0.5M NaCl addition in aqueous phase
separation with 10 min stirring.
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Figure $3.1 MBPSC solution ultracentrifuged at 10,000 g for 30 min.

After 12h |

Unheated Unheated Heated
4°C Room temperature 4°C

Figure $3.2 Phase separation extent of unheated MBPC solutions stored at 4 C (left)
and room temperature (right) overnight.
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Figure $3.3 Images of Pellet obtained from 4 C phase separation. The scale bar
corresponding to 20 um.

20 um

Figure $3.4 Images of supernatant obtained from 4 °C phase separation. The scale

bar corresponding to 20 um.



204 | APPENDIX

Figure S4.1 Light microscopy image of FF (fine fraction) suspended in 20 mM PO4
buffer.

1 VIC FF
100 - PM
£ ]
2 |
< 50 A
] ALB
] LEG ALB
0 T T T T T T T T T T y—
0 10 20 30

Eluted volume (mL)
Figure 54.2 SEC chromatogram with the 280 nm absorbance over eluted volume of

FF (fine fraction) and PM (protein mixture).
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Figure S4.3 SEC calibration curve with molecular weight over time at 280 nm
absorbance.
Table $4.1 All fitting parameters of the step-dilatation experiments
Extension a(-) b(-) c(-) B(-) tl(s) T2 (s)
FF 2.9+05 1.6+0.5 498+34 060:0.03 324+69 649+89
PM 3.6+04 26104 544+30 060+0.02 30.8+84  526+53
GLOB 42%0.8 1.8+0.4 529+1.8 0.54%0.05 222%37 617+64
ALB 3.0+0.2 2.1+0.2 49.1+1.5 0.53+0.03 19.2+8.0 622 + 37
coL 37213 23:06 54.0£5.9 0.57+0.04 252+51 624+101
Compression a(-) b(-) c(-) B(-) tl(s) T2 (s)
FF -25+04 -1.8:03 47.0+34 058+000 279%7.1 584+96
PM -47+04 -33%05 51.1+35 0.59+003 23840 510+34
GLOB -53+14 -25+04 50.9+37 060+0.05 17.3+53  490%204
ALB -3.4+0.9 -1.8+04 485%24 0.60 +0.06 18.1+3.5 418 + 98
coL 36+1.0 -42+21 51.8+64 063+0.04 341%82 5902170
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Determination of viscosity
The kinematic viscosity of the samples was determined using a viscometer
(Ubberlohde, SI Analytics, Weilheim, Germany) placed in a water bath at 25 °C. The

kinematic viscosity v(m2/s) was calculated from:
v =Kt (S1)

Here, t is the measured flow time (s), K (mm?/s?) is the capillary constant at 25°C
(K=0.01078 mm?/s? for the present study). Subsequently, the densities of protein
solutions were measured using an oscillating U-tube density meter (Anton Paar

DMA 5000, Graz, Austria). The dynamic viscosity n (Pa s) was calculated from:
n=uvp (S2)
where p is the density (kg/m?3). All measurements were performed in triplicate.

Table $4.2 The viscosity of protein solutions at 1% protein concentration

FF NPC GLOB ALB coL

Viscosity I

(Pa.s) 1.06E-03 9.93E-04 1.02E-03 1.00E-03 1.13E-03
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