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Kurzfassung

Bedingt durch die steigende Lebenserwartung nimmt auch der Anteil nicht
iibertragbarer, sogenannter altersbedingter Krankheiten zu. Neben einer ausreichenden
Aufnahme von Ballaststoffen und ungesattigten Fettsauren ist der Verzehr von
pflanzlichen Proteinen ein vielversprechender Ansatz, diesen Krankheiten
entgegenzuwirken. Um die gewiinschten Effekte zu erzielen, ist es notwendig, Produkte
mit hohem Proteingehalt zu entwickeln, die gleichzeitig eine hohe
Verbraucherakzeptanz aufweisen und das Potential haben, mit weiteren
erndhrungsphysiologisch wiinschenswerten Komponenten angereichert zu werden.
Eine Produktkategorie, die diese Anforderungen erfiillt, sind joghurtartige Gele.
Wahrend es in diesem Bereich bereits eine grofse Auswahl an Produkten auf der Basis
von Sojaprotein gibt, sind Produkte aus Erbsenprotein noch weitestgehend
unterreprasentiert, obwohl die Erbse deutschlandweit die hochsten Erntemengen aller
Proteinpflanzen abwirft. Dariiber hinaus gibt es bislang noch keinerlei Literaturangaben
zur fermentativen Gelbildung von Erbsenprotein. Vor diesem Hintergrund war das Ziel
dieser Arbeit, die physiko-chemischen Eigenschaften von Erbsenprotein und
Erbsenproteinhydrolysaten zu charakterisieren, um die zugrunde liegenden
Mechanismen ihrer Gelbildungseigenschaften in fermentativ hergestellten Gelen und an
der Ol-Wasser-Grenzfliche zu verstehen und anschlieRend zu verwenden, um sowohl
die Textur- als auch den Nahrstoffgehalt anpassen zu kénnen.

Die Ergebnisse zeigten die Fahigkeit von Erbsenprotein, sowohl durch Fermentation
als auch an der Ol-Wasser-Grenzfliche Netzwerkstrukturen auszubilden. Bei der fer-
mentativen Gelbildung geschah dies in einem zweistufigen Prozess: (1) Ausbildung einer
porosen Netzwerkstruktur durch elektrostatische Interaktionen zwischen dem Le-
gumin- und dem Vicilin, (2) Kondensation weiterer Legumin-Aggregate liber hydro-
phobe Wechselwirkungen nahe am isoelektrischen Punkt des Legumins. Durch eine en-
zymatische Hydrolyse mit Trypsin wurden die elektrostatischen Wechselwirkungen
zwischen dem Legumin-f3 und dem Vicilin verstarkt und alle bedeutenden Proteinfrakti-
onen in die Netzwerkstruktur integriert. Diese Ergebnisse wurden auf Proteinnetzwerke
an der Ol-Wasser-Grenzfliche iibertragen, wo der Anstieg der Gelstirke durch eine Hyd-
rolyse mit Trypsin und die Abnahme der Desorption des Proteins von der Grenzflache
ebenfalls auf eine vollstandigere Einbindung aller Proteinfraktionen in das Netzwerk
hindeuten. Nachfolgend wurden die Erkenntnisse zum Verhalten des Erbsenproteins an
der Grenzfliche genutzt, um die fermentativ gebildeten Gele mit ernahrungsphysiolo-
gisch wertvollem Ol mit einem hohen Anteil an ungesittigten Fettsduren anzureichern.
Eine zusatzliche Anreicherung mit Ballaststoffen fiihrte zu einem Anstieg des komplexen
Schubmoduls |G*| und wurde auf eine Zunahme der relativen Proteinkonzentration zu-
riickgefiihrt. Der Einfluss der Proteinkonzentration auf die rheologischen Eigenschaften
von fermentativ gebildeten Erbsenproteingelen wurde im Weiteren durch eine gezielte
Variation des Verhaltnisses zwischen 16slichen und unldslichen Proteinfraktionen bei
gleichbleibendem absoluten Proteingehalt eingesetzt, um rheologische Eigenschaften zu
erzielen, die von joghurtartig zu nahezu pastds reichten.






Abstract

In the context of increasing life expectancy, the consumption of plant-derived proteins -
along with a sufficient intake of dietary fibre and unsaturated fatty acids - can contribute
to the prevention of age-related non-communicable diseases. In this context, it is im-
portant to create products with high protein contents and the potential for further forti-
fication that will be well accepted by consumers. One type of products that meets these
requirements are yoghurt-type gels. While a wide range of soy products already exists
on the market, pea protein, the most harvested protein crop in Germany, is vastly under-
utilised and no literature exists on the fermentation-induced gelation of this raw mate-
rial. Therefore, in this thesis physico-chemical properties of pea protein and pea protein
hydrolysates were characterised and connected to fermentation-induced and interfacial
gelation of pea protein in order to understand the underlying mechanisms and to subse-
quently customise texture and nutritional properties.

Results showed the general ability of pea protein to form interfacial and fermenta-
tion-induced network structures. Fermentation-induced bulk gelation was found to be a
two-step process that involved the formation of an overall percolating network structure
via electrostatic interactions between the legumin-f and vicilin fractions, followed by
condensation of smaller legumin aggregates that further stabilised the primary network
structure via hydrophobic interactions at pH values close to the isoelectric point of legu-
min. Enzymatic hydrolysis with trypsin was found to enhance the electrostatic interac-
tions between legumin-f and vicilin thus incorporating all major protein fractions into
the gel structure. These results were transferred to interfacial networks at the oil-water
interface, where tryptic hydrolysis led to increased gel strength and a decrease of protein
desorption from the interface, thus also indicating a more complete incorporation of all
protein fractions into the interfacial network structure. As a result, knowledge on inter-
facial behaviour of pea protein at the oil-water interface could be applied to fortify fer-
mentation-induced bulk gels with nutritionally valuable oil high in unsaturated fatty ac-
ids. Additional nutritional fortification with dietary fibre led to an increase in the com-
plex shear modulus |G*| which was ascribed to the increase in the relative protein con-
centration owing to water immobilisation by the fibre. The influence of protein concen-
tration on rheological properties was subsequently utilised to customise the storage
modulus in unfortified fermentation-induced bulk gels with constant protein content by
influencing the ratio of soluble to insoluble protein fractions. Results ranged from rheo-
logical properties close to commercial milk-based yoghurts to very thick gels, and con-
tributed to the general understanding of fermentation-induced gelation properties of
pea protein.
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Motivation and Objectives

Increased consumption of plant-derived proteins can contribute to tackling two of the
key challenges of our times: (1) increase in age-related non-communicable diseases
caused by increasing life expectancy and (2) environmental changes and associated chal-
lenges like an increasing demand for sustainable raw materials. Consequently, in the last
few decades, interest in plant-derived proteins has steadily increased and the corre-
sponding market is continuously growing (European Commission, 2018). With growth
rates of 14% and 11% respectively, the market for meat and cheese substitutes in par-
ticular is rapidly gaining importance and corresponding products can no longer be con-
sidered niche products (European Commission, 2018). As a result, the range of respec-
tive products increases and research in the field is extended to previously under-utilised
raw materials such as lentils (e.g. Boye et al,, 2010; Karaca, Low, et al., 2011; Ma et al,,
2011), lupine (e.g. Berghout et al., 2015; Hickisch et al., 2016; Makri et al., 2005), beans
(other than soy beans) (e.g. Karaca, Low, et al, 2011; Makri et al., 2005), oat (e.g.
Briickner-Giihmann et al., 2018; Briickner-Githmann, Banovic, et al., 2019; Briickner-
Glihmann, Benthin, et al,, 2019; Briickner-Githmann et al., 2019; Yang et al,, 2017), qui-
noa (e.g. Kaspchak et al,, 2017; Makinen et al,, 2015, 2016; Ruiz et al., 2016; Zannini et
al,, 2018), canola (e.g.]. H.]. Kim et al,, 2016; Tan et al,, 2014; Yang et al., 2014), sunflower
(e.g. Conde et al,, 2005), pumpkin (e.g. Bucko et al., 2015), chickpea (e.g. Clemente et al.,
1999; Karaca, Low, et al,, 2011; Karaca, Nickerson, et al., 2011; Ma et al., 2011) and pea
(e.g. Barac et al,, 2015; Ben-Harb et al., 2018; Karaca, Low, et al.,, 2011; Sun & Arntfield,
2012; Tamm et al,, 2016). Moreover, enhancing the utilisation of regionally grown pro-
tein crops is in line with the “German protein crop strategy” as well as with the “Euro-
pean Soya Declaration” (BMEL, 2020).

Within protein crops, peas are by far the legume with the highest harvest yield in Ger-
many (Table 1) and therefore a source of plant protein well worth investigating with re-
gard to the manufacture of plant protein-based products to accommodate the increased
interest in the consumption of these proteins.

Table 1: harvest yield of protein crops in Germany in 2019 (Destatis, 2020)

Legume Pea Faba bean Sweet lupin Soya beans
Harvest

228.2 159.5 25.6 84.1
[1000 t]

So far, pea protein has sometimes been used as an ingredient in niche products like
vegetarian and vegan spreads, and pea protein hydrolysates can be found in vegan
sweets. However, commercial food based on pea protein is still an exception and - de-
spite the investigation of various pea protein raw materials in the past 20 years - only
very few products in everyday use are based on pea protein. So far, investigations into
pea protein have covered raw materials ranging from commercial products (e.g. Ben-
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Harb et al., 2018; Karamac et al., 1998, 2018; Peters et al., 2017; Tamm et al., 2016) to
isoelectric precipitated (e.g. Boye etal., 2010; Karaca, Low, etal., 2011; Stone et al., 2015),
ultrafiltrated (e.g. Boye et al., 2010) and salt-extracted pea protein isolates (e.g. Karaca,
Low, et al,, 2011; Stone et al,, 2015; Sun & Arntfield, 2010, 2011b) and have focused on
various objectives and functional properties. Moreover, some studies investigate pea
protein as a whole, while others only focus on individual protein fractions (e.g. Bora et
al,, 1994; O’Kane et al.,, 2004c). Additionally, literature describes enzymatic hydrolysis
for the customisation of various functional properties of proteins in general, and pea pro-
tein specifically (e.g. Barac et al., 2012; Karamac et al., 1998; Schwenke et al., 2001;
Sijtsma et al,, 1998; Soral-Smietana et al., 1998; Tamm et al., 2016). Generally, an influ-
ence of extraction method, pea protein fraction and enzymatic hydrolysis on functional
properties of pea protein in emulsions, foams and gels can be deduced from those stud-
ies.

Emulsions are the dispersed system investigated most extensively (e.g. Aluko et al,,
2009; Amine et al., 2014; Barac et al,, 2010; Chang et al., 2015; Gharsallaoui et al., 2009;
Karaca, Low, et al,, 2011; Ladjal-Ettoumi et al.,, 2016; Liang & Tang, 2013; W. Peng et al,,
2016; Sosulski & McCurdy, 1987; Stone et al., 2015; Tamm et al., 2016; Tsoukala et al.,
2006). During the formation of emulsions, pea proteins have been described to unfold at
the oil-water interface (Gharsallaoui et al., 2009) which is a prerequisite for globular
proteins to be able to form two-dimensional interfacial networks (Mezzenga & Fischer,
2013), thereby stabilising oil droplets in an aqueous phase. Literature suggests an influ-
ence of pH on the stability of pea protein-based emulsions (e.g. Amine et al., 2014; Chang
et al,, 2015; Ladjal-Ettoumi et al., 2016; Liang & Tang, 2013) and on the strength of cor-
responding interfacial films at the oil-water interface (e.g. Amine et al.,, 2014; Chang et
al,, 2015; Gharsallaoui et al., 2009). In addition, an influence of the extraction method on
emulsifying properties of pea protein was described by some authors (e.g. Karaca, Low,
etal.,2011). One commercial application that exploits these emulsifying properties is the
production of pea-based milk alternatives, where rapeseed oil or sunflower oil is emul-
sified into the pea protein base for texture and/or nutritional purposes. In this context,
the first two brands of pea protein-based milk alternatives (“Princess and the Pea” and
“Vly Foods”) were only recently launched in the German market, while “Ripple” has been
present for a few years in the US market. This development can be considered as a first
step towards the “mainstream” utilisation of pea protein.

However, with protein contents between 0.1 and 2% (e.g. Barac et al., 2010; Sosulski
& McCurdy, 1987; Stone et al,, 2015), emulsions do not generally contain high amounts
of protein, and even pea protein-based milk alternatives only reach protein contents be-
tween 2.1 and 5.2% according to manufacturers’ declarations. Consequently, in order to
obtain potential health benefits from the consumption of plant-derived proteins, a larger
variety of corresponding products, as well as products with higher protein contents is
required. A promising approach for the incorporation of larger amounts of plant-derived
proteins into the everyday diet is the utilisation of pea protein gels, which generally con-
tain protein concentrations above 6 to 20% (e.g. O’Kane et al,, 2005; Shand et al., 2007;
Sun & Arntfield, 2010). In this context, acid-induced gels are a group of products with a
high potential for market success. Yoghurt, for example, is already associated with high
protein foods by consumers and is well accepted by them (Banovic et al, 2018).
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However, literature on acid-induced gelation of pea protein is very limited, despite the
fact that a thorough understanding of gel properties, gelation kinetics and mechanisms
- including involved protein fractions and relevant types of interactions - would be a
prerequisite for the development and customisation of corresponding products.

The existing studies on acid-induced gelation of pea protein can be divided into two
categories: (1) investigation of milk-based yoghurt fortified with pea protein (e.g.
Denkovaetal,, 2015; Yousseef et al,, 2016; Zare et al., 2013) and (2) pea protein acidified
via use of glucono-6-lactone (Ben-Harb et al., 2018; Mession et al,, 2015). However, cat-
egory (1) deviates from fermentation-induced pea protein gels with regard to sample
composition, and category (2) with regard to the acidification method. Therefore, results
from these studies need to be carefully evaluated concerning their applicability to spe-
cific details of mechanisms in fermentation-induced gelation and resulting gel proper-
ties, because - as stated above - it is these details that are required as a basis for the
systematic development of pea protein-based yoghurt alternatives. In this context, the
mixed protein systems in category (1) may be interesting from a nutritional point of
view, but do not contribute much to the required understanding of the mechanisms in
fermentation-induced pea protein gels, owing to competitive effects between milk and
pea proteins. With regard to category (2), the most extensive study on gelation kinetics
was carried out by Mession et al. They compared glucono-8-lactone-induced gelation and
gel properties of mixed and individual pea protein fractions and proposed the interac-
tions within the gel to be of a physical nature (Mession et al., 2015). However, they did
not investigate these types of interactions any further, nor did they give detailed infor-
mation on the involvement of the different protein fractions if mixed pea protein was
used. Moreover, as previously shown for soy protein, acidification velocity differs be-
tween samples acidified with glucono-8-lactone and those acidified via fermentation
(Grygorczyk & Corredig, 2013). For soy protein, this led to differences in gelation kinetics
owing to additional time for protein rearrangements - and therefore changes in the sus-
ceptibility of individual protein fractions to interact with each other - even though final
gel properties were similar for both acidification methods (Grygorczyk & Corredig,
2013). In conclusion, the existing studies on acidification of pea protein via glucono-§-
lactone may allow for a general characterisation of gel properties in acid-induced pea
protein gels. However, owing to a lack of details on the gelation mechanism and the di-
verging acidification method, they are insufficient for the required in-depth understand-
ing of fermentation-induced gelation of pea protein.

In addition, no research exists on the influence of additional ingredients such as oil
or dietary fibre on the acid-induced gelation of pea protein in general and in the fermen-
tation induced-gelation in particular. However, it is a prerequisite for the prospective
development and customisation of formulations to understand if and how these compo-
nents interfere with the formation of the pea protein network or if and how they may
interact with the protein network. Based on the general ability of pea protein to stabilise
oil in water emulsions (e.g. Aluko et al., 2009; Amine et al., 2014; Barac et al., 2010; Chang
etal.,, 2015; Gharsallaoui et al., 2009; Karaca, Low, etal., 2011; Ladjal-Ettoumi et al., 2016;
Liang & Tang, 2013; W. Peng et al,, 2016; Sosulski & McCurdy, 1987; Stone et al., 2015;
Tamm et al., 2016; Tsoukala et al., 2006) fermentation-induced gelation of pea protein
fortified with oil may result in emulsion gels. These kinds of gels were previously
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described for glucono-8-lactone-induced gelation of soy (Gu et al., 2009; Li et al,, 2012;
Tangetal,, 2011) and pea protein emulsions (Ben-Harb et al., 2018). However, similar to
the effects described above, the different acidification velocity in fermentation-induced
gels is also expected to influence the gelation behaviour in pea protein-based emulsion
gels. When it comes to fortification with dietary fibre, literature is even less conclusive.
Approaches to enrich milk-based yoghurts have been described for fibres of various or-
igins (Aportela-Palacios et al., 2005; Damian & Olteanu, 2014; Espirito-Santo et al., 2013;
Fernandez Garcia & McGregor, 1997; Kieserling et al., 2019; Sah et al., 2016; Sanz et al.,
2008; Sendra et al., 2010). In those studies, results concerning textural properties of the
investigated yoghurts differed depending on various properties of the fibres, such as par-
ticle size or ratio of soluble to insoluble fibre. Moreover, information on protein fibre
interactions in gel systems is entirely missing even for regular milk-yoghurts, let alone
plant-derived yoghurt alternatives, and therefore needs to be investigated as a founda-
tion for scientifically based product development.

Taking into account knowledge of the functional properties of pea protein and fer-
mentation-induced gelation of other plant-derived proteins from literature, the overall
aim of this thesis is to investigate and understand the mechanism - and therefore
the molecular interactions - behind fermentation-induced gelation of pea protein,
to identify the protein fractions involved and to examine the influence of fortifica-
tion with further ingredients such as dietary fibre and oil on the gelation process
and gel properties. To approach this overall aim, three specific research objectives and
corresponding expectations were defined:

Objective 1:
Characterisation of molecular and physico-chemical properties of pea protein and

pea protein hydrolysates as a basis on which molecular interactions can be antici-
pated and discussed.

In this context, it is generally acknowledged that molecular and physico-chemical
properties of pea protein - such as molecular weight distribution, hydrophobicity, sur-
face electrical properties (measured as (-potential) and protein solubility — will be influ-
enced by various processing parameters such as enzymatic hydrolysis, pH value and
temperature. More specifically, enzymatic hydrolysis will increase the protein solubility
owing to the emergence of smaller peptides with higher hydratability, while pH values
close to the isoelectric point (pI) lead to low electrostatic repulsion which, in turn, de-
creases the solubility of the protein owing to pronounced protein-protein aggregation.
Heating will lead to the unfolding of the protein and therefore to an increase in hydro-
phobicity and a decrease in solubility owing to the increased exposure of hydrophobic
patches. However, it is expected that the extent of these effects will differ depending on
the type of selected enzyme and the selected processing parameters and therefore re-
quires thorough and customised investigation in order to subsequently address the fol-
lowing objectives.
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Objective 2:
Elucidation of the involvement of various molecular interactions and individual

protein fractions in fermentation-induced bulk gelation, understanding of their
impact on corresponding gel network properties and the investigation of emerg-
ing parallels between bulk gelation behaviour and interfacial network formation.

The gelation of pea proteins depends on various intrinsic and extrinsic factors and
always requires protein-protein interactions to occur. In acid-induced bulk gelation the
pH gradient can be considered to be the driving force for gelation. More precisely, if the
decreasing pH value approaches the pl, surface electrical properties of the protein will
decrease, thus increasing the susceptibility of individual protein molecules to interact
with each other via various mechanisms. These mechanisms can be electrostatic in na-
ture or may be promoted by lack of electrostatic repulsion at pH values close to the pl. In
the latter case interactions can involve hydrophobic interactions, hydrogen bonds
and/or disulphide bonds.

Owing to different molecular properties such as molecular weight, subunit structure,
molecular flexibility and pl, it is expected that individual pea protein fractions will be
affected differently by changes in pH and therefore contribute to the gel network struc-
tures to different extents, or via different mechanisms. Enzymatic hydrolysis can be used
to further clarify the influence of different protein fractions, as - depending on the ap-
plied enzyme - different protein fractions will be degraded to different extents and pre-
viously buried functional groups and hydrophobic patches will become available, thus
enhancing or decreasing the requirements for network formation.

[tis further hypothesised, that - despite differences in the processing steps preceding
the respective (gel) network formation and the variations in network forming kinetics -
interfacial networks and their viscoelastic properties will show similarities to those ob-
tained by fermentation-induced gelation in bulk gels owing to the presence of identical
protein fractions in the respective aqueous phases.

Objective 3:
Application of the obtained knowledge on molecular, physico-chemical and gela-

tion properties of pea protein and pea protein hydrolysates towards the modifica-
tion of texture characteristics of the corresponding gels and towards understand-
ing the impact of additional ingredients on the gel network properties.

With regard to the modification of texture properties and the fortification of fermen-
tation-induced pea protein gels with oil, it is expected that knowledge on factors that
influence the underlying mechanisms of gelation behaviour in bulk or at the oil-water
interface can be utilised to select specific processing parameters or sample compositions
that allow the customisation of texture properties and lead to the stabilisation of incor-
porated oil in fermentation-induced pea protein gels. Additionally, it is expected, that the
incorporation of dietary fibre will decrease the amount of available water, thus increas-
ing the relative protein content and therefore strengthening the gel network. However,
added dietary fibre may also act as an inactive filler and therefore be incompatible with
the protein network and impair its formation.
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These specific research objectives were addressed by combining the results from the
following published work, which is included in this thesis as manuscripts I to IV:

Manuscript I: Klost, M., & Drusch, S. (2019a). Functionalisation of pea
protein by tryptic hydrolysis - Characterisation of interfacial and
functional properties. Food Hydrocolloids, 86, 134-140.
https://doi.org/10.1016/j.foodhyd.2018.03.013 addresses  Objective 1 by
characterising the molecular weight distribution, the protein solubility and the
surface electrical properties and contributes to Objective 2 by examining the
influence of tryptic hydrolysis of pea protein on interfacial gelation at the oil-
water interface. Additionally, Manuscript I is a preliminary step to the addition
of oil into fermentation-induced bulk gels in Objective 3.

Manuscript II: Klost, M., & Drusch, S. (2019b). Structure formation and
rheological properties of pea protein-based gels. Food Hydrocolloids, 94,
622-630. https://doi.org/10.1016/j.foodhyd.2019.03.030 contributes to Objective 1
by characterising the heat-induced unfolding behaviour via intrinsic
fluorescence measurements. Furthermore, Manuscript Il investigates the
gelation kinetics of fermentation-induced bulk gels and includes a basic
characterisation of the corresponding gel properties as a contribution to
Objective 2. With regard to Objective 3 it covers the impact of dietary fibre and
oil on fermentation-induced bulk gels.

Data from Manuscript I1I: Klost, M., Giménez-Ribes, G., & Drusch, S. (2020).
Enzymatic hydrolysis of pea protein: Interactions and protein fractions
involved in fermentation induced gels and their influence on rheological
properties. Food Hydrocolloids, 105, 105793.
https://doi.org/10.1016/j.foodhyd.2020.105793 covers the impact of hydrolysis with
various enzymes on molecular weight distribution, (-potential and protein
solubility in Objective 1. Moreover, ManuscriptIIl addresses Objective 2 by
focusing on the protein fractions and types of interactions involved in the
formation of the network structure of fermentation-induced bulk gels and
contributes fundamental knowledge of gel properties to Objective 3.

Manuscript IV: Klost, M., BrzeskKi, C., & Drusch, S. (2020). Effect of protein ag-
gregation on rheological properties of pea protein gels. Food Hydrocolloids,
108, 106036. https://doi.org/10.1016/j.foodhyd.2020.106036 contains detailed in-
vestigations of molecular weight distribution, intrinsic fluorescence, surface
electrical properties, protein solubility and rheological gel properties in depend-
ence of the pH value and therefore also contributes to Objectives 1 and 2. Addi-
tionally, it applies knowledge obtained in Manuscripts Il and III to the customi-
sation of texture properties in Objective 3.


https://doi.org/10.1016/j.foodhyd.2018.03.013
https://doi.org/10.1016/j.foodhyd.2019.03.030
https://doi.org/10.1016/j.foodhyd.2020.105793
https://doi.org/10.1016/j.foodhyd.2020.106036

Theoretical background

This section gives an overview of the composition and molecular structure of pea protein
and the specific cleaving behaviour of selected enzymes as a prerequisite for enzymatic
hydrolysis applied throughout this thesis. In addition, it summarises the current state of
knowledge of proteins in general and - where available - on pea protein specifically, re-
garding physico-chemical properties such as solubility, surface electrical and hydropho-
bic properties alongside gelation behaviour in bulk and at the interface, and therefore
forms the basis required to address the specific research Objectives 1 to 3.

Composition and molecular structure of pea protein

Peas (Pisum sativum) belong to the legume family (Leguminosae). Pea meal was pre-
viously described as containing 39.2% starch, 27.9% protein, 8.04% total sugars (com-
posed of 5.88% total oligosaccharides (2.76% verbascose, 2.31% stachyose, 0.81% raf-
finose), 2.04% sucrose, 0.12% glucose), 3.0% ash and 1.7% fibre (Bhatty & Christison,
1984). The protein fraction can be further subdivided into 65 to 80% globulins and 20
to 35% albumins (Schroeder, 1982) (Fig 1).

globulins albumins
65-80% 20-35%

— convicilin — lipoxygenase
280 kDa, ~70 kDa (monomer) + ~90kDa
highly charged N-terminus

—» vicilin —» PA1
75,150 kDa, 50 kDa (monomer) + ~6kDa

o, B, v, a+p, p+y peptides
(posttranslational autolysis)

— legumin —» PA2

118, 360 kDa, 60 kDa (monomer) + ~26kDa
acidic a-chain (40 kDa)

basic B-chain (20 kDa)

Fig 1 Pea protein fractions and their specific molecular parameters as derived from literature (Bown et al., 1988;
Croy et al., 1979, Croy, Gatehouse, Evans, et al., 1980, Croy, Gatehouse, Tyler, et al., 1980; Gatehouse et al., 1981,
1982, 1983; Gruen et al., 1987, Higgins et al., 1986; Lycett et al., 1983)
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Out of the various pea-protein fractions, techno-functional properties - such as the
ability to stabilise emulsions and foams and to form gels - are mainly ascribed to the
globulin fractions in literature. Therefore, only these fractions will be regarded in the
following sections. Similar to many other plant-derived proteins, pea globulins can be
divided into an 11S and a 7S fraction. In pea protein, legumin is the 115 fraction. Legumin
assumes its native hexameric state at pH 7 to 9 (Gueguen et al., 1988), which is distinctly
above its pl, (pH 4.8 (Danielsson, 1950)) but begins to dissociate into monomeric, di-
meric and trimeric forms at pH values above pH 9 and below pH 3.35 (Gueguen et al,,
1988), and no research describes the quaternary structure at pH values approaching the
pl where aggregation occurs. Legumin hexamers have a molecular weight of approxi-
mately 360 kDa (Boulter, 1983) with each monomer accounting for 60 kDa (Boulter,

1983; Croy, Gatehouse, Evans, et al., 1980).

sine, V=valine

signal peptide, legumin «, legumin {3 < disulphide bond

10 20 30 40 50
MAKLLALSLS  FCFLLLGGCF  ALREQPQQNE ?QLERLDALE PDNRIESEGG
60 v 70 80 90 100
LIETWNPNNK  QFRCAGVALS  RATLQRNALR  RPYYSNAPQE IFIQQGNGYF
110 120 130 140 150
GMVFPGCPET  FEEPQESEQG EGRRYRDRHQ  KVNRFREGDI IAVPTGIVFW
A
160 170 180 190 200
MYNDQDTPVI AVSLTDIRSS | NNQLDQMPRR  FYLAGNHEQE FLQYQHQQGG
210 220 230 240 250
KQEQENEGNN IFSGFKRDYL | EDAFNVNRHI  VDRLQGRNED  EEKGAIVKVK
260 270 280 290 300
GGLSIISPPE  KQARHQRGSR | QEEDEDEEKQ PRHQRGSRQE  EEEDEDEERQ
v
310 320 330 340 350
PRHQRRRGEE  EEEDKKERGG SQKGKSRRQG  DNGLEETVCT  AKLRLNIGPS
360 370 380 390 400
SSPDIYNPEA GRIKTVTSLD  LPVLRWLKLS  AEHGSLHKNA  MFVPHYNLNA
410 420 430 440 450
NSIYALKGR  ARLQVVNCNG  NTVFDGELEA  GRALTVPQNY  AVAAKSLSDR
460 470 480 490 500
FSYVAFKTND RAGIARLAGT SSVINNLPLD  VVAATFNLQR  NEARQLKSNN
510 517
PFKFLVPARE SENRASA

A=alanine, R=arginine, N=asparagine, D=aspartic acid, B asparagine or aspartic acid, C=cysteine, E=glu-
tamic acid, Q=glutamine, Z=glutamine or glutamic acid, G=glycine, H=histidine, I=isoleucine, L=leucine,
K=lysine, M=methionine, F= phenylalanine, P=proline, S=serine, T=threonine, W=tryptophan, Y=tyro-

Fig 2 Amino acid sequence of lequmin divided into signal peptide (black), legumin a (blue) and legumin 8 (red) in-
cluding disulphide bonds (arrows) and amino acids susceptible to tryptic hydrolysis (printed in bold) or hydrolysis
by Alcalase® (printed in italics). (https://www.Uniprot.Org/Uniprot/P02857, n.d.)
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The secondary structure comprises a mixture of 41% [-sheets, 16% a-helices and
some [B-turns (Subirade et al., 1994), and the tertiary structure can be divided into a
40 kDa acidic a-chain (marked in blue) with a pl between pH 4 and pH 6 (Croy et al,,
1979) starting after the signal peptide at the 23rd amino acid and a 20 kDa basic 3-chain
(marked in red) with a pI > pH 9 (Croy et al,, 1979) starting at the 333rd amino acid that
are covalently connected (Croy, Gatehouse, Evans, et al., 1980) by a disulphide bond be-
tween the 107t and the 339th amino acid (Fig 2). The acidic a-chain contains a higher
proportion of hydrophilic amino acids, whereas the basic 3-chain is more hydrophobic.
This leads to an overall conformation where the 3-chain is located on the inside of the
molecule and the a-chain on the outside in an aqueous environment (Karaca, Low, et al.,
2011). With seven cysteine and five methionine residues - as counted from the amino
acid sequence in Fig 2 - legumin contains the most sulphur groups of the three pea glob-

ulins and is therefore most likely to be involved in the formation of disulphide bonds.

10 20 30 40 50
MAATTMKASF PLLMLMGISF LASVCVSSRS DPQNPFIFKS NKFQTLFENE
60 70 80 90 100
NGHIRLLQKF DQRSKIFENL QNYRLLEYKS KPHTIFLPQH TDADYILVVL
110 120 130 140 150
SGKAILTVLK PDDRNSFNLE RGDTIKLPAG TIAYLVNRDD NEELRVLDLA
160 170 180 190 200
IPVNRPGQLQ SFLLSGNQNQ QNYLSGFSKN ILEASFNTDY EEIEKVLLEE
210 220 230 240 250
HEKETQHRRS LKDKRQQSQE ENVIVKLSRG QIEELSKNAK STSKKSVSSE
260 270 280 290 300
SEPFNLRSRG PIYSNEFGKF FEITPEKNPQ LQDLDIFVNS VEIKEGSLLL
310 320 330 340 350
PHYNSRAIVI VTVNEGKGDF ELVGQRNENQ QEQRKEDDEE EEQGEEEINK
360 370 380 390 400
QVQNYKAKLS SGDVFVIPAG HPVAVKASSN LDLLGFGINA ENNQRNFLAG
410 420 430 440 450
DEDNVISQIQ RPVKELAFPG SAQEVDRILE NQKQSHFADA QPQQRERGSR
459
ETRDRLSSV
signal peptide, o fraction, 3 fraction, y fraction
A=alanine, R=arginine, N=asparagine, D=aspartic acid, B asparagine or aspartic acid, C=cysteine, E=glu-
tamic acid, Q=glutamine, Z=glutamine or glutamic acid, G=glycine, H=histidine, I=isoleucine, L=leucine,
K=lysine, M=methionine, F= phenylalanine, P=proline, S=serine, T=threonine, W=tryptophan, Y=tyro-
sine, V=valine

Fig 3 Amino acid sequence of vicilin divided into signal peptide (black), a-fraction (grey), 6-fraction (blue) and y-
fraction (red) including disulphide bonds (arrows) and amino acids susceptible to tryptic hydrolysis (printed in
bold) or hydrolysis by Alcalase® (printed in italics). (https://www.Uniprot.Org/Uniprot/P13918, n.d.)




Theoretical background

The 7S fraction in pea protein is called vicilin. Vicilin is a trimeric protein of approx-
imately 150 kDa that consists of three 50 kDa monomers. The plis at pH 5.5 (Danielsson,
1950). In contrast to legumin, vicilin is prone to post-translational autolysis that occurs
mainly at two preferred cleavage sites (Gatehouse et al.,, 1982) as marked in Fig 3 (de-
rived from (Herbst, 2015)) and leads to the formation of so-called «, 8 and y fractions
alongside a-f and -y fractions. However, despite the post-translational hydrolysis of vi-
cilin, its overall molecular weight is not altered indicating continuous association even
after cleavage (Gatehouse et al., 1981). Vicilin contains no cysteine residues (Croy,

Gatehouse, Tyler, et al., 1980) and is therefore unlikely to form disulphide bonds.

10 20 30 40 50
MATTVKSRFP LLLFLGIIFL ASVCVTYANY DEGSETRVPG QRERGRQEGE
60 70 80 90 100
KEEKRHGEWR PSYEKEEHEE EKQKYRYQRE KKEQKEVQPG RERWEREEDE
110 120 130 140 150
EQVEEEWRGS QRREDPEERA RLRHREERTK RDRRHQREGE EEERSSESQE
160 170 180 190 200
HRNPFLFKSN KFLTLFENEN GHIRRLQRFD KRSDLFENLQ NYRLVEYRAK
210 220 230 240 250
PHTIFLPQHI DADLILVVLN GKAILTVLSP NDRNSYNLER GDTIKIPAGT
260 270 280 290 300
TSYLVNQDDE EDLRVVDFVI PVNRPGKFEA FGLSENKNQY LRGFSKNILE
310 320 330 340 350
ASLNTKYETI EKVLLEEQEK KPQQLRDRKR TQQGEERDAI IKVSREQIEE
360 370 380 390 400
LRKLAKSSSK KSLPSEFEPF NLRSHKPEYS NKFGKLFEIT PEKKYPQLQD
410 420 430 440 450
LDILVSCVEI NKGALMLPHY NSRAIVVLLV NEGKGNLELL GLKNEQQERE
460 470 480 490 500
DRKERNNEVQ RYEARLSPGD VVIIPAGHPV AISASSNLNL LGFGINAKNN
510 520 530 540 550
QRNFLSGSDD NVISQIENPV KELTFPGSSQ EVNRLIKNQK QSHFASAEPE
560 570 571
QKEEESQRKR SPLSSVLDSF Y
A=alanine, R=arginine, N=asparagine, D=aspartic acid, B asparagine or aspartic acid, C=cysteine, E=glu-
tamic acid, Q=glutamine, Z=glutamine or glutamic acid, G=glycine, H=histidine, I=isoleucine, L=leucine,
K=lysine, M=methionine, F= phenylalanine, P=proline, S=serine, T=threonine, W=tryptophan, Y=tyro-
sine, V=valine

Fig 4 Amino acid sequence of convicilin, amino acids susceptible to tryptic hydrolysis are printed in bold and amino
acids susceptible to hydrolysis by Alcalase® are printed in italics (https://www.Uniprot.Org/Uniprot/P13915, n.d.).

The third pea globulin, convicilin, has similarities to vicilin (Fig 4) and was previously
also described as the a-subunit of the pea vicilin family (0’Kane et al., 2004a). In this
context the term a-subunit is derived from the corresponding terminology of soy
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proteins and should not be confused with the autolytically generated a fragment of vi-
cilin. Convicilin monomers have a molecular weight between 70 and 78 kDa (Adal et al,,
2017; Croy, Gatehouse, Tyler, et al., 1980) and a pl at pH 5.6 to pH 5.8 (Croy, Gatehouse,
Tyler, et al,, 1980). There is uncertainty about the quaternary structure which has been
described as tetrameric by Croy et al. but as trimeric by Tzitzikas et al. (Croy, Gatehouse,
Tyler, etal., 1980; Tzitzikas et al., 2006). In contrast to vicilin, convicilin contains a highly
charged N-terminus (Bown et al., 1988) and some cysteine residues (Croy, Gatehouse,
Tyler, et al,, 1980), but no post-translational autolysis has been described for convicilin
despite the genetic similarities of the two.

Specific cleaving behaviour of selected enzymes as a prerequisite for
enzymatic hydrolysis of pea protein

Enzymatic hydrolysis describes the cleavage of peptide-bonds in protein molecules
via the application of proteolytic enzymes. It leads to changes in the molecular and phys-
ico-chemical properties of proteins and can subsequently be used to customise func-
tional properties such as bulk gelation or interfacial stabilisation of emulsions and foams.
In order to obtain peptides eligible for the desired application, enzymes with suitable
cleavage behaviour need to be selected and an appropriate degree of hydrolysis needs to
be applied.

In literature, various enzymes are covered and applied to modify proteins. Out of
these, cleavage behaviour of trypsin (EC 3.4.21.4) - a serine endopeptidase - has been
described most extensively. It has a very high cleavage specificity, only cleaving at the
N-terminus of lysine and arginine. Potential cleavage sites for trypsin in the different pea
protein fractions (i.e. lysine and arginine) are marked in bold in Fig 2 to Fig 4. Legumin
is first attacked at the C-terminus of the legumin-a chain by tryptic hydrolysis (Braudo
etal.,, 2006). Considering the amino acid sequence in this region (Fig 2, amino acids ~300
to 330), the high density of susceptible amino acids (printed in bold) leads to the gener-
ation of a variety of small peptides with a high density of charged side chains. Moreover,
as a result of cleavage at the C-terminus of the legumin-a chain, the entire molecule ob-
tains a higher degree of flexibility and the basic legumin- chain becomes exposed. At
very limited tryptic hydrolysis, from this pattern of attack, legumin-T, a very ordered
structure (Plumb & Lambert, 1990) with a nearly intact tertiary structure and improved
techno-functionality (Krause & Schwenke, 1995; Ochiai et al., 1982) remains where
cleavage had mostly taken place at the C-terminus of the legumin-a chain. Tryptic hy-
drolysis of vicilin starts in the areas already prone to post-translational autolysis (N-ter-
minus of amino acids 208 and 351, Fig 4), since these areas are likely to be located at the
molecule’s surface because they have a high density of polar amino acids (Gatehouse et
al,, 1983). To date, the effect of tryptic hydrolysis on convicilin has not been described in
detail. Tamm et al. noted that convicilin was degraded by trypsin with an increasing de-
gree of hydrolysis, but did not refer to specific cleavage kinetics (Tamm et al.,, 2016).
However, it is likely that tryptic hydrolysis of convicilin starts at the highly charged N-
terminus, as this area is likely to be exposed to the aqueous phase and shows an amino
acid composition similar to the sequence found close to the C-terminus of the legumin-a
chain (Bown et al., 1988) where hydrolysis of legumin starts, as described above.
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Other enzymes of interest have received less attention in the past. In this context,
cleavage behaviour of Protamex® a Bacillus ssp. protease complex consisting of subtil-
isin (EC 3.4.21.62) - a serine endopeptidase- and a neutral metallo-endopeptidase (EC
3.4.24.28) is less well described in general and has only been investigated in one refer-
ence on pea protein so far. In that reference, it was found to cleave some of the vicilin
and most of the convicilin fractions of pea protein, depending on the hydrolysis time
(Garcia Arteaga et al,, 2020). Additionally, Garcia-Mora et al. compared the effect of hy-
drolysis with Protamex®, Alcalase® and other enzymes on lentil protein. They found
only a slight decrease in the major protein fractions upon hydrolysis with Protamex®
while upon hydrolysis with Alcalase® (EC 3.4.21.62) - a serine endopeptidase - all na-
tive protein fractions were drastically reduced (Garcia-Mora et al., 2015). This is in
agreement with other literature, that assigns a low specificity with preferred cleavage at
aromatic (phenylalanine, tryptophan and tyrosine), acidic (glutamic acid), sulphur-con-
taining (methionine), aliphatic (leucine, alanine), hydroxyl (serine) and basic (lysine)
residues (Doucet et al., 2003), depicted in italics in Fig 2 to Fig 4 to Alcalase®.

Characterisation of molecular and physico-chemical properties of pro-
teins

As schematically shown in Fig 5, func-
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respectively, thus influencing the overall net charge. At the pl, the net charge of a protein
is zero, below it is positive and above it is negative. When considering the surface elec-
trical properties, the electrical potential at the surface of a particle or molecule (surface
potential §) cannot be determined directly (Bhattacharjee, 2016). However, the disper-
sion of a charged particle influences the distribution of ions in the solvent and leads to
the development of an electrical double layer around the protein caused by the increased
concentration of counterions at the protein surface (Bhattacharjee, 2016). This electrical
double layer has been extensively described and shown in schematic figures by various
authors (e.g. Bhattacharjee, 2016; Cano-Sarmiento et al, 2018; Lin et al, 2003)
and - depending on the chosen model - can be further divided into an inner layer called
the “Stern Layer” comprising strongly bound counterions, and a diffuse outer layer
(Bhattacharjee, 2016).

If an external electrical field is applied, the dispersed particle, the strongly bound
“Stern layer” and possibly part of the diffuse layer, begin to move in this electrical field,
while the rest of the dispersion/solution does not follow, thus generating a potential at
the boundary between the moving particle and surrounding medium. This boundary is
called the “slipping plane” and the generated potential is referred to as {-potential
(Bhattacharjee, 2016; Genovese & Lozano, 2001), which can be easily measured in a
standard procedure available in many laboratories. However, the diameter of the double
layer strongly depends on external parameters (high ionic strength for example causes
compression of the double layer), and the ratio between the surface potential {r and the
(-potential depends on the thickness of the double layer. Therefore, the {-potential al-
ways needs to be regarded as a description of the surface potential in a specific environ-
ment (Lin et al., 2003). Besides the direct influence of environmental parameters like pH
and ionic strength on surface electrostatic properties of protein, these parameters may
also influence the conformation of proteins and, in turn, have an impact on the surface
electrical properties, as not all chargeable groups will be located at the molecule’s sur-
face and may therefore not be available for charge generation (Bowen et al., 1998).

Hydrophobic properties

Hydrophobic properties, as measured by intrinsic fluorescence, are less affected by
changes in pH as this may lead to aggregation but not necessarily to any intramolecular
rearrangement. Therefore, despite influencing the volume of individual protein particles,
possible aggregation of protein will not considerably influence the type of exposed amino

acids and patches. On the other hand, a temperature-increase i.e. heating (especially
above the denaturation temperature) causes proteins to unfold. If heat is applied, the
energy in the protein slurry increases which, in turn, leads to a decrease in the stabilising
effects of non-polar group hydration and enthalpy of intramolecular interactions on the
native conformation of the protein (Khechinashvili et al., 1995). If intramolecular inter-
actions become insufficient and entropic effects gain importance, the protein begins to
unfold (Khechinashvili et al., 1995) and previously buried hydrophobic patches become
exposed (Guo & Ono, 2006). This exposure of hydrophobic patches can be measured as
red shift in intrinsic fluorescence measurements, which is caused by the decrease in
quenching of tryptophan-related fluorescence by adjoining groups (Cairoli et al., 1994)
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and the transition of the tryptophan residues to a more polar environment (Miriani et
al,, 2011).

Protein solubility and aggregation behaviour

Protein solubility generally depends on the availability of hydratable groups on the
surface of a particle or molecule. In an aqueous environment, globular proteins will gen-
erally bury more hydrophobic patches in their interior, while hydrophilic areas are more
exposed to the surroundings (Mezzenga & Fischer, 2013). The approachability of protein
by water molecules further depends on the environmental pH. pH values away from the
pl lead to higher net charges that, in turn, lead to increased electrostatic repulsion be-
tween individual molecules and therefore an increased approachability. If protein net-
charge decreases to (-potentials below |20| mV (Piorkowski & McClements, 2014) the
electrostatic repulsion between individual protein molecules may become insufficient
and aggregation begins to occur. Larger aggregates, in turn, carry fewer accessible hy-
dratable groups per mass protein and, additionally, their volume increases, both promot-
ing sedimentation and reducing solubility. Another factor that influences aggregation
and therefore protein solubility is temperature. As described above, heating of proteins
leads to conformational changes and increase in exposed hydrophobic patches which, in
turn, may lead to protein aggregation. Depending on the interacting protein fractions the
resulting aggregates may be soluble or insoluble. For soy protein, it was previously
shown that basic subunits of the 11S fraction and the 8 subunits of 7S fraction form sol-
uble aggregates via electrostatic interactions (Petruccelli & Afidn, 1995) or disulphide
bonds (Damodaran & Kinsella, 1982; German et al., 1982). Further, soluble aggregates
were described as forming between aa’ subunits of 7S and aa’ subunits of 7S as well as
between aa’ subunits of 7S and 11S acidic subunits via disulphide bonds and between
oo’ subunits of 7S and 3 subunits of 7S as well as between 8 subunits of 7S and 8 subunits
of 7S via non covalent bonds (Yamagishi et al., 1983). Also for soy proteins insoluble ag-
gregates were formed between 11S acidic and 11S basic subunits as well as between oo’
subunits of 7S and 11S acidic and basic subunits via disulphide bonds and between 3
subunits of 7S and 3 subunits of 7S as well as between 11 basic subunits and 11S basic
subunits via non covalent bonds (German et al.,, 1982; Yamagishi et al., 1983). Conse-
quently, the type of formed aggregates - and more precisely the ratio of soluble to insol-
uble aggregates - may influence the overall solubility of pea protein after thermal treat-
ment.

Gelation properties of proteins in general — and pea protein and pea
protein hydrolysates specifically — in bulk and at the oil-water inter-

face

Gelation and/or aggregation properties of proteins are a prerequisite not only in the
formation of bulk gels, but also in the stabilisation of oil-water and air-water interfaces
in emulsions and foams via the development of interfacial protein layers. In general, ge-
lation involves the formation of a protein network via molecular interactions. As sche-
matically shown in Fig 5, gelation in the conventional perception, is based on the
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formation of a space-spanning, three-dimensional network in a bulk system (Ross-
Murphy, 1995), while in emulsions and foams, these networks are two-dimensional and
enclose either oil droplets or air bubbles, respectively.

However, the underlying mechanisms in the gelation process show some similarities
and can be divided into two steps: (1) Unfolding of the protein molecules in aqueous en-
vironment (usually either at an oil-water or air-water interface or in bulk via heat) and
(2) Aggregation / intermolecular interaction. However, while in acid-induced gelation
these are usually two separate processes, in interfacial and heat-induced gelation they
often merge or directly succeed each other. When it comes to unfolding at the interface
or via heat, a negative correlation between the surface activity of proteins at the air-wa-
ter interface and the Gibbs free energy AGO of thermal denaturation has been described,
indicating similarities between interfacial and thermal denaturation of proteins
(Razumovsky & Damodaran, 1999).

Interfacial network formation

In the case of interfacial unfolding and network formation, protein molecules migrate
to the interface driven by a difference between the chemical potential of the protein in
the bulk phase and the surface chemical potential of the protein and - once they over-
come the energy barrier caused by the balance of interactions between the periphery of
the native protein and the interface - adsorb to the interface (Dickinson, 2011). Other
authors describe adsorption at oil-water interfaces as not involving an energy barrier
and to be driven by van der Waals and hydrophobic interactions between protein and
interface, electrostatic interactions between the protein and its image charge, and over-
lapping of electrical double layers of the protein and the interface (Sengupta etal., 1999).
In either case, adsorption of proteins to the interface affects the interfacial tension by
reducing the mole fraction of interfacial water molecules or by decreasing their activity
coefficient. The former occurs if protein molecules replace water molecules at the inter-
face, while the latter is caused by interaction between the water molecules and the pro-
tein molecules. However, Damodaran and Rao also found that adsorption of the protein
to the interface is not sufficient to cause major changes in the activity of surface water
molecules (Damodaran & Rao, 2001). Nevertheless, if a critical surface protein concen-
tration is reached, the subsequent protein unfolding and molecular reorientation along-
side protein aggregation will be responsible for decreased water activity at the interface
via increase of the effective area covered by the protein (Damodaran & Rao, 2001; Rao &

Damodaran, 2000). In more detail, the interfacial aggregation is promoted by the expo-
sure of previously buried hydrophobic sites towards the less polar phase (Dickinson,
2011). This structural rearrangement affects the secondary and tertiary structures of the
protein, as previously shown for -lactoglobulin at the hexadecane-water interface (Zhai
etal,, 2010), and leads to interactions - ranging from hydrogen bonding and hydrophobic
interactions to disulphide bonds - between the closely packed protein molecules at the
interface and thus to the formation of very thin viscoelastic interfacial films (Murray &
Dickinson, 1996).

Heat and acid-induced gelation in bulk
Regardless of the following gelation process (heat or acid-induced), unfolding of the
protein in bulk is generally induced by heating a protein slurry and follows the
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mechanism described above in the section on hydrophobic properties. As described
above in the section on protein solubility and aggregation behaviour, the heat-induced
conformational changes then subsequently lead to the formation of soluble and insoluble
aggregates. The formation of soluble aggregates, in particular, is a prerequisite for the
formation of a continuous, space-spanning network (Ringgenberg et al.,, 2013). Aggrega-
tion is then followed by the arrangement of these aggregates into a three-dimensional
network. For globular proteins, the microstructure of these networks is most commonly
described as particulate or fibrillar, depending on the processing conditions such as pH
and ionic strength as described in a review by Foegeding (Foegeding, 2006). However,
Nieto-Nieto et al and Yang et al have also described the formation of polymer or perco-
lating (i.e. porous, mesh-like) gel structures in heat and acid-induced oat protein gels
(Nieto-Nieto et al., 2014; Yang et al.,, 2017).

In heat-induced gelation, network formation is generally achieved during the cool-
ing step, and has been ascribed to the formation of hydrophobic interactions, hydrogen
bonds and electrostatic interactions (O’Kane et al., 2004c; Sun & Arntfield, 2012). There
is a range of studies describing various aspects of heat-induced gelation of pea protein,
covering aspects from involved protein fractions and the ability of individual protein
fractions to form gels, as well as applied extraction methods to varying environmental
conditions during gelation (e.g. Bora et al., 1994; 0’Kane, 2004; O’Kane et al., 2004b,
2004c, 20044a, 2005; Sun & Arntfield, 2010, 2011a, 2011b, 2012). Generally, the protein
concentration was described as having a linear influence on gel strength determined as
gel peak force from compression experiments (Bora et al., 1994) and the cooling rate
influences the gel strength, i.e. slower rates lead to stronger gels in pea protein (O’Kane
etal., 2005) and legumin gels (0’Kane et al., 2004c). This was caused by the formation of
disulphide bonds in legumin gels (O’Kane et al., 2004c), whereas in pea protein gels de-
pending on the pea cultivar, the formation of disulphide bonds or a convicilin content
above a critical value may inhibit this effect (O’Kane et al., 2005).

For acid-induced gelation the heating step is succeeded by acidification. Most com-
monly, acidification is achieved via the addition of glucono-6-lactone or via fermentation.
While there is extensive literature on fermentation-induced gelation of soy protein
(i.e. towards soy protein-based yoghurt alternatives) (e.g. Cheng et al, 1990;
Chumchuere & Robinson, 1999; Donkor et al,, 2007; Grygorczyk & Corredig, 2013; Hu et
al,, 2013; S.-Y. Lee et al,, 1990; X. Peng & Guo, 2015; H. L. Wang et al,, 1974; Yazici et al,,
1997), literature on other sources of protein such as e.g. quinoa (Zannini et al., 2018),
lupine (Hickisch et al., 2016) and oat (Briickner-Giihmann, Banovic, et al., 2019;
Briickner-Giihmann et al,, 2019; Yang et al,, 2017) is scarce and so far none exists on the
fermentation-induced gelation of pea protein.

In general, the gelation process via fermentation is induced by a gradual decrease
of pH which results in a corresponding neutralisation of negatively charged side chains
of the protein. A decrease in net charge, in turn, changes the balance between repulsive
electrostatic interactions and attractive van der Waals interactions (Mezzenga & Fischer,
2013), thus promoting attractive interactions via hydrophobic effects (Guo & Ono, 2006;
Kohyama et al., 1995). Consequently, acid-induced gelation is generally believed to be
based on non-covalent interactions, however, pre-gelation aggregation during the

16



Theoretical background

heating step may involve disulphide bonds as derived from studies on soy protein, where
various soluble disulphide bound aggregates were formed as described above in the sec-
tion on protein solubility and aggregation behaviour, thus disulphide bonds may indi-
rectly contribute to the network properties.

Influence of enzymatic hydrolysis on bulk and interfacial network formation

Enzymatic hydrolysis can be applied to modify the network-forming properties of
proteins, both in bulk and at the interface. Generally, molecular, physico-chemical and
functional properties of hydrolysed proteins depend on the size, charge and polar/non-
polar properties of the generated peptides. Enzymatic hydrolysis of plant proteins was
previously described for various combinations of protein source, enzyme and dispersed
system to address a wide range of research objectives. Nevertheless, so far there have
only been a few studies on the enzymatic hydrolysis of pea protein (Barac et al., 2011,
2012; Braudo et al., 2006; Humiski & Aluko, 2007; Karamac et al., 1998, 2018; Schwenke
etal, 2001; Tamm et al., 2016) and even fewer consider emulsification properties of pea
protein hydrolysates (Barac et al., 2011, 2012; Humiski & Aluko, 2007; Tamm et al,,
2016). Out of these only Tamm et al pay closer attention to the interfacial properties of
these hydrolysates and so far, no one has investigated the bulk gelation of pea protein
hydrolysates.

Humiski and Aluko found the emulsifying properties of pea protein hydrolysates ob-
tained by hydrolysis with trypsin, Alcalase®, Flavourzyme®, papain or chymotrypsin to
depend on the balance between charge and peptide size but ascribed more importance
to a high level of charge (Humiski & Aluko, 2007). In two studies Barac et al. investigated
functional properties of hydrolysates obtained by hydrolysis of protein from two differ-
ent pea genotypes with papain, chymosin and a commercial protease (Streptomyces
griseus protease) at various degrees of hydrolysis and pH values between pH 3 and pH 8
and found an increased solubility at pH values close to pl, and various influences on
emulsification behaviour depending on pH, degree of hydrolysis and applied enzyme
(Barac et al,, 2011, 2012). Besides describing the emulsifying and antioxidative proper-
ties of tryptic and Alcalase® generated pea protein hydrolysates with different degrees
of hydrolysis, Tamm et al. investigated the interfacial properties of these hydrolysates at
pH 8 and found tryptic hydrolysates to form stronger, more elastic interfacial films, and
to decrease oil droplet size and lipid oxidation. Alcalase® had an adverse effect (Tamm
etal, 2016).

Since no literature exists on the bulk gelation behaviour of pea protein hydrolysates,
investigations on other plant-derived proteins are considered to describe the impact of
hydrolysis with various enzymes (Alcalase®, Flavourzyme®, Protamex®, papain, tryp-
sin) on their gelation behaviour in bulk. In a study on oat protein hydrolysates, Nieto-
Nieto et al. hydrolysed with Flavourzyme®, Alcalase®, pepsin and trypsin, and found
improved gel strength in heat-induced oat protein hydrolysate gels upon applying Fla-
vourzyme® and trypsin, and impaired gelation properties in Alcalase® and pepsin hy-
drolysates (Nieto-Nieto et al., 2014). According to Meinlschmidt et al., hydrolysis of soy
protein with Alcalase® reduced the gelation properties (increase in least gelling concen-
tration) but hydrolysis with papain or a mixture of papain and Flavourzyme® increased
the gelation properties (decrease in least gelling concentration) (Meinlschmidt et al.,
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2016). Protamex® was shown to reduce the storage modulus G‘ of heat-induced gluten
gels (J. Wang et al., 2006).
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Abstract

With regard to applications in dispersed systems (i.e. emulsions), improving the poor
solubility of pea protein in the pH-range applicable to foods (pH 3 to pH 7) is a prerequi-
site. To achieve this, a pea protein concentrate was produced on a lab scale using alkaline
extraction and subsequent enzymatic hydrolysis to degrees of 2 and 4%. Solubility was
improved and interfacial properties were influenced. All samples led to the formation of
emulsions but displayed a tendency towards wider oil-droplet size distributions at pH
close to the isoelectric point. Using microscopy, this increase could be attributed to the
formation of aggregates, which in turn can be ascribed to lack of repulsion caused by the
low absolute values of {-potentials. The same lack of repulsion led to stronger and more
elastic interfacial films at pH 4 and 5 than at pH 7. Moreover, film strength increased sig-
nificantly with increasing degree of hydrolysis. Dilatational experiments imply that hy-
drolysis enhances in-plane structural rearrangements. Thus, it is concluded that tryptic
hydrolysis has the potential to improve the overall stability of emulsions.

Keywords: pea protein; hydrolysis; emulsion; interfacial properties

I1 Introduction

Emulsions generally are thermodynamically and kinetically unstable systems
(McClements, 2016). Gravimetrical separation, as in creaming or sedimentation and
droplet aggregation, are the most common mechanisms of emulsion instability and often
occur in combination (McClements, 2007). Aggregation can be divided into flocculation
and coalescence. In flocculation individual oil-droplets form aggregates, without merg-
ing with each other, while coalescence describes the fusion of two adjoining oil-droplets
(McClements, 2016). Lack of repulsion can lead to aggregation, and the resultant in-
crease in particle-size can thus support creaming (Fennema, 2017). Additionally, the
close proximity of oil-droplets in flocculated and/or creamed emulsions may in turn en-
hance the tendency to coalesce (McClements, 2007). Therefore, in order to prevent de-
stabilisation of emulsions by creaming and flocculation, electrostatic and steric interac-
tions need to be mainly repulsive (McClements, 2004). Furthermore, the ability of inter-
facial membranes to resist deformation is a key countermeasure to coalescence. One
means to promote low deformability are oil-droplet sizes <1 pm (Robins et al., 2002).
Another means is to attain highly elastic interfacial films, which should be composed of
molecules that show low tendencies to detach from or to be compressed at the interface
(Yarranton et al., 2007), making them able to counteract a decrease of the surface to vol-
ume ratio during potential oil-droplet fusion.

In order to be able to incorporate proteins in dispersed food systems, the protein
needs to be able to dissolve in the continuous phase. Plant-derived proteins in general
and pea protein specifically display low solubilities at pH-values relevant to food sys-
tems. Pea protein consists mainly of globular proteins (approx. 60% (Gueguen & Barbot,
1988)) that can be divided into legumin, vicilin and convicilin fractions. The first is a
hexameric 11S fraction (~360 kDa), consisting of six subunits (~60 kDa), each a
combination of an acidic a-chain (~40 kDa) and a basic B-chain (20 kDa) (Croy et al,,
1979; Croy, Gatehouse, Evans, et al., 1980). The second is a trimeric 7 S fraction
(~180 kDa), consisting of three subunits (~50 kDa) (Gatehouse et al., 1981), and the
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third a tetrameric fraction (~290+40 kDa) consisting of four subunits (~71 KDa) (Croy,
Gatehouse, Tyler, et al., 1980). One possible approach to improve protein solubility is
controlled enzymatic hydrolysis (Barac et al., 2011; Soral-Smietana et al., 1998). As the
change in peptide profile and size cannot only increase solubility, but can also influence
other functional properties (Barac et al,, 2011; Tamm et al., 2016), hydrolysis may be
used to tailor functionalities such as interfacial properties, which in turn can influence
the emulsifying behaviour (Avramenko et al., 2013; Henning et al, 1997; Krause &
Schwenke, 1995). Close attention has to be paid to the enzyme selection, the hydrolysis
parameters, and the degree of hydrolysis applied since functional properties can also be
impaired under certain conditions (Avramenko et al., 2013; Barac et al., 2011; Tsumura
et al.,, 2005). For studies on faba-bean (Henning et al., 1997; Krause & Schwenke, 1995)
and soy-proteins (Ochiai et al.,, 1982), an improvement in emulsifying properties was
connected to the emergence of legumin-T. As for emulsifying properties of pea protein
hydrolysates, only little research is available. Barac et al., (2012) used papain and a com-
mercial protease, in combination with different pea genotypes, and found an overall ten-
dency toward improved emulsifying properties after hydrolysis. Humiski & Aluko,
(2007) compared the effect of different enzymes on the emulsifying properties of pea
protein hydrolysates and identified the smallest oil-droplet size when using trypsin.
Tamm, et al. (2016) reported that oil-droplet size decreased for emulsions stabilised
with tryptic hydrolysates of a commercial pea protein but increased for alcalase hydrol-
ysates. So far, only Tamm, et al. (2016) looked into the interfacial properties of pea pro-
tein hydrolysates and described an increase in the elastic proportions up to DH 4. How-
ever, these authors only chose parameters away from both the pI and the pH range rele-
vant to food applications.

The current study therefore aims to estimate the suitability of trypsin hydrolysis of
pea protein for emulsion stabilisation in the context of molecular structure and interac-
tions ata pH region relevant to food applications. It is expected that enzymatic hydrolysis
will improve the solubility of pea protein, will positively influence interfacial properties
of the protein, and will consequently lead to an increase in emulsion stability without
affecting the oil-droplet size.

I 2 Materials and methods

12.1 Materials

Dried peas were supplied by Emsland-Starke GmbH (Emlichheim, Germany), Cremer
Oleo (Hamburg, Germany) provided MCT-oil. All materials and chemicals for SDS page
were purchased from BioRad Laboratiories GmbH (Miinchen, Germany) and all other lab
chemicals were purchased from Carl Roth GmbH + Co.KG (Karlsruhe, Germany), Merck
and Sigma Aldrich (both Life Science bei Merck, Darmstadt, Germany) and of analytical
grade.
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12.2 Methods

Unless stated differently, all further experiments were carried out as a single deter-
mination for the pea protein concentrate (PPC) as well as for each pea protein hydroly-
sate (PPH), leading to a determination in duplicate for DH 2 and DH 4, respectively.

12.3 Pea protein concentrate (PPC) preparation and hydrolysis

PPC was produced on lab scale: dry peas were ground and the flour then dispersed
in 0.0375 M NaOH. After 2.5 h of extraction at room temperature, the sample was centri-
fuged (5000 g, 20 °C for 30 minutes) followed by lyophilisation of the supernatant. En-
zymatic hydrolysis was conducted as described by Tamm, et al. (2015) with modifica-
tions. In brief, PPC was dissolved in distilled water and the pH value adjusted (0.1 M HCI
/ 1M HCI). Tryptic hydrolysis (Trypsin from bovine pancreas, Sigma (cat#T8003,
EC:3.4.21.4, ~10000 BAEE units/mg Protein)) was conducted at pH 8 and 45 °C using
the pH-stat method and a h-value of 7.2 meqv/g protein. According to the pH-stat
method, the DH was set by calculation and use of the amount of NaOH required to achieve
the desired DH. The enzyme to substrate ratio was 1:1620 for DH 2 and 1:810 for DH 4.
Hydrolysis was stopped by heating samples at 75 °C for 30 minutes, cooling on ice to
room temperature (approx. 20 minutes), and then lyophilizing. Pea protein hydrolysates
(PPH) were attained at degrees of hydrolysis of 2 and 4% (DH 2 and DH 4); PPC may
occasionally be referred to as DH 0. Hydrolysis was carried out in duplicate for each de-
gree of hydrolysis.

12.4  Solubility

50 g of a solution containing 5% protein were prepared in distilled water and the pH-
value was subsequently adjusted to pH 8, 7, 6, 5, 4 and 3 using 0.1 M / 1 M HCI. Two
aliquots of 2 ml were taken at each pH, one of which was measured directly, while the
other one was first centrifuged at 13000 g for 15 minutes before determining the protein
content in the supernatant (Method according to Dumas (Dumatherm N64+, Gerhardyt,
Koénigswinter, Germany), protein conversion factor 6.25). Solubility was calculated as
percentage retained after centrifugation.

12.5 Molecular weight distribution

SDS-PAGE was carried out on 4-15% Criterion™ TGX™ Precast Midi Protein Gel ac-
cording to the BioRad Bulletin 4110001. 10 pl of sample (0.1%in sample-buffer, non re-
ducing conditions (Biorad 2xLaemmli Sample, Cat# 161-0737)) were applied to the gel
alongside lanes of the molecular weight marker (5ul, Thermo Fisher PageRuler™ Pres-
tained Protein Ladder, 10 to 180 kDa, Cat# 26616). Running buffer was Biorad
10xTris/Glycine/SDS Cat# 161-0732. Photographs of the gel were then transformed to
peaks using an image processing program (image ]). The molecular weights of the indi-
vidual bands were calculated using a calibration slope obtained via standardised meas-
urements of the marker bands and matched to individual protein-fractions based on val-
ues given in literature. Size exclusion chromatography (SEC) was performed at room
temperature (HPLC AKTAbasicTM 10 system, Amersham Biosciences, Uppsala, Sweden)
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with samples of 1% protein in 0.1 M phosphate buffer. Samples were filtered and passed
over a Superdex 200 Increase 10/300 GL (GE healthcare GmbH, Solingen, Germany) col-
umn using 0.1 M phosphate buffer as the eluent and an UV detector at 280 nm for detec-
tion. Evaluation took place via a set of standards ((GE healthcare GmbH, Solingen, Ger-
many): feritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44 kDA),
carbonic anhydrase (29 kDa), ribonuclease (13.7 kDa), aprotinin (6.5 kDa)) and the cal-
culation of molecular weights based on the calibration-substances. Both methods were
carried out once for the concentrate and once for each degree of hydrolysis at selected
pH-values.

12.6 {-potential

For the determination of the {-potential, solutions of 0.3% protein were prepared in
distilled water, the pH was adjusted to pH 3,4, 5, 6 and 7 (0.1 HCl/ 1 M HCI), and the -
potential was measured in triplicate (Zetasizer Nano-ZS, Malvern Instruments GmbH,
Germany).

12.7 Emulsifying properties

For emulsifying experiments, 300 g of protein solutions were prepared in distilled
water. The protein content was calculated under consideration of solubility results, aim-
ing at contents of soluble protein > 1.05%. The pH was adjusted to 3, 4, 5, 6 and 7
(0.1 HCI/ 1 M HCI) followed by centrifugation (10000g, 20 min., 20 °C), determination
of the protein content and dilution of the supernatant to 1.05% protein. Pre-emulsifica-
tion was carried out in a mixture of 10 g purified MCT-oil and 190 g protein-solution at
21500 rpm for 90 s using an Ultra-Turrax (T25 basic, IKA, Germany) followed by high
pressure homogenisation (Panda Plus, Niro Soavi, Germany) at 300 bar and 3 passes.
Within five minutes of emulsifying the oil-droplet size distribution (D10, D50, D90 and
Span) of the emulsion was measured (Horiba, Retsch Technology GmbH, Haan, Ger-
many). For further examination, microscopic pictures of the emulsions were taken.

12.8 Interfacial properties

All experiments were carried out with 0.25% protein solutions from the superna-
tants of the centrifugation step at pH 4, 5 and 7 (adjusted with 0.1 HCl/ 1 M HCl) at the
MCT-oil-water interface. Oscillatory shear-measurements were performed using a rhe-
ometer (Physica MCR 301 / 102, Anton Paar GmbH, Ostfildern, Germany) equipped with
a biconical disk geometry. Formation of an interfacial film was monitored over 12 h at
20 °C (deformation 0.1%, frequency 1 Hz). For evaluation, the dynamic complex interfa-
cial shear modulus |Gi*| was calculated using the Rheoplus software. Oscillatory dilata-
tional measurements were performed using a pendant drop tensiometer (OCA 20
Dataphysics GmbH, Germany) with an oscillation drop generator (ODGZ20, Dataphysics).
After interfacial aging of 30 minutes, a frequency sweep was performed (AA/A=3%,
f=0.01 Hz - 1 Hz). From this sweep at the lowest frequency the complex dilatational mod-
ulus |E*| was calculated by the SCA 20 software.
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I 3 Results and Discussion

13.1 Characterisation of tryptic digestion

All fractions at DH 0 showed typical patterns in SDS-PAGE (Figl1a) and SEC
(Fig I 1b) chromatograms. In the SDS-PAGE profile, beside a wide range of peaks at lower
molecular weights, the main storage proteins legumin (~60 kDa) (Croy, Gatehouse,
Evans, et al.,, 1980), convicilin (~70 kDa) (Croy, Gatehouse, Tyler, et al., 1980) and vicilin
(~50 kDa) (Gatehouse et al., 1981) could be seen in their monomeric forms. SEC showed
the typical quaternary conformation of those proteins: hexameric (~380 kDa
(Danielsson, 1948) (331 kDa) (Croy et al., 1979) (390kDa)) for legumin and trimeric
(~160 kDa (Danielsson, 1948) (186 kDa)) for vicilin. Convicilin could not clearly be iden-
tified in SEC. The fractions of smaller molecular weights observed in both the SDS-PAGE
and SEC profiles cannot as easily be matched to specific protein fractions, they are likely
to be the different vicilin fractions (Gatehouse et al., 1981) as well as of pea albumin and

trypsin inhibitors (Ma et al., 2017).
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Fig I 1 molecular weight distribution of PPC and PPH DH2 and DH 4 as shown in a) SDS-page and b) SEC-chroma-
tography, both at pH 7

After hydrolysis, DH2 and DH4 led to similar molecular weight patterns: convicilin,
legumin and vicilin were no longer detectable in the SDS-PAGE profile. Instead a variety
of smaller peptides as well as one prominent peak at ~47 kDa appeared. In SEC, one peak
remained at ~265 kDa, whereas all other structures were reduced to significantly
smaller peptides. Gatehouse, Lycett, Delauney, & Croy, (1983) described the first enzy-
matic attacks on vicilin as usually occurring at two potential sides, which display a high
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density of polar amino acids and are therefore likely to be located at the molecule’s sur-
face. As can be seen from SEC, the quaternary structure of vicilin was lost with hydrolysis.
As the convicilin peak (SDS-PAGE) fully disappeared, it is concluded that convicilin was
fully digested to small peptides.

Tryptic attack on pea legumin starts at the C-terminus of the a-chain, (Braudo, et al.
2006) and thus exposes the hydrophobic -chain and generates a variety of small pep-
tides carrying a high density of charged side chains. It is also known that with limited
hydrolysis legumin-T, a very ordered structure (M=200+50 kDa (Plumb et al., 1989))
with a nearly intact tertiary structure and improved techno-functional properties
(Krause & Schwenke, 1995; Ochiai et al. 1982) remains. The improvement in functional-
ity is attributed to the more flexible structure of the a-chain and the increased availabil-
ity of hydrophobic patches from the -chain combined with the otherwise nearly intact
structure (Schwenke, 2001). The appearance of peaks at ~47 kDa (SDS-Page) and
~265 kDa (SEC) after hydrolysis leads to the conclusion that in this study legumin-T was
produced.

13.2 Solubility, electrostatic properties and emulsification

Hydrolysis led to a significant increase in solubility from 30% (DH 0) to approxi-
mately 60% (DH 4, pH 5) at pH 4 to 6 (FigI 2). This was caused by the increased amount
of terminal carboxyl- and amino-groups (Panyam & Kilara, 1996) with these results sup-
ported by the findings of Soral-Smietana, et al. (1998). An impaired solubility at pH 3 and
7 for the hydrolysed samples is in accordance with the findings of Bara¢ et al. (2011);
Tsoukala, Papalamprou, Makri, Doxastakis, & Braudo, (2006) and Tsumura et al. (2005).
All authors relate this to the increased exposure of interior hydrophobic residues, which
can cause aggregation, insolubility and sedimentation of individual peptide fractions.
The small peptides from hydrolysis of legumin are likely to aggregate and therefore to
be responsible for the decrease in solubility and seem to have had an impact on the elec-
trostatic properties of the hydrolysates (Fig 1 3) as well.
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Fig | 2 solubility profiles of pea protein concentrate Fig I 3 {-potential profiles of pea protein concentrate
and corresponding hydrolysates in dependence of pH-  and corresponding hydrolysates in dependence of pH-
value value
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With increasing degree of hydrolysis, a shift in -potential could be observed (Fig I 3),
moving the pl from pH 4.91 (DH 0) to pH 4.60 (DH 2) and pH 4.37 (DH 4), respectively.
Ochiai, et al. (1982) described a similar effect when investigating tryptic hydrolysis of
soybean proteins. In the present study it is concluded, that the fractions involved in the
aggregation and decrease of solubility at pH-values away from the isoelectric point must
consist of more basic than acidic amino acids. Trypsin hydrolysis was carried out at pH
8 and cleavage occurred at the C-terminus of basic amino acids (Braudo et al. 2006).
Therefore, it is likely that small, mainly basic peptides from legumin may be close to their
isoelectric points and aggregate. This, in turn, would lead to a larger fraction of acidic
amino acids in the soluble peptides. The more acidic amino acids a polypeptide contains,
the more protons required to bind to all dissociated carboxyl-groups, thus leading to a
decrease in the isoelectric point.

In visual assessment of emulsions, creaming was observed close to the isoelectric
point. Fig [ 4a shows the oil-droplet size distribution of freshly formed emulsions stabi-
lised with PPC and the corresponding absolute values of the {-potentials. Where oil-drop-
let size was bimodal, this is depicted by two stacked boxes above each other representing
the D10, D50 and D90 of each peak. It is apparent that low {-potentials and therefore low
electrostatic repulsion led to wider oil-droplet distributions and bimodality. As all these
factors implied a possible formation of aggregates from individual small oil-droplets, mi-
croscopic pictures of the emulsions were taken (Fig I 4b) for confirmation. Thus, cream-
ing was concluded to be caused by aggregation.

Hydrolysate-stabilised emulsions displayed a similar behaviour at DH 2 (FigI 5a),
while at DH 4 an increase in aggregation at pH 7 and an overall increased oil-droplet size
was determined (Fig I 5b). Where oil-droplet size distributions were wide or bimodal,
microscopic pictures again showed aggregation of small, individual oil-droplets rather
than an increase in the size of single droplets. While for DH 0 and DH 2, the increase in
measured oil-droplet-size and the tendency to aggregate could be attributed to the lack
of electrostatic repulsion, whereas, the increased tendency of DH 4 samples to aggregate
at pH 7 was most likely due to hydrophobic interactions resulting from increasing
amounts of exposed hydrophobic patches with continued hydrolysis. This is in accord-
ance with Henning, et al. (1997) and Krause & Schwenke, (1995) who also described an
initial improvement of emulsifying properties, followed by a decline when hydrolysis
was carried out too extensively. A sufficient resistance to coalescence at all considered
pH-values was indicated by the formation of oil-droplets <1 um, as deduced from the
microscopic pictures in combination with the size of the smaller oil-droplets in bimodal
distributions (Robins, et al 2002). As even a few minutes after emulsification, no mono-
modal distributions could be found, aggregation was presumed to occur almost immedi-
ately. However, the initial formation of small oil-droplets at all pH-values pointed to the
general ability of the protein and its hydrolysates to rapidly form stable interfacial films.

It can be summarised that lack of electrostatic repulsion played a key role in this
study in the formation of flocs. However, the formation of individual oil-droplets with
sizes <1um implied a low tendency to coalescence. Particularly in flocculated emulsions,
the risk of subsequent coalescence is enhanced. Therefore, the interfacial properties of
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PPC and PPH were examined in order to further estimate the stability of emulsions at-
tained with either sample.
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13.3 Interfacial rheology

Charge, molecular size and the availability of hydrophobic patches can influence a
protein’s interfacial properties (Chang et al., 2015). While lack of electrostatic repulsion
leads to aggregation in emulsions and is therefore unwanted, it plays a key role in the
formation of interfacial films by enhancing the formation of interactions between indi-
vidual protein molecules in the interface (i.e. via hydrophobic interactions), in turn lead-
ing to stronger interfacial films (Fennema, 2017). The complex interfacial shear modulus
|Gi*|12n decreased with increasing pH and decreasing degree of hydrolysis, indicating
stronger intermolecular interactions at lower pH-values and with increasing DH
(FigI 6a). The influence of both DH and pH was found to be significant. In the present
study, the interfacial dilatational modulus |E*| (Fig I 6b) showed a similar but less pro-
nounced tendency as |Gi*|, leading to the conclusion that intermolecular interactions
were accompanied by additional effects specific to area changes. While the elastic pro-
portions of PPC-films decreased with increasing pH, no significant influence on the loss
factor tan 6 (Figl 6c) of either PPH could be found, implying that despite the lower
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viscoelasticity of interfacial films at higher pH values, the ratio between elastic and vis-
cous parts was not affected. These results were in accordance with the findings derived
from the slopes of the dilatational frequency sweep (Fig I 6d). At slopes <0.1, mainly in-
plane structural rearrangements (Wan et al., 2016) could be assumed for all hydrolysed
samples. As a value of 0.5 would indicate desorption of molecules from the interface and
their interchange with the bulk, a mix of in-plane rearrangements and desorption needed
to be considered for PPC.
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Fig 16 a) [Gi*[12h, b) E*|30min, c) | tan 612h and d) slope of the frequency sweeps from dilatational experi-
ments

It was hypothesised, that different interactions must dominate in hydrolysed and un-
hydrolysed samples, but throughout the considered pH-values, interactions in all hydro-
lysed samples must be similar in nature. Both, hydrophobic and electrostatic interactions
can influence film formation. Assuming an increasing hydrophobicity after hydrolysis
(Braudo et al. 2006), especially at pH 7, the ratio between charge and hydrophobicity
will shift. In PPC at pH 7, electrostatic repulsion was strong but hydrophobic attraction
would have been low, changing to low electrostatic repulsion with low hydrophobicity
at pH 5 and higher hydrophobicity and strong electrostatic repulsion at pH 4. Conse-
quently, an overall dominance of electrostatic repulsion with increasing pH occurred. In
contrast, the increased hydrophobicity attained through hydrolysis led to a decline in the
influence of the pH on the balance between electrostatic and hydrophobic interactions,
thus interfacial films of the PPHs demonstrated similar viscoelastic behaviour over a
wide pH range.
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In summary, interfacial films formed by PPHs, in comparison to PPC, displayed an
increase in film strength while maintaining a high proportion of elastic properties inde-
pendent of pH Moreover, PPH are estimated to be less susceptible to protein interchange
between interface and bulk.

14 Conclusions

The downside of conditions where electrostatic repulsion is low is that creaming, due
to aggregation of small individual oil-droplets, is favoured. The upside is that these very
same conditions are highly beneficial in improving parameters that indicate stable inter-
facial films. In this study, samples at DH 2 combined a small oil-droplet size, high elastic
proportions of the interfacial film and a low tendency for the desorption of protein mol-
ecules from the interface and therefore are likely to resist coalescence. Generally, aggre-
gation in a dispersed system is considered to be detrimental. However, in the past dec-
ade, research has started to focus on exploitation of this property by using aggregates for
creating turbidity in non-alcoholic beverages, heteroaggregates for simulating creami-
ness in low calorie foods and encapsulation of bioactives. In this context, tryptic hydrol-
ysates of the present study represent a biomaterial with improved functionality.
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Abstract

Nutritional recommendations for the elderly, but also the general public, include in-
corporation of plant proteins in the diet, an increase in the intake of Q-3 fatty acids and
an increase in intake of dietary fibre. Protein structure and structuring behaviour of
plant proteins differ from that of milk proteins. Therefore, the aim of the presented study
was to characterise the structuring process and resulting structure of yoghurt-style gels
containing 10% pea protein with and without addition of nutritionally recommended
ingredients like rapeseed-oil and/or commercial oat fibre. Rheological measurements
were combined with microscopy for sample characterisation. Generally, all studied for-
mulations were able to form acid-induced gels via fermentation. The acidification led to
a two-phase gelation process resulting in thick gels that showed mainly weak rheological
behaviour. Supplementation with oil and/or fibre resulted in an increase of the relative
concentration of pea protein in the aqueous phase and led to a strong increase in the
complex shear modulus |G*| as well as the maximum structuring velocity d|G*|/dt. These
effects need to be considered when tailoring yoghurt-style gels with high consumer ac-
ceptance.

Keywords: plant protein, gelation, fermentation, rheology, oat fibre, rapeseed-oil

II 1 Introduction

In the light of steadily increasing life expectancy in developed countries, improve-
ment of health and well-being in general and healthy aging in particular are key chal-
lenges. It is known, that plant proteins may be beneficial in the prevention of chronic
degenerative diseases (Krajcovicova-Kudlackova et al., 2005). Additionally the demand
for an increased fibre intake as well as the benefits that derive from the intake of unsatu-
rated fatty acids (European Food Safety Authority & EFSA, 2010b, 2010a) are to be con-
sidered when designing products to support healthy ageing. A suitable product-category
for incorporation of the required amounts of protein, oil and fibre are yoghurt-type gels.
Yoghurt is associated with protein-rich food and has a high consumer acceptance
(Banovic et al,, 2018). Traditionally, yoghurt is based on dairy ingredients. The casein
fraction of milk possesses a unique micellar structure, which leads to a specific gelation
behaviour. (W.]. Lee & Lucey, 2010). The gel structure forms at the isoelectric point (pI)
of casein during acidification of milk (W. ]. Lee & Lucey, 2010) and dairy-based yoghurt
gels are particulate on a microscopic scale (Lucey & Singh, 1997).

When partly or fully substituting dairy proteins during yoghurt processing the un-
derlying mechanisms for gel formation are similar. There has already been extensive re-
search on many aspects of a variety of plant-derived proteins. Besides cereal and oil seed
proteins, pulse proteins have been in focus in the past. Within the pulse family interest
in pea is increasing due to its ability to easily grow all over the world and an easily re-
movable hull (Day, 2013). Molecular interactions during gel formation are mainly non-
covalent in nature and may include hydrogen bonding, electrostatic and hydrophobic in-
teractions (Kohyama et al., 1995). However, due to differences in protein structure and
course of fermentation plant protein-based systems may show very different structuring
behaviour. Several studies focused on partial replacement of dairy proteins in yoghurt
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and the impact on yoghurt structure (Yousseef et al., 2016; Zare et al., 2013) and taste
(Denkova et al., 2015; Yousseef et al,, 2016). In contrast, the structuring behaviour and
gel properties upon fermentation of pea protein alone have not been investigated in de-
tail. The few studies covering pea protein used glucono-6-lactone for acidification (Ben-
Harb et al,, 2018; Mession et al.,, 2015). However it is well described in literature that
kinetics of acidification and structure formation during microbial fermentation may dif-
fer from kinetics when using glucono-6-lactone (Grygorczyk & Corredig, 2013).

Itis widely accepted, that proteins need to undergo some heat induced unfolding and
pre-aggregation in order to be able to form gels by acidification. Therefore, studies gen-
erally employ a heating step above the denaturation temperature of the protein to ensure
sufficient network formation during acidification. However, there are studies that report
incomplete unfolding of globular proteins even above the denaturation temperature
(Hirose, 1993) and structural changes below the denaturation temperature (Miriani et
al, 2011), where proteins may assume a molten globule state. N. Chen, Zhao,
Chassenieux, & Nicolai, 2016 described a strong time dependence for the formation of
self-similar aggregates in soy globulins at a wide range of temperatures (50 to 95 °C).
The same authors also described the ability of native soy globulins to form self-assem-
bled aggregates and found this ability to be concentration- and charge-dependent
(N. Chen et al.,, 2016a). Moreover, hydrophobic interactions between exposed groups
have been described to lead to aggregation between globular protein molecules while
still in the molten globule state (Ochenduszko & Buckin, 2010). It is therefore likely that
pea protein in concentrated suspensions will be able to pre-aggregate to a certain extend
below the denaturation temperature.

Structure formation may additionally be affected by supplementation with other
food constituents. When considering the literature on yoghurt supplementation with
various fibres it becomes obvious, that textural properties are affected in various ways
as shown for orange fibre (Sendra et al., 2010), passionfruit fibre (Espirito-Santo et al.,
2013), asparagus fibre (Sanz et al., 2008), pea fibre (Damian & Olteanu, 2014), soy, rice,
oat, corn, sugar beet fibre (Fernandez Garcia & McGregor, 1997), wheat bran fibre
(Aportela-Palacios et al., 2005) and fibre rich pineapple peel (Sah et al., 2016). Since
commercial fibre may vary in the ratio of soluble and insoluble constituents, particle size
and resulting functional properties, little is known about the general mechanisms behind
these effects. Insoluble particles may act as active or inactive fillers. While inactive fillers
have little chemical affinity for the matrix, active fillers normally interact strongly with
the gel (J. Chen & Dickinson, 1998) and influence water-holding, microstructural and rhe-
ological properties (Gu et al., 2009; Keogh & O’Kennedy, 1998; Tang et al., 2011). The
ability of fillers to interact with the gel matrix - making them active or inactive —~depends
on the filler particles surface properties (Dickinson & Chen, 1999). To our knowledge, so
far there is no literature available on fibre-protein-interactions in protein-based gels or
on the categorisation of fibres into active or inactive fillers. The oat fibre used in this
study contained a minimum of 90% insoluble fibre of which 75% are cellulose. The re-
maining part most likely consists of hemicelluloses and lignin. Cellulose, hemicelluloses
and lignin are described to be mostly non-ionic. While cellulose and hemicelluloses carry
hydroxyl-groups at their surface, making them hydrophilic, lignin is more hydrophobic.
Molecular properties similar to cellulose and hemicelluloses can be observed in intact
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starch granules (a(1-4)-linked D-glucose). From literature it is known, that crosslinked
waxy maize starch does not directly interact with milk proteins in acidified milk gels
(Azim et al., 2010).

The supplementation of acid-induced protein gels with oil has previously been de-
scribed in the context of filled emulsion gels by various authors (Ben-Harb et al.,, 2018;
Dickinson, 2012; Guetal., 2009; Lietal.,, 2012; Tangetal., 2011). Gel systems that contain
emulsified oil droplets are known as emulsion gels. Dickinson, 2012 distinguishes be-
tween emulsion-filled protein gels and protein-stabilised emulsion gels based on the
dominating network structure. Literature usually considers protein-stabilised oil-drop-
lets as active fillers due to their affinity to the gel matrix (Dickinson, 2012) with their
role in the gel network strongly depending on the interactions between interfacial and
bulk proteins (Tang et al., 2011). Active fillers are known to decrease tan 6 (Dickinson &
Chen, 1999; Gu et al., 2009) and may increase the storage modulus G’ (Ben-Harb et al,,
2018; Dickinson & Chen, 1999).

The presented study aims to investigate the structuring process during fermentative
gelation of pea protein and the properties of the gel as well as the effect of supplementa-
tion with nutritionally favourable food ingredients like rapeseed oil and/or oat fibre. The
experimental design, ingredient choices and sample compositions of this study are there-
fore motivated by nutritional recommendations for the ageing population: increased in-
take of plant protein, dietary fibre and unsaturated fatty acids.

II 2 Materials and methods

Within this study, different samples were formulated which contained pea protein
(P), or pea protein in combination with rapeseed oil (PO), oat fibre (PF) or both (POF).
For the characterisation of structure formation and gel properties, rheological measure-
ments were performed during and after the fermentation process. Conclusions drawn on
the structure were supported by microscopy.

Dried peas were supplied by Emsland-Starke GmbH (Emlichheim, Germany), ADM
WILD Europe GmbH&Co0.KG (Hamburg, Germany) provided rapeseed oil and Herbafood
Ingredients GmbH (Werder (Havel), Germany) the oat fibre Herbacel Classic Plus HF 04.
The oat fibre contains 68% cellulose (as determined by determination of glucose content
after Seaman-Hydrolysis) and a minimum total of 90% insoluble fibre according to the
manufacturer’s specification. Soluble fibre content accounts for a maximum of 5.6% with
negligible amounts of pectic substances (galacturonic acid content below 0.5% as deter-
mined by m-hydroxydiphenyl method). All lab chemicals were purchased from Carl Roth
GmbH + Co.KG (Karlsruhe, Germany), Merck and Sigma Aldrich (both Life Science at
Merck, Darmstadt, Germany) and were of analytical grade. Yoghurt culture containing
Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus thermophilus (YC-X11 Yo-
Flex®) was provided by Chr. Hansen Holding A/S (Hoersholm, Denmark).

Pea protein was produced on lab scale as previously described in more detail (Klost
& Drusch, 2019a). Briefly, dry peas were ground and the flour was dispersed in 0.0375 M
NaOH leading to an initial pH value of approximately 8.7 which dropped to just above pH
8 during the extraction time. After 2.5 h of extraction at room temperature, the sample
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was centrifuged (5000 g, 20 °C for 30 minutes) and the supernatant was lyophilized. The
resulting protein powder had a protein-content of 53.8%, 3.5% water, 1.6% starch, 7%
sucrose, 4% fat and ~17% raffinose family sugars, calculated as stachyose.

112.1 Characterisation of pea protein in solution

Unfolding and pre-aggregation of protein molecules is generally acknowledged as a
prerequisite for acid-induced gelation of proteins. Therefore, the pea protein solution
was characterised prior to fermentation via intrinsic fluorescence and temperature-
sweep rheology to determine protein unfolding and pre-aggregation in the protein solu-
tions during the applied heat treatment.

In intrinsic fluorescence measurements, a protein-solution (0.1% (w/w), pH 6.5) was
exited at a fixed wavelength (290 nm) and the emission-wavelength was scanned be-
tween 300 and 400 nm (Cary Eclipse Fluorescence Spectrophotometer (Agilent Technol-
ogies, Victoria, Australia)). The wavelength at maximum emission was then used to char-
acterise structural changes as a red shift in the maximum emission wavelength generally
indicates protein unfolding. Additionally, protein solutions (10% (w/w), pH 6.5) were
swept in a rheometer (MCR 502, Anton Paar, Austria (couette system CC 27) (f = 1Hz,
deformation yo = 0.1%)) to determine aggregation via increase in viscosity.

Both experiments were conducted at the same heating regime: heating from 20 to
60 °C with a heating rate of 1 K/min followed by a holding time of 60 minutes at 60 °C
and subsequent heating from 60 to 80 °C (rate 1 K/min) and further 15 minutes of hold-
ing. In the rheometer values of temperature T and complex viscosity [n*| were taken at
regular intervals. Scans in the fluorescence Spectrophotometer were performed before
heating, after holding at 60 °C and after holding at 80°C. The experiments were carried
out in duplicate.

I112.2  Relative protein concentration depending on sample composition and water re-
tention capacity of supplements

Table Il 1 composition of the samples (content in 100 g sample), the water retention capacity of the fibre, the cal-
culated available water and the relative protein content of all samples

Sample Pea HCI Oil Fibre  Water retention  Available Relative pro-
protein  0.025M capacity water tein content
le] le] [e]  [g] [gwater/ gfibre] [e] (%]
P 18.53 81.47 - - - 81.47 10.83
PO 18.53 77.47 4 - - 77.47 11.27
PF 18.53 78.47 - 3 5.2 57.67 13.96
POF 18.53 74.47 4 3 5.2 53.67 14.64

(Samples: P = pea protein, PO = pea protein and rapeseed-oil, PF = pea protein and fibre, POF = pea protein,
rapeseed-oil and fibre)

Table II 1 shows the composition of all samples. The protein-concentration in all
samples was kept constant at 10% (w/w). Consequently, the total amount of water in the
samples decreased with increasing supplementation. Additionally, the water retention
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capacity of the fibre (5.2 gwater/g fibre) decreases the availability of water even further.
The relative protein concentration in the samples is considered to be the concentration
that can be calculated when the amount of protein is only related to the amount of avail-
able water instead of the net weight of the sample. Calculated values are given in Ta-
ble II 1.

I112.3  Sample preparation, fermentation and analysis of structure formation

Pea protein was dissolved in 0.025 M HCI to achieve a final protein concentration of
10% (w/w) and a pH of approximately 6.5. The suspension was mixed by rotor-stator
homogenisation (Ultraturrax T25 basic, IKA, Germany, 90 s, 21500 rpm). In case of fibre
supplementation, 3% (w/w) fibre were suspended in the 0,025 M HCIl, and passed
through a high-pressure homogeniser (Panda Plus, Niro Soavi, Germany) at 7.5 MPa. Pea-
protein was then dissolved in the fibre-dispersion. The protein or protein-fibre disper-
sion was heated to 60 °C for 60 min for pasteurisation adjusted from (Kramer, 1997)
who described low temperature pasteurisation at 65°C and 30 minutes. Heating was fol-
lowed by cooling at room temperature for 15 min. The pasteurisation-temperature was
chosen just below the denaturation temperature of the pea protein in order to not overly
damage the protein structure while achieving some unfolding to induce gelation via fer-
mentation later. Afterwards, the samples where passed through a high-pressure homog-
eniser (Panda Plus, Niro Soavi, Germany) at 3 MPa. In case of supplementation with rape-
seed-oil, 4 % (w/w) oil was added prior to homogenising. Starter culture (YC-X11 Yo-
Flex®) was added, and after 10 minutes of stirring the blend was fermented in a water
bath at 43 °C for 18 h, while constantly tracking the pH-value (SI Analytics Lab 865, Xy-
lem, USA).

Gels and gelation processes can be monitored by rheology. During gelation the cross-
over of storage modulus G’ and loss modulus G” (loss-factor tan 6 = 1) can be considered
as “gel-point” (Morris et al., 2012) and the structuring velocity can be used to estimate
the end of the structuring process. Therefore, approximately 20 mL of the mix were fer-
mented in a rheometer for 18 hours (Rheometers were Physica UDS and MCR 502, Anton
Paar, Austria (couette system Z 3 DIN and CC 27 respectively) (f = 1Hz, deformation yo =
0.1%). At least one repetition for each experiment was performed in each rheometer) in
order to study structure formation. |G*| and tan § were chosen for the rheological char-
acterisation of the structuring process. They are defined as

|G| = G'+i-G" (Ir1)

and tand = — (II 2)
For the characterisation of maximum structuring velocity the first derivative of |G*| (d
|G*|/dt) was calculated (Grosso & Rao, 1998) using the software Origin 9.0, OriginLab,

USA .All samples were prepared in triplicate and stored at 6 °C for 24 - 30 h after fer-
mentation.
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I112.4  Rheology of fully set gels

Rheology classifies gels into strong and weak gels. Strong and weak gels behave dif-
ferently in texture and rheology-experiments. A strong gel is characterised by low de-
pendence of G’ and G” on frequency, values of G’ that exceed G” by at least one order of
magnitude and linear relation between log |n*| and log w with a slope close to -1 (Morris
et al,, 2012). Additionally, strong gels remain strain independent up to deformations of
25%, but will rupture and be irreversibly destroyed under larger deformations (Ross-
Murphy & Shatwell, 1993). In contrast, weak gels may begin to flow at an increase of
frequency and deformation, but are able to restructure afterwards (Ross-Murphy &
Shatwell, 1993).

In the present study, all rheology tests of fully set gels after 24-30 hours were per-
formed at the Physica UDS, Anton Paar, Austria. |G*|24-30n and tan 824-30n (Yo = 0.1 % and
1 Hz) were measured after sample-resting at 6 °C in beakers. Prior to measurement, the
samples were carefully spooned into the rheometer cup. Frequency sweeps were carried
out at a constant deformation of yo = 0.1% and frequencies ranging from 0.01 to 10 Hz.
For evaluation, the slopes of logG’, logG” and log |n*| over log w = 2ntf were calculated in
order to characterise gel behaviour. Amplitude sweeps were carried out at a frequency
of 1 Hz and amplitudes from yo = 0.1% to Yo = 5000%. The deformation at the end of the
linear viscoelastic regime (LVE) was calculated as the largest deformation where |G*|
deviates from the original value by less than 5% (Mezger, 2006). The yield point is the
point where tan 6 becomes >1 (DIN Technical Report No. 143,2005) and the deformation
at this point was used for further evaluation. For thixotropy tests according to DIN SPEC
91143-2, 2012, oscillation at yo = 0.1% and f =1 Hz was applied for 100 s, followed by
shearing at a rate of y = 200 s'! for 2 min and another 10 min of oscillation. The loss of
structure was calculated as

AG' = |1009 — Hend100% (11 3)

G/start
G/7enq-100%

G/’start

and AG" = [100% — (I14)

I12.5  Scanning electron microscopy (SEM)

After storage for 24 h at 6 °C, approx. 3 g of fermented sample were filled into 20 mL
plastic beakers, frozen by immersing the beaker into liquid nitrogen and stored at -20 °C
prior to lyophilisation. Lyophilised samples were carefully broken into pieces and the break-
age site was gold sputtered in a sputter coater SCD 030 (Balzers, Wiesbaden-Nordenstadt,
Germany). The microstructure was analysed by SEM at the Center for Electron Microscopy
(ZELMI), Technische Universitdt Berlin, Berlin, Germany by the S-2700 scanning electron
microscope (Hitachi, Tokyo, Japan); magnification was 300x and 3000x. SEM was carried out
once for each formulation.

I12.6  Statistic evaluation

All fermentation and rheology experiments were carried out in triplicate and evalu-
ated using a one factorial ANOVA followed by a post hoc test (Tukey) to determine
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differences between samples with different formulations (Origin 9.0, OriginLab, USA).
Normal distribution was tested by Kolmogorov-Smirnov-Test.

II 3 Results and Discussion

I13.1 Characterisation of pea protein — unfolding and aggregation behaviour upon heat-

ing
a Upon heating of diluted pea pro-
350 tein solution to 60 °C followed by
o holding for 60 minutes, in intrinsic
E' | fluorescence measurements a red
<340 shift of approximately 3 nm oc-
g ] curred. Further heating to 80°C led to
%335- a further shift of additional 3 nm
= (FigII 1a). Even though the red shift
33°=_|’| | | | | |’= is more pronounced at 80 °C, it be-
0- native  60°C 80°C comes obvious, that with the applied
t’eatg‘e"t heating regime the pea protein used
901 3 100 in this study already undergoes con-

siderable unfolding and exposure of
previously buried hydrophobic re-
gions, which will enable it to form in-
termolecular interactions, despite
not being heated beyond the denatur-
ation temperature. This is also sup-
ported by the results from rheologi-
cal temperature sweep (Fig Il 1b). In

Tt ' ' this experiment a 10% (w/w) pro-
Fig I 1 change in intrinsic fluorescence (a) and com- tein-solution _was heated to 60°C,
plex viscosity (In*|) (b) induced by heating 10% pea held for 60 minutes and then heated

protein to 60 and 80 °C. (|n*| closed line, T dashed to 80 °C and held for an additional
line)

[n*] [Pas]

15 minutes. Just below 60 °C the com-
plex viscosity |n*| began to increase
from approximately 1.3 Pas to 3.7 Pas at the end of the holding time at 60°C where G’
exceeded G” by almost an order of magnitude. |n*| reached a local maximum at of 5.9 Pas
at 66 °C and then continued to increase to 18.3 Pas after holding for 15 minutes at 80 °C.
Considering data from intrinsic fluorescence and rheological temperature sweeps, we
propose some unfolding of the protein at 60 °C accompanied by intermolecular interac-
tions, which leads to an increase in viscosity. As heat-induced aggregation has been de-
scribed to be a prerequisite for acid-induced gelation, we expect the heat treatment ap-
plied to be sufficient for use in further experiments. However, from the data it also be-
comes obvious, that unfolding and pre-aggregation would be more pronounced in sam-
ples that were heated above the denaturation temperature. However, since the desired
protein-content of 10% is considerably higher than that of milk-based yoghurts, there is
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no need to take full advantage of intermolecular interactions and pre-aggregation as it
may lead to an undesirably strong texture and consistency of the final gels.

1132

Structure-formation during fermentation

This section covers the changes of pH
value and complex shear modulus |G*| dur-
ing and after fermentation as well as the in-
fluence of supplementation with rapeseed
oiland / or oat fibre on structure formation.
By combining those results with results
from (-potential measurement and scan-
ning electron microscopy, we deduce infor-
mation on the nature of the structuring pro-
cess and on the gel structure itself.

The main driving force in network for-
mation and structuring of acid-induced
protein gels is the decrease in pH-value.
This in turn leads to changes in electrostatic
properties and molecular interactions and
therefore to an increase in the structure pa-
rameters |G*|, G', G” and a decrease in tan 6.
Upon fermentation of pea protein concen-
trate dispersions with and without oil
and/or fibre supplementation, a major
drop in pH-value from ~pH 6.6 to ~pH 4.7
(Table II 3) - caused by microbial digestion
of sucrose from pea-protein to lactic acid -
occurred within the first six hours of fer-
mentation time (Fig Il 2 a) and reached its
maximum velocity after approx. 2.6 to
2.9 hours with no significant differences be-
tween the samples (Table II 2). This is in
contrast with Fernandez Garcia &
McGregor, 1997 and McCann, Fabre, & Day,
2011 who described an
acidification rate for various fibres and
linked this to a supply of additional
nutrients and the natural acidity of the
fibres respectively. However, the oat fibre

accelerated

used in our study contains a maximum of
5% soluble fraction and is therefore not
believed to supply relevant amounts of
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Fig Il 2 development of pH (a) and complex shear
modulus [G*| (b) over time and [G*| over pH (c)
during the fermentation process of samples contain-
ing oil and fibre. Development of the parameters
(closed lines) is shown alongside their first derivations
(dashed lines). Curves for all samples are provided in
supplementary material (Appendix Fig A 1, Fig A 2
and Fig A 3)

additional nutrients. As expected, the drop in pH was accompanied by a decrease in the
loss factor tan 6 below one as indicated by complex shear modulus |G*| increasing rap-
idly (Fig Il 2 b) and G’ exceeding the loss modulus G” (data not shown).
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Structuring velocity reached its maximum after approximately 2.35 hours in all samples
and significantly increased in magnitude from 127.4 + 8.5 Pa/h (P) to 308.0 + 30.8 Pa/h
(POF) with increasing fortification (Table II 2). |G*| began to increase between pH 6.2
and 6.5 and a first maximum in the slope was seen around pH 6 followed by a decline
until approximately pH 5.5 and a steeper increase toward pH 4.8 (Fig II 2c) indicating a
two-step gelation process. This behaviour was differently pronounced but similar for all
samples (Table II 2).

The onset of increase in G’ and the first maximum in structuring velocity at pH 6 took
place distinctly above the isoelectric points (pl) of the two major pea globulins (pH 5.5
for vicilin and pH 4.8 for legumin (Danielsson, 1950)). This is in contrast with the struc-
turing process of yoghurts based on milk protein, where the formation of a three dimen-
sional network occurs close to the isoelectric point (W. ]. Lee & Lucey, 2010). Upon acid-
ification with glucono-8-lactone, Ben-Harb etal.,, 2017 described faster structuring in pea
protein samples than in those consisting of milk protein. They did however not give any
pH values at which the structuring occurred. Mession et al., 2015 reported gel-points at
pH 6.7 for pea protein acidified with glucono-§-lactone but offered no reference to this
value being distinctly above the isoelectric point. Some explanations can be found in
Grygorczyk & Corredig, 2013, who previously reported a gel-point at pH 6.29 + 0.05 for
soy-protein acidified via fermentation. They ascribe the early onset of structuring to ag-
gregation of 11S basic subunits with 8 subunits of 7S molecules caused by their individ-
ual isoelectric points of pH 6.8-8.5 and pH 5.7-6 (Thanh & Shibasaki, 1976) respectively.
In brief: these subunits begin to aggregate as their individual charges decline, starting to
form a network by bringing individual molecules closer together. In our experiments,
this accounts for the initial first increase in gel strength at pH 6. However, at this pH
value, the overall electrostatic repulsion is strong enough to prevent uncontrolled aggre-
gation of the acidic legumin subunits and the remaining vicilin units. This can be sup-
ported by SEM micrographs at 300-fold magnification (Fig I 3a), which shows an overall
percolated network. Similar structures were found by (Yang et al., 2017) for the acid-
induced gelation of oat protein by glucono-8-lactone, even though in their case the un-
derlying mechanism was described differently. As the pH decreased further, charges on
the more acidic subunits reduced as they approached their isoelectric points. This in turn
led to the formation of further intermolecular bonds and the pronounced increase in G’
at pH values below 5.5. Most likely, this also led to the condensation of small aggregates
at the previously formed structures leading to the rough appearance of the structure-
surface in SEM pictures at 3000-fold magnification (Fig II 3b).

Despite no significant differences in pH curves, samples containing oil and/or fibre
showed an increased structuring velocity. This increase could be correlated (R=0.97) to
the relative protein concentration in the samples and was therefore more pronounced if
samples contained fibre. This is well in agreement with Azim et al., 2010 who reported
similar behaviour in samples where modified starch immobilised some of the continuous
phase, thus increasing the relative protein concentration. Moreover, the relative protein
concentration also correlated with the values of |G*| at various times throughout the fer-
mentation process and subsequent storage (supplementary material, Fig A 4, Appendix).
We therefore propose the increase in relative protein concentration to be the main cause
for the increase in structuring velocities and |G*| values.
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Fig Il 3 SEM images of fermented pea protein gels. SEM of pea protein only at 300-fold (a) and 3000-fold (b) mag-
nification, SEM of pea protein supplemented with fibre at 300-fold (c) and supplemented with oil at 3000-fold (d)
magnification.

Additionally, in samples containing fibre tan 6 values were < 1 (Table II 3) from the
beginning of fermentation indicating a gel like structure throughout. On the one hand,
this may have been caused by the increased relative protein content; on the other hand,
fibres themselves may have been responsible for this effect. The general structuring be-
haviour of cellulose-rich fibre in aqueous environment was summarised by Kerekes,
2006. The author explains different models to describe restraint imposed on transla-
tional and rotational motion of individual fibres. In contrast to hydrocolloid and protein
gels, the attracting effects in network-formation of fibre are mainly mechanic and are
divided into hooking and friction (Derakhshandeh et al., 2011; Kerekes, 2006). In our
samples, hooking and friction probably caused the formation of an initial fibre network,
in turn leading to tan & values < 1 even before the start of fermentation. As fermentation
proceeded, the protein network started to form analogously to samples without added
fibre, became dominant, and led to a continuous structure with embedded fibres
(Fig II 3c). Within the protein network the fibre acts as nearly inactive filler due to its
non-ionic and hydrophilic nature as previously described for starch by Corredig,
Sharafbafi, & Kristo, 2011 and is therefore believed not to interact with the protein-
network on a relevant scale. Domination of the protein network is further supported by
the lack of significant differences in tan § between supplemented and unsupplemented
samples. This is in agreement with results on yoghurt enriched with functional
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asparagus fibre, where the authors came to the conclusion, that the addition of fibre did
not modify the structural organisation or the type of molecular interactions (Sanz et al.,
2008).

When rapeseed oil was added to the samples, the oil was emulsified by the protein
during the homogenisation step before fermentation. From a previous study (Klost &
Drusch, 2019a) we know that a protein content of 1% is sufficient to stabilise 5% rape-
seed oil. Samples in the current study contained 10% protein and 4% oil, leading to suf-
ficient bulk protein for network formation. Consequently, these samples were expected
to form filled emulsion gels where oil droplets are embedded in a continuous protein
matrix as described by Dickinson, 2012. In the context of emulsion gels, literature usually
considers protein-stabilised oil-droplets as active fillers due to their affinity to the gel
matrix (Dickinson, 2012). In our study, during emulsification the pea protein stabilised
small droplets of rapeseed oil by migrating to and unfolding and adsorbing at the inter-
face (Damodaran, 2005). The extent of unfolding of soy protein at the interface was pre-
viously described to exceeded that of previous temperature induced unfolding (Miriani
et al, 2011) and led to the exposure of buried hydrophobic areas. These areas orient
towards the oil-phase (Wilde et al., 2004), while the charged areas point toward the
aqueous phase (Ducel et al.,, 2004). At the same time the surface denaturation may also
cause an increase in surface hydrophobicity of the emulsion droplets (H. J. Kim et al,,
2002). Despite the change in interfacial protein conformation, due to the excess of bulk
protein, the increase in relative protein concentration was still the main reason for in-
creased structuring velocity and values for |G*| upon addition of oil. During the structur-
ing process protein-covered oil droplets were embedded in the protein-matrix leading
to the blistery appearance in SEM pictures (Fig I 3d). If both oil and fibre were added
fibre was incorporated between the protein network (inactive filler) and the oil (active
filler) leads to a blistery appearance of the protein network itself (pictures shown in sup-
plementary material, Fig A 8, Appendix).

I13.3  Rheological characterisation of the fully set gels

This section covers the values for |G*| and tan § after storage for 24 hours at 4°C.
Moreover, behaviour of the fully set gels in thixotropy tests, amplitude and penetration
tests (large strain deformation) and frequency sweeps (small strain deformation test-
ing), was investigated. As a result of some structural rearrangements upon resting and
cooling |G*| and tan 6 increased by approximately 1.5% and 1.7% respectively (Ta-
ble II 3) during storage at 4°C for 24 h. The complex shear modulus increased due to the
formation of more but probably very weak interactions leading to a more pronounced
rise in the loss modulus G” than in the storage modulus G’ and therefore to larger values
of tan 6. Supplementation with oil significantly reduced tan § by approx. 4% (Table II 3),
while |G*| was unaffected. The decrease in tan § indicated a slight increase in elastic con-
tributions to |G*| and is ascribed to the active filler properties of the oil. In a study on
heat set whey protein emulsion gels active fillers decreased tan § due to a less homoge-
nous distribution of crosslinks in emulsified gels and in turn restricted the amount of
viscous dissipation in small strain testing (Dickinson & Chen, 1999). In a different study
the supplementation with varying amounts of oils to heat set soy-protein emulsions re-
duced tan 6 with increasing oil concentrations (Gu etal., 2009). However, it is also known
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that active fillers increase the storage modulus G’ (Ben-Harb et al., 2018). This effect was
dependent on the absolute magnitude of G’ and references showed an increase in G’ of
approx. 20% at an oil to protein ratio of 5:6, steeply increasing at higher ratios
(Dickinson & Chen, 1999). The small but significant decrease in tan § in our study is in
agreement with the described effects. The low ratio of oil to protein (2:5) is the reason
for the small reduction in tan 6.

In thixotropy measurements (Fig Il 4a), the gel was oscillated at parameters within
the linear viscoelastic regime, consecutively sheared and again oscillated. The results
(Table I1 4) showed that intense shear-
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In amplitude sweeps (Fig Il 4b) the

Fig I 4 rheological properties of fermented pea protein gels . . .
deformations at the maximum strain

after 24-30 h storage (6 °C). Thixotropy test (a), amplitude
sweep (b) and frequency sweep (c) of samples containing (Table II 4) within the linear viscoelas-

ol and fibre (WG’ LIG”, A |n*|). Curves forall samples  tjc regime did not differ significantly
are provided in supplementary material (Appendix Fig A 5, .
Fig A 6 and Fig A 7) between the samples but were slightly
lower in samples containing fibre
which may be attributed to fibres’ ability to disrupt inter-protein bonds (Espirito-Santo
et al,, 2013; Sendra et al., 2010). With values between 0.74% (PF) and 1.26% (PO) the
maximum strains within the linear viscoelastic regime were found to be clearly below
the required strain resistance for strong gels (up to at least yo = 25% proposed by Ross-

Murphy & Shatwell, 1993) and the curve from the amplitude sweep gradually declined
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indicating a development towards flowing. This is also consistent with penetration tests
where it was not possible to determine a classical breaking point (results not shown).

Table Il 4 Data from amplitude sweeps (deformation yo at the end of the linear viscoelastic regime and at the yield
point. G’. G” at the yield point) and thixotropy measurements (difference in G’ and G” after intense shearing). All
measured after 24-30 h storage at 6 °C.

sam- Y0, end LVE Y0, yield point G,; G”yield point AG’ G”
ple [%] [%] [Pa] [%] [%]
P 1.212 + 040 6862 + 9 722 + 43912 + 115 387> + 1.62
PO 1262 + 0.00 565 + 21 98 + 243552 + 215 3392 + 218
PF 0.74> + 0.09 86.32 + 12 882 + 14 | 512> + 2.04 49.7¢ + 183
POF 1.002 + 0.00 9322 + 12 1052 + 9 |485> + 173 443 + 2.52

(Samples: P = pea protein, PO = pea protein and rapeseed-oil, PF = pea protein and fibre, POF = pea protein,
rapeseed-oil and fibre)

*Different letters within a column denote significant differences between individual samples as found by one
factorial ANOVA followed by Tukey postHoc Test
Table Il 5 Data from frequency sweeps (slopes of logG’, logG” and log[n*| versus logw).

Sample dlogG’/dlogw dlogG”/dlogw dlog|n*|/dlogw

P 0.192a + 0.005 0.200a + 0.004 -0.810a £ 0.004
PO 0.1832b  + 0.002 0.1882» + 0.021 -0.817ab  + 0.003
PF 0.179p + 0.004 0.168v + 0.011 -0.823»  + 0.005
POF 0.163¢ + 0.005 0.155¢ + 0.008 -0.840c + 0.002

(Samples: P = pea protein, PO = pea protein and rapeseed-oil, PF = pea protein and fibre, POF = pea protein,
rapeseed-oil and fibre)

*Different letters within a column denote significant differences between individual samples as found by one
factorial ANOVA followed by Tukey postHoc Test

Results from frequency sweeps (Fig Il 4c, Table Il 5) were close to the behaviour of

true gels:

e (G’ showed values approximately four times larger than G” with some deviations
at high frequencies. This indicates gel characteristics throughout the sweep.

e (G’ and G” increased with slopes (dlogG’/dlogw and dlogG’/dlogw) of 0.15 (G”,
POF) to 0.2 (G” P), indicating a small frequency dependence of similar magnitude
for all samples despite a significant decrease with increasing supplementation.

e The slopes of dlog|n*|/dlogw were between -0.81 (P) and -0.84 (POF) Pas/Hz in
the double-logarithmic plot with significantly higher values in supplemented
samples. These were however still of similar magnitude to each other.

o The decrease in slopes of G’ and G” as well as the increase in slope of |n*| can
again be correlated to the relative protein content (R=-0.885, R=-0.983 and
R=-0.877 respectively)

Even though these values are close to those described for true gels, they do not quite
meet them. Despite the fairly low influence of frequency on G’ and G” they differ by less
than an order of magnitude and even though dlog|n*|/dlogw shows linear behaviour, its
slope distinctly differs from -1 and may be caused by the high protein content of the sam-
ples rather than by actual true gel properties. Liu & Tang, 2011 and C. H. Tang & Liu, 2013
reported similar slight but progressive increases of G’ with increasing frequency in gel-
like whey and soy protein emulsions and linked it to a non-covalently cross-linked gel-
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structure. They also concluded, that even though tan § was almost independent of fre-
quency its values of around 0.3 indicated weak (and predominantly viscous) gels.

Given, that acidified protein generally tends to form gels via non-covalent bonds, we
can assume, that despite the near true gel like behaviour in frequency sweeps, the gel
investigated in our study can generally be considered weak in nature as confirmed by
amplitude sweeps and large deformation rheology. The rheological behaviour of samples
containing oil is close to an emulsion-filled protein gel as the results show a clear domi-
nance of the protein-network (Dickinson, 2012) and the supplementation with fibre did
only marginally influence parameters in frequency and amplitude sweeps. We therefore
come to the conclusion, that supplementation with oil and/or fibre only had minor ef-
fects on the rheological properties of the samples which was consequently dominated by
the protein network.

II 4 Conclusions

In all investigated samples pea protein was able to form gels upon fermentation after
being heated to 60 °C (holding time 60 minutes). We assume a two-phase gelation pro-
cess comprising the association of pea protein units with high isoelectric points into a
linear and overall percolated network structure followed by condensation of aggregates
at the structure-surface at the subsequent fast pH-decline leading to an increased gel
strength. Supplementation with oil and/or fibre increased the maximum structuring ve-
locity of the developing protein-network due to an increase in the relative protein con-
centration. During refrigerated storage some structural rearrangements occurred,
mainly due to the formation of weak non-covalent links, which increased the viscous pro-
portions of the gel. Rheological tests showed mostly weak gel properties. The protein
network was the dominating structure, even though incorporated oil increased the elas-
tic proportion of the system. Added fibre significantly increased |G*| due to increased net
protein concentration and initial hooking and friction effects. Mostly, oil and fibre did not
show any synergistic effects if added in combination but their effects coexisted. There-
fore, pea protein was found to be a suitable alternative base for plant protein-based yo-
ghurt alternatives. Moreover, the attained gels could be further supplemented with nu-
tritionally valuable rapeseed oil and/or oat fibre, making them a promising approach for
nutritional strategies related to improvement of health and well-being in general and
healthy aging in particular. From a consumer’s point of view, sensorial shortcomings of
the pea protein yoghurt alternatives are the most important issue to be addressed in the
future. Besides this, it is worthwhile to further investigate the material scientific proper-
ties of the system concerning clarification of the types of interactions involved in forming
fermented pea protein gel systems and their respective contributions to the network.
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Abstract

In the light of changing nutritional trends and recommendations, yoghurt style gels
from plant proteins are a promising way to incorporate relevant amounts of plant de-
rived proteins into the diet. However, in order to attain a high level of consumer ac-
ceptance, a thorough understanding of rheological behaviour, involved protein fractions
and relevant interactions is mandatory in order to later be able to customise properties
of fermentation induced gels. Therefore, the aim of this study was to first characterise
the type of dominating interactions within the gel network and the protein fractions in-
volved followed by determination of the rheological properties of gels made from pea
protein and pea protein hydrolysates. Results showed that the protein-protein interac-
tions were mainly hydrophobic in nature and involved mostly the legumin fraction. A
smaller contribution could be ascribed to electrostatic interactions between vicilin and
the basic legumin-f chain, thus incorporating some vicilin into the gel. The interaction
between vicilin and the basic legumin-f8 chain was influenced by modification of the mo-
lecular weight distribution via enzymatic hydrolysis. Especially hydrolysis with trypsin
led to an enhanced involvement of vicilin in the gel structure due to the increased avail-
ability of legumin-[3. The molecular weight distribution only had a minor impact on the
rheological properties of the fermentation induced pea protein gels leading to the con-
clusion that in rheology the type of interactions is more important, than the protein frac-
tions involved.

Keywords: pea protein, gelation, fermentation, enzymatic hydrolysis, acid-induced

III1 Introduction?

The consumption of plant proteins in northern and western Europe is steadily in-
creasing and the accompanying market is growing (European Commission, 2018). Rea-
sons for this vary from lifestyle choices to environmental and health issues. E.g. the sub-
stitution of animal derived proteins with those from plants was shown to prevent
chronic degenerative diseases (Krajcovicova-Kudlackova et al., 2005) and pulses can be
cultivated as catch crop, leading to environmental side benefits.

Some of the most popular vehicle foods associated with a high protein content are
yoghurts and yoghurt-type products (Banovic et al, 2018). From a physicochemical
point of view, yoghurt and yoghurt-type products are classified as protein gels. Gelation
of proteins in general is achieved either by heat denaturation of proteins or by acidifica-
tion for example via fermentation with lactic acid bacteria, as is the case in yoghurt and
yoghurt-type products. Moreover, acid-induced gelation requires a heating step prior to
acidification in order to unfold and partially denature the protein-molecules with for-
mation of aggregates and soluble complexes due to the exposure of more hydrophobic
amino acids (e.g. Ringgenberg et al.,, 2013). Subsequently, the gradual decrease of pH re-
sults in the neutralisation of the negatively charged amino acids, changes in the balance
between electrostatic repulsion and van der Waals interactions (Mezzenga & Fischer,

7 Parts of the introduction were written by G. Giménez-Ribes as part of his internship report and transferred
directly into this manuscript. This concerns some of the section on acid induced gelation and some of the sec-
tion on the influence of enzymatic hydrolysis on gelation properties
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2013) and favours interaction through hydrophobic forces (Guo & Ono, 2006; Kohyama
etal., 1995).

It becomes obvious that gelation of protein is always based on protein - protein in-
teractions which might be non-covalent (such as hydrogen bonds, electrostatic attractive
forces and hydrophobic interactions), or covalent, like disulphide bonds. One approach
to determine dominating types of interactions are gel solubility experiments. These ex-
periments are based on the cleavage of different bonds (e.g. disulphide bonds) and the
interference with different interactions (e.g. hydrophobic and electrostatic interactions)
via incubation of gels in different solvents (0’Kane et al., 2004c; Papalamprou et al., 2009;
Utsumi & Kinsella, 1985). Rheological measurements may be used to describe the struc-
turing process in time-sweep experiments and to indicate product behaviour during pro-
cessing and transport via frequency and amplitude sweep experiments. Especially Large
Amplitude Oscillatory Shear (LAOS) measurements can indicate product behaviour dur-
ing processes like mastication that are well outside the linear viscoelastic regime. Addi-
tionally, haptic sensorial properties can be derived from rheology (Akhtar et al., 2005;
Briickner-Githmann, Banovic, et al., 2019).

Regarding the gelation of pea protein, most publications focus on heat induced gela-
tion of isolated pea globular fractions (e.g. O’Kane et al., 2004c, 2004b) and/or pea
protein in general (e.g. Sun & Arntfield, 2010, 2012) and most commonly only the influ-
ence of the globular fractions is discussed. Globular pea protein fractions (legumin, vi-
cilin and convicilin) account for at least 60% of total protein (Gueguen & Barbot, 1988)
and their molecular properties have been subject to extensive research in the past (Ta-
ble Il 1). The gelation mechanism for heat induced pea protein gels is mainly ascribed
to hydrophobic interactions, hydrogen bonds and electrostatic interactions (e.g. O’Kane
etal,, 2004c; Sun & Arntfield, 2012). The relevant types of interactions may be influenced
by enzymatic hydrolysis of the protein and in turn influence rheological gel properties,
as - depending on the specificity of applied enzymes - the molecular weight decreases,
the amount of ionisable groups increases and previously buried hydrophobic groups be-
come exposed (Panyam & Kilara, 1996). Knowledge on customisation of rheological
properties (e.g. via enzymatic hydrolysis) can in turn be very useful when tailoring haptic
sensorial properties like texture or creaminess. So far the impact of hydrolysis on heat
induced gels was studied with varying results: gel strength increased for soy proteins
using Flavourzyme® or Alcalase® at a low degree of hydrolysis (Hrckova et al., 2009)
and oat protein gel strength was improved using Flavourzyme® or tryptic hydrolysis
(Nieto-Nieto et al., 2014). However, an impairment of gel formation for soy proteins us-
ing bromelain has also been observed (Lamsal et al., 2007). The only study investigating
the effect of enzymatic hydrolysis on glucono-6-lactone induced gelation of soy protein
found that the gels have a softer texture and more syneresis with increasing degree of
hydrolysis using subtilisin Carlsberg (Kuipers et al., 2005). To our knowledge, so far, the
effect of hydrolysis on fermentation induced plant protein gels has not been investigated.
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Table 11l 1 specific molecular parameters of pea globular proteins derived from literature

parameter

reference

sedimentation coeffi- 118

cient

quaternary structure hexameric
=
g= . (Croy etal., 1979; Croy,
g molecular weight mono- 60 kDa Gatehouse, Evans, et al., 1980)
80  mer
<

subunits acidic a-chain (40kDa)

basic $-chain (20 kDa) (Croy etal, 1979; C
. . . roy etal, ; Croy,
linked via disulphide Gatehouse, Evans, et al,, 1980)
bond

sedimentation coeffi- 7S

cient

quaternary structure trimeric
£ _ (Gatehouse etal,, 1981, 1982)
'S molecular weight mono- 50 kDa
> mer

subunits a+B, B+y, (Gatehouse etal., 1981, 1982,

Q, B: Y peptides via post- 1983; Lycett et al., 1983)
translational autolysis

quaternary structure tetrameric g%;og’)' Gatehouse, Tyler, etal,
£
S molecular weight mono- 71 kDa (Crévieuetal, 1997; Croy,
% mer Gatehouse, Tyler, et al., 1980)
S}

N-terminus Highly charged (Bown et al,, 1988)

Moreover, while in the area of fermentation induced plant protein gels in general
considerable amounts of research exist on soy protein (e.g. Cheng et al., 1990; Donkor et
al,, 2007; Ferragut et al.,, 2009; Karleskind et al., 1991; Yazici et al., 1997), other protein
sources such as oat (Briickner-Githmann, Banovic, et al.,, 2019), lupine (Hickisch et al,,
2016) and pea (Klost & Drusch, 2019b) have been less investigated so far but are be-
lieved to follow the general acid-induced gelation process outlined above. With regard
to pea proteins we previously described its ability to form fermentation induced self-
supporting gels and proposed a two-step gelation process that consists of the formation
of an overall percolated network structure followed by condensation of smaller aggre-
gates (Klost & Drusch, 2019b). However, there is no specific knowledge on the type and
ratios of interactions participating in the formation and stabilisation of these gels or on
the influence of hydrolysis on gel properties.
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Therefore, the focus of this study is to investigate protein fractions and relevant in-
teractions involved in fermentation induced gelation of pea protein. It was expected, that
enzymatic hydrolysis with different enzymes would change electrostatic and hydropho-
bic properties of pea protein, in turn influencing rheological gel properties giving indica-
tions for future customisation of haptic sensorial properties.

Il 2 Materials and methods

I12.1 Materials8

Pea protein concentrate (LOT-Nr.: 16041801) (78% protein) was obtained from IGV
(Institut fiir Getreideverarbeitung) GmbH, Nuthetal, Germany. Materials and chemicals
used for SDS-PAGE were purchased from BioRad Laboratories GmbH (Miinchen, Ger-
many), and all other chemicals were purchased from Carl Roth GmbH + Co.KG (Karls-
ruhe, Germany), Merck and Sigma Aldrich (Darmstadt, Germany). The lactic acid culture
(YoFlex®) was kindly provided by Chr. Hansen, Hoersholm, Denmark and contained S.
thermophilus and L. bulgaricus. The enzymes were kindly provided by Novozymes
(Bagsveerd, Denmark): Protamex® (Batch: PW2A1135), Alcalase® 2.4 L FG (Batch:
PLN05508), trypsin (Formea RTL 1200 BG, Batch: PF130006).

Il 2.2 Hydrolysis of pea protein®

Enzymes (trypsin, Protamex® and Alcalase®) with different specificities were cho-
sen to generate different peptide profiles. Slurries of pea protein concentrate in distilled
water were prepared considering the volume of NaOH needed for the pH stat method, so
that all samples had a 10% (w/w) protein concentration at the end of the hydrolysis. The
pH value of slurries was adjusted to pH 8 with 0.1 M NaOH before the start of hydrolysis.
Due to the buffering capacity of the proteins, the adjustment of the pH took around 30-
45 min, and was performed with constant agitation while heating the sample at 50 °C.
Hydrolysis was performed to a degree of hydrolysis (DH) 1 at pH 8 and 50°C using the
pH-stat method with an automated titrator (902 Titrando, Metrohm AG, Herisau, Swit-
zerland). The required amount of NaOH to reach DH 1 was calculated from:

_ DH-a-mp-h
~ Np-100%

(111 1)

where B is the volume of base consumption [mL], Ny is the molarity of the base [M],
a is the average degree of dissociation of the a-NH groups [-], hit is the total number of
peptide bonds in the substrate [meqv/g protein], and mp is the mass of protein used [g]
(Adler-Nissen, 1986). After the required volume of NaOH was added, hydrolysis was ter-
minated by quickly transferring the sample to a water bath at 80 °C for 30 min. During
this heating step, 5,3% saccharose was added to act as a supplement for the lactic acid

8 This paragraph was written by G. Giménez-Ribes as part of his internship report and transferred directly
into this manuscript.

9 Parts of this section were written by G. Giménez-Ribes as part of his internship report and transferred di-
rectly into this manuscript.
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bacteria later on. Subsequently the protein slurry was cooled down and homogenised
(Panda Plus, Niro Soavi, Germany) at 800 bar and 1 pass and directly processed for fer-
mentation without a freeze drying step. Additionally, hydrolysates without added sugar
were prepared following the same protocol. Those hydrolysates were not fermented but
freeze dried directly after homogenisation and stored at 4°C until further use.

11 2.3 SDS-PAGE of freeze-dried hydrolysates?

The molecular weight distribution of the freeze-dried hydrolysates was carried out
by SDS-PAGE on 12% Criterion™ TGX™ Gel with 26 wells (BioRad Laboratories GmbH,
Miinchen, Germany). Running of the gels was done according to the BioRad Bulletin
#4110001. 10 pL of sample (0.1% protein in sample buffer, reducing conditions (Biorad
2xLaemmli sample buffer, Cat# 161-0737) with added dithiothreitol (DTT)) were ap-
plied to the gel alongside lanes of the molecular weight marker (PageRuler™ Prestained
Protein Ladder, Cat# 26616, ThermoScientific). Running buffer was Biorad 10xTris/Gly-
cine/SDS (Cat# 161-0732). The gels were photographed, and the bands were trans-
formed to peaks using the inverted intensity of the green channel generated via graphics
- RGB profile plot plugin (open source software Image] 1.52d (Schneider et al., 2012)).
Bands were appointed to individual protein fractions by estimating their position in re-
lation to the molecular weight marker and reference values from literature.

111 2.4 Fermentation

The fermentation of the samples was performed at 43 °C for 18 h using a thermo-
philic yoghurt culture (YoFlex®). This culture was added to the homogenised pea pro-
tein slurry and subsequently filled into disposable rheology beaker for the concentric
cylinder system CC27 (Cat No 3716, Anton Paar, Graz, Austria) and 10 ml centrifuge
tubes for fermentation. After the fermentation, the gels were stored for 24 h at 4 °C be-
fore performing the gel characterisation. Additionally, the fermentation process was
tracked in a rheometer using a concentric cylinder system (Physica UDS 200 and MCR
502, Anton Paar, Graz, Austria, Z3DIN (measuring bob radius = 12.5 mm, measuring cup
radius = 13.56 mm, gap length = 37.5 mm) and CC27 (measuring bob radius = 13.33 mm,
measuring cup radius = 14.46 mm, gap length = 40 mm) respectively, f = 1 Hz, yo = 0.1%)
and via pH monitoring (Lab 865, blueline 14 electrode, SI Analytics, Xylem, USA). Storage
modulus G’ and loss factor tan § were used to compare the obtained gels at the end of
fermentation.

10 This paragraph was written by G. Giménez-Ribes as part of his internship report and transferred directly
into this manuscript
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Syneresis of fermentation induced pea protein gels!!

Samples of 10 g were introduced in three 12 mL centrifuge tubes and fermented un-
der the same conditions as explained above. After resting for 24 h at 4 °C the supernatant
was weight without a preceding centrifugation step. Syneresis was calculated as the
weight of liquid released, in relation to the total weight of sample in the tube.

Il12.5 Gelsolubility?

0.3 g of each gel without supernatant were weight and put into 2 mL Eppendorf caps.
1.5 mL of the following solutions were used as solvents: 0.5 M NacCl, 1.5% SDS, 0.1 M di-
thiothreitol (DTT), 20% propylene glycol (PG), distilled water. All the solutions were pre-
viously adjusted to pH 4.7 with 0.1 M HCl/NaCl. This method is based on gel solubility
experiments by O’Kane,et al., 2004b; Utsumi & Kinsella, 1985, with modifications. The
samples were left on an agitator with gentle agitation for 6h at room temperature. After
agitation, samples were centrifuged at 10,000 x g for 15 min at room temperature. The
protein content in the supernatant was quantified with the Dumas method and calcu-
lated as percent of the protein content of the undissolved gel. Additionally, the molecular
weight distribution in the supernatants was analysed by SDS-PAGE as described above.

Il 2.6 Rheological characterisation of fermentation induced pea protein gels!3

The frequency and amplitude sweeps of the pea protein hydrolysate gels were car-
ried out after resting the gels for 24 h at 4 °C using the Anton Paar MCR 502 with a con-
centric cylinder system (CC27, as described above). For both sweeps, storage modulus
G’ and loss modulus G” were measured and plotted in double logarithmic plots against
frequency and amplitude respectively. Additionally, the slope of G’ vs. frequency
(dlogG’/dlogf) was calculated from the double logarithmic plot of frequency sweeps. Fre-
quency sweeps were performed at 10 °C and an amplitude that was found to be within
the linear viscoelastic regime, yo = 0.1%, for frequency values from 0.01 to 10 Hz. For the
amplitude sweeps with SAOS and LAOS measurements oscillations were performed at
10°C, w =1 rad-stand yo=0.01% to 1010%. For further evaluation of the amplitude
sweeps, results were plotted in Lissajous plots (Ewoldt et al., 2008). Within the linear
viscoelastic regime, the shape of an elastic Lissajous plot (stress Tt vs deformation y) can
vary from a straight line for purely elastic materials, over an ellipse for viscoelastic ma-
terials to a circle for purely viscous materials, while the shape of the viscous Lissajous
plot (t vs. shear rate y) follows the opposite behaviour. Beyond the linear viscoelastic
regime, the shapes of the Lissajous plots become distorted. Numerical information can
be obtained from the stiffening (S-factor)- and thickening (T-factor) ratios defined by
Ewoldt et al., 2008:

G -G
s=—- M (111 2)
G'L

11,10 Some of these paragraphs were written by G. Giménez-Ribes as part of his internship report and trans-
ferred directly into this manuscript.

12 Most of this paragraph was written by G. Giménez-Ribes as part of his internship report and transferred
directly into this manuscript.
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where G’1. and G’v are the large strain elastic modulus (secant line) and minimum
strain elastic modulus (slope of the elastic Lissajous plot at zero strain), respectively.
And

'L —1'm

T
n'L

(111 3)

where the 1’L and the n’m are the large-rate dynamic viscosity (secant line) and the
minimum rate dynamic viscosity (slope of the viscous Lissajous plot at zero shear rate),
respectively.

Il 2.7  Statistic evaluation

Statistic evaluation was performed by one way ANOVA followed by Tukey postHoc
test (a = 0.05) for G’ and tan § at the end of fermentation. A two way ANOVA followed by
Tukey postHoc test was performed for statistical evaluation of gel solubility. Standard
deviation is given in tables and represented as error bars in figures. All statistical evalu-
ation was performed using OriginPro 9G software (OriginLab, Northhampton, USA).

III3 Results and Discussion

I 3.1 Molecular weight distribution4

Fig Il 1 shows the molecular weight distributions of the unhydrolyzed pea protein
and the three different hydrolysates. The unhydrolyzed protein displays the typical mo-
lecular weight profile of pea protein as can be derived from Table III 1. Despite showing
a molecular weight just above 70 kDa we associate the band marked “con” with con-
= e B e vicilin. This is in agreement with find-
unhydrolyzed J\ ings from (Adal et al.,, 2017). The pro-

JJL/\W \M\nl\'\j\_‘ nounced bands at ~50 kDa and ~30

kDa correspond to the monomer of vi-

Protamexts cilin and the o+ fraction of vicilin re-
spectively. Moreover, many of the

Aysuajut pueq

<
¢
=Is =

trypsin /\\ v AN A fractions between 25 and 20 kDa and
T below 19 kDa may also be various
Alcalase® /J/\ smaller vicilin fragments including
= the B+y fraction and individual «, 8

PageRuler™ .:': P and vy fractions, as vicilin is prone to
S P A A T mlwsr  post  translational  proteolysis

weight [kDa]
Gatehouse et al., 1982). The third
Fig Ill 1 pea protein hydrolysates obtained by enzymatic hy- ( )

drolysis with Protamex®, trypsin and Alcalase® determined by ~ ain pea globulin is legumin, which in
SDS-PAGE under reducing conditions. SDS-PAGE under reducing conditions

(con = convicilin, vic = vicilin, leg = legumin) appears as two peaks at 38 and

14 Some of this section was written by G. Giménez-Ribes as part of his internship report and transferred di-
rectly into this manuscript.
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40 kDa (acidic a-chain) and ~20 kDa (basic 3-chain). Application of different enzymes
let to different molecular weight patterns (Fig I1I 1). Hydrolysis with Protamex® mainly
degraded the larger vicilin fractions, and some of the convicilin as can be seen by the
decrease in the height of the corresponding peaks while the legumin fractions were al-
most unaffected. In contrast, trypsin cleaved mainly the legumin-a chain as well as the
vicilin o+f3 and the convicilin and generally led to a wider distribution of peptides includ-
ing a larger proportion of peptides < 17 kDa as can be seen from the more elevated base-
line. The pronounced degradation of legumin-a and convicilin can be ascribed to the
specificity of trypsin, that mainly cleaves at legumin-a and convicilin (Cheison et al,,
2010). In addition to being less accessible, legumin-f3 contains less arginine and lysine
than legumin-a (13 Arg and 9 Lys in legumin-f3 vs. 35 Arg and 13 Lys in legumin-a) as
counted from the UniProtKB database (Bateman et al., 2017), and convicilin contains a
highly charged N-terminus (Bown et al., 1988), making it also a favourable substrate for
trypsin. Both, hydrolysis with Protamex® and trypsin did not affect the legumin-3. Re-
sistance of the 12S-f fraction of oat protein was previously related to its burial at the
interior of the 12S protein structure (Nieto-Nieto et al,, 2014).

The third enzyme investigated in this study was Alcalase® (FigIIl 1). Alcalase®
cleaved nonspecifically (Doucet et al., 2003) and left only peptides smaller than 17 kDa.

111 3.2 Fermentation and syneresis

The gels made from unhydrolyzed protein can be considered as reference samples.
At the end of fermentation, the elastic modulus G’ was 5260 + 203 Pa, the value for
tan § = 0.15 + 0.01 clearly indicated a mainly elastic behaviour and syneresis after rest-
ing for 24 h was low (0.53 * 0.19%). Table III 2 shows storage modulus G’ and loss factor
tan § at the end of fermentation and syneresis after 24 h of gel storage for all samples. G’
decreased in the order unhydrolyzed, Protamex®, trypsin, Alcalase®. Despite being in
the same order of magnitude, G’ of the gels made from tryptic hydrolysate was signifi-
cantly lower than the storage moduli of gels from unhydrolyzed protein and Protamex®
hydrolysates. However, all three gels showed similar tan § indicating similar viscoelas-
ticity and can be described as weak gels (Sun & Arntfield, 2010).

Syneresis follows an opposite trend to G’ at the end of fermentation which in turn
may be related to the increasing content of smaller peptides in the respective hydroly-
sates. When considering the protein fractions present after hydrolysis (mainly legumin
in Protamex® hydrolysates and mainly vicilin in tryptic hydrolysates), our results are to
some extend contradictory to those found by Mession, Chihi, Sok, & Saurel, 2015, who
described higher values in G’ for acid-induced vicilin gels, than for pea protein or legumin
gels, with legumin reaching the lowest values. However, in our study protein concentra-
tion was much higher (10% vs. 3.5/4%), which may have led to different behaviour, as
Kohyama & Nishinari, 1993 described higher storage moduli for soy 11 S proteins than
soy 7 S proteins at protein concentrations above 5%. Similar results with higher G’ values
for 11S protein than 7S proteins were also found in heat induced soy protein gels
(Renkema et al., 2001).
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Table Il 2 Characteristics of gels prepared from pea protein and pea protein hydrolysates obtained by enzymatic
hydrolysis with Protamex®, trypsin and Alcalase®: storage modulus G’,end and loss factor tand,end (f = 1 Hz and
vo =0.1%) at the end of fermenation, syneresis of fully set of gels.

Sample G’ena [Pa] tan8end [-] syneresis [%]
no enzyme 52602 + 203 0.152 = 0.01 053 + 0.19
Protamex® 48602 * 455 0.162 + 0.01 281 + 0.27
trypsin 36500 + 711 0.15a = 0.01 5.64+#

Alcalase® *7¢ £ 004 0.34> + 0.09 1470 + 1.80

Values are mean of triplicate determination and the corresponding standard deviations.

#owing to insufficient data, this is the mean of a duplicate determination

Different letters represent significant differences (a=0.05) as determined by one way ANOVA followed by
Tukey postHoc test.

*despite tan 8<1, this sample was more like a thick protein dispersion than a gel and is therefore not con-
sidered in further rheology experiments.

In contrast to the first three gels, samples from Alcalase® showed very low values of
G’ (7 + 4 Pa) alongside significantly higher values of tan 6 (0.34 £+ 0.09). Similar values
were previously reported for acid-induced pea legumin gels below their least gelling con-
centration and were ascribed to coagulation rather than gelation (Mession et al., 2015).
Nieto-Nieto et al., 2014 found similar results for heat induced gelation of oat protein hyd-
rolysates, where Alcalase® hydrolysed protein was only able to gel at pH 9. Further-
more, in our study high syneresis (Table III 2) and visual assessment also supports the
assumption of coagulation and sedimentation instead of gelation. C. Wang & Damodaran,
1990 reported a minimum molecular weight of 23 kDa for globular proteins to be able
to gel at all, therefore at maximum molecular weight of 17 kDa gelation is unlikely. For
these reasons, we conclude, that Alcalase® hydrolysates were unable to form self-sup-
porting gels under the conditions of our study and therefore this hydrolysate was con-
sidered any further.

I11 3.3 Interactions and gel fractions

100 The following section covers the influ-
90 E‘::fa:(:;c‘i ence of different types of interactions on the
= 80 1 [muypsin § formation of fermentation induced pea pro-
5 77 g P tein gels. Additionally, those types of inter-
% “ . ) :‘ E actions may be influenced by the decrease in
f; jg é E % :5 individual protein fractions, the increase in
[ R -5 the number of ionisable groups and the in-
20 4 £ creased exposure of previously buried hy-

10 4 I I =z drophobic groups after hydrolysis.

0 . . .

H:0  20% 05M 01M v, In gel solubility experiments (FigIII 2),

wv =
92

PG NaCl  DTT aliquots of gels made from hydrolysed and

Fig Il 2 Gel solubility of gels prepared from pea

4 ‘ , unhydrolyzed pea protein were incubated in
protein and pea protein hydrolysates obtained by

enzymatic hydrolysis with Protamex® and trypsin in
different solvents. (H2O=dlistilled water, PG=pro-
pylene glycol, NaCl=sodium chloride, DTT= dithio-
threitol, SDS= sodium dodecyl! sulfate). Error bars
represent the standard deviations of triplicate de-
terminations.
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of its electrostatic interactions by reducing
the Debye double layer (Delahaije et al,,
2015). This will result in a decrease of the
attractive electrostatic interactions that
might be present between proteins. SDS
acts as an anionic surfactant, thus reducing
the amount of hydrophobic interactions
(O’Kane, 2004). DTT acts as a reducing
agent, disrupting the disulphide bonds that
might be present in the gels and PG acts by
enhancing the hydrogen bonds, and the
electrostatic interactions, but may decrease
the hydrophobic contributions (Utsumi &
Kinsella, 1985). There was no significant in-
fluence of the applied enzymes on gel solu-
bility. But, all gels incubated in SDS showed
a significantly increased gel solubility
(a=0.05) and incubation in NaCl increased
the gel solubility compared to incubation in
PG and DTT, while there was no significant
difference between the reference (H20) and
the gels incubated in PG, NaCl and DTT
(Fig III 2). Literature has described interac-
tion in heat set gels to be hydrophobic, elec-
trostatic and via hydrogen bonds (e.g.
O’Kane et al., 2004c; Sun & Arntfield, 2012).
In contrast, our results indicate interactions
in the fermentation induced gel network to
be mainly hydrophobic in nature regardless
of enzymatic treatment. This is not unex-
pected as the final pH-value of all gels is
close to the isoelectric point of the pea pro-
tein and therefore net charge is low.

In order to further investigate the con-
tributions of the different types of interac-
tions, and to look into the protein fractions
involved, SDS-PAGE of the supernatants
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Fig Ill 3 Molecular weight distribution of superna-
tants from gel solubility experiments in H20, NaCl
and SDS of gels from pea protein (a) and pea protein
hydrolysates obtained by enzymatic hydrolysis with
Protamex® (b) and trypsin (c) determined by SDS-
PAGE under reducing conditions. (con = convicilin,
vic = vicilin, leg = legumin)

was performed. From differences in molecular weight profiles, it can be deducted, which

protein fractions participate in the gel structure via which type of interactions.

No differences could be found between the molecular weight profiles in H,0, PG and
DTT (results for PG and DTT are therefore not shown), thus leading to the assumption,
that neither hydrogen- nor disulphide-bonds play a relevant role in the formation of the
gel structure. Concerning disulphide-bonds, this was expected, as acid-induced gels are

usually formed by non-covalent interactions (Grygorczyk & Corredig, 2013; Kohyama et
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al,, 1995). As aresult, Fig Il 3 only shows molecular weight profiles of supernatants from
gels incubated in H»0, NaCl and SDS.

Fig 11 3a shows the molecular weight profiles of the gel from unhydrolyzed protein.
In the bottom row, the soluble protein fraction in water is shown. The most apparent
difference between the water-soluble fractions of the gel (Fig III 3a) and the original mo-
lecular weight profile of the pea protein (Fig III 1) is the complete lack of legumin frac-
tions, which leads to the conclusion, that the legumin is a major contributor in building
the gel network. Moreover, the height of the 50 kDa vicilin peak is decreased and the
30 kDa vicilin peak is missing, implying that some vicilin participates in the gel network
as well. Similar dominance of legumin was previously described by Nieto-Nieto et al,,
2014 who found a large influence of oat 125 a-subunits on the heat induced gelation of
oat protein. The last apparent difference between the molecular weight profile of the
soluble fraction in water and that of the protein before fermentation is a very large in-
crease in peptides smaller than 17 kDa. Since these peptides are smaller than 23 kDa (C.
H. Wang & Damodaran, 1990) we conclude, that these peptides are too small to have a
relevant impact on the gelation properties. These findings are also in agreement with the
findings for the Alcalase® hydrolysates that showed no relevant gelation ability (Ta-
ble III 2) and only contained peptides smaller than 17 kDa (Fig I1I 1). Moreover, similar
behaviour was also reported for pepsin hydrolysates of oat protein, where only small
peptides remained after hydrolysis (Nieto-Nieto et al., 2014).

Fig III 3a shows the soluble protein fraction in NaCl solution. Here, both vicilin peaks
are clearly present again, with the 50 kDa fraction being very pronounced. It has been
previously described for soy, that upon heating the basic subunit of the 11S fraction and
the 7S fraction form a soluble complex via electrostatic interactions (Damodaran &
Kinsella, 1982; German et al., 1982). Moreover, similar results were found in the acidifi-
cation of soy milk, where the basic subunit of the 11S fraction together with the 3-subu-
nits of the 7S fraction were not part of the soluble fraction at pH-values below 5.9
(Ringgenberg et al.,, 2013). This is in full agreement with our results, where vicilin was
released upon disturbing the electrostatic interactions via charge screening upon addi-
tion of NaCl (Delahaije et al., 2015) and confirms the assumption, that electrostatic inter-
actions have a relevant contribution in network stabilisation by incorporating some of
the vicilin. Furthermore, this assumption is supported by a significantly lower solubility
in PG than in NaCl, as PG may enhance electrostatic interactions while NaCl interferes
with them. Finally, in SDS (Fig III 3a), all fractions seen in Fig Il 1 are present, with the
only difference being a larger fraction at molecular weights smaller than 17 kDa. This
increase in the number of smaller peptides again confirms the assumption, that these
fractions do no integrate in the gel, while some of the larger fractions remain undissolved
even in SDS (gel solubility 69.5+5.2%).

A slightly different picture arises, when considering the H,0 soluble fractions of gels
from Protamex® and tryptic hydrolysates (Fig III 3b and c): from these gels only frac-
tions smaller than 17 kDa were dissolved. In case of the Protamex® hydrolysate, this
may be due to the fact, that the 50 kDa vicilin fraction was already cleaved prior to fer-
mentation. Considering the tryptic hydrolysate, the interaction between legumin-f3 and
the vicilin would have been favoured by the increased accessibility of the legumin-f fol-
lowing the degradation of legumin-a by tryptic hydrolysis. These assumptions are
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mirrored in the NaCl soluble fractions (Fig Il 3b and c). The Protamex® hydrolysate
only showed a very small increase in fractions >17 kDa, as mainly vicilin (which is al-
ready degraded during hydrolysis) would be released under these conditions. On the
other hand, the NaCl soluble fraction of the trypsin hydrolysates showed a clear increase
in vicilin, as well as in legumin-f3 fractions, again due to the disruption of the electrostatic
interactions between the two. Due to the lack of legumin-a (that is usually bound to the
legumin-f via a disulphide bond), the legumin-f3 becomes dislodged from the gel more
easily.

Fig III 3b, shows the SDS soluble fractions of gel made from Protamex® hydrolysates.
In general, all fractions shown in Fig 1 can be recovered. However, as already observed
for the gel made from unhydrolyzed protein (FigIll 3a) the proportion of peptides
smaller than 17 kDa is also increased. This increase is more pronounced in gels from
Protamex® and tryptic hydrolysates (FigIII 3c) than in those from unhydrolyzed pro-
tein due to the development of small peptides during hydrolysis. In the Protamex® hy-
drolysates the absence of legumin-8 and the small peaks for legumin-a in the molecular
weight profile indicate, that due to lack of sufficient amounts of vicilin more insoluble
legumin-f3 complexes are formed (German et al., 1982). In the molecular weight profile
of the SDS soluble fraction of gels made from tryptic hydrolysates, fewer and less pro-
nounced peaks are visible, compared to the NaCl soluble fraction. This agrees with the
mechanism proposed for the interaction between legumin-[3 and vicilin, that is most pro-
nounced in tryptic hydrolysates and may not be disrupted by SDS. Despite the influence
of electrostatic interactions with regards to legumin-f - vicilin complexes, it needs to be
keptin mind, that the hydrophobic interactions still dominate all pea protein gels regard-
less of hydrolysis, and should therefore have the largest impact on the functional prop-
erties.

Il 3.4 Rheology of fermentation induced pea protein gels!>

After resting the gels for 24 h at 4 °C, more extensive rheological tests were per-
formed to characterise the gels beyond the structuring process and to account for rear-
rangements during cooling. To this purpose, frequency and amplitude sweeps were per-
formed. From frequency sweeps the slopes (dlogG’/dlogf) of G’ were calculated while
amplitude sweeps were used to investigate small and large amplitude rheological behav-
iour. The slopes (dlogG’/dlogf) of G’ from frequency sweeps (Fig Il 4a) were 0.13 which
is slightly lower, but still similar to results found in previous work (Klost & Drusch,
2019b) and can be ascribed to the high protein content of the gels. In amplitude sweeps
(Fig Il 4b), according to the classification made by Hyun, Kim, Ahn, & Lee, 2002, the
shape of G’ and G” over strain shows an overall strain thinning behaviour of the gels with
a decrease of G’ and G” from yo = 1%. The elastic Lissajous plots (shear stress t against
shear strain y) at this strain (Fig Il 5a) exhibit shapes close to an ellipse which is char-
acteristic for the linear viscoelastic regime.

15 Most of this section was written by G. Giménez-Ribes as part of his internship report and transferred di-
rectly into this manuscript.
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Fig Il 4 Storage modulus G” and loss modulus G” from Frequency- (a) and amplitude- (b) sweeps of fully set of
gels prepared from pea protein and pea protein hydrolysates obtained by enzymatic hydrolysis with Protamex®
and trypsin

As the amplitude increases, the ellipse starts to widen, as a result of G’ decreasing
faster than G”. Around yo = 10%, a crossover occurs between G’ and G” (Fig Il 4b) and
the Lissajous plots clearly deviate from an ellipse, indicating that the measured storage
and loss moduli are not representative of the mechanical response anymore due to the
presence of higher harmonics in the oscillation spectrum. As y, increases, the Lissajous
curves turn into a squared box shape. This is due to an initial elastic response within each
oscillation cycle, where the stress sharply increases, reaching a yield point after which
the gel starts to flow (nearly horizontal part). This is a typical shape for yield stress re-
sponse (Ewoldt et al., 2010). When the shear rate decreases to 0 as the maximum strain
is reached, interactions recover, and the same response is observed in the opposite di-
rection, resulting in the square shape. This box shape has been observed before in bulk
rheology of food products like tuna myofibrillar protein (Q. Liu et al,, 2014), debranched
waxy rice starch (Precha-Atsawanan et al.,, 2018) or waxy maize starch pastes (B. Wang
etal, 2012). The viscous Lissajous plots (Fig III 5b) obtained plotting the stress t against
the strain rate y also showed non-linear behaviour when vy is increased, resulting in an
S-shape as seen in previous studies (Domenech & Velankar, 2015; Precha-Atsawanan et
al,, 2018).

This behaviour was further quantified using the shear stiffening (S-Factor) and shear
thickening (T-Factor) ratios (Fig III 6). The S-Factor is close to 0 until yo = 1.6%, indicat-
ing that the tangent line at minimum and the secant line at maximum strain, have the
same slope. This is because in the linear viscoelastic regime, G’ = G'm = G’. (Ng et al., 2011)
as only the first harmonic contributes to the signal. Above yo = 1.6%, higher harmonics
start to appear in the oscillation pattern, and the S-factor deviates from 0. The increase
of the S-factor indicates intra cycle stiffening. This behaviour of intra cycle strain stiffen-
ing has been addressed before (Mermet-Guyennet et al., 2014), and should not be con-
fused with the shear thinning response seen above for the overall behaviour of the gels
(Fig III 4b).
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The strain stiffening is a result of G'w being lower than G’;, when the slope of the tan-
gent line at minimum strain is lower than the slope of the secant line at maximum strain.
A similar behaviour occurs for the T-Factor at yo = 1.6% with initial positive values due
to n'm < N1, but decreases below 0 at yo > 160%, indicating shear thinning of these gels,
as observed also in Fig III 5b with the S-shape of the curves. The absolute values reached
by the T-Factor are larger than the S-Factor, and therefore indicate that the gels exhibit
a softening/thinning behaviour (Precha-Atsawanan et al., 2018). After resting at 4 °C for
24 hours, all three gels showed similar G’ and G” values. This may be due to different
types of rearrangements in the different gels during resting, and to experimentally nec-
essary discarding of supernatants before further rheological measurements. As decrease
in G’ after fermentation was complementary to the increase in syneresis (Table III 2), the
discarding of the supernatants would have increased the protein concentration in the
remaining gels which may in turn have contributed to the alignment of G’ values. More-
over, all gels showed identical behaviour in all further rheological tests (Figs. III 4-6), in-
dicating a prevailing influence of the type of interactions over the influence of the protein
fractions involved.

III4 Conclusions

The results from this study show, that upon fermentation pea protein forms mainly
legumin-gels that are stabilised via hydrophobicinteractions. However, part of the vicilin
gets incorporated in the protein gels via electrostatic interactions with the legumin-f8
chain. This effect is promoted, if tryptic hydrolysis is applied to the protein prior to fer-
mentation, while hydrolysis with Protamex® inhibits this effect due to degradation of
vicilin. Peptides smaller than 17 kDa, were not incorporated into the gel network, thus
explaining the inability of Alcalase® hydrolysates to form a gel network.

Nevertheless, the stabilisation of the gel networks is dominated by hydrophobic in-
teractions, with no influence of the enzymatic treatment. This is reflected by the lack of
differences in rheological properties between gels from differently pre-treated protein.
The slopes (dlog G’/dlogf) of G’ from the frequency sweeps were 0.13 for all gels and can
be ascribed to the high protein content of the gels, while in amplitude sweeps, the shapes
of G’ and G” show an overall strain thinning behaviour. In large amplitude oscillatory
shear experiments between amplitudes of yo = 1.6% and yo = 160% all gels show intra
cycle strain stiffening behaviour while at amplitudes above yo, = 160% intra cycle shear
thinning prevails, indicating a softening/thinning behaviour.

This study helped to obtain a more thorough understanding of rheological behaviour,
involved protein fractions and relevant interactions in fermented pea protein gels and
therefore contributes to the development of strategies for the customisation of such gels
for use in pea protein-based yoghurt alternatives with a high consumer acceptance.
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Abstract

Yoghurt style gels are a promising way to increase the consumption of plant derived
proteins. However, reaching texture properties similar to those commonly known from
milk yoghurts while incorporating large amounts of plant-derived proteins, is a chal-
lenge that needs to be addressed to meet consumers expectations. Therefore, this study
aims to investigate the influence of pH conditions (pH 6.0 to pH 8.0) during pre-treat-
ment on the rheological properties of fermentation induced pea protein gels with a pro-
tein content of 10%. Results showed a strong correlation between the pH value during
pre-treatment and the protein solubility after pH readjustment to pH 8. Solubility was
highest if pea protein was pre-treated at pH 8.0 and lowest if it was pre-treated at pH 6.0.
Since only soluble aggregates are believed to participate in network formation, networks
formed by pea protein pre-treated at pH 6 were coarser, than those formed by pea pro-
tein pre-treated at pH 8 owing to a lower degree of crosslinking caused by less available
protein. Coarser networks and higher proportions of insoluble particles increased loss
of water and lowered the storage modulus G’ as well as the ability of the networks to
recover after intense shearing. In particular pre-treatment at pH values below 7.0 led to
gels with storage moduli of the same magnitude as those measured in commercial milk
derived yoghurts. Adjusting the pH value during pre-treatment of pea protein can there-
fore be considered a promising approach for the customisation of texture properties
while maintaining a constantly high protein content.

Keywords: pea protein, plant protein, rheology, fermentation, aggregation, pH value

IV1 Introduction

In the light of increasing life expectancy, it is inevitable to address the issue of age
related non-communicable diseases in a preventive manner (WHO, 2013). One approach
is to increase consumer awareness for a healthy lifestyle and a balanced nutrition and to
provide a range of corresponding foods. In this context, plant derived proteins have been
proposed to contribute to the prevention of chronic degenerative diseases
(Krajcovicova-Kudlackova et al., 2005). As a consequence, an adequate intake through
consumption of plant -based foods needs to be achieved. Plant protein-enriched bever-
ages and emulsion products cannot deliver the required amounts of plant derived pro-
tein for this purpose. In contrast, gels are dispersed systems more suitable for the incor-
poration of relevant amounts of plant derived protein. E. g. yoghurt has a high consumer
acceptance when it comes to protein-rich foods (Banovic et al., 2018), and yoghurt type
products from plant derived proteins allow for the incorporation of up to at least 10%
plant derived protein (Klost et al., 2020; Klost & Drusch, 2019b).

Plant-derived proteins (such as pea and soy) consist of hexameric 11S and trimeric
7S globular protein fractions. The general process of acid-induced gelation has been ex-
tensively described by a variety of authors and for proteins from various plants. It starts
with a heating step during which the protein undergoes heat induced structural rear-
rangements that lead to the formation of aggregates. When electrostatic repulsion is low-
ered during acidification, soluble aggregates form network structures by hydrophobic
interactions e. g. (Ringgenbergetal., 2013). However, during heat treatment — apart from
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the soluble aggregates required for gelation - insoluble aggregates may form. Whether
soluble or insoluble aggregates are formed depends on the sensitivity of the different
protein fractions to environmental factors like ionic strength, temperature and pH con-
ditions (Yamagishi et al, 1983). In this context, changes in pH conditions or ionic
strength may decrease the electrostatic repulsion between two particles (Cano-
Sarmiento et al., 2018) and consequently promote short range particle interactions
(Klemmer et al.,, 2012). Generally, differences in sensitivity towards environmental fac-
tors can lead to a variety of aggregates that are formed between different protein frac-
tions and/or different protein fraction subunits via disulphide or non-covalent bonds.
Due to lack of detailed studies on the aggregation behaviour of pea protein and vast sim-
ilarities between pea and soy proteins we refer to literature on soy protein as an indica-
tor for pea protein’s aggregation behaviour. Generally speaking, various 7S and 11S frac-
tions can form aggregates with other 7S or 11S fractions via various types of interactions.
A summary of soy protein fractions and types of interactions involved in those soluble
and insoluble aggregates is given in Table IV 1.

Table IV 1 types of aggregates formed upon heating of mixtures of soy 11S and 7S: types of interactions involved
in aggregate formation and composition of aggregates (corresponding pea proteins are: 11S = Legumin, 7Saa’
= Convicilin, 756 =2 Vicilin)

subunits involved interactions reference
soluble 7S aa’ disulphide bond (Yamagishi et al., 1983)
7S oo’ and 11S acidic ~ disulphide bond (Yamagishi et al., 1983)
7S B and 11S basic disulphide bond (Damodaran & Kinsella, 1982;
German et al.,, 1982)
7S o’ and 7S no disulphide bond (Yamagishi et al,, 1983)
7S B no disulphide bond (Yamagishi et al,, 1983)
7S B and 11S basic no disulphide bond (Petruccelli & Afién, 1995)
insoluble 11S acidic and basic disulphide bond (Yamagishi et al., 1983)
7S aa’ and 11S disulphide bond (Yamagishi et al., 1983)
acidic+basic
7S B no disulphide bond (Yamagishi et al,, 1983)
11S basic no disulphide bond (e.g. German et al., 1982)

Different ratios of soluble to insoluble aggregates may influence a protein’s ability to
form fermentation induced gels. While soluble aggregates are a prerequisite for the for-
mation of fermentation induced gels (e.g. Ringgenberg et al., 2013) insoluble aggregates
may act as inactive fillers and weaken an emerging gel matrix (Britten & Giroux, 2001).
Weakened gel matrices should in turn be reflected in rheological and texture parameters.
In two previous studies (Klost et al., 2020; Klost & Drusch, 2019b) with different objec-
tives — and therefore different environmental parameters such as pH, homogenisation
pressure, heating temperature and heating time during protein pre-treatment prior to
fermentation - we found relevant inter-study differences in rheological moduli G’ and
G”. While for the first study no specific pre-treatment - apart from heating - was per-
formed (Klost & Drusch, 2019b), we additionally applied enzymatic hydrolysis as a pre-
treatment before fermentation in the second study (Klost et al,, 2020). In preliminary
experiments from this study we tested different pH values (pH 7.0, 7.5 and 8.0) during
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hydrolysis for one of the applied enzymes (Protamex®) to determine its pH optimum
(unpublished data). Interestingly, we found significant differences between the storage
moduli G’ at the end of fermentation but no differences in the molecular weight distribu-
tion of the corresponding hydrolysates (Appendix, Fig A 9). G’ decreased from
5052 + 172 Pa (hydrolysis at pH 8.0) to 1487 + 180 Pa (hydrolysis at pH 7.0). Putting
these values in line with the results from the first study (complex shear modulus
|G*| =452 + 27 Pa (corresponding to storage modulus G’ = 446 + 26 Pa)) where heating
was conducted at pH ~6.5 we suspect the influence of pH value during heat pre-treat-
ment to be the most important parameter for these inter-study differences. However,
this presumption needs to be confirmed in a systematic investigation.

Therefore, the focus of this study is to investigate the application of pH variation dur-
ing pre-treatment of pea protein to specifically customise the rheological properties of
subsequently produced yoghurt alternatives. To this regard, we propose the following
mechanism by which the pH value during pre-treatment (heating and homogenising) in-
fluences the aggregation behaviour of pea protein: at a pH that leads to reduced electro-
static repulsion close-range interactions lead to an increase in insoluble aggregates. A
higher proportion of insoluble aggregates will weaken the gel structure and will result
in less stable gels. With this in mind it should be possible to customise the rheological
properties of fermentation induced pea protein gels by targeted manipulation of envi-
ronmental parameters during a pre-treatment step prior to fermentation while main-
taining the protein content constant at 10%. Moreover, beyond the development of yo-
ghurt alternatives, customising the texture of fermentation induced pea-protein gels may
lead to a variety of new products such as spreads, cream fillings for bakery and confec-
tionary products, etc. in the future.

IV2 Materials and methods

Fig IV 1 gives a general overview over the experimental setup. In a first set of exper-
iments the difference in intrinsic fluorescence before and after heating, the {-potential
and the protein solubility, of the untreated protein were analysed in dependence of the
pH value to gain a deeper understanding of the unfolding behaviour during heating, the
electrostatic properties and the formation of insoluble aggregates respectively. Slurries
with a protein content of 10% were prepared from this raw material. In subsequent steps
the pH of the slurries was adjusted according to the experimental setup, the slurries were
heated and homogenised followed by pH readjustment to pH 8. Afterwards these pre-
treated slurries were either lyophilised for molecular weight analysis and further pro-
tein solubility tests, or fermented for subsequent rheological, microscopic and loss of
water characterisation.

IV2.1 Materials

Pea protein concentrate (LOT-Nr.: 16041801) with a protein content of 78% was ob-
tained from IGV (Institut fiir Getreideverarbeitung) GmbH, Nuthetal, Germany. The lactic
acid culture (YoFlex®; S. thermophilus and L. bulgaricus) was kindly provided by Chr.
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IV 2.3 Determination of intrinsic fluorescence of untreated pea protein

Intrinsic fluorescence measurements were carried out in order to determine differ-
ences in the unfolding behaviour of pea protein, when heated at different pH values. Pro-
tein solutions of 0.05% (w/w) protein in 0.01 M phosphate buffer were prepared at
pH 6.0, 6.5, 7.0, 7.5 and 8.0. Samples were measured in a Cary Eclipse Fluorescence Spec-
trophotometer (Agilent Technologies, Victoria, Australia) at an excitation wavelength of
290 nm and the emission wavelength was scanned between 300 and 400 nm. Emission
wavelengths were scanned before heating, followed by subsequent heating to 50 °C,
holding for 60 minutes, further heating to 80 °C, holding for 30 minutes and another scan
of the emission wavelength. All samples were prepared in triplicate. For evaluation the
wavelengths at maximum emission before and after heating were determined and the
red shift during heating was calculated as the difference between the two values.

IV 2.4  Solubility of pea protein

Protein solubility was measured before and after the pre-treatment process and be-
fore fermentation. More specific, the solubility of the raw material was measured at pH 6
to 8 with steps of 0.5, the solubility of pre-treated and freeze-dried samples was meas-
ured at the pH value during pre-treatment as well as at pH 8 representing the pH at the
start of fermentation. To this purpose, suspensions with a protein content of 5% were
prepared and the pH values were readjusted to the required value with 0.1 M/1 M NaOH
or 0.1 M/1 M HCI if necessary. Suspensions were then left to stir for 60 minutes. An ali-
quot of the suspensions was used to determine the total protein content and another
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aliquot was centrifuged at 10000xg for 15 minutes for the determination of the soluble
protein fraction. Protein contents were determined with a Dumatherm® (C. Gerhardt
GmbH&Co. KG, Konigswinter, Germany) at an oxygen flow rate of 100 mL/min and
0.8 mg oxygen/mg sample. Protein solubility was then calculated as

protein solubility= =2tbleprotein . 5 yo4 (IV1)

Ctotal protein

IV2.5  Pea protein pre-treatment, lyophilisation and fermentation

A protein slurry (10% protein (w/w)) was heated to 50 °C under constant stirring
and the pH value was adjusted to 6.0, 6.5, 7.0, 7.5 or 8.0 respectively with 1 M NaOH
and/or 1 M HCI. After a holding time of 60 minutes 3.75% (w/w) sugar was added to
slurries for fermentation, the temperature was increased to 80 °C and the sample was
held for further 30 minutes followed by cooling to approximately 40 °C in an ice bath.
Samples for lyophilisation were prepared without the addition of sugar. The cooled slur-
ries were pre-homogenised (Ultraturrax T25 basic, IKA, Germany, 30 s, 17500 rpm),
strained through a sieve and high pressure homogenised (Panda Plus, Niro Soavi, Ger-
many, 80 MPa, one run). To samples for fermentation, starter culture (YC-X11 Yo-Flex®,
Chr. Hansen, Hoersholm, Denmark) was added subsequently and the samples were filled
into centrifuge tubes for loss of water experiments, beaker for confocal laser scan mi-
croscopy (CLSM) and disposable rheology cups (Cat No 3716, Anton Paar, Graz, Austria)
for rheological tests. Samples were then fermented in a water-bath at 43 °C for 18 h. Af-
ter fermentation, the samples were stored at 4 °C for 24 hours before further investiga-
tion. Samples for lyophilisation were frozen in an ethanol bath after homogenisation fol-
lowed by lyophilisation. All samples were prepared in triplicate for fermentation and ly-
ophilisation. Additionally, one repetition of each sample was prepared for CLSM experi-
ments.

IV2.6 Molecular weight distribution of pre-treated and Iyophilised pea protein via SDS-
PAGE and size exclusion chromatography

SDS-PAGE on 12% Criterion™ TGX™ Gels (26 wells) (BioRad Laboratories GmbH,
Minchen, Germany) was used to characterise the molecular weight profiles of pre-
treated and lyophilised samples. Experiments were conducted according to the BioRad
Bulletin #4110001 under reducing and non-reducing conditions with Biorad
10xTris/Glycine/SDS (Cat# 161-0732) as running buffer. Sample concentration was
0.1% in sample buffer (Biorad 2xLaemmli sample buffer, Cat# 161-0737 with or without
addition of dithiothreitol) and 10 pL of the samples were applied to the gels alongside a
molecular weight marker (PageRuler™ Prestained Protein Ladder, Cat# 26616, Thermo-
Scientific). Evaluation of the gels was carried out via photography of the gels followed by
band identification via estimation of their position in relation to the marker in combina-
tion with reference values from literature and transformation to peaks for presentation
(open source software Image] 1.52d (Schneider et al., 2012)). Transformation to peaks
was done as mean of three gel lanes.
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Size exclusion chromatography (SEC) of lyophilised samples (0.1% (w/w) in 0.1 M
phosphate buffer, pH 8) was performed in triplicate on a Superdex 200 Increase 10/300
GL (GE healthcare GmbH, Solingen, Germany) column with 0.1 M phosphate buffer as
eluent (HPLC AKTAbasicTM 10 system, Amersham Biosciences, Uppsala, Sweden). De-
tection took place via an UV detector at 280 nm. Qualification of peaks was not possible,
but determination of the calibration area was performed by using the highest and lowest
calibration points from previous experiments.

IV 2.7  Confocal laser scan microscopy (CLSM) of fermentation induced pea protein gels

For CLSM, 20 pl rhodamine B solution (0.2% (w/w) in distilled water) per gram sam-
ple were added to the protein suspension before fermentation. CLSM was performed on
one set of fermented samples. The microscope was a Leica SP8 (Leica Microsystems
GmbH, Wetzlar, Germany) with a HC PL APO CS2 63x/1.20 water objective (pinhole at
airy unit 1 AU (111.5 pm)). Image resolution was 512x512 pixels. For GFP detection a
3% laser (552 nm) intensity was coupled with emission detection of 580 nm at a gain of
357. The number of required z-stacks was determined using the system optimised cal-
culation of z-stacks.

IV 2.8 Loss of water

The fermented samples in the centrifuge tubes were centrifuged (500 g, 20 °C,
10 minutes, Avanti J-E, Beckman Coulter GmbH, Krefeld, Germany) in a method adapted
from (Guzman-Gonzalez et al., 1999). Subsequently the supernatant was discarded and
the remaining sample was weight. Loss of water was calculated as:

mass, total-mass, pellet

loss of water = *100% (Iv2)

mass, total

IV2.9 Rheology

Determination of all rheological properties was carried out in triplicate on an MCR
502 (Anton Paar, Austria, concentric cylinder system CC 27 (measuring bob ra-
dius = 13.33 mm, measuring cup radius = 14.46 mm, gap length = 40 mm)). For time-
sweeps additional rheometers were used (Physica UDS and MCR 301, Anton Paar, Aus-
tria, concentric cylinder system Z 3 DIN (measuring bob radius = 12.5 mm, measuring
cup radius =13.56 mm, gap length=37.5mm) and CC27 (measuring bob ra-
dius = 13.33 mm, measuring cup radius = 14.46 mm, gap length = 40 mm) respectively).
Special care was taken, that replications of each sample were performed on at least two
different rheometers. Time sweeps were carried out during fermentation at 43 °C for
18 hours (f =1 Hz, y = 0.1%) in order to track the structuring process. G’ and tan 6 were
chosen as parameters for evaluation. Thixotropy tests were performed according to DIN
SPEC 91143-2, 2012: samples were oscillated (f=1 Hz, y = 0.1%) for 120 s followed by
shearing for 120 s at y = 200 s'! and oscillation for another 300 seconds. From these ex-
periments recovery of structure was calculated as:
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recovery= $nd .100%. (IV 3)
Start
Frequency sweeps were conducted at y = 0.1% and frequencies ranging from 10 Hz
to 0,01 Hz. For evaluation the slopes dlogG’ / dlogw from the double logarithmic plots
were determined and compared.

For the characterisation of non-linear deformation behaviour, amplitude-sweeps
were performed at f = 1 Hz and strain amplitude yo between 0.01% and 1000%. First of
all, the end of the linear viscoelastic regime was determined as the point, where G’ varies
more than 5% from the original value. Evaluation of the non-linear deformation was car-
ried out via Lissajous plots, stress decomposition and calculation of the stiffening ratio
(S-factor) and dissipation ratio ¢. In this context, information about both inter- and in-
tracycle behaviour can be derived from Lissajous plots and the interpretation of the elas-
tic stress curves can contribute to understanding changes within the network structure
by application of a model that links rupture of colloidal gels to the bond number between
individual particles in the gel network (e.g. Hsiao et al,, 2012; Park et al., 2015; Park &
Ahn, 2013) or the description of microcracks that occur prior to the complete rupture of
gels (Faber et al,, 2017). Consequently, perfectly elastic behaviour - represented by a
straight line in the intracycle strain y-elastic stress t’ diagram - is related to a rigid clus-
ter structure with high bond numbers (i.e. 4 to 6) in the gels (Park et al., 2015). At inter-
cycle strain amplitude yo above the linear viscoelastic regime, shear and strain amplitude
begin to interfere with the network structures. Depending on the applied model, this may
be reflected in the decrease of bonding numbers (e.g. Hsiao et al,, 2012; Park et al.,, 2015;
Park & Ahn, 2013) or the occurrence of microcracks (Faber et al., 2017). Both would re-
duce the size and volume fraction of rigid clusters which in turn leads to a reduction in
the load bearing network that would be capable of supporting elastic stress (Hsiao et al.,
2012). If such behaviour occurs, it is reflected in the onset of deviation of the curves from
a straight line. This deviation often leads to an inversed sigmoidal shape. This shape can
be interpreted as follows: the decline of the slope at small intracycle strain y indicates a
decrease in the ability to support elastic stress owing to the reduced size and volume
fraction of rigid clusters (Park et al.,, 2015) and therefore relates to overall intercycle
strain softening with increasing intercycle strain amplitude yo. The increase of the slope
at higher intracycle strain y can be related to the stretching of remaining rigid clusters
which in turn causes strong intracycle elasticity (Park et al., 2015) and indicates intracy-
cle stiffening. The calculation of S-factors reflects this intracycle behaviour onto the en-
tire range of intercycle strain amplitudes yo. S-factors were calculated according to
(Ewoldt et al., 2008):

5=51u (IV 4)
G',

where G’y is the large strain modulus (secant line of elastic Lissajous plot) and G’m is
the minimum strain modulus (slope of elastic Lissajous plots at zero). In this context an
S-factor S > 0 indicates intracycle strain stiffening, whereas S < 0 refers to intracycle
strain softening (Ewoldt et al.,, 2008). However, when evaluating S-factors the special
case of pseudoplastic and elastoviscoplastic materials needs to be considered. While in
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truly strain stiffening systems the overall stress will increase towards higher intracycle
strains y (elastic Lissajous plot) as shown by Park et al in their Fig 11 (Park et al., 2015)
and by Ewoldt et al in their Fig 10 (Ewoldt et al., 2010) and the S-factor may become
S > 1, in pseudoplastic and elastoviscoplastic materials the overall stress may approach
a perfectly rectangular shape in elastic Lissajous plots (Ewoldt et al., 2010) and the S-
factor will trend towards a maximum value of one. Especially in the latter case the elastic
stress curve will be horizontal at low intracycle strain y and its slope may increase to-
wards higher intracycle strain y. This leads to the S-factors trending towards one - and
therefore S > 0 - despite a strain softening overall rheology (Mermet-Guyennet et al.,
2015). This effect is owing to the mathematical definitions of the S-factor (Ewoldt et al,,
2010). More specifically, in this case the tangent modulus at minimum intracycle strain y
(Gm) approaches zero and therefore equation 2 reduces to

S-factor = - = 1 (Ewoldt etal, 2010) . (IV 4a)
L

In order to distinguish between true intracycle strain stiffening and a shift from pre-
dominantly elastic to mainly plastic behaviour it is therefore important, to consider the
S-factor in combination with the dissipation ratio ¢ (Ewoldt et al., 2010)

@=-Lp TG (IV5)

Eppp  4Tmax

where Ep is the dissipated energy per cycle and corresponds to the area enclosed by the
elastic Lissaous plot, Epp is the dissipated energy in the corresponding perfect plastic
system, Yo is the intercycle strain amplitude, G” is the loss modulus at that strain ampli-
tude and Tmax is the maximum shear stress in the considered oscillatory cycle. In this con-
text the dissipation ratio ¢ relates the dissipated energy in the sample to the dissipated
energy in a corresponding perfectly plastic material and consequently allows to catego-
rise rheological behaviour into elastic (¢ = 0) or plastic (¢ = 1) behaviour with a
known critical value (¢ = 1t/4) for Newtonian behaviour (Ewoldt et al., 2010).

All data was obtained and - except for the dissipation ratio ¢ - automatically calcu-
lated by RheoCompass™ Software (Anton Paar, Austria).

IV3 Results and discussion

IV 3.1 Protein characterisation

1V 3.1.1. Electrostatic interactions and unfolding properties of untreated pea protein

The C-potential reflects electrostatic interactions between individual protein mole-
cules and depends on the pH value of the surrounding medium. Results show, that the
absolute value of the C(-potential significantly decreased from |20.4| £ 0.5mV to
[11.7] + 1.0 mV with decreasing pH values during pre-treatment (Table IV 2) indicating
lower electrostatic repulsion at lower pH values.
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Table IV 2 {-potential and protein solubility before heating, protein solubility of heated, homogenised and lyophi-
lised protein at the original pH value and at pH 8 simulating the beginning of fermentation and red shift during
heating of the protein.

sample (-potential  Protein solubility Protein solubility ~ Protein solubility = red shift during heat-

before heating unheated samples heated samples heated samples at pH 8 ing [nm]
[mV] [%] [%] [%]
pH6.0 -11.72£1.0 20.821+ 0.4 17.522+ 0.9 37.6a3+ 1.1 10.09
pH 6.5 -14.2b+ 0.6 26.0b1+ 1.5 21.1ab2+ 0.3 40.0ab3x 2.1 7.73+ 4.0
pH7.0 -17.1¢+£0.8 35.2¢1+x 1.9 27.4b2+ 1.4 44.7ab3+ 3.1 83a 1.2
pH7.5 -19.94+0.8 63.941+ 0.1 40.3¢2+ 3.4 47.1b2+ 3.2 11.0ax 2.0
pH8.0 -20.4d+ 0.5 68.8¢1+ 1.2 57.2d2+ 4.0 57.2¢2+ 4.0 7.0a+ 3.6

Different letters represent significant differences (a=0.05) within columns, different superscript numbers represent sig-
nificant differences (a=0.05) within rows as derived from ANOVA followed by Tukey post-Hoc test.

(® value calculated from double determination due to equipment failure. Data point was excluded from ANOVA and post-
Hoc test.

However, it is generally accepted, that {-potentials above |30| mV are a prerequisite
for full electrostatic stabilisation. As a general rule, stability of hydrocolloid stabilised
oil-droplets with (-potentials below |15] mV cannot exclusively be explained by double-
layer repulsion (Dickinson, 2009) and (Piorkowski & McClements, 2014) recommend
(-potentials above |20| mV for long-term stability of electrostatically stabilised beverage
emulsions. We therefore need to assume, that electrostatic stabilisation is insufficient to
prevent flocculation at pH 6.0 and 6.5 and is inadequate to fully stabilise a protein dis-
persion at pH 7.0 and 7.5. In turn we can assume, that the chosen pH-range is suitable to
produce samples with differently pronounced electrostatic repulsion, which may in turn
lead to differences in aggregation. While the degree of electrostatic repulsion determines
how close individual particles may get to each other, the aggregation itself may take place
via further non-covalent interactions and via disulphide-bonds. The ability to form these
types of interactions and bonds in turn strongly depends on the accessibility of relevant
protein side chains and therefore on the protein unfolding. Protein unfolding can be de-
termined via intrinsic fluorescence measurements. Generally, a red shift i.e. an increase
in the wavelength at emission maximum represents the unfolding of a protein as indi-
cated by the decrease in the interactions of tryptophan residues with quenching groups
and thus an increase in its exposure to the solvent (Cairoli et al., 1994). In our study the
red shift by 7 to 11 nm upon heating of protein solutions from 20 °C to 80 °C (Table IV 2)
was not significantly dependent on the pH value during pre-treatment. We therefore pro-
pose similar unfolding kinetics during heating in all samples. Consequently, the electro-
static repulsion - or lack thereof - must be the main influence factor on aggregation be-
haviour.

1V 3.1.2. Protein solubility of untreated, pre-treated and pH readjusted pea protein
Solubility experiments were carried out at three conditions. First of all, solubility of

the untreated samples was measured after pH adjustment to pH 6.0, 6.5, 7.0, 7.5 and 8.0

to characterise the individual influence of pH. In a subsequent step the pre-treated, ly-

ophilised samples were re-dispersed at the pH value of their respective pre-treatment to
characterise the additional impact of heating and homogenisation under those pH con-
ditions. Last but not least solubility of the lyophilised samples re-dispersed at pH 8.0 was
measured to differentiate irreversible loss of solubility from reversible loss and to simu-
late conditions at the beginning of fermentation.
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Table 1V 3 correlation matrix for results that showed significant differences in Tables IV 2 & IV 4

Solubility  Solubility

pH at heating (unheated) (heated,pH 8) Glena G'24n recovery  loss of water {-potential
[] (%] [9%] [Pa] [Pa] [%] [%] [mV]
pH at heating [-] 1.000
solubilityunheatea [%] ~ 0.959*** 1.000
solubilitypns [%] 0.885%** 0.842**  1.000
G'end [Pa] 0.962%** 0.971%*  0.892*** 1.000
G'24h [Pa] 0.932%** 0.942%*  0.910*** 0.981***  1.000
recovery [%] 0.911%* 0.873**  0.771%** 0.871***  0.860***  1.000
loss of water [%] -0.718*** -0.602**  -0.576** -0.581**  -0.564**  -0.704*** 1.000
{-potential [mV] -0.966*** -0.939%%*  .(.834*** -0,913***  -0,891***  -0,925%** 0,746***  1.000

1rst Peak area (SDS)  0.891*** 0.851%*  0.703*** 0.797***  0.730***  0.852*** -0.582** -0.884 ***

*a=0.1 **o=0.05 o =0.01

Solubility of the untreated protein showed a significant pH dependency (Table IV 2).
Solubility decreased with decreasing pH and correlated with the {-potential (R=-0,939,
Table IV 3). Similar behaviour has been extensively described for various plant derived
proteins (e.g. Baracetal,, 2010) and can be ascribed to the formation of insoluble protein
aggregates due to decrease in electrostatic repulsion with decreasing pH value. In a sec-
ond step, the solubility of pre-treated, lyophilised samples at the pH-value of their re-
spective pre-treatment was measured. Compared to the untreated protein at respective
pH values, a further significant decrease of protein solubility (Table IV 2) was found, in-
dicating an additional influence of the pre-treatment process on protein solubility. Simi-
lar behaviour was previously reported for heating of soybeans (Nishinari et al., 2014).

Finally, from solubility experiments with lyophilised samples readjusted to simulate
the starting pH of fermentation (pH 8) we obtained the following information. First of all,
increasing the pH value increased the solubility compared to the values measured at the
pH of pre-treatment and secondly, we found a decrease of solubility compared to the
untreated sample at pH 8. The former can be ascribed to the presence of some pH re-
versible aggregates, that dissolve owing to the increased electrostatic repulsion upon in-
creasing the pH. At the same time, the latter indicates an increase of insoluble aggregates
caused by irreversible protein denaturation during the pre-treatment. This increase of
insoluble aggregates was most pronounced in samples pre-treated at pH 6.0 and led to
overall solubilities between 37.6 +1.1% (pre-treatment at pH 6.0) and 57.2 *+ 4.0% (pre-
treatment at pH 8.0, Table IV 2) with a correlation coefficient of R=0.885 (Table IV 3).
This indicates a shift in the proportions of soluble and insoluble fractions caused by the
pH-value during pre-treatment. Higher protein solubility can be ascribed to a higher
number of soluble aggregates and vice versa. More specific this means, that samples pre-
treated at lower pH values contain fewer soluble and more insoluble aggregates than
samples pre-treated at higher pH values. Since soluble aggregates are a prerequisite for
gelation while insoluble aggregates may act as inactive fillers (Britten & Giroux, 2001),
the differently pre-treated samples are expected to exhibit differences in gelation behav-
iour.

IV 3.1.3. Molecular weight distribution

SDS-PAGE is most suitable to investigate individual protein sub-fractions involved in
aggregation since samples lose their quaternary structure and any non-covalent protein-
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protein interactions during sample preparation. Moreover, if SDS-PAGE is performed un-
der reducing and non-reducing conditions, insights in the presence and constitution of
disulphide bound aggregates can be gained. However, SDS-PAGE does not distinguish
between soluble and insoluble aggregates. To this purpose SEC can be used to investigate
the undenatured protein molecules and the formation of soluble aggregates. Conse-
quently, applying both methods leads to a more detailed understanding of the aggrega-
tion behaviour of pea protein upon pre-treatment under different pH conditions and the
protein fractions involved. For both types of investigation, the lyophilised samples were
re-dispersed at the starting pH of fermentation (pH 8.0).

SDS-PAGE under reducing and non-reducing conditions (Fig IV 2a) shows all bands
typically expected in pea protein. In more detail, the major pea protein fractions are con-
vicilin at ~70 kDa (Crévieu et al,, 1997; Croy, Gatehouse, Tyler, et al., 1980; Swanson,
1990), legumin at ~60 kDa (Croy, Gatehouse, Evans, et al., 1980) and vicilin at ~50 kDa
(Gatehouse et al,, 1981, 1982, 1983). Moreover, legumin consists of an acidic a-chain
(MW~38-40 kDa) and a basic 3-chain (MW~20 kDa) (Croy et al., 1979; Croy, Gatehouse,
Evans, et al.,, 1980), that are connected via a disulphide-bond and appear as separate
bands on SDS-PAGE under reducing conditions. Vicilin on the other hand is prone to post-
translational autolysis which leads to various subunits of lower molecular weights
(Dziuba et al., 2014; Gatehouse et al., 1982).

a >170kDa  con e 71D b > 440 kDa <65kDa
7 b = T calibration
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Fig IV 2 SDS-PAGE under reducing and non-reducing conditions (a) and SEC (b) of pea protein heated at pH 6 to
8.

Generally, Fig IV 2a shows similar molecular weight profiles for all samples, inde-
pendent of pH value during pre-treatment. Besides the bands regularly associated with
pea protein, all samples contain two fractions of protein > 170 kDa. Out of these, the frac-
tion with lower molecular weight appears to remain unaffected by the pH value during
pre-treatment and shows no relevant differences between reducing and non-reducing
conditions. However, upon repetition of the experiment for a random sample with in-
creased SDS-content in the sample buffer (results not shown) this fraction was decreased
under reducing conditions, indicating aggregates held together by a mixture of disul-
phide bonds and strong, non-covalent interactions. The fraction with higher molecular
weight only occurs as a prominent peak under non-reducing conditions and corresponds
to fractions of the sample that did not migrate into the gel at these conditions. Since this
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peak is not present under reducing conditions, the previously retained aggregates must
have been formed via disulphide bonds. Disulphide bonds can stabilise both, soluble and
insoluble aggregates (Table IV 1). Taking the results from solubility experiments (higher
solubility at higher pH during pre-treatment) into account, the larger amount of retained
fraction at higher pH during pre-treatment indicates an increased contribution of soluble
disulphide bound aggregates.

Considering the aggregation behaviour known for soy where the 7S aa’ (correspond-
ing to pea convicilin) fraction forms soluble, disulphide bound aggregates with itself or
the acidic 11S (corresponding to the legumin-a subunit) fractions (Yamagishi et al,,
1983) (Table IV 1) these soluble aggregates may be constituted from the corresponding
pea protein fractions convicilin and legumin a. However, if legumin a subunits were in-
volved, leftover legumin-f3 subunits (~20 kDa) should appear under non-reducing con-
ditions. As this is not the case, we propose soluble disulphide bound aggregates to only
consist of the convicilin fraction. Moreover, given the small differences in convicilin peak
heights under reducing and non-reducing conditions, this type of aggregates is unlikely
to be exclusively responsible for the retained, disulphide bound fractions. We therefore
propose a mixture of soluble disulphide bound convicilin aggregates and various insolu-
ble disulphide bound aggregates consisting of legumin and convicilin (Yamagishi et al.,
1983) (Table IV 1).

In SEC (Fig IV 2b, blue line), the untreated pea protein included various fractions
within the calibration area while results from pre-treated samples only showed very
small fractions and fractions larger than 440 kDa. This indicates heat induced aggrega-
tion of legumin (~360 kDa (Croy et al., 1979)) vicilin (~150 kDa (Gatehouse et al., 1981))
and convicilin (280 kDa (Croy, Gatehouse, Tyler, et al., 1980)). Owing to the preliminary
filtration step in the method, aggregates detected in SEC can be considered soluble and
are therefore likely to consist of various combinations of vicilin, convicilin and convicilin
plus legumin  (Table IV 1). Fig IV 2b shows a decrease in these soluble aggregates with
decreasing pH value during pre-treatment as indicated by the decrease in peak size of
the peak at ~8 minutes, again supporting the conclusions drawn from protein solubility
experiments and SDS-PAGE.

In summary, the combined results from protein solubility experiments, SDS-PAGE
and SEC show a decrease in the number of disulphide-stabilised and soluble aggregates
with decreasing pH during pre-treatment. Insoluble aggregates that may be stabilised
via other types of interactions (especially hydrophobic ones) cannot be determined with
either method due to sample preparation.

IV 3.2 Gel characterisation

IV3.2.1. Kinetics of rheological parameters and pH value during fermentation

During fermentation, the pH value dropped from pH 8 to pH values around 4.8. Pre-
treatment at different pH values did not significantly influence the kinetics or final pH
value (Table IV 4, Fig A 10a Appendix). In contrast, storage moduli (G") at the end of fer-
mentation increased significantly with increasing pH values during pre-treatment (Ta-
ble IV 4 and Fig A 10b, Appendix) and show a strong correlation (R = 0.842, Table IV 3)
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to the protein solubility at the start of fermentation. Higher pH values during pre-treat-
ment led to an increased number of soluble aggregates which are a prerequisite for net-
work formation, while lower pH values led to an increased number of insoluble aggre-
gates that may act as inactive fillers (Britten & Giroux, 2001). Larger numbers of soluble
aggregates will lead to a higher degree of crosslinking and therefore to the formation of
denser network structures with higher storage and loss moduli. In contrast, a larger pro-
portion of insoluble aggregates reduces the number of soluble aggregates, which leads
to a lower degree of crosslinking. Insoluble aggregates may additionally disturb the net-
work formation by acting as inactive fillers. In combination, this leads to coarser network
structures with lower moduli.

Table IV 4 pH, storage modulus G’ and loss factor tan 6 at the end of fermentation, G’, recovery from thixotropy
test, slope dlogG’/dlogw from frequency sweeps and loss of water after 24 hours of gel storage.

sample pHend [-] G'ena [Pa] tan Send G'24n [Pa]
pH 6.0 4.752£0.10 1642+ 84 0.1672£0.006 5172+ 164
pH 6.5 4.772+0.03 2812+ 80 0.1582+0.015 4592+ 63
pH 7.0 4.792+0.08 1623b+ 97 0.1642+0.005 22753+ 238
pH 7.5 4.822+0.05 3665¢+320 0.1472+0.006 4712+ 678
pH 8.0 4.772£0.02 5488d+325 0.1532+0.003 7285¢+1565
sample recovery [%] dlogG‘/dlogw loss of water [%]
pH 6.0 14.1ax 2.0 0.11a£0.01 4.82+2.0

pH 6.5 21.3@® 0.142+£0.03 2.1

pH 7.0 28.7b+ 3.7 0.112+0.02 0.92+£0.3

pH 7.5 32.00+ 0.7 0.122+0.00 1.0v+0.3

pH 8.0 33.0+ 2.6 0.112+0.01 0.92+0.8

Different letters represent significant differences (a=0.05) as derived from ANOVA followed by Tukey post-Hoc test.
() value calculated from double determination due to equipment failure. Data point was excluded from ANOVA and post-
Hoc test.

The differences in absolute values of G’ and G” caused by different pre-treatments
did not affect the ratio between elastic and viscous proportions. Loss factor tan § was
similar for all samples (Table 4), indicating similar viscoelastic network-properties un-
der linear viscoelastic conditions at all pre-treatment conditions. If the viscoelastic net-
work properties of gels produced from the same raw material under the same gelation
conditions are similar while the absolute value of storage and loss modulus G’ and G”
varies, it is reasonable to assume a similar general gelation mechanism based on similar
types of interactions, where the main difference between samples is the number of avail-
able soluble aggregates and resulting degrees of crosslinking.

V322 Characterisation of pea protein gels after resting at 4 °C for 24 hours
This proposed gel structure with different degrees of crosslinking was further inves-
tigated by small and large amplitude rheology, loss of water and CLSM experiments.

Frequency sweeps are generally used as an indicator for time dependent defor-
mation of samples. In this context, short time behaviour is reflected by higher frequen-
cies, and long-term behaviour by lower frequencies. In our study - independent of pre-
treatment conditions - all samples showed a similar, low slope of log G’ over log w
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(Table IV 4 and Fig A 11) for the
investigated frequency range.
This is typical for gels and disper-
sions (Mezger, 2006). Further-
more, the values of ~0.12 were of
the same magnitude as in our pre-
vious work (Klost & Drusch,
2019b) and are in line with values
reported for milk yoghurts
(Hassan etal., 2003). Atlower fre-
quencies, the storage modulus ad-
ditionally indicates the degree of
crosslinking. The higher the mod-
ulus, the higher the degree of
crosslinking and vice versa

(Mezger, 2006). For our samples 20 B
this implies an increase in the de-
gree of crosslinking and network
density with increasing pH value
during pre-treatment. Moreover,
differences in network density
were also found in CLSM experi-
ments (FiglV 3). In gels made
from protein pre-treated at
pH 6.0 mainly large protein frag-

ments are apparent with Only a Fig IV 3 CLSM micrographs of fermentation induced pea
protein gels made from pea protein slurry pre-treated at

o i i pH 6.0 to 8.0. pH values during heating are noted in the
With increasing pH values during upper left-hand corner of the micrographs.

protein pre-treatment, the corre-
sponding gels become denser and the number of large particles decreases.

50 pm

coarse network-structure visible.

From thixotropy experiments we derive differences in the restructuring ability of the
gels (Table IV 4). The higher the pH during pre-treatment, the more pronounced was the
structure recovery. Values ranged from 14.1 + 2.0% at pH 6.0 to 33.0 + 2.6% at pH 8.0
with pH 7.0 to pH 8.0 showing significantly higher recovery than samples pre-treated at
pH 6.0. We ascribe these differences in structure recovery to the lower degree of cross-
linking in samples pre-treated at lower pH values. In gels with lower degrees of cross-
linking, the remaining network fragments are less likely to find a suitable counterpart
for restructuring after intense shearing. Owing to their inactive filler properties, insolu-
ble aggregates may additionally enhance this effect. In combination this leads to a de-
creased structure recovery. The results from thixotropy experiments correlate
(R=-0.704, Table IV 3) with the results from loss of water experiments. Moreover, in
loss of water experiments, samples made from protein pre-treated at pH 6.0 significantly
differed from samples pre-treated at pH values =7.0. This increased loss of water after
protein pre-treatment at low pH values is caused by larger pores in the coarser network
structure of the corresponding gels.
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Amplitude sweeps (Fig IV 4) were performed to characterise the non-viscoelastic be-
haviour of the gels. Outside the linear viscoelastic regime, the rheological behaviour can-
not exclusively be described by G’ and G” (Fig IV 4a, top row) as higher harmonics be-
come more relevant (Hyun et al,, 2011). Appropriate additional means to interpret the
transition from linear viscoelastic to non-linear viscoelastic behaviour as well as the non-
linear viscoelastic behaviour itself are Lissajous plots (Fig IV 4b), stress decomposition
(Fig IV 4c), dissipation ratio ¢ (Fig IV 4a, middle row) and the calculation of the stiffen-
ing ratio (S-factor) (Fig IV 4a, bottom row). Especially with regard to dissipation ratio ¢
and S-factor it needs to be kept in mind, that they describe the intracycle behaviour at a
fixed intercycle strain amplitude yo, rather than the overall intercycle behaviour. Lissa-
jous plots can be used to interpret the overall intercycle behaviour of gels as well as the
intracycle deviation from linear viscoelastic behaviour by analysing their rotational be-
haviour and overall shapes. From stress decomposition a closer insight into the changes
to elastic stress and more detailed knowledge on the intracycle stiffening/softening be-
haviour can be obtained. The calculation of S-factors reflects this intracycle behaviour
onto the entire range of intercycle strain amplitudes yo and the dissipation ratio ¢ can
be applied to distinguish intracycle strain stiffening behaviour from effects caused by the
transition from predominantly elastic to mainly plastic behaviour. Results for all inves-
tigated samples in our study are shown in Fig IV 4. Fig IV 4a shows the intercycle devel-
opment of storage modulus G’ and loss modulus G” (top row), alongside the projection
of intracycle parameters dissipation ratio ¢ and stiffening ratio (S-factor) on the entire
range of investigated intercycle strain amplitudes yo (middle and bottom row respec-
tively). Fig IV 4b uses Lissajous plots to show the total stress t over the intracycle strain y
for all samples at various intercycle strain amplitudes yo and Fig IV 4c shows the corre-
sponding elastic stress T’ over the intracycle strain y for all samples at various intercycle
strain amplitudes Y.

Analogous to observations in all other rheological tests, results from amplitude
sweeps showed similar curves of storage modulus G’ and loss modulus G” for all samples
(Fig IV 4a, top row). Between samples, these curves mainly differed in the absolute val-
ues of G’and G”. Linear viscoelastic regimes - calculated as intercycle strain amplitude yo
up to which G’ deviated no more than 5% from the value at the lowest intercycle strain
amplitude yo - extended to yo = 1% with no relevant influence of pH during pre-treat-
ment. The extend of the linear viscoelastic regime is further supported by results from
the dissipation ratio ¢ and S-factor, where constant values are remained up to intercycle
strain amplitudes yo between 1% and 2.5% (Fig IV 4a, second and third row). Beyond the
viscoelastic regime the overall intercycle rheological behaviour is strain softening. How-
ever, in order to take higher harmonics into account and to determine potential differ-
ences between samples it is worthwhile to also investigate the intracycle rheological be-
haviour by means of the parameters illustrated above.
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Fig IV 4 amplitude
sweeps of fermentation
induced pea protein
gels made from pea
protein pre-treated at
pH 6.0 to 8.0 at intercy-
cle strain amplitudes yo
between 0.1% and
1010% and a frequency
of 15 (a) top row:
storage and loss modu-
lus G" and G” over, yq,
(a) middle row: dissipa-
tion ratio ¢ over yq, (a)
bottom row: stiffening
ratio (S-factor) over yo,
(b): elastic Lissajous
plots, (c) elastic stress.
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At intercycle strain amplitudes yo within the linear-viscoelastic regime (yo < 1%,
marked “I” in Fig IV 4a to c) elastic Lissajous plots (Fig IV 4b I) have distinct elliptical
shapes and the elastic stress T’ assumes the shape of a straight line (Fig IV 4c ) as ex-
pected for linear viscoelastic behaviour. Moreover, no differences were observed be-
tween samples and the narrow shape of the Lissajous plots indicates predominantly elas-
tic properties. This corresponds to the tan § values, which are closer to zero than to one
(Table IV 4) and to dissipation ratios ¢ of approximately 0.2 (Fig IV 4a 1, middle row)
that indicate predominantly elastic behaviour.

Lissajous plots and elastic stress t’ at intercycle strain amplitudes 1% < yo < 6.3%
(Fig IV 4b and cII), begin to rotate clockwise with increasing intercycle strain ampli-
tude yo, which indicates a gradual overall intercycle softening of the material (Ng et al,,
2011) and reflects the overall behaviour seen in Fig IV 4a, top row. This behaviour is
likely to be caused by alignment of network segments within the flow field or loss of net-
work junctions that - similar to the effects observed in thixotropy tests — may lead to
network segments which are unable to rejoin the network (Hyun et al.,, 2011). Moreover,
in this range of intercycle strain amplitude y, the shape of the Lissajous plots begins to
get distorted from the elliptical shape, and elastic stress T’ starts to deviate from a
straight line showing a clear impact of higher harmonics. However, depending on the pH
value during pre-treatment, the distortion to the Lissajous plots is of different character
and magnitude. If samples were pre-treated at pH 6.0 or pH 6.5, the corresponding elas-
tic plots (Fig IV 4d, II) begin to rotate and distort from an elliptical shape sooner, but the
distortion appears to be gradual and fairly uniform. With increasing pH value during pre-
treatment, rotation starts at higher amplitudes, and - especially for samples pre-treated
atpH 7.5 and pH 8.0 - the distortion from elliptical shape starts more sudden (yo = 6.3%)
and leads to more pronounced changes in shape. Lissajous plots from samples pre-
treated at pH 7.0 show intermediate rotation and deformation behaviour. In addition,
the shapes of the Lissajous plots are widening thus increasing the enclosed area indicat-
ing an increasingly dissipative response (Ngetal., 2011).

This effect is further quantified in the dissipation ratio ¢ (FigIV 4a Il second row)
which starts to become dependent of the intercycle strain amplitude yo and begins to
increase, thus indicating a beginning shift from predominantly elastic behaviour towards
an increasing contribution of plastic properties (Ewoldt et al., 2010). The deviation in the
shape of Lissajous plots and the increase in dissipation ratio ¢ are accompanied by the
transition of elastic stress t’ curves from a straight line towards an inversed sigmoidal
shape. The decreased slope at low intracycle strain y indicates a beginning reduction of
size and volume fraction of rigid clusters (Park et al., 2015) and supports the beginning
shift from elastic to plastic properties, while the increasing slope at higher intracycle
strain y reflects the stretching of remaining clusters that cause intracycle stiffening (Park
etal., 2015). This is reflected in the increase of the S-factor (Fig IV 4a II, third row) which
- in this range of intercycle strain amplitudes vy is likely to be related to intracycle strain
stiffening since the dissipation ratio ¢ is still well within the elastic range and the net-
work structures only just began to be disrupted.

At intercycle strainyo yet another order of magnitude higher (10% <vyo<63%,
Fig IV 4b and c III) all shapes are distorted and show clear differences between samples.
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While Lissajous plots of samples pre-treated at pH 6.0 or pH 6.5 assume slightly bone
shaped profiles, pre-treatment at pH 8.0 leads to Lissajous plots that are nearly rectan-
gular shaped which implies an approximation towards perfect plastic behaviour
(Fig IV 4b and c III) (Ewoldt et al.,, 2010). Samples pre-treated at pH-values in between,
show in-between distortions. In this range of intercycle strain amplitude y, the clockwise
rotation also proceeds, as visible in Lissajous plots, and - more distinctly - in the elastic
stress (Fig IV 4b III). Consequently, the slopes at small intracycle strain y decrease fur-
ther, indicating a continued intercycle strain softening behaviour owing to further reduc-
tion of rigid clusters. Nevertheless, at large intracycle strain the slope of the elastic stress
still increases apparently indicating some remaining intracycle strain stiffening proper-
ties and therefore some residual elastic properties resulting in continuously positive
S-factors in FigIV 4alll (third row). Despite overall similarities of the elastic stress
curves, differences between samples become apparent in the considered range of inter-
cycle strain yo. While samples pre-treated at pH 6.0 and pH 6.5 showed more moderate
rotation and a less pronounced inversed sigmoidal shape, increased pH values during
pre-treatment led to an almost horizontal slope at low intracycle strain y which indicates
an almost complete loss of rigid structures. These observations are reflected in the de-
velopment of the dissipation ratio ¢ (FigIV 4alll, second row). While samples pre-
treated at pH 6.0 and pH 6.5 only reach values in the range of ¢ = 0.5 in the discussed
range of intracycle strain amplitudes yo (10% <y <63) pre-treatment at pH 7.5 or
pH 8.0 leads to ¢ > /4 and therefore - in agreement with the vastloss of rigid structures
deduced from elastic stress T’ and the shape of the Lissajous plots - the intracycle behav-
iour becomes predominantly plastic for these samples.

At the highest intercycle strain amplitudes yo distortion of the Lissajous plots pro-
ceeds even further (Fig IV 4b IV). In case of samples pre-treated at pH 6.0 and pH 6.5, the
increase in dissipated energy as indicated by the increase of the enclosed area in Lissa-
jous plots (Fig IV 4b 1V) is accompanied by a transition from intracycle strain stiffening
to intracycle strain softening behaviour as derived from the shift of elastic stress t’
curves from inversed sigmoidal to sigmoidal shape at the highest intercycle strains yo.
This shift is accompanied by a decrease of the S-factor below 0 and a second increase in
the curves of the dissipation ratio ¢. Despite the increase in dissipation ratio ¢ to final
values of 0.64 + 0.01 (pre-treatmentat pH 6.0) and 0.73 £ 0.07 (pre-treatment at pH 6.5),
these samples maintain a relevant proportion of elastic behaviour within the investi-
gated deformation range, since final values of the dissipation ratio ¢ remain below n/4
and the S-factors become negative. In contrast, for samples pre-treated at pH 7.0 to
pH 8.0 the shapes approach rectangles with slightly rounded tops and bottoms which are
similar to those described by (Ewoldt et al., 2010) for predominantly plastic systems.
The shift to predominantly plastic behaviour is further reflected in the dissipation ra-
tio @ thatreaches final values of 0.84 + 0.01, 0.88 = 0.00 and 0.89 *+ 0.00 for samples pre-
treated at pH 7.0, pH 7.5 and pH 8.0 respectively and S-factors that increase further and
approach final values of 0.66 * 0.06, 0.87 £ 0.09 and 0.96 £ 0.03 respectively. Since pos-
itive S-factors generally indicate strain stiffening behaviour but may also indicate a tran-
sition from elastic to plastic behaviour as explained in the materials and methods section
above, a closer investigation of the obtained S-factors is necessary. The curves of the S-
factor (Fig IV 4a, bottom row) show an indentation at the beginning of the considered
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amplitude range (100% < yo < 630%, section IV) followed by a second increase. This in-
dentation is most pronounced upon pre-treatment at pH 7.0 and decreases with increas-
ing pH during pre-treatment. While it is reasonable to assume that in analogy to the
curves of samples pre-treated at pH 6.0 and pH 6.5 the initial increase in these curves
can be related to intracycle strain stiffening effects, this second increase must not neces-
sarily be an indicator of continuing intracycle strain stiffening behaviour at the highest
intercycle strain amplitudes yo. In fact, this would be very unlikely based on the pre-
sented results for elastic stress at the corresponding intercycle strain amplitudes yo but
can rather be explained by the fact, that in this case the tangent modulus at minimum
intracycle strainy (Gum) becomes negligible and the S-factor consequently diverges to-
wards one as explained in the materials and methods section above for plastic behaviour
(Ewoldt et al,, 2010). Overall, these samples lost the majority of elastic properties while
samples pre-treated at pH 6.0 and pH 6.5 retained a higher proportion of elastic proper-
ties. This leads to the conclusion, that coarser network structures are less prone to a
complete transition towards plastic properties under the applied oscillatory strain con-
ditions owing to an increased structural flexibility.

The underlying effects and differences between rheological behaviour of the samples
outside the linear viscoelastic regime can best be related to their differences in network
densities. In summary, all samples show intercycle strain softening, as derived from the
clockwise rotation of the Lissajous plots (Ng et al., 2011) and elastic stress curves. For
samples pre-treated at pH 6.0 and pH 6.5, the rotation starts sooner, indicating a higher
flexibility of coarser networks to follow deformation, as a more flexible network is more
likely to orient in the flow field. Additionally, the higher flexibility leads to a more gradual
decrease in bond numbers and is reflected in transition from intracycle strain stiffening
towards intracycle strain softening at higher intercycle strain yo. Denser gels (i.e. sam-
ples pre-treated at pH 7.0 to 8.0) are able to resist intercycle strain softening slightly
longer, but - owing to their denser structures - have a higher degree of crosslinking and
are therefore more prone to small microcracks (Faber et al.,, 2017) and decreasing bond
numbers (Hsiao etal.,, 2012; Park et al,, 2015; Park & Ahn, 2013) in the gel network. This
in turn leads to the gradual disintegration of the gel and the transition from predomi-
nantly elastic properties to mainly plastic behaviour.

IV4 Conclusions

In summary our results show, that different pH values during pre-treatment of pea pro-
tein lead to different ratios between soluble and insoluble protein aggregates in the pro-
tein slurry before fermentation. These different ratios in turn are the determining factor,
when it comes to the degree of crosslinking during gelation and the content of inactive
fillers, that may disrupt the gel network structure and thus directly influence the rheo-
logical properties. It was found, that all gels showed frequency dependencies similar to
milk yoghurts. However, storage and loss moduli were at significantly different magni-
tudes if pre-treatment was carried out between pH 6.5 and pH 8.0, confirming different
degrees of crosslinking. Furthermore, the ability to recover network structures after in-
tense shearing decreased with decreasing pH values during pre-treatment. Large ampli-
tude oscillatory shear rheology indicated an overall intercycle strain softening behaviour
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and further confirmed differences in network densities. While denser networks started
to decompose into smaller clusters sooner and eventually changed from predominantly
elastic to mainly plastic behaviour, coarser networks displayed a higher flexibility to-
wards deformation. Adjusting the pH value during pre-treatment of pea protein prior to
fermentation induced gelation is therefore a valid tool for the customisation of the tex-
ture properties of pea protein-based yoghurt alternatives. With this knowledge in mind
- besides catering to consumers preferences concerning yoghurt alternatives - further
opportunities for the development of a wide range of fermented pea protein products
with different texture requirements such as bread spreads, confectionary fillings etc.
open up.
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General discussion

Characterisation of molecular and physico-chemical properties of pea
protein and pea protein hydrolysates

This section will discuss results from Manuscripts I, II, III, and IV with focus on the
influence of enzymatic hydrolysis, pH value and temperature on molecular and physico-
chemical properties like molecular weight distribution, hydrophobicity, surface electri-
cal properties (measured as (-potential) and protein solubility.

Generally, the molecular weight distribution followed a typical pea protein pattern
(convicilin at ~70-80 kDa (Adal et al., 2017; Croy, Gatehouse, Tyler, et al., 1980), legumin
at 60 KDa (Croy, Gatehouse, Evans, et al., 1980) (with legumin-a at 38 to 40 kDa and le-
gumin-f3 at 20 KDa under reducing conditions), Vicilin at 50 kDa and various smaller vi-
cilin fractions at 33 kDa, 19 kDa and <17 kDa (Gatehouse et al., 1982)) in SDS-PAGE un-
der reducing and non-reducing conditions, respectively (Manuscripts I, IIl and IV (Fig I
1a, Fig II1 1 and Fig IV 2a)). Upon enzymatic hydrolysis, molecular weight profiles devi-
ated from the original profile (Manuscripts I and III (Fig I 1a and Fig III 1)). In Manu-
script III hydrolysis with Protamex® only slightly decreased the major protein fractions
as described in literature for lentil protein (Garcia-Mora et al., 2015), while Alcalase®
cleaved all fractions and only left peptides smaller than 17 kDa (Fig III 1). More specifi-
cally, it could be shown that Protamex® mainly cleaved the larger vicilin fractions and
some of the convicilin, but had little effect on the legumin fractions (Fig III 1). Out of the
three enzymes used in this thesis, trypsin is best described in literature with regard to
specificity and cleavage Kkinetics in the individual pea protein fractions (Krause &
Schwenke, 1995; Plumb et al., 1989; Plumb & Lambert, 1990). Tryptic hydrolysis in Man-
uscripts I and III generally followed the cleavage behaviour described in this literature:
it mainly cleaved legumin-a, convicilin and the vicilin a+[ fragment (Manuscript I, Fig
III 1) or generated legumin-T while degrading almost all other fractions (Manuscript I,
Fig I 1a). While at first sight, the results from Manuscripts I and III appear inconsistent,
a second look shows they match quite well: in Manuscript I, SDS-PAGE was performed
under non-reducing conditions, and one main peak appeared at ~50 kDa after hydrolysis
(Fig I 1a). In combination with results from SEC (Fig I 1b), this peak was solely assigned
to legumin-T because of the observed molecular weight distribution in the chromato-
gram. However, results from Manuscript IV (Fig [V 2b) show clearly that in unhydrolysed
but heated samples, all native pea protein fractions disappear. This was ascribed to the
formation of aggregates during heating which, in turn, could not pass the filtration step
prior to SEC experiments. Therefore, retrospectively the absence of vicilin in the SEC
profile in Manuscript] does not necessarily indicate its complete cleavage, and the
50 kDa peak in the SDS-PAGE may contain both legumin-T and vicilin. Smaller differ-
ences in molecular weight profiles between Manuscripts I and I1l may be ascribed to dif-
ferent degrees of hydrolysis (DH 2 and DH 4 in Manuscript [ vs. DH 1 in Manuscript I1I),
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different pea protein (lab scale in Manuscript I vs. pilot scale in Manuscript III) and dif-
ferent sources of enzyme (trypsin from bovine pancreas in Manuscript I vs. microbial
trypsin in Manuscript III).

As expected, enzymatic hydrolysis of pea protein led to increased solubility (Manu-
script I, Fig I 2 and unpublished material from Manuscript III, Fig A 12 Appendix) espe-
cially at pH values close to pl = 4.8. In Manuscript I, the increase at pH 5 was 18% (DH 2)
and 29% (DH 4) respectively upon hydrolysis of lab scale produced pea protein concen-
trate with trypsin from bovine pancreas. The increase in Manuscript III was 17% (Pro-
tamex®, DH 1), 16% (microbial trypsin, DH 1) and 36% (Alcalase®, DH 1) respectively
upon hydrolysis of a pilot scale produced pea protein isolate. Even though the type of pea
protein, degree of hydrolysis and choice of enzyme or - in the case of trypsin - enzyme
origin varied between studies, a tendency towards a higher solubility increase upon gen-
eration of smaller peptides can be observed. More specifically, hydrolysis with Alcalase®
that only generated small peptides of molecular weight below 17 kDa (Manuscript III,
Fig III 1) yielded the highest increase in solubility (Fig A 12, Appendix), whereas both
trypsin at DH 1 and DH 2 and Protamex® at DH 1 which were found to only slightly de-
crease some of the major protein fractions (Manuscripts I and IlI, Fig I 1 and Fig III 1),
only increased the solubility by 16 to 18% (Fig I 2, Manuscript I and Fig A 12, Appendix).
If pea protein was hydrolysed to DH 4 by trypsin, a higher proportion of smaller peptides
was generated, which led to an increase in solubility by 29% (Manuscript I, Fig I 2), thus
confirming the proposed increase in solubility with decreasing molecular weight. The
increase in solubility can be explained with an increase in exposed charged (or chargea-
ble) groups, i.e. terminal carboxyl groups and amino groups of the emerging peptides
(Panyam & Kilara, 1996), as well as previously buried charged or polar side chains. These
peptides can be hydrated more easily and are therefore less likely to aggregate and pre-
cipitate. However, if very small peptides are generated e.g. owing to cleavage specificities
where peptide sizes are distributed very inhomogenously, as for example in tryptic hy-
drolysis, small hydrophobic peptides may also emerge especially from the hydrophobic
and predominantly basic -chain of legumin. These peptides will subsequently begin to
aggregate especially at neutral and basic pH values, where their respective net charges
are low and consequently cause a decrease in solubility at those pH values (Manuscript |,
Fig 1 2) (Barac etal,, 2011; Tsoukala et al., 2006; Tsumura et al., 2005).

Another factor that was found to influence the solubility of pea protein was the pH
value of the aqueous phase (Manuscript I, FigI 2, Manuscript 111, Fig A 12 (Appendix) and
Manuscript IV, Table IV 2). pH dependency of protein solubility is a well-known phenom-
enon that occurs for many proteins and is very pronounced in most plant-derived stor-
age proteins. It can be related to the shift in the ratio of protonated to dissociated car-
boxyl groups (COOH/COO-) and amino groups (NHz*/NH;) which will be influenced by
the changing concentration of H* and OH- ions in the solvent upon adjustment of pH
value. This shift in the ratio of protonated to dissociated groups can, in turn, be measured
e.g. as (-potential. (-potentials in Manuscript I (Fig I 3), Manuscript III (data not shown,
but presented in Fig A 13, Appendix) and Manuscript IV (Table IV 2) follow this general
concept. As extensively discussed in Manuscript IV, the heating of protein slurries at var-
ious pH values and therefore at various ratios of protonated to dissociated groups led to
different ratios between soluble and insoluble aggregates and therefore different
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solubilities (Table IV 2). In this context, the solubility could be correlated with the ¢-po-
tential at the respective pH values (R=-0.834, Table IV 3) and increased with increasing
|¢-potential| owing to a decrease in interactions between protein molecules upon in-
crease of electrostatic repulsion.

Additionally, from Manuscript I (Fig [ 3) and Manuscript III (Fig A 13, Appendix), the
pl can be derived as the pH value, where the {-potential becomes zero. For the pea pro-
tein this value is ~4.8. However, similar to effects previously described for hydrolysis of
soy protein (Ochiai et al,, 1982), both heating and hydrolysis led to a shift of the pl to-
wards lower pH values. This shift was lowest in unhydrolysed but heated protein and
increased with an increasing degree of hydrolysis (Manuscript I) and decreasing enzyme
specificity (Manuscript III). In both cases, it is likely that this is caused by aggregation
and the resulting development of insoluble aggregates. More specifically, upon heating
the protein began to unfold, and consequently exposed previously buried hydrophobic
patches which were measured as red shifts of 6 to 10 nm in intrinsic fluorescence meas-
urements in Manuscripts Il and IV respectively (Fig I 1a and Table IV 2). This increase
in exposed hydrophobic patches may in turn have promoted the interaction between ar-
eas of the protein that are less charged at the pH value of heating (pH 8 in Manuscripts I
and III). It is therefore very likely that predominantly areas of newly exposed legumin-f3
interacted, since the pl of legumin-f3 is between pH 8.4 and pH 8.8 (Krishna et al., 1979)
and therefore this region of the protein will carry only a weak net charge under the ap-
plied conditions. Enzymatic hydrolysis additionally enhanced this effect owing to pro-
motion of protein flexibility and therefore easier unfolding and the release of individual
peptides, some of which will also carry low net charges at the environmental condition.
Consequently, if more basic fractions are involved in the formation of aggregates, fewer
amino groups are available for protonation and the pl shifts towards lower pH values.

Elucidation and understanding of gelation kinetics and gel network
properties of pea protein and pea protein hydrolysates based on mo-
lecular interactions in bulk and at the oil-water interface.

This section will discuss results from Manuscripts [, II, III and VI with focus on gela-
tion kinetics and network properties in bulk and at the oil-water interface. For this pur-
pose, gelation behaviour, involved interactions and protein fractions were investigated
intensively for fermentation-induced bulk gels, and will be transferred to the interfacial
gelation behaviour further down.

As expected, pea protein was able to form viscoelastic network structures both in
bulk and at the interface (Manuscripts I, II, IIl and IV). The general acidification mecha-
nism in fermentation-induced gelation is based on the gradual release of lactic acid upon
microbial digestion of sucrose. Upon decrease of pH, the formation of a space-spanning
network is initiated and can be tracked with rheological time sweeps as extensively de-
scribed in Manuscript II. In brief, the loss factor tan § began to decrease and the complex
shear modulus |G*| increased (Fig Il 2, Manuscript II) shortly after the onset of pH de-
cline. The increase of |G*| began between pH 6.5 and 6.2 and therefore distinctly above
the isoelectric points of legumin (pH 4.8) and vicilin (pH 5.5) (Danielsson, 1950). A first
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maximum in structuring velocity d|G*|/dpH was found at pH 6.0 followed by a decline
and another steep increase between pH 5.5 and 4.8 where fermentation ended (FigII 2c,
Manuscript II). First of all, from the two maxima found in the maximum structuring ve-
locity d|G*|/dpH a two-step gelation process was deduced comprising the formation of
an overall percolating (i.e. porous, mesh-like) network followed by condensation of small
aggregates that further stabilise the primary network structure. This proposed gelation
behaviour was further supported by SEM where an overall percolating network was seen
at 300x magnification (Fig II 3a, Manuscript II) and the rough appearance of the struc-
ture surface at 3000x magnification (Fig I 3b, Manuscript II) indicates the condensation
of smaller aggregates. The onset of gelation distinctly above the pl can be ascribed to the
heterogeneity of pea protein. More specifically, owing to their pl above pH 8 (Krishna et
al,, 1979), at pH values below pH 8, the basic legumin-f8 chains carry a positive charge,
while most other fractions will be negatively charged, thus first interactions will begin to
occur between the legumin-f3 sections of legumin and other fractions even above the pl.
Literature on soy protein specifies these interactions to occur between the 11S basic
chain (corresponding to legumin-f3 in pea protein) and the (-subunits of the 7S protein
(corresponding to vicilin in pea protein) (Grygorczyk & Corredig, 2013).

Results from Manuscript III revealed these interactions to be mainly electrostatic in
nature as indicated by gel solubility experiments, where mainly legumin-f§ and vicilin
were released upon incubation of a gel sample in a 0.5 M NaCl solution (Fig III 3, Manu-
script III). Moreover, the smaller maximum in structuring velocity at this pH range
(~pH 6.0) compared to the larger effect at pH values between pH 5.5 and pH 4.8 (Fig Il
2, Manuscript II) is in agreement with the overall results from gel solubility experiments
(Fig 111 2, Manuscript III) where the overall influence of electrostatic interactions as de-
rived from the combination of effects seen by incubation in propylene glycol (PG) and
NaCl is small compared to that of hydrophobic effects. By inference, it can be additionally
deduced that the second, larger maximum in structuring velocity at pH values between
pH 5.5 and pH 4.8 described in Manuscript II (Fig II 2) should be related to the formation
of hydrophobic interactions that were found to be the predominant types of interactions
in Manuscript I1I (Fig Il 2). Owing to the close proximity of the discussed pH range to the
isoelectric points of legumin and vicilin (pH 4.8 and pH 5.5, respectively (Danielsson,
1950)), these hydrophobic interactions were most likely promoted by the low overall
net charge (as indicated by low {-potentials in Fig I 3 and Fig A 13) and the resulting lack
of electrostatic repulsion.

Results from Manuscript III further indicate that despite some incorporation of vi-
cilin via electrostatic interactions, the gel network is mainly constituted from legumin.
Considering the isoelectric points of legumin and vicilin in relation to the pH value at the
end of fermentation (pH 4.8 (pl legumin) and pH 5.5 (pl vicilin) (Danielsson, 1950) vs.
pH 4.7 to pH 4.8 (end of fermentation), Manuscripts Il and IV, Table II 3 and Table IV 4),
a possible explanation for the lower integration of vicilin via hydrophobic interactions
may be a remaining net charge on this fraction which allows for some electrostatic re-
pulsion. In summary, combining the results from Manuscripts Il and III, fermentation-
induced bulk gelation is likely to follow a mechanism of initial formation of a percolating
network structure via electrostatic interactions between legumin- 3 and vicilin. Upon fur-
ther decrease of pH, electrostatic repulsion decreases, thus promoting hydrophobic
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interactions that lead to the condensation of aggregates at the previously formed struc-
tures. These may initially involve the vicilin fraction, as the pronounced increase of struc-
turing velocity starts at the pl of this fraction. When the pH shifts further towards the pl
of legumin, more legumin fractions will be incorporated into the network, while some of
the vicilin may disconnect again.

The effects shown for fermentation-induced bulk gelation can be transferred to in-
terfacial network formation behaviour in emulsions despite differences in the pre-gela-
tion unfolding mechanism and the adjustment to selected pH values (pH 4, pH 5 and
pH 7) instead of a gradual pH decrease. The effect of changes in electrostatic repulsion
caused by pH-decrease during fermentation can be directly reflected on the pH depend-
ency of pea protein stabilised interfacial films made from unhydrolysed pea protein at
selected pH values (Manuscript I). In this context, in fermentation-induced bulk gelation
(Manuscripts I, II and IV) and interfacial gelation (ManuscriptI) of unhydrolysed pea
protein, the rheological parameters complex shear modulus |G*| (Manuscript II, Fig II 2),
storage modulus G’ (fermentation in Manuscripts III and IV, data not shown), complex
interfacial shear modulus |Gi*| and interfacial dilatational modulus |E*| (Manuscript|,
Fig I 6) respectively increase at pH values closer to pl. This suggests a gelation mecha-
nism based on similar types of interactions and involved protein fractions in bulk and at
the interface, i.e. some electrostatic interactions between legumin-f3 and vicilin at pH 7
and additional hydrophobic interactions involving legumin fractions at pH 4 and pH 5
around the pl of legumin (pH 4.8 (Danielsson, 1950)).

Upon tryptic hydrolysis the interfacial shear |Gi*| and dilatational |E*| moduli in-
creased, while the loss factor tan § decreased especially at pH 7, indicating overall
stronger, more elastic network structures. Additionally, the slopes from interfacial dila-
tational frequency sweeps decreased below 0.1, indicating mainly in-plane structural re-
arrangement upon dilatation and compression of the interface (Wan et al,, 2016). When
considering results from Manuscript III that extensively investigated the protein frac-
tions and types of interactions involved in fermentation-induced bulk networks along-
side the influence of enzymatic hydrolysis on the integration of individual protein frac-
tions into the gel network, the effects observed at the interface can be explained.

Results from Manuscript Il show electrostatic interactions between legumin-f§ and
vicilin, in particular, to be enhanced by tryptic hydrolysis owing to more exposed legu-
min-f. This effect may, in turn, be responsible for the increase in interfacial shear mod-
ulus |Gi*| and dilatational modulus |E*| observed at the interface after enzymatic hydrol-
ysis. Moreover, from Manuscript II], it is known that the increased interaction between
legumin-[3 and vicilin leads to a complete incorporation of all protein fractions into the
network structure, whereas vicilin was readily released from bulk gels formed from un-
hydrolysed pea protein (Fig Il 3a and c). Since the slopes of interfacial dilatational fre-
quency sweeps of tryptic pea protein hydrolysates decreased below 0.1, indicating
mainly in-plane structural rearrangements rather than desorption (Wan et al., 2016), an
effect similar to the incorporation of all major protein fractions into fermentation-in-
duced bulk gels in Manuscript III can also be assumed in interfacial gelation. More spe-
cifically, unhydrolysed protein forms an interfacial network that is mainly based on hy-
drophobic interactions within the legumin fraction and a smaller contribution of
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electrostatic interactions between legumin-3 and vicilin where at least parts of the vicilin
fractions (50 kDa and 30 kDa) remain unattached. This, in turn, leads to the observed
interchange with the bulk. Upon tryptic hydrolysis - owing to more accessible legumin-
[3 - this effect is vastly reduced by incorporation of vicilin into the network via electro-
static interactions with the legumin f3.

In summary, similar gelation behaviour can be ascribed to pea protein at the oil-wa-
ter interface and in fermentation-induced bulk gels. However, while the increased incor-
poration of vicilin via electrostatic interactions after tryptic hydrolysis had no relevant
effect on overall bulk network properties, it distinctly improved the interfacial gel prop-
erties by increasing the elastic proportion and the overall gel strength and inhibiting de-
sorption of protein from the interface into the bulk phase.

Application of the obtained knowledge on molecular, physico-chemical
and gelation properties of pea protein and pea protein hydrolysates
towards the modification of texture and nutritional characteristics of
fermentation-induced pea protein gels

The following section discusses the rheological behaviour of fully set, fermentation-
induced bulk gels with focus on their network structure in relation to protein concentra-
tion and enzymatic modification, and aims to utilise this knowledge towards strategies
for the customisation of texture properties and the fortification of gels with additional
nutritionally valuable supplements, such as rapeseed oil and oat fibre.

All fully set gels were subjected to a thorough rheological characterisation. Generally,
in all studies, the protein network was found to be the dominating structure in the fer-
mentation-induced bulk gels irrespective of fortification. Furthermore, a similar loss fac-
tor tan § was determined for all investigated samples in Manuscripts Il to [V (Table II 3,
Table III 2 and Table IV 4) independent of raw material, hydrolysis, differences in the
ratio of soluble and insoluble aggregates or fortification, thus indicating similar basic
network constitutions with regard to involved interactions and protein fractions. In rhe-
ological experiments, all studies yielded similar tendencies for the intercycle rheological
behaviour of fermentation-induced pea protein gels in amplitude and frequency sweeps.
Linear viscoelastic behaviour was found to occur up to deformations of approximately
Yo = 1% (Manuscripts Il to IV, Fig Il 4c, Fig 11 4b and Fig IV 4a) followed by overall strain
softening behaviour (Hyun et al., 2002). Double logarithmic slopes dlogG’/dw from fre-
quency sweeps were in the same range as values previously reported for milk yoghurts
(Hassan etal., 2003) and ranged from 0.2 to 0.1 (Manuscripts Il to [V, Table Il 5 and Table
IV 4). In combination with approximately parallel curves for G’ and G”, this indicates only
a slight dependency of storage and loss moduli G’ and G” on frequency. Generally, fre-
quency independence of storage and loss moduli G’ and G” indicates true gel properties.
However, this was unlikely to be the case for the investigated gels, as true gels are nor-
mally constituted from covalently bound components, but only hydrophobic and electro-
static interactions were found in Manuscript II1. Moreover, similar rheological behaviour
was previously described and categorised as weak gel behaviour for xanthan gel by Ross-
Murphy and Shatwell. More precisely, they distinguished the weak gel properties of their
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xanthan gels from strong gel behaviour via the extent of the linear viscoelastic regime. In
this context, linear visco-elastic regimes up to intercycle deformations of at least 25%
confirm strong gels, while weak gels usually begin to flow at intercycle strains below 5%
(Ross-Murphy & Shatwell, 1993) which is still an order of magnitude higher than the
results in this thesis and therefore confirms the weak gel nature of the investigated pea
protein gels.

While the overall rheological behaviour including the loss factor tan 6 was similar for
all samples, absolute values of complex shear modulus |G*| and storage and loss moduli
G’ and G” varied between the different Manuscripts as well as between individual sam-
ples in Manuscripts II and IV. In the introduction to Manuscript IV, the differences be-
tween the complex shear modulus |G*| of unfortified samples from Manuscript II (Table
I1 3) and storage modulus G’ of unhydrolysed samples from Manuscript III (Table III 2),
both at 10% protein content were initially ascribed to variations in the pH value during
the pre-treatment step before fermentation. Results from Manuscript [V subsequently
related this effect to pH dependent shifts in the ratios between newly generated soluble
and insoluble aggregates upon heating of pea protein slurries during the pre-treatment
step. Since only soluble aggregates are believed to contribute to network formation
(Ringgenberg et al,, 2013), the differences in storage modulus G’ between individual
samples in Manuscript IV could be correlated to the protein solubility after pre-treat-
ment prior to fermentation (R = 0.892) and are related to the concentration of available
protein. Additionally, insoluble aggregates may act as inactive fillers (Britten & Giroux,
2001) which do not interact with a protein network on a relevant scale, but may interfere
with it to a certain extent, thus further enhancing the formation of weaker network struc-
tures in samples with a higher ratio of insoluble to soluble aggregates. The differences in
storage moduli G’ between samples as influenced by the concentration of available pro-
tein were reflected in different degrees of network crosslinking as derived from G’ values
at low frequencies (Mezger, 2006) and led to different intracycle rheological behaviour
in large amplitude oscillatory shear experiments as extensively described in Manu-
script IV. Moreover, pre-treatment at pH below pH 7.0 generated rheological properties
similar to those of conventional milk yoghurts while maintaining an overall protein con-
tent of 10%. Thus, actively influencing the availability of protein for network formation
can be considered a suitable approach for texture customisation.

Manuscript Il investigated the impact of additional fortification with dietary fibre
and oil rich in unsaturated fatty acids. In particular, the addition of dietary fibre signifi-
cantly increased the complex shear modulus |G*| (Table II 3). Similar to the effect de-
scribed regarding the concentration of available protein in Manuscript IV, this was
mainly ascribed to the immobilisation of water by fibre and to the resulting increase in
relative protein concentration in the remaining aqueous phase. Additionally, mechanical
hooking and friction effects between individual fibres were found to have an impact at
the beginning of fermentation but were negligible in the final gels, where pea protein
provides the dominating network structure. Analogous with to the insoluble aggregates
in Manuscript IV, fibres also act as inactive fillers. In both studies, a decrease in recovery
properties after intense shearing indicates some structural impairments (Table II 4 and
Table IV 4) despite overall dominating similar network properties as derived from tan §
values. However, while in Manuscript IV the effect of decreased protein concentration
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and inactive fillers both weakened the network structures, the addition of dietary fibre
in Manuscript Il may not only enhance the complex shear modulus |G*| via immobilisa-
tion of water and subsequent increase in relative protein concentration, but may also
decrease network properties by mechanical interference. However, even if this were the
case, the overall effect of inactive filler properties was small compared to the effect of
increased relative protein concentration and the protein network was found to be the
overall dominating structure.

In contrast, fortification with rapeseed oil led to the incorporation of oil droplets into
the protein network matrix as derived from Fig Il 3d and the subsequent formation of
filled emulsion gels. As described in Manuscript [ and discussed above, the individual oil
droplets in these gels were stabilised by an interfacial pea protein network structure that
was of similar nature to the bulk network. Consequently, the emulsified oil droplets
could easily be integrated into the gel network by a combination of electrostatic interac-
tions between legumin-f3 and vicilin as well as by hydrophobic interactions that mainly
involve the legumin fraction as described above for the formation of individual interfa-
cial and bulk networks. Therefore, pea protein-based fermentation-induced bulk gels can
easily be fortified with oil rich in unsaturated fatty acids without requiring additional
emulsifiers or stabilisers.
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Results from this thesis confirmed a general potential for the utilisation of pea pro-
tein as a raw material for the development of nutritionally valuable plant-derived yo-
ghurt alternatives with a high protein content. Based on molecular and physico-chemical
properties of pea protein, structuring mechanisms in fermentation-induced gels - in-
cluding the types of interactions involved and the contribution of individual protein frac-
tions - were thoroughly investigated, understood and extensively described for the first
time. However, with every investigated research objective, further questions worth ad-
dressing arise. In this context, from a scientific point of view, further investigations into
bulk gelation properties of fermentation-induced pea protein gels should focus on the
determination of the fractal dimensions of those gels. Determination of fractal dimen-
sions allows for the distinction between the contribution of intrafloc versus interfloc in-
teractions in gel networks and therefore contributes to further advancing the general
understanding of fermentation-induced pea protein gels. Furthermore, determination of
fractal dimensions would be an interesting approach to gain even deeper insights into
the impact of protein pre-treatment under different conditions (as described in manu-
script IV) on the gel properties. More specifically, in gels made from pea protein pre-
treated at lower pH values, a prevalence of interfloc interactions would be expected as
indicated by the lower loss of elastic properties in these samples, while in gels prepared
from protein pre-treated at higher pH values, dominating intrafloc interactions may be
the cause of the almost complete loss of structure and the transition from predominantly
elastic to predominantly plastic behaviour.

Results from the examination of interfacial properties revealed similarities to fer-
mentation-induced bulk gels and therefore indicated the possibility to incorporate oil
rich in unsaturated fatty acids for nutritional fortification without the addition of further
emulsifiers or stabilisers. The similarities between interfacial and bulk gelation in this
thesis were derived from different experimental setups, albeit under similar conditions.
Therefore, future research should focus on the direct comparison of interfacial and bulk
gelation properties for proof of concept purposes. Experiments for this purpose should
focus on rheological behaviour including LAOS measurements and need to be carried out
under identical conditions for both systems. Obtaining such conditions for both systems
would require a very elaborate experimental design, as fermentation-induced bulk gela-
tion is based on the pH shift during the structuring process, which would need to be sim-
ulated at the oil-water interface. In this context, implementation of a glucono-6-lactone-
based model system could be an option despite the deviations in the acidification rate,
or alternatively, fermentation in the aqueous phase of the interfacial rheology can be
considered. However, in this case, interference of the microorganisms with the interface
need to be considered, or methods preventing such interference need to be developed.
Regardless of these obstacles, such investigations would be a necessary step to more
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elaborately determine similarities (and potential differences) in gelation behaviour of
pea protein in bulk and at the interface.

The third objective in this thesis was achieved by applying the obtained fundamental
knowledge on structuring behaviour to modify texture and nutritional properties to-
wards an increase in prospective consumer acceptance. In this context, it was possible
to incorporate dietary fibre and oil into the protein network structure and to determine
processing conditions under which texture properties close to those of conventional milk
yoghurts could be obtained. Variation of these conditions led to textures that can be uti-
lised as a basis suitable for the future development of alternative products such as
spreads or confectionary fillings. However, further investigations into the development
of such products will be needed if additional ingredients like e.g. fruit preparations, choc-
olate, nuts, spices, dried or fresh vegetables, salt or sugar are to be added. More specifi-
cally, depending on their physico-chemical properties, these ingredients are expected to
interact or interfere with the protein network, e.g. by formation of co-networks or in-
compatible structures, or by influencing environmental conditions like the pH value ow-
ing to buffering capacities or acidity of the ingredient itself. In this context, the formation
of incompatible structures may lead to phase separation, while changes in pH value can
influence the electrostatic properties of the protein and therefore impair the network
formation.

Beyond the important contribution of the results from this thesis to the prospective
development of pea protein-based yoghurt alternatives, further aspects well outside the
scope of his thesis need to be considered on the way to market maturity. In this context,
one of the key issues is the improvement of sensorial properties. More specifically, pea
protein has a distinct beany off-flavour that leads to products with low sensorial ac-
ceptance. Literature connects this off-flavour to different chemical compounds such as
bitterness-causing saponins, and volatiles such as alcohols, aldehydes and ketones
(Heng, 2005) that develop during lipidoxidation. Therefore, various approaches for the
improvement of the off-flavour - ranging from the interference with off-flavour-causing
mechanisms and the removal of off-flavour substances to masking of the flavour - are
described. However, so far none of these approaches has reached market maturity. More-
over, in most cases processes suitable to remove fat, lipoxygenases, saponins and volatile
compounds from the pea protein impair the techno-functionality of the protein as a side
effect. However, techno-functionality of commercially available pea protein is already
limited in most cases, owing to the industrial scale extraction process. Since the limited
techno-functionality of commercially available proteins must be considered as an addi-
tional major drawback on the way to market maturity of pea protein-based yoghurt al-
ternatives, a further decrease of techno-functionality owing to the removal of the off-
flavour must be avoided. Therefore, the acquisition of fundamental and detailed
knowledge on interactions between sensorially undesirable components and pea pro-
tein is a topic that should be thoroughly approached in order to subsequently deduce
customised processing parameters for a gentle removal of these components. At the
same time, processing conditions at an industrial scale should be reconsidered with the
preservation or improvement of techno-functionality in mind, in order to provide a fla-
vour neutral, highly functional raw material as the basis for pea protein-based yoghurt
alternatives and other pea protein-based products.
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Fig A 1 development of pH (a) over time during the fermentation process of samples containing protein only (a),
protein and oil (b), protein and fibre (c) and protein, oil and fibre (d). Development of the parameters (closed lines)
is shown alongside their first derivations (dashed lines).
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Fig A 2 development of complex shear modulus |G*| over time during the fermentation process of samples con-
taining protein only (a), protein and oil (b), protein and fibre (c) and protein, oil and fibre (d). Development of the
parameters (closed lines) is shown alongside their first derivations (dashed lines).

1000

|G*| [Pal]
d|G*|/dpH [Pa]
o

-1000
1000

=
L
©
&5
gg
=b
o
-1000

64 62 60 58 56 54 52 50 4.8
pH[-]

64 62 60 58 56 54 52 50 48
pH[]

Fig A 3 development of |G*| over pH during the fermentation process of samples containing protein only (a), pro-
tein and oil (b), protein and fibre (c) and protein, oil and fibre (d). Development of the parameters (closed lines) is
shown alongside their first derivations (dashed lines).
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Fig A 6 amplitude sweeps of fermented of samples containing protein only (a), protein and oil (b), protein and fibre
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Fig A 8 SEM images of samples containing oil and fibre at 300-fold (a) and 3000-fold (b) magnification.
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Fig A 9 molecular weight profile of pea protein (black) and pea protein hydrolysed with Protamex® under different
pH conditions (blue: pH 8.0, grey: pH 7.5, red: pH 7.0) and storage moduli of the corresponding fermentation in-
duced gels
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Fig A 10 pH-drop (a) and increase of G’ (b) during fermentation of pea protein preheated at different pH-values.
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Fig A 12 protein solubility of untreated, unhydrolysed pea protein and pea protein hydrolysed with different enzymes
(Protamex®, trypsin® and Alcalase®).
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Fig A 13 {-potential of untreated or unhydrolysed pea protein and pea protein hydrolysed with different enzymes
(Protamex®, trypsin® and Alcalase®).
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