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SUMMARY

Summary

Concerns about the environmental, ethical and health impact associated with especially large
quantities of meat consumption have fostered the development of plant-based analogues of meat
products, which has become a major trend in the food industry during the last years. Although
many meat analogue products are nowadays available in supermarket shelves, scientific
knowledge, especially of composite meat analogues, ingredient interaction, and texture
formation are still scarce. Processed meat products, such as sausages, usually consist of
comminuted fibrous meat particles, comminuted adipose tissue, resulting in fat particles and
solubilized myofibrillar meat proteins that are solubilized from the muscle meat by
comminution and the addition of salt. This salt-solubilized meat proteins have later the function
as binder. These three major components should therefore be mimicked to obtain meat analogue
products with similar texture and nutritional properties compared the original meat products.
Anisotropic structures that resemble the fibrous texture of meat can be formed with globular
plant proteins, such as soy protein, with processing techniques, such as extrusion or the shear
cell technology. To mimic the texture of animal fat tissue, which has in contrast to plain plant
fat elastic properties, an approach has recently been presented, where plant oil was emulsified
with plant proteins. The emulsion was subsequently cross-linked covalently with the enzyme
transglutaminase, leading to an emulsion-gel with similar texture properties as animal fat tissue.
To combine these two materials and hold them together in a matrix for plant-based meat
analogues, a binder is necessary. Binder materials for meat analogues have so far not been
studied systematically and knowledge on their properties and design is lacking. In commercial
products, methylcellulose or other hydrocolloids are often used as binder, however, consumer
acceptance of such ingredients is declining. Thus, the aim of this thesis was to investigate the
properties of plant protein gels as binders for meat analogues. The approach was based on the
hypothesis that plant protein suspensions will be mixed with comminuted extrudates and fat
mimetic particles and subsequently gelled to form a coherent matrix with similar texture
properties as meat products. Different gelling mechanisms, such as heat-, acid- and enzyme-

induction as well as drying were investigated.

In the first part of this thesis (Chapter Il), the ability of a soy protein gel to act as binder
between a layer of high-moisture extrudate and a fat mimetic was investigated. First, heat-
induced gelling properties of concentrated soy protein isolate (SPI) suspensions (10-16% SPI)

with various coagulants (CaSOas, CaClz, MgCl.), acid-forming glucono-s-lactone (GDL) and

12



SUMMARY

the enzyme transglutaminase (TG), inducing covalent cross-links, were studied. The results
showed that with TG, the gel hardness could be increased significantly. Thus, in the following
a heat-induced (85 °C) and a TG-induced SPI gel (14% w/w) were applied in different
quantities as binder between a layer of extrudate and fat mimetic. With a tensile test, the
maximum force and work of adhesion were analyzed. The results showed that the harder, TG-
induced SPI-gel resulted in distinctly higher binding strength. We therefore concluded that
covalent, isopeptide bonds probably result in improved binding strength that is likely to be

strong enough for further processing of meat product analogues, such as slicing.

While a TG-induced SPI-gel was shown to be a promising binder for meat product analogues
with neutral pH, the enzyme’s pH-optimum of 7 causes a challenge for the application in acidic
food products, such as fermented sausage analogues. Therefore, in (Chapter I11), a different
approach was used in which TG and slowly acidifying GDL were added at the same time, to
see if cross-linking of the proteins could be facilitated before the pH became too low. To that
purpose, TG and GDL were added separately or simultaneously to 10-15% SPI-suspensions.
Texture analysis showed that SPI gels, induced by a combination of GDL and TG, at pH 5-6,
were harder than gels induced only by the addition of GDL and as hard as gels induced by TG
at the optimum pH of 7. Decreased tan 6 values and confocal laser scanning microscopy images
indicated that protein cross-linking had taken place in combined gels. Taken together, the
results imply an initial covalent network formation induced by TG, while the slow acidification
by GDL leads to agglomeration of non-crosslinked proteins to the network, due to weakened
electrostatic repulsion. In summary, the combined addition of TG and of slowly acidifying GDL
leads to acidic gels with enhanced textural properties and therefore constituting a promising
option for the use as binder is acidic meat analogue products, such as fermented sausage

analogues.

In Chapter 1V, the previously studied SPI-gels were then applied as binder to hold together fat
mimetic particles and extruded proteins with a fibrous structure to resemble the structure of
classical dry-fermented sausages. GDL-induced and GDL+TG-induced SPI-gels were
compared and applied in different binder-to-extrudate ratios (30-70%). The sausage analogues
were processed similarly to traditional sausages by chopping, smoking, and drying and analyzed
in terms of composition, instrumental texture, and sensory analysis. The texture analysis
showed that with increasing binder content, the cohesiveness increased, while the hardness

decreased. This was confirmed in a sensory analysis. Beyond that, the addition of TG to the

13



SUMMARY

binder resulted in slightly increased hardness and cohesiveness but drying of the sausages had
a distinctly higher influence on increasing the hardness. From the results of the study, we
concluded that with a SPI-gel as binder, the structure is dominated by the extrudates at low
binder contents, resulting in high hardness but a lack of cohesiveness, while at higher binder
contents, the binder dominates the structure, leading to sufficient cohesiveness but decreased
hardness. A sufficient cohesiveness and hardness could not be achieved with a single
formulation using SPI-gels as binder, indicating that in addition to hardening by network

formation, adhesiveness might be another key requirement for a binder.

In Chapter V, hydrated gluten (gluten:water 2:1) was applied as a binder due to its known
adhesive and viscoelastic properties at different ratios of binder to extrudate (7.5 — 37.5% gluten
binder) in a similar sausage composition as in Chapter IV. Texture and sensory properties were
again analyzed. With gluten as binder, cohesiveness and springiness increased with increasing
binder content. The hardness was not influenced by the binder content but increased with
drying. The results of the sensory analysis correlated well except for hardness, where an
increase was perceived with increasing binder content. Furthermore, a decrease in dryness was
perceived with increasing binder content. The results of the study confirmed the hypothesis that
a high gel strength is necessary for binder and showed furthermore, that also adhesive properties

resulting in strong interaction between the binder and the to-be-bound particles are necessary.

Taken together, the results of this thesis have shown that plant protein suspensions are
principally suitable as binders for meat analogue products if they meet the key requirements of
(i) sufficient hardening from network formation, which might be induced e.g. by heating,
acidification, the addition of enzymes or a combination of those mechanisms and might
furthermore be enhanced by drying and (ii) adhesive properties to enable sufficient
cohesiveness between the binder and embedded particles, such as fibrous plant proteins and fat
mimetics. This thesis provides furthermore insights on formulation- and process-based

approaches to modulate the texture of meat analogue products.
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ZUSAMMENFASSUNG

Zusammenfassung

Diskussionen Uber die 6kologischen, ethischen und gesundheitlichen Auswirkungen, die mit
dem Verzehr besonders groRer Mengen an Fleisch verbunden sind, hat die Entwicklung von
Fleischersatzprodukten gefordert, die in den letzten Jahren zu einem bedeutsamen Trend in der
Lebensmittelindustrie geworden sind. Obwohl inzwischen viele Produkte in den
Supermarktregalen erhéltlich sind, liegen noch immer wenige wissenschaftliche Erkenntnisse
zu deren materialwissenschaftlichen Designkriterien vor, insbesondere hinsichtlich der
Zusammensetzung von  Fleischersatzprodukten, Wechselwirkungen zwischen den
Inhaltsstoffen und deren Auswirkung auf Textur und Sensorik. Verarbeitete Fleischerzeugnisse,
wie z. B. Wurstwaren, bestehen in der Regel aus zerkleinertem Fleisch, zerkleinertem
Fettgewebe und geldsten Fleischproteinen, die durch Zerkleinerung und die Zugabe von Salz
aus dem Muskelfleisch herausgelést werden und spéter als Binder dienen. Diese drei
Hauptbestandteile missen daher unter Verwendung alternativer, nicht-tierischer Stoffe
strukturell und technofunktionell analog konzipiert werden, um Fleischersatzprodukte mit
entsprechender ~ Textur und  den  urspringlichen  Fleischprodukte  &hnliche
ernahrungsphysiologischen Eigenschaften zu erhalten. Anisotrope Strukturen, die der faserigen
Textur von Fleisch ahneln, kdnnen mit globularen Pflanzenproteinen, wie z. B. Sojaproteinen,
verfahrenstechnisch durch Extrusion oder Scherzelltechnologie erzeugt werden. Um die Textur
von tierischem Fettgewebe zu imitieren, das im Gegensatz zu reinem Pflanzenfett elastische
Eigenschaften hat, wurde in einer friiheren Dissertation ein Ansatz entwickelt, bei dem eine
Emulsion aus pflanzlichem Ol und Pflanzenproteinen hergestellt wurde, die anschlieRend mit
dem Enzym Transglutaminase kovalent vernetzt wurden, was zu einem strukturierten
Lipidsystemen mit dhnlichen Textureigenschaften wie tierischem Fettgewebe fuhrte. Um diese
beiden Materialien zu verbinden und in einer Matrix zusammenzuhalten, ist jedoch ein Binder
erforderlich. Binder fur Fleischersatzprodukte wurden bislang noch nicht systematisch
untersucht und es gibt wenige Erkenntnisse Uber deren Konzeption und Funktionalitat. In
derzeit kommerziell erhaltlichen Produkten werden hé&ufig Methylcellulose oder andere
Hydrokolloide als Bindemittel verwendet. Deren Akzeptanz ist allerdings bei den Verbrauchern
stark riicklaufig. Aber auch die sensorischen Eigenschaften bedingen, Alternativen zu finden,
da diese Stoffe oft leicht adstringierend sind und Trockenheit beim Kauprozess im Gaumen
erzeugen konnen. Ziel dieser Dissertation war es daher, die Mdglichkeit der Nutzung von
Pflanzenproteingelen als alternative Binder fir Fleischersatzprodukte zu untersuchen. Dem lag
die Hypothese zugrunde, dass Pflanzenproteinsuspensionen mit zerkleinerten Extrudaten und

15



ZUSAMMENFASSUNG

strukturierten Lipidsystemen vermischt und anschlieBend geliert werden kdénnen, um eine
kohdrente Matrix mit ahnlichen Textureigenschaften wie Fleischprodukte zu bilden. Dazu
wurden verschiedene Gelbildungsmechanismen, wie Hitze-, Sure- und Enzyminduktion sowie

der Einfluss der Trocknung, untersucht.

Im ersten Teil dieser Arbeit (Kapitel II) wurden technofunktionelle Eigenschaften eines
Sojaproteingels als Binder zwischen einer Schicht aus pflanzlichen Protein-Nassextrudaten und
einem pflanzlichen Analog eines tierischen Fettgewebes untersucht. Zundchst wurden die
hitzeinduzierten Gelbildungseigenschaften von konzentrierten Sojaproteinisolat-(SPI)-
Suspensionen (10-16% SP1) mit verschiedenen Salzen (CaSQ4, CaClz, MgCly), sdurebildendem
Glucono-6-Lacton (GDL) und dem Enzym Transglutaminase (TG), das kovalente Bindungen
induziert, betrachtet. Die Gelfestigkeit konnte dabei nur mit TG deutlich erhoht werden. Daher
wurden im Folgenden ein hitzeinduziertes (bei 85 °C) und ein TG-induziertes SPI-Gel (beide
14 % wi/w) in unterschiedlichen Mengen als Binder zwischen der Schicht aus Extrudaten und
dem Fettsystem untersucht. In einem Zugversuch wurden die maximale Kraft sowie ,,Work of
Adhesion* bestimmt. Die Ergebnisse zeigten, dass das hértere, TG-induzierte SPI-Gel zu einem
deutlich besseren Zusammenhalt der zwei Schichten fiihrte. Daraus konnte der Schluss gezogen
werden, dass die Bildung kovalenter Isopeptidbindungen zu einer verbesserten Bindung fihrt,
die weitere Verarbeitungsschritte von Fleischersatzprodukten ermdglicht, wie z. B. ein
Schneiden oder Schnetzeln.

Waéhrend sich das TG-induzierte SPI-Gel als vielversprechender Binder fir
Fleischersatzprodukte mit neutralem pH-Wert erwies, stellte das pH-Optimum des Enzyms von
7 jedoch eine Herausforderung fir die Anwendung in sauren Lebensmitteln, wie z.B.
fermentierten Wurstanalogen, dar. Daher wurde in Kapitel 111 der Ansatz untersucht, TG und
das langsam séuernde GDL gleichzeitig zur SP1-Suspension hinzuzufligen, um zu untersuchen,
ob eine enzymatische Vernetzung der Proteine stattfinden kann, bevor der pH-Wert die
Aktivitdt des Enzyms inhibiert. Dazu wurden TG und GDL getrennt oder gleichzeitig zu
10-15%igen SPI-Suspensionen hinzugegeben. Die Texturanalyse zeigte, dass SPI-Gele, die
durch eine Kombination von GDL und TG bei einem pH-Wert von 5-6 hergestellt wurden,
hérter waren als Gele, die nur durch die Zugabe von GDL verfestigt wurden, und genauso hart
waren wie Gele, die durch TG bei einem optimalen pH-Wert von 7 hergestellt wurden.
Verminderte tan 6-Werte und konfokale Laser-Scanning-Mikroskopie-Bilder belegten, dass in

den kombinierten Gelen eine Proteinvernetzung stattgefunden hatte.

16



ZUSAMMENFASSUNG

In Summe deuten die Ergebnisse auf eine anfangliche kovalente Netzwerkbildung durch TG
hin, wahrend die langsame Ansduerung durch GDL aufgrund der abgeschwéchten
elektrostatischen AbstoBung zur Agglomeration nicht-vernetzter Proteine an das Netzwerk
fiihrt. Eine kombinierte Zugabe von TG und langsam sauerndem GDL fiihrte zu Gelen mit
niedrigem pH sowie verbesserten Textur-Eigenschaften und stellt somit eine vielversprechende
Option fir die Verwendung als Binder in Fleischersatzprodukten mit niedrigem pH, wie z.B.
Rohwurst-Ersatzprodukten, dar.

In Kapitel 1V wurden dann die zuvor untersuchten SPI-Gele als Binder eingesetzt, um
zerkleinerte strukturierte Lipidsysteme und Extrudate in eine koharente Matrix zu tUberfuhren,
die in ihrer Struktur der klassischer Rohwirste &hnelt. GDL-induzierte und GDL+TG-
induzierte SP1-Gele wurden verglichen und in unterschiedlichen Verhéltnissen von Binder zu
Extrudat (30-70 %) eingesetzt. Die Wurstanaloga wurden ahnlich wie herkdmmliche Wiirste
durch  Zerkleinern, Rauchern und Trocknen hergestellt und hinsichtlich ihrer
Zusammensetzung, Textur und sensorischen Eigenschaften analysiert. Sowohl die Textur- als
auch die sensorische Analyse zeigten, dass mit steigendem Binderanteil die Kohasivitat
zunahm, wahrend die Festigkeit abnahm. Darlber hinaus flihrte die Anwendung von TG im
Binder zu einer leicht erhdhten Festigkeit und Kohasivitat. Ein Trocknen der Wirste erhéhte
die Festigkeit signifikant. Aus den Ergebnissen der Studie I&sst sich schliel3en, dass bei einem
SPI-Gel als Binder die Struktur bei niedrigem Binderanteil durch die Extrudatpartikel dominiert
wird, was zu einer hohen Festigkeit, aber zu geringer Kohasion fuhrt. Hingegen dominiert bei
hoherem Anteil der Binder die Struktur, was zu einer verbesserten Kohésion, aber geringerer
Festigkeit fuhrt. Mit dem SPI-Gel als Binder konnte in keiner Formulierung sowohl eine
ausreichende Kohasion als auch Festigkeit erzielt werden. Dies deutet darauf hin, dass neben
der Verfestigung von Bindern durch Netzwerkbildung die Adhé&sion eine weitere wichtige

Eigenschaft eines Binders ist.

In Kapitel V wurde hydratisiertes Gluten (Gluten:Wasser 2:1) aufgrund seiner bekannten
adhasiven und viskoelastischen Eigenschaften als Binder in unterschiedlichen Verhéltnissen zu
Extrudat (7,5 - 37,5% Glutenbinder) in einer dhnlichen Rezeptur wie in Kapitel IV verwendet
und Textur und sensorische Eigenschaften analysiert. Mit Gluten als Binder nahmen Kohésion
und Springiness mit steigendem Binderanteil zu. Die Harte wurde durch den Bindemittelgehalt
nicht beeinflusst, nahm aber durch die Trocknung zu. Die Ergebnisse der sensorischen Analyse

bestétigten die Ergebnisse aus der Texturanalyse, mit Ausnahme der Festigkeit, die mit
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zunehmendem Binderanteil anstieg. Daruber hinaus wurden die Produkte mit abnehmendem
Binderanteil als trockener wahrgenommen. Die Ergebnisse der Studie bestatigten die
Hypothese, dass eine hohe Gelstérke fiir den Binder erforderlich ist, und zeigten daruber hinaus,
dass auch adhésive Eigenschaften, die zu einer starken Wechselwirkung zwischen dem Binder

und den zu bindenden Partikeln fiihren, notwendig sind.

Insgesamt belegen die Ergebnisse dieser Arbeit, dass Pflanzenproteinsuspensionen aus
hydratisierten Pflanzenproteinen prinzipiell als Bindemittel flr Fleischersatzprodukte geeignet
sind, wenn sie folgende Schlisselanforderungen erftllen: (i) eine ausreichende Verfestigung
durch Netzwerkbildung, die z.B. durch Erhitzen, Sduern, Enzyme oder eine Kombination dieser
Mechanismen induziert und durch Trocknung verstarkt werden kann, und (ii) adh&sive
Eigenschaften, die zu einem ausreichenden Zusammenhalt zwischen dem Binder und den
eingebetteten Partikeln, wie faserigen Pflanzenproteinextrudaten und strukturierten
Lipidsystemen, fuhren. Insgesamt leistet die Dissertation damit einen Beitrag zur Entwicklung
formulierungs- und prozessbasierter Ansdtze zur Verbesserung der Textur von

Fleischersatzprodukten.
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CHAPTER I

Abstract

Background

Binding agents have emerged as an important and required class of ingredients to manufacture
a wide range of new food products, especially semi-solid or solid vegan meat and dairy
analogues.

Scope and Approach

In this review, we give a definition for this class of ingredients, look at what constitutes required
functionalities for binders, and highlight what molecular mechanisms are involved to give rise
to these functionalities. Furthermore, an overview on food binders, such as animal-derived /
plant-based proteins (myofibrillar proteins, egg white protein, gluten etc.) and carbohydrate-
based (methylcellulose, carrageenans etc.) is given and their functions are explained.

Key Findings and Conclusion

Three functions have been identified as critically important: stickiness, hardening and water
binding. Analytical methods to determine these characteristics are presented and it is
recommended to study those simultaneously in model systems, where methylcellulose or gluten

might serve as benchmark.

Keywords: binder, binding agent, stickiness, hardening, water holding, functions, mechanics,

analytical methods
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Introduction

With emerging plant-based alternatives to replace traditional animal-based foods such as meat
and meat products (e.g. burger, bacon, sausages) or dairy and dairy products (e.g. yogurt,
cheeses), the need for a “binder” to create new vegan matrices with desirable organoleptic and
technofunctional characteristics has been clearly identified. The role of the binder compound is
to glue structural elements such as protein extrudates and fat particles or oil droplets together
to form a coherent matrix. If one investigates historical records, binders have been identified
and used by humans for quite some time — not only in the food science area, but in many other
technological applications as well. However, their discovery and use have been based mostly

based on trial and error approaches (Grossmann, 2003).

One of the oldest use of binders involved for example the manufacture of paints. There,
pigments had to be bound together to form a coherent, viscous mass that could be applied to
solid surfaces to create paintings. Materials used as binders included egg, wax, honey, lime,
whey, linseed oil or bitumen. Of these, egg used to be one of the most used binders for paints
until it was replaced in the early 16th century by oil. It is interesting to note that the unique
ability of egg to act as a binder and compounding material has also been long recognized in the
culinary arts, where it has been used for the preparation of various dishes and foods where
binding is needed, such as for example breaded coatings or steak tartare. It is therefore not
surprising that many of the first generation of vegetarian meat product analogues were
manufactured using egg as a binder material (Muhle, 2020). But what exactly is a binder? What
are its functions? How do these compounds do what they do, and what are their molecular

characteristics?

In this review paper, the current state of knowledge on binders was therefore reviewed to
provide some answers to the above raised questions. The literature research showed that there
is only limited knowledge available in the food science area, and therefore various adjacent
fields have also been screened for technologies and formulations that required similar
functionalities including the emerging science behind 3D printing, pharmaceutical
compounding, and industrial adhesives. Based on this and the authors own work in this area, a
model for their fundamental functionality in vegan product matrices has been proposed. From

this, options for the development and/or discovery of new binders have been suggested.
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Functions

There is currently no accepted universal definition of a binder in the context of food
applications, but Wikipedia loosely classifies such materials as “....any material or substance
that holds or draws other materials together to form a cohesive whole mechanically, chemically,
by adhesion or cohesion” (Wikipedia, 2020). It specifies further that “...binders are liquid or
dough-like substances that harden by a chemical or physical process and bind fibers, filler
powder and other particles added into it”. Such compounds include glue, adhesives and
thickening agents, and organic compounds that may be used for such purposes include bitumen,
animal and plant glues, polymers, as well as inorganic compounds such as lime, cement,
gypsum, or liquid glass. With respect to food applications, a binder may thus be defined as a
compound that is able to “bind” particulates together (e.g. fat, meat or dairy analogue
particulates), i.e. facilitate an interaction between otherwise inert, non-interacting
particles to form a heterogeneous but coherent food material matrix. Thereby, the matrix
becomes a system with a percolating structure, and consequently, mechanical properties are
altered such that the mass can for example be formed maintaining its shape for some time,
which is an essential prerequisite for a burger or a sausage mix, but also dairy product
analogues. Moreover, it is important that the binder can also immobilize a solvent during
processing to create for example in vegan meat analogue products a certain juiciness and
moistness, preventing also excessive water losses during food preparations such as frying,

grilling, or boiling.

The term binder has also been used more widely for ingredients that not only provide gluiness
but also ingredients that thickening a matrix, or in general compounds that improve the overall
texture of a product (Siegel et al., 1979; Kyriakopoulou et al., 2021). In this section, we shortly

review those functions and explain why they are required.
Stickiness

For a long time, stickiness was regarded as an undesirable property in the food industry as
sticking of material to surfaces leads to increased cleaning efforts, product loss, production
inefficiency, equipment wear and contamination (Michalski et al., 1997; Adhikari et al., 2001,
Frabetti et al., 2021). However, stickiness is an essential prerequisite for binders to hold
heterogeneous components together (Wall & Huebner, 1981) that would otherwise be inert to

each other and non-interacting. It is required in several food products, e.g. for sticking batter to
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meat sticks (Cunningham & Tiede, 1981), fixing ingredients on bakery products (Ghorbel &
Launay, 2014), agglomerating food powders (Boonyai et al., 2004), gluing ingredients in cereal
bars (Burke & Hartel, 2021; Melati et al., 2021), and binding different layers in 3D printing
applications (Varvara et al., 2021). A food category of particular interest is the growing field of
meat analogues where the ability of different ingredients to bind to each other is of great
importance for desirable organoleptic and technofunctional product characteristics since the
frequently used texture vegetable proteins possess only a limited binding ability on their own
(Bakhsh et al., 2021; Kyriakopoulou et al., 2021; Sakai et al., 2021). To showcase the different
functions of binders, we present a well-working and established system that is also the
benchmark for the binding in meat analogues, namely meat proteins (Figure 1.1). First, meat
and fat are cut into smaller non-sticky pieces and ground using a meat grinder into smaller
particles, that are bound together by a small number of soluble proteins that stem from
disintegrated cells. Further mechanical forces such as kneading, mixing, or compression leads
to more protein being pushed out of the cell into the serum phase thereby increasing stickiness.
While this is only partly wanted for burger patties with a high amount of intact cells (Figure
1.1A), the meat mass is deliberately made stickier in heated sausage production through salt
addition and mechanical forces (Figure 1.1B) (G.H. Lu & T.C. Chen, 1999; Desmond, 2006).
Severe mechanical forces cause a higher degree of meat cell disruption and salt facilitates
solubilization of the myofibrillar proteins that benefit stickiness and hold the now even smaller
meat and fat particles together. Next, the meat batter is filled in casings and heated yielding a
coherent three-dimensional crosslinked meat protein network with embedded meat and fat

particles that lost its stickiness (Knipe, 2014). This hardening function is explained next.

-@ ® O .o

Meat/fat piece Meat/fat particle Free proteins Crosslinked
proteins

, e 0«@“ %(:.g ‘
Grnder
ec
ory, ﬁa,,

""3/9 s@//

Heating

Figure 1.1: Schematic drawing exemplifying the stickiness and hardening function of meat
proteins. From left to right: Non-sticky meat and fat pieces are ground into sticky
meat and fat particles before being processed into burger patties (A) and heated
sausages through further mechanical forces, salt addition and heating (B). Note that
the sizes of meat/fat pieces and particles is not true to scale.
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Hardening

Binders used in semi-solid and solid food products need to be hardened to some degree, as the
texture of the binder will also have an influence on the overall texture of the composite product
and/or embed the different structural elements of composite products. While in a “first
phase/sticky state” the binder and particles are brought and hold together by the stickiness, in a
second state, hardening is needed to fixate the structure. Moreover, stickiness is not a desired
property for consumption of a food and thus the hardening will also have a strong impact on
ability to orally process the food material. Ultimately, consumer acceptance relies strongly on
this second step as it determines the final product texture. During processing, a liquid state of
the binder is desired to facilitate an even distribution in the product as well as facilitate a certain
processing of the material such as pumping or pouring the mass in molds or casings.
Furthermore, after hardening, the binder ideally loses its stickiness due to increased molecular
interactions and decreased molecular mobility (Anvari et al., 2015; Beniwal et al., 2021). A
common way to induce hardening in biopolymers such as proteins or polysaccharides is cross-
linking, which may be done either physically or chemically. Considering the example of meat
processing (Figure 1.1), where salt-extracted, partially solubilized myofibrillar proteins act as
binders, hardening is induced by heating, leading to denaturation and aggregation of those
proteins (Fukazawa et al., 1961; Samejima et al., 1969; Gordon et al., 1992). This yields the
desired texture properties, as otherwise the product would not be sliceable, but spreadable,

which is the case for sausages where no cross-links are formed (Hilbig et al., 2020).

Another example where hardening of the binder is essential to achieve the desired texture
properties of the final product way to induce is the class of confectionary products, where sugar-
based binders are employed (Hartel et al., 2011) or in chocolate, where texture properties are
strongly influenced by presence of fat crystals (Glicerina et al., 2016). Finally, products made
with a hardened, no longer sticky, binder allow for an easy and complete removal from the

products’ packaging and ensure that the product also keeps it’s formed shape.
Water holding

Especially in meat science, the term “binding” is often associated with water and fat binding
capacity, rather than with stickiness or the ability to form a coherent matrix (Fukazawa et al.,
1961; Liu et al., 2016). Water holding capacity describes the ability of a (biopolymer) matrix

to absorb and hold water against gravity, including bound water, hydrodynamic water, capillary
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water and physically entrapped water, which benefits juiciness and tenderness (Damodaran,
2017). It is directly related to the capacity to hold water during processing, such as slicing or
cooking (Warner, 2017). The water holding capacity is also of great importance for the
previously mentioned binder-example of emulsion-type sausages (Figure 1.1), as here water is
added during processing in the form of ice to prevent overheating during chopping thus keeping
the protein-fat mixture at moderate temperatures preventing fat melting and protein
denaturation. There, water must be bound in the matrix and kept enclosed in the voids of the
protein network after heating to achieve the desired texture and juiciness in the final product.
As stated above, also fat binding is important for the desired texture and mouthfeel. As such,
an inclusion of water holding capacity in the list of essential “binder properties” is reasonable
for many products, such as e.g. whole-cut meat analogues, where stickiness of the binder is
unnecessary as no particles have to adhere to each other but the products benefits from water

and fat retention for improvements in mouthfeel and juiciness (Kyriakopoulou et al., 2021).
Other considerations

From the described phenomena above it becomes clear that binders are complex ingredients
displaying a wide range of properties. These functionalities must be modulated and adjusted to
serve the needs arising from the manufacturing and consumer side. For example, during a
certain production step e.g., shaping, pumping, slicing, different subsets of functions of a binder
are needed. Moreover, processing may induce changes in binder functionality and transitions
in material properties (Weiss et al., 2019). Therefore, it is of outermost importance to

understand the mechanism behind the different functionalities, so that properties can be tuned.

Mechanistic considerations

The different functions of binders give rise to the question how they can be altered and
controlled by users that are in need to create working food formulations and manufacturing
processes. A thorough understanding of the underlying molecular reasons can in turn help to
work with existing binders as well as implement healthier and novel ones (Laricheva &
Mikhailova, 2020; Burke & Hartel, 2021).
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Stickiness

Stickiness of amorphous and semi crystalline foods (< 10% moisture) has been well reviewed
by Boonyai et al. (2004) and Chen and Ozkan (2007), and is mostly related to their glass
transition. The glass transition temperature is a mean temperature that describes the temperature
windows across which a food material will transition from a liquid to a glassy or amorphous
state. In the latter state, there is little chance for adhesion to take place whereas above the glass
transition temperature the material is in the rubbery state - able to be deformed and to stick
(Adhikari et al., 2001; Kasapis, 2004). This is of great importance, especially for sugar-based
binder systems (Jannin et al., 2008; Tita et al., 2012; Wang & Hartel, 2021). In general, an
increase in water content leads to a decrease in glass transition temperature because of the

plasticizing effect of water.

In this review, we focus mostly on the stickiness of semi-solid binders with higher water content
that serve in the aforementioned defined way. They can be described as so-called pressure
sensitive adhesives (PSA). PSAs stick to a variety of materials by applying a slight pressure
due to them having well balanced liquid-like and solid-like characteristics. Their stickiness
depends on both the adhesive strength between the binder and the adherend as well as the
cohesive strength of the binder itself (Heddleson et al., 1994; Duncan et al., 1999; Baron et al.,
2009; Bait et al., 2020; Wang & Hartel, 2020). If a binder fails to possess both characteristic, it
is not sticky in the sense of a binder. For instance, oil clings easily to surfaces and therefore has
a high adhesion but it fails to stick things together because of a lack of cohesive strength. On
the other hand, a rubber with great cohesive strength cannot adhere to surfaces and is
consequently not sticky. The question is, how adhesion and cohesion can be tuned for
improving binder stickiness? Unfortunately there is no general agreement on which factors and
forces are actually involved in stickiness (Adhikari et al., 2001) since earlier food science
studies aimed for stickiness reduction to solve a particular problem in a single system instead
of understanding the fundamental mechanism behind binder stickiness. Ultimately, a governing
structure-function relationship needs to be established (Michalski et al., 1997). The following

aims to give an overview on what factors influence adhesion and cohesion.
Adhesion

Adhesion is the ability of a binder to instantly form a bond with the adherend, which is the
substance that is to be bound (Duncan et al., 1999). Since binder and adherend are dissimilar,
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adhesion is an interfacial property (Adhikari et al., 2001). There are several theories as to why
adhesion occurs. These were excellently reviewed by Wang and Hartel (2021) and it should be
noted that no single approach explains all observed adhesion mechanisms (Baldan, 2012;
Nussinovitch, 2016) especially for foods because of their various compositions and structures
(Michalski et al., 1997).

Thermodynamic adsorption and intramolecular forces: The thermodynamic adsorption theory
being the most popular one states that adhesion between two phases is thermodynamically
favorable when the surface energy of the binder is greater than that of the adherend.
Furthermore, the involved intramolecular forces have to match which makes the chemical
composition of the binder and the adherent of key importance (Dobraszczyk, 1997; Adhikari et
al., 2001; Van Der Leeden & Frens, 2002; Ghorbel et al., 2003; Laukemper et al., 2021). For
instance, it was found that during probe tack test (see section Stickiness) materials with high
surfaces energies such as metals produce higher stickiness values because of stronger
intermolecular forces between the materials, i.e., stronger adhesion (Kilcast & Roberts, 1998;
Laukemper et al., 2021; Averina et al., 2022). Consequently, the adhesion of a binder depends
on the material to be glued (Dong et al., 2021). Specifically, Brandner et al. (2021) showed that
adhesion of gluten to particles was improved when the particles had amino-functionalized
surfaces, thereby being more similar to the chemical composition of the gluten. Chemical,
thermal, and enzymatic modifications are applied to primarily proteinaceous binder for
exposing reactive site groups for better interactions to take place with the adherend. For
instance, alkaline treatments of plant proteins are done to improve accessibility of functional
groups through unfolding that benefits external binding and adhesion. So far, such approaches
have rather been used in wood applications instead of food science (Wall & Huebner, 1981;
Vnucec et al., 2016; Averina et al., 2021). Some studies relate adhesion to the amount of soluble
ingredients, yet the exact mechanism is under debate (Chen & Hoseney, 1995; Lee & Yoo,
2020). However, these studies suggest that processing operations such as homogenization that
increase solubility of e.g. proteins (Moll et al., 2021) or using a soluble protein fraction (Moll
et al., 2022b) could benefit adhesion.

Surface constitution: Furthermore, mechanical interlocking because of surface irregularities
can provide additional adhesive strength (Michalski et al., 1997). In general, surface roughness
increases adhesion as long as the binder manages to penetrate into those cavities (Noren et al.,

2019). This condition is increased for softer binders (Sun et al., 2013) or when the irregularities
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are not too distinct thereby preventing the binder from interactions with the actual adherend
surface underneath as it was observed by Laukemper et al. (2021). A binder has to physically
be able to spread on the adherend (= wetting) and be able to deform to allow for intermolecular
interactions to occur (Wang & Hartel, 2021). For instance, Burke and Hartel (2021) reported
that sugar syrups failed to adhere to the probe when the surface of the sugar was partly covered
with particles. Naturally, a higher contact time and pressure leads to a better distribution of the
binder over the adherend surface and thus an increase in the effective area of interaction
(Adhikari et al., 2001; Ghorbel & Launay, 2014; Laukemper et al., 2021). Furthermore, studies
reported an increase in adhesion when water content was increased (Chen & Hoseney, 1995).
This is due to the plasticizing effect of water (Adhikari et al., 2001) and a similar transition can
be observed when temperature increases that benefits molecular mobility (Heddleson et al.,
1994). Contrarily, a decrease in water content and temperature decreases wettability and
increases cohesion leading to little or no adhesion, which was observed for e.g. sugar syrups
(Burke & Hartel, 2021) and doughs (Ghorbel & Launay, 2014)

Cohesion

Cohesion is the ability of the binder to resist rupture. Since cohesion is an internal property of
the binder, it is predominately a function of the strength of intermolecular forces of similar
molecules (Duncan et al., 1999; Fiszman & Damasio, 2000; Noren et al., 2019; Burke & Hartel,
2021; Rosenthal & Thompson, 2021). When it comes to cohesion, the pioneering work of
Rumpf (1962) must not remain unmentioned, since he outlined a relationship between particle
diameter and relative contribution of interparticle attraction for powder agglomeration (Figure
1.2). This may also play a role for hydrated systems. Interestingly, the displayed intermolecular
forces at short distances (intermolecular and electrostatic forces) are rather ascribed to the
phenomena of adhesion, while solid bridges fall into the realm of cohesion. In fact, the
contribution of adhesion to stickiness decreases with distance to the adherend and cohesion
becomes more important (Michalski et al., 1997). It should be mentioned though that in
hydrated systems, solid bridges hardly occur and phenomena such as entanglement and
crosslinking that are more common in hydrated systems increase in importance. In general,
cohesive strength is increased through a decrease in temperature and water content as well as
an increase in molecular weight of the involved hydrocolloids because of more entanglement

and stronger molecular interactions with less polymer slippage (Wall & Huebner, 1981,
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Sengsuk et al., 2021). Furthermore, crosslinking of polymers through covalent and non-

covalent bonds increases cohesion (Azeredo & Waldron, 2016; Silvestre et al., 2021).
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Figure 1.2: Strength of bridges to hold particles together (adapted from Rumpf (1962)).

Taken together, the conditions benefiting adhesion and cohesion and ultimately stickiness are
partly contradictory, which is why a combination of both is of importance. Viscoelasticity —
which also involves a balance of these - was thus reported to be key (Dobraszczyk, 1997; Baron
et al., 2009). For example, during bonding (typically at frequencies of < 1 Hz), binders must be
able to deform thereby improving wetting and bond formation (= adhesion) while during
debonding (characteristic frequency > 100 Hz) they must be rather elastic (= cohesion) to resist
separation (Heddleson et al., 1994; Wang & Hartel, 2021). As such, industrial PSA consist of
cohesion-providing polymers in combination with small-molecular weight tackifiers that
enhance adhesion (Schneberger, 1983; Foley & Chu, 1986; Feldstein et al., 2015). Similar
approaches transposed and implemented with edible ingredients provide an interesting way to
increase stickiness in food binders. Lastly, it should be noted that it is barely possible to alter a
single textural characteristics such as adhesion through e.g. temperature increase without
affecting another such as cohesion as well (Kazemeini et al., 2021). This makes optimizations
challenging. However, this can also be advantageous in processing. For instance, chocolate or
other sugary coatings containing value-adding ingredients such as nuts, adhere to ice cream

because of their viscous properties at temperatures above their melting point. Once the
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temperature is decreased to below the crystallization point, hardening of the coating that acts

as binder for the nuts occurs, and the product becomes fully solid.
Hardening

As stated above, hardening can be induced by chemical and physical crosslinking of polymers.
Several reviews and books have explained in detail involved gelation mechanisms, especially
for proteins (Totosaus et al., 2002; Phillips & Williams, 2009; Damodaran, 2017). A detailed
review on cross-linking of food-grade films has recently been published by Azeredo and
Waldron (2016). Biopolymer gels can be formed via non-covalent cross-links (hydrophobic
interactions, hydrogen bonds, electrostatic interactions), which can be induced by heating,
cooling, change of pH or ionic strength or covalent cross-links (e.g., disulfide bonds,
interpeptidic bond). The latter can be induced by heat, pressure, cross-linking agents, or
enzymes. The type of cross-links and hence the gel strength/hardness depends on inherent
factors (hydrophobicity, electrostatic interactions, disulfide bonds, molecular weight, chemical
composition and reactive groups) and adaptable factors (biopolymer concentration, pH,
temperature, ionic strength and type of ion, pressure) (Totosaus et al., 2002). For example, gel
hardness correlates often with molecular weight of proteins or hydrocolloids, but for proteins
also with cysteine and cystin residues as sulfhydryl-disulfide interchange reactions occur during
heating, which increases the molecular weight (Ferry, 1948; Phillips & Williams, 2009). In
general, covalent interactions are stronger than non-covalent interactions and thus facilitate
increased hardening. The polymer concentration is furthermore important as there is usually a
critical gelling concentration and with increasing concentration, and the gel hardness increases
(Zayas, 1997). Protein gels are typically formed by covalent (disulfide, gamma-glutamyl)
and/or noncovalent (hydrogen bonds, hydrophobic interactions, electrostatic interactions)
bonds, often a combination of both (Damodaran, 2017). Hydrocolloid gels are mostly formed
by physical interaction of junction zones, for example, by hydrogen bonding, hydrophobic
association or cation-mediated crosslinking (Phillips & Williams, 2009). Moreover, the
hardness of biopolymer gels or hydrated biopolymers can be influenced by phase transition,
which has for example been studied for gluten (Toufeili et al., 2002). Often, the involved
biopolymers govern the possible type of crosslinking, which in turn determines subsequent
processing approaches. For instance, sugar-based binders can be transitioned from a sticky
rubbery (low viscosity) state to a glassy state (high viscosity) by lowering the temperature to
below their glass transition temperature (Figure 1.3A) (Wang & Hartel, 2021). This transition
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can be described as hardening. On the other hand, methylcellulose solutions display thermo-
reversible transitions with a certain gelling temperature, below which they are in a sticky sol
state (low viscosity), whereas above they possess a low stickiness accompanied by a high
viscosity due to hydrophobic-induced hardening (Figure 1.3B) (Li et al., 2001). It should be
noted that other temperature-dependent transitions may be non-reversible. Furthermore, most
food hydrocolloids such as gelatin possess cold-setting gelation properties and therefore do not
fall into the categories illustrated in Fig. 3. This demonstrates the complexity of food binders
and how their properties are affected differently depending on the environmental circumstances

such as changes in temperature.
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Figure 1.3: Viscosity as influenced by temperature for (A) sugar-based binders with glass
transition temperature and (B) methylcellulose binder with gelling temperature.
Inspired by Wang and Hartel (2021) and Li et al. (2001).

Especially enzymes possess the ability to induce cross-links in binders and therefore to induce
or increase hardening. For binder applications in food, mostly the enzyme transglutaminase
(TG), that induces protein cross-linking by catalyzing an acyl-transfer reaction between the
amino group of lysine and the carboxamide group of glutamine residues (Nonaka et al., 1989)
and the enzyme laccase, that can induce cross-links in pectin through oxidative coupling of
feruloyl groups (Micard & Thibault, 1999) have been used so far (see section Fehler!
Verweisquelle konnte nicht gefunden werden.). In addition, laccase can potentially cross-link

proteins through tyrosine oxidation (Sakai et al., 2021).

The formation of a gel or a network from a previously liquid dispersion via a glass transition is

an important hardening approach for many food binders (Bhandari & Roos, 2016). Most of
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these transitions are into the amorphous state only as stated above, but some binding agents
may also undergo a partial crystallization as may for example be the case for sugar depending
on applied cooling conditions (Mahato et al., 2019). Such mixed transitions lead to very
different textures in the final food product and should therefore be recognized when they
happen. They are observable by looking at changes in for example the specific volume of
samples (Rahman et al., 2007). A low molecular weight substance prone to crystallization
changes its specific volume abruptly and transitions occur at a single temperature with slopes
being indicative of the thermal expansion coefficient of the liquid and the crystalline solid,
respectively. In contrast, higher molecular weight compounds display a change in slope over a
temperature range, with the T4 being an indicator of the onset of the transition. As the glassy
state is a non-equilibrium state, the cooling speed is a key determinant of the number of crystals

and amorphous glass that may in the end be present in such a mixed matrix.

Finally, since many foods made with a binder exists in the end as so-called particle-filled gels,
the influence of particle-matrix interactions should also be shortly addressed. As shown by
Gravelle et al. (2019), particles that have strong interfacial adhesion with the surrounding
matrix, so-called active fillers, support the matrix and increase gel strength, while particles that
do not adhere, so-called passive fillers, yield weaker matrices. Therefore, the hardness of a
particle-filled gel does not only depend on the hardness of the binder or particles itself but also

on the interactions between the components.
Water holding

Within the context of meat products, the water holding capacity is usually influenced by salt
and pH (Warner, 2017). When salt is added, CI" ions bind to positively charged protein side
groups, screens positive charges, and breaks salt bridges, resulting in separation of filaments
and increased hydration (Hamm, 1986). For NaCl concentrations of 0.3 —1 M, a salting-in
effect has been reported, resulting in “swelling” of the myofibrillar filaments and increased
water holding, while > 1 M, a salting-out phenomena causes reduced water holding (Offer &
Trinick, 1983; Chen et al., 2017). Furthermore, phosphates and polyphosphates are often used
in comminuted meat products to increase the water holding capacity (Warner, 2017). When
looking at non-meat proteins, it has been shown that generally, the addition of salt increases the
gel strength of globular protein gels up to a certain ionic strength (Foegeding et al., 1995),
except for soy protein, where water holding capacity decreased with increasing ionic strength
(Lakemond et al., 2003). Beyond that, a study showed that with the use of HPP, the cooking
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loss of comminuted meat patties could be reduced, especially with reduced salt content, which
could be of interest for salt-reduced, healthier food (Macfarlane et al., 1984). Furthermore, the
water holding capacity and even more the water release of a food, is also influenced by the
microstructure of the product. For example, elongated cavities in fibrous meat analogues have
an influence on the water release (Cornet et al., 2020), while in (soy protein) gels, a high protein
concentration as well as a porous microstructure have been associated with increased water
release (Sun & Breene, 1991; Herz et al., 2021a). As many polysaccharides/fibers, such as
carrageenan, pectin or cereal fibers have a high water binding capacity themselves, they have
been added to comminuted meat products to increase the water holding capacity and juiciness
of the product (Talukder, 2015). It should be kept in mind that water binding and hardness are
at some point often competing factors, for example when an increased polymer concentration

leads to increased hardness but decreased water holding capacity.

As the term “binder” can also be connected to fat binding, this topic should also be shortly
addressed: the stabilization of fat in comminuted meat batter has been described as either
emulsion-type, where proteins act as emulsifier and form a film around fat globules or as

physical entrapment, where the fat is hold in place by the protein matrix (Gordon et al., 1992).
Examples

Having looked at functions and mechanistic origins of binder properties, we provide an
overview of food binders described in scientific literature (Tab. 1) and furthermore a more
detailed description of the most commonly used binders in foods.

Proteins

Meat proteins

Meat proteins usually function as binder in various meat products, such as sausages (heated as

well as raw sausages), formed ham, minced meat, but also restructured meat.

Batter-type meat products, including most finely comminuted and heated sausages, are
produced by comminution of lean meat with the addition of salt to extract the myofibrillar
proteins. While the formation of a weak gel has already been observed in the cold state of the
meat batter, denaturation and aggregation by heating strengthen the gel, leading to
immobilization of fat, water and other components as well as the desired texture of the products
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(Gordon et al., 1992). In raw- or dry-fermented sausages, similarly proteins are extracted by
salt during grinding or mincing at the beginning of the production process. The solubilized
proteins form a sticky protein film around the comminuted meat particles. Later, acidification
by lactic acid bacteria or acidifiers such as glucono-é-lactone (GDL) decreases the pH close to
the isoelectric point of the meat proteins, leading to coagulation and gel formation of the
myofibrillar proteins. Drying or heating will furthermore strengthen the gel later in the
manufacturing process (Toldrd & Hui, 2014).

Restructured meat refers to a group of products, where meat is comminuted into smaller size
particles and then reformed into a shape that resembles that of a product of an intact muscle.
For this, a binder is usually added or, as mentioned before, myofibrillar proteins are extracted
by salt addition from the meat (Seideman & Durland, 1983). Furthermore, a study by
Macfarlane et al. (1977) showed that sarcoplasmic proteins enhanced the binding strength at
low ionic strength, while with increasing salt concentrations, the binding strength decreased,

which was attributed to salt induced denaturation or precipitation of sarcoplasmic proteins.

In addition, several studies have investigated the use of animal blood proteins as binders for
meat products: For example, plasma powder was used in combination with NaCl as binder for
restructured dry ham (Romero de Avila et al., 2014). Besides that, several studies have been
published on the application of a binder system called “Fibrimex”, containing blood plasma
derived thrombin and fibrinogen (Boles & Shand, 1998, 1999; Lennon et al., 2010). The binding
mechanism is based on the blood clotting mechanism: when mixed and applied to meat pieces
or particles, the thrombin enzyme converts fibrinogen into fibrin, which is then cross-linked by
the enzyme transglutaminase, which is also present in the extracted fibrinogen (Wijngaards &
Paardekooper, 1988).

Egg white

The outstanding binding ability of egg white to act as a binding agent has been known for quite
some time. Egg white is highly appreciated in the culinary arts, where it has been used for the
preparation of various dishes and foods where binding is needed, such as for example breaded
coatings or steak tartare (O'Dea & Hewson, 2015). As previously mentioned, many of the first
generation of vegetarian meat product analogues contained egg as a binder material. In fact, for
a long time egg white was found to be the only suitable binder for meat analogues (Mullen et
al., 1971). Egg white in raw and powdered form was used by G.H. Lu and T.C. Chen (1999)to

glue muscle chunks together. It must be noted that powdered egg white was left to rehydrate on
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the muscle chunks and rehydration time as well as available water on the adherend, i.e., the
meat chunk, were found to be of great importance for binding. Interestingly, the binding ability
was better for muscle to muscle instead of when fat was involved most likely due to differences
in the surface characteristics (roughness, surface activity, etc.) as mentioned before. A heating
step in a microwave was applied, which is why one may assume that hardening took place to
some degree. During heating egg white proteins denature and unfold at specific temperatures
revealing hidden reaction sites. Those reaction sites allow for the aggregation of single
molecules through protein-protein interactions into larger entities and the development of a
continuous network that entraps water (Mine, 2014). Therefore, high gel hardness, water-
binding as well as possible interactions with filler particles can be considered as binding
properties of egg white protein.

Milk proteins

Milk-derived binding agents mostly come in powdered form and can be categorized into whole
milk, skim milk, whey, and casein powder (Fox et al., 1998). Therefore, their binding
performance highly depends on the characteristics of the powders (e.g. water content dictates
glass transition temperature and thus stickiness) and the application procedure such as
rehydration time, concentration, and possible heat treatments. Andic et al. (2010) reported that
addition of whey powder and skim milk powder (2%) increased cooking yield and moisture
retention of beef patties indicating that those binders improved water holding. However, skim
milk powder decreased the cohesiveness of patties suggesting that cohesion of meat particles
was weakened (Andic et al., 2010). The authors do not provide an explanation for this
observation, but it may be that the intrinsically present binding mechanism provided by
solubilized meat proteins was disturbed. The addition of whey powder (2-4%) to beef meatballs
increased cooking yield, but no effect on juiciness was observed (Serdaroglu, 2006). A paper
glue based on whey protein was found to have similar bonding strength to a commercial,
synthetic polymer-based glue (Wang et al., 2013). Interestingly, the authors used a thermal
denaturation step to induce whey protein unfolding and polymerization for desired viscosity.
Then, the polymerized whey proteins were mixed with different quantities of polyvinyl
pyrrolidone acting as co-binder until bonding strength was optimized (Wang et al., 2013).
Taken together, concentration adjustments and biopolymer mixing were used to tune for desired

adhesion and cohesion properties.
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Gluten

Gluten is not a single protein, but a group of wheat storage proteins composed of 55% glutenins
and 45% gliadins, composed of various subgroups (o-/B-gliadins (soluble in dilute alcohols), y-
gliadins (cysteine-rich intrachain disulfide bridge spiked proteins), and w-gliadins (soluble in
acidic acetonitrile); high-molecular-mass (HMW) and low-molecular-mass (LMW) glutenin
aggregates). Gluten is known for providing unique viscoelastic properties to baked products,
such as bread, which is based on the interaction of glutenins and gliadins by hydration and
application of mechanical forces (Morel et al., 2020). Furthermore, gluten proteins are unique
amongst other plant proteins with respect to their properties, as they have been described to
form filamentous polymer-like gels rather than particulate networks like most others
(Schreuders et al., 2021). The peculiar mixture of high molecular weight glutenin and low
molecular weight gliadins in gluten has been compared to elastomer-tackifier systems as they
occur in industrial pressure-sensitive adhesives, where a large polymer provides an elastic
component and a lower molecular tackifier imparts viscous properties (Schneberger, 1983;
Levine & Slade, 1990; Heddleson et al., 1994; Feldstein et al., 2015). Therefore, it is not
surprising that gluten with its unique properties have also been used as binder. For example,
gluten was found to be the best binder for meat pieces in the presence of 8% salt and 2% sodium
tripolyphosphate after heating to 75 °C as determined by the force to separate them and this
was attributed to its ability to interact with the available myosin of the meat pieces (Siegel et
al., 1979).

Soy Protein

Mullen et al. (1971) patented a soy protein modification that improved coagulation of the soy
protein acting as a binder by raising the pH value to about 9, followed by lowering the pH again
to 5.5 — 8.0. The authors reported that alkaline treatment led to degradation of the soy proteins
into smaller subunits and in combination with increased repulsive negative charges at alkaline
pH resulted in increased solubilization of the proteins (Mullen et al., 1971). Furthermore, a
study by Sun et al. (2023) showed unfolding and increased surface hydrophobicity of soy
proteins after alkaline treatment. Probably, increased hydrophobicity and recombination of
subunits at lower pH-values led to increased gel hardness and after heating. Similarly, Hager
(1980) improved soy protein solubility through a treatment with a cation exchange resin that

gelled more easily and as such being a suitable binder in meat analogues. We speculate that the
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solubility increase did not only improve hardening but also prior to this sticking of the soy

proteins to the adherend.

Enzymes

The enzyme transglutaminase (TG) is known to induce protein cross-linking by catalyzing an
acyl-transfer reaction between the amino group of lysine and the carboxamide group of
glutamine residues (Nonaka et al., 1989). TG has been studied as binding agent for restructured
meat in presence of NaCl as well as without NaCl but in combination with other food proteins
such as sodium caseinate, whey protein and gelatin. Good binding quality was found for TG
and NaCl as well as TG and sodium caseinate, which showed that salt-solubilized myofibrillar
meat proteins as well as sodium caseinate are good substrates that can be cross-linked by TG
(Kuraishi et al., 1997). Furthermore, transglutaminase was used for crosslinking soy proteins
as a binder in restructured meats. Interestingly, the addition of sodium bisulfite increased the
binding strength as it reduced disulfide linkages to free thiol groups that were then available for
interaction between soy protein (binder) and muscle proteins (adherend) (Tsao et al., 2002).
Increased binding strength by TG-induced cross-links compared to only heat-induced network
formation have also been shown as superior for the assembly of extrudate and soy protein binder
layers for a complex meat analogue (Herz et al., 2021b). TG has also been studied as binding
agent in combination with fibrin/thrombin combination to induce cross-links between fibrin
molecules but between fibrin and collagen. The addition of this binding agent resulted in
improved textural properties of cooked ground meat with reduced salt level, probably due to
induced cross-links, but also in reduced cooking loss, compared to only TG as binder, indicating
high water binding capacity of fibrin/thrombin (Esra Atilgan & Birol Kilic, 2017). In a plant-
based burger patty, TG as addition to a soy protein binder increased hardness, springiness and

cohesiveness which can be attributed to protein cross-links (Lee & Hong, 2020).

Recently, laccase was used to crosslink sugar beet pectin acting as binder in patties based on
soy textured vegetable proteins with methylcellulose serving as benchmark binder (Sakai et al.,
2021). Laccase is an oxidative enzyme that can oxidize feruloyl groups present in sugar beet
pectin resulting in covalent bond formation between ferulic acid residues and therefore induce
gel formation of sugar beet pectin (Micard & Thibault, 1999). It was found that cross-linking
of sugar beet pectin by laccase resulted in increased hardness of patties compared to patties
with (Nonaka et al., 1989) methylcellulose as binder (Sakai et al., 2021).
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Carbohydrates

Cellulose derivatives

The ubiquitous utilization of cellulose derivatives such as methyl cellulose and carboxymethyl
cellulose as binder in meat analogues is owed not only to its low cost but mainly to its unique
thermo-reversibility (Wittek et al., 2020; Dong et al., 2021). At room temperature cellulose
derivatives can form adhesives layers on the adherend (Amboon et al., 2012) prior to gelling
upon heating at 50 to 55 °C due to an increase of hydrophobic interactions that leads to physical
crosslinking (Sarkar, 1995; Desbriéres et al., 2000). Although the exact gelation mechanism
between proteins and e.g. methyl cellulose is not yet fully understood, the compound has been
widely appreciated for its binding and moisture retention ability as well as texture modifier (e.g.
firmness) (Bakhsh et al., 2021). Interestingly, there are no studies regarding the stickiness or
cohesion of methyl cellulose as influenced by etherification, molecular weight, or concentration
despite its long history of use.

Alginate

Means and Schmidt (1986) exploited the gelling properties of alginate with calcium to act as
binder in structured beef steak. The main advantage was that this mechanism can be used for
raw and uncooked material. Yet, it should be noted that here the cohesion of meat pieces was
evaluated and adhesion probably played minor role (Means & Schmidt, 1986). Similarly,
Mitchell et al. (1976) filed a patent for using pectin with a low degree of esterification as a
binder in combination with calcium for obtaining a coherent product with proteinaceous

materials.

Carrageenan

In a study by Arora et al. (2017) carrageenans were found to be the best binder in mushroom
based sausage analogues as compared to soy protein concentrate, casein and xanthan gum. The
sausages were evaluated among emulsion stability, cook loss and textural properties and
therefore the exceeding binder properties of carrageenan can be explained by its higher water

holding capacity and gel hardness compared to the proteins tested (Arora et al., 2017).
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Mixtures

Furthermore, mixtures of biopolymers bear potential as sticky binder. For instance, proteins
from soy/pea mixed with pectin were shown to have distinct viscoelastic properties making
them a promising food-grade PSA (B. L. Dekkers et al., 2018; Moll et al., 2022c). More
particularly, altering the mixing ratio of pea protein isolate and pectin was a suitable method to
tune adhesion and cohesion thereby providing different degrees of stickiness (Moll et al.,
2022a). As such this mixture fulfilled one key function of a binder, i.e. stickiness. When the
pectin was derived from sugar beet, treatment with laccase facilitated crosslinking between the
two biopolymers and triggered the transition from a viscoelastic and sticky mixture to a solid-
like mass (Moll et al., 2023c). This hardening reaction within the binder was later shown to
provide cohesiveness in a burger type meat analogue (Moll et al., 2023b) as well as binding
performance between different layers in a bacon type meat analogue (Moll et al., 2023a). These
studies illustrated that the binding system must possess a certain liquid-like character to be
applied easily on the surfaces of the adherent such as TVP particles. Furthermore, a certain
cohesion should be provided that the TVP mixed with the binder can be formed into e.g., a
burger patty. Finally, crosslinking facilitated the required hardening to set the TVP in a solid-

like structure that is then not sticky anymore.

Interestingly, in the cement of sandcastle worms, a mixture of proteins is secreted as complex
coacervate that adheres to inorganic matter and later on solidifies due to a change in pH
(Brubaker & Messersmith, 2012). Understanding such phenomena in nature might be key to
find edible ingredients with superior binding ability. This approach has for example been used
by Kaur et al. (2011) to produce a synthetic glue, mimicking the adhesive of the sandcastle

worm, for medical applications such gluing of bone fractures or implants (Winslow et al., 2010).

Taken together, the list of regularly used and available binders remains relatively short,
illustrating the need to find new compounds or mixtures thereof that can serve as binders in
food products. To do this, analysis of binder properties is a prerequisite. Consequently,

available analytical methods to characterize binders and their functionality are listed next.
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Table 1.1: Overview of food binders, their function and product applications described in
scientific literature.

Binder Product Function References
applications

Myofibrillar Processed meat Heat- or acid- Gordon et al. (1992),

protein (minced meat, induced gelation, Toldra and Hui
burgers, sausages water- and fat- (2014)
etc.) restructured binding, network
meat products formation

Eggwhite protein  Meat analogue Heat-induced GHLuandTC

products, meat
pieces

gelation, network
formation

Chen (1999), Mine
(2014)

Skim milk Beef patties, Water-holding Andic et al. (2010)
powder, Whey meatballs
Gluten Meat pieces Adhesiveness, Siegel et al. (1979)

network formation

Soy protein Meat analogue Coagulation, Mullen et al. (1971),
products Gelation Hager (1980), Herz
et al. (2023)
Transglutaminase  Meat products, Protein cross-linking  Kuraishi et al.

restructured meat,
meat analogue
products

(1997), Herz et al.
(2021b),E. Atilgan
and B. Kilic (2017),
Lee and Hong (2020)

Laccase

Meat analogue

Cross-linking of

Sakai et al. (2021)

products sugar beet pectin
Methylcellulose Meat analogue Adhesion, (reversible Amboon et al. (2012),
products heat-induced) Bakhsh et al. (2021)
gelation, water-
binding
Pea starch and Beef burgers Water-holding, Pietrasik et al. (2020)
fiber gelation
Alginate Restructured meat Calcium-induced Means and Schmidt
gelation (1986)
Carrageenan Meat analogue Gelation, water- Aroraet al. (2017)
product binding
Pea protein and Meat analogue Gelation, cohesion Moll et al. (2023Db),
pectin products Moll et al. (2023a)
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Analytical methods

Stickiness

For a long time, there were no standardized testing procedures for stickiness in the food industry
(Dobraszczyk, 1997), which is why adjacent fields such as the adhesive industry were screened
for suitable methods and gradually adopted. Now, the probe tack test (Figure 1.4) is the most
common stickiness test in the food industry (Noren et al., 2019). Here, a probe of a certain size
or shape is brought into contact with the adhesive food material for a defined time and contact
pressure before withdrawal at a certain speed takes place while measuring the tensile strength
(Adhikari et al., 2001). The recorded force-distance curve is used for the assessment of
stickiness, sometimes combined with weighing the residual sample (Michalski et al., 1997).
While the maximum force is an indicator for instant bond formation (adhesive strength), the
distance the adhesive sample is extended to gives a measure of cohesion (Duncan et al., 1999;
Grausgruber et al., 2003). Nevertheless, a complete differentiation of adhesion and cohesion is
not possible with a single mechanical test (although it would be of greatest importance)
(Dobraszczyk, 1997; Hoseney & Smewing, 1999; Frabetti et al., 2021) and the most suitable
parameter for stickiness is therefore the work of adhesion being the area under the curve
(Dhaliwal et al., 1990; Ghorbel et al., 2003) (Figure 1.4). In addition, probe tack tests can be
combined with video monitoring to better understand the debonding between probe and
adhesive (Sun et al., 2013). Cohesive failure happens when the adhesive strength of the sample
exceeds its cohesive strength and the sample fractures leaving residual sample on the probe.
Adhesive failure occurs when no residual sample remains on the probe combined with a rapid
return to zero force. (Kilcast & Roberts, 1998; Frabetti et al., 2021). The results depend on the
used equipment and the applied testing conditions especially contact force, contact time,
withdrawal rate (Kilcast & Roberts, 1998; Ghorbel & Launay, 2014; Burke & Hartel, 2021) as
well as the surface energy of the probe (Heddleson et al., 1994; Laukemper et al., 2021). It
should be mentioned that that the conditions during probe tack test should resemble the
conditions occurring in the food matrix as closely as possible to conceptually test a binder
(Brenner & Nishinari, 2014), e.g. choosing a probe with similar surface energy as the food

particles that shall be bound.
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Figure 1.4: Exemplary illustration of a probe tack test undergoing adhesive or cohesive failure
and an associated force-distance curve as adopted from Moll et al. (2022d).
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The widely adopted texture profile analysis produces a term called “adhesiveness”, which
should be taken with some caution though since the stickiness of pressure-sensitive adhesive
such as foods is highly sensitive to the applied pressure. The harder the sample, the higher the
force the plunger penetrates the sample thereby increasing adhesion between sample and
plunger artificially. Furthermore adhesiveness changes when fracturing during the first
compression occurs (Brenner & Nishinari, 2014). As a consequence, the texture profile analysis

is not very suitable for adhesion tests (Wang & Hartel, 2021).

Other methods include peel tests where a strip of material being attached to the testing machine
is placed on the adhesive sample and pulled off while recording the required force. When the
adhesive is placed in a 180° fashion to the testing machine, it is prone to rupture during bending.
An angle of 90° requires a complex system for maintaining this angle throughout the test
(Kilcast & Roberts, 1998; Adhikari et al., 2001). This limits the wider use in food applications,
and it is therefore mostly applied in testing food stickiness to packaging material (Noren et al.,
2019; Frabetti et al., 2021).

Besides the afore-mentioned direct methods, there are indirect measures that bear the potential
to further understanding the phenomena of stickiness. Microscopic approaches can be used to
visualize adhesion and wetting on a molecular level, e.g. by detecting cracks of the adhesive
after curing or determining the roughness of the material that shall be bound (Averina et al.,
2021; Laukemper et al., 2021). Furthermore, contact angle measurements provide information
on the wetting of the adherend by the adhesive (Michalski et al., 1997; Wagoner & Foegeding,
2018). In general, stickiness quantification is very product-specific, this is why food powders
are usually not measured with a probe tack test (Noren et al., 2019), but with other techniques

such as the shear cell method or the sticky point temperature method for which the reader is
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referred to other reviews (Adhikari et al., 2001; Boonyai et al., 2004). Last, it should be noted
that rheological measurements are powerful to understand how binders respond to applied
deformations under conditions that can be tuned to resemble the conditions in the food matrix
(Tabilo-Munizaga & Barbosa-Canovas, 2005). As a matter of fact, it is well-known that
viscoelasticity is one of the most important characteristics of pressure-sensitive adhesive to
fulfill stickiness (Sun et al., 2013; Ghorbel & Launay, 2014; Wagoner & Foegeding, 2018;
Wang & Hartel, 2020).

Hardening

Rheological properties of gels and specific methods have been described in various books and
reviews (Peleg, 1976; Mitchell, 1980; Mezger, 2006). The most important characteristics and
tests to determine and describe gelation properties of biopolymers are storage modulus (G”) and
loss modulus (G’”) and the linear-viscoelastic region (LVE), often determined in an amplitude
sweep. Here, the G’ values within the LVE indicate the hardness or stiffness of the sample,
while the limit of the LVE-region (yL) and the development of G’ give more information on
polymer interaction or cross-linking as well as elasticity or stiffness of the gel (Renkema, 2004;
Mezger, 2006). The frequency dependency of the sample as measured during frequency sweep
indicate the type of gel (entangled, physical, chemical) (Stading & Hermansson, 1990; Tunick,
2011). Rheology is a very sensitive measurement and testing methods can be precisely
controlled, repeated, and compared. However, gel properties can only be measured up to the
point of fracture and therefore can’t be directly correlated to the chew down phase (Foegeding,
2007). In addition, time- and temperature sweeps can be used to mimic process induced changes
of the binder (Ahmed et al., 2016). Creep recovery tests were used to model viscoelasticity of

caramel and correlate it to its adhesiveness (Wagoner & Foegeding, 2018).

The texture analysis of food has been extensively shaped and described by Bourne, who
invented also the “Texture Profile Analysis”. This method, which is still widely used today to
characterize food texture, is performed by a double uniaxial compression of a sample with an
instrument that records force versus distance. From the resulting curve, various texture
parameters can be calculated, such as hardness, cohesiveness, or springiness. The maximum
force of the first compression cycle is considered the “hardness” (Bourne, 1968). If only the
parameter hardness is of interest, it can also be measured by a simple compression or
penetration test (Bourne, 2002). Advantages of this test include the easy and fast performance
as well as good correlation with sensory analysis (Szczesniak, 1987; Bourne, 2002). Especially
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semi-solid foods can also be analyzed by extrusion testing, either forward extrusion (where the
sample is pressed through a cylinder with an outlet at the bottom) or backward extrusion (where
the probe is forced to flow through a small gap between plunger and container) (Liu et al.,
2019). However, all texture analysis results are strongly influenced by the dimension of the
sample and the measurement geometry as well as extend of compression or penetration.

Therefore, results of different studies are often not directly comparable (Bourne, 2002).
Water holding capacity

Various methods to measure the water holding capacity have been reviewed by Trout (1988).
Classically, measurements like the compression and filter paper or centrifugation method have
been used. With the first method, a sample of a defined size is compressed by a specific force
on a filter paper. The released water from the sample is absorbed by the filter paper and can be
measured by weighing or by the visible area on the filter paper. For the centrifugation method,
specific centrifuge tubes are used, which allow for a separation of the sample and the exuded
water released by the application of centrifugal force can be weighed (Kristensen & Purslow,
2001).

Water and fat binding or in this case rather water and fat release are related to the sensory
property juiciness in meat products. It was suggested that the first impression of juiciness is
generated by the rapid release of fluids, related to the water content, while a sustained
impression of juiciness during chewing is related to the fat content. This interaction can only

reliably be measured by a sensory panel (Winger & Hagyard, 1994).
Further analytical approaches

The binding strength of beef burgers with different starch and fiber fractions acting as binder
was tested by pulling apart the sample just beyond the point of rupture while recording the force
(Pietrasik et al., 2020). A similar tensile strength test was done by Herz et al. (2021b) for a
bacon analogue composed of extruded plant proteins and plant-based fat mimetics with soy
protein isolate acting as a binding agent. Similarly, G.H. Lu and T.C. Chen (1999) tested the
binding strength of egg white and plasma powder acting as a binder for muscle chunks with a
modified Warner-Bratzler shear device. Furthermore, texture properties of composite foods can
be determined with a sensory test. A first method for assessing texture systematically with a
sensory panel was described by Brandt et al. (1963), where members of a trained panel
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evaluated mechanical characteristics on a numerical scale with appropriate reference samples
presented for each characteristic. Another method to obtain a specific texture profile by an
untrained sensorial panel, the “consumer texture profile technique” was developed by
Szczesniak et al. (1975). A detailed description of various established sensory tests was
published by Meilgaard et al. (1999) and a review on novel sensory methods has been written
by Varela and Ares (2012).

Conclusions

Taken together, the survey of the existing literature shows that there is still a relatively
inadequate understanding of structure-function relationships when it comes to binders for use
in concentrated, hydrated systems such as plant-based meat or cheese analogues. It appears
clear though that at a minimum three functions are critically important for such compounds,
namely (a) stickiness, (b) hardening and (c) water binding. Individually, studies have been
carried out to characterize one or the other of these properties. While the origin of stickiness
and the ability of a compound to bind individual particles together has been studied in powders
and attributed there to liquid and solid bridges, constituents of vegan food systems such as
protein extrudates or plant fat particles are apparently mostly bound through polymer
entanglement and/or attractive interaction forces balancing adhesion and cohesion. A more
holistic approach to binder functionality is therefore recommended by looking simultaneously
at stickiness, hardening and solvent binding for a range of binder candidates in well-defined
model matrices such as burger mixes or vegan raw fermented sausage masses. Such studies
could yield insights into what approaches are promising to tailor such components to optimize
their performance with respect to the above-mentioned functions. To that purpose, one might
start using methylcellulose gums as a benchmark but employing methylcellulose gums with
different degrees of etherification and molecular weights, and then assess the degree to which
they provide stickiness, hardness, and water binding. In gluten, one might try and modify the
used ratios of glutenin to gliadin and modulate hydration temperatures and shearing so as to
change the overall structure of the complex which could lead to an altered ability to entangle
and to bind water. Some candidates for new binders have been listed previously and include but
are not limited to rice bran, yellow pea, chickpea and lentil, psyllium, teff, quinoa buckwheat
maize, chia, and acorn. There, investigations might focus on generating and characterizing
different fractions such as fiber, protein, or mixtures thereof in order to better understand this

ingredient class.
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Aims of the study

The aim of this thesis was to investigate the potential of plant protein gels as binders in meat
analogue products. Processed meat products, such as sausages, are usually produced by
comminuting lean meat and fat tissue and the addition of salt. Comminution of the meat and
especially the addition of salt lead to partial solubilization of myofibrillar protein. This partially
solubilized myofibrillar protein serves as binder for those meat products by “gluing” the
comminuted meat and fat particles together. During processing of sausages, the solubilized
proteins are usually gelled by heating (e.g. emulsion-type sausages) or acidification (e.g. raw-
fermented sausages) and leading to hardening and substantial contribution to the final texture
and shape of the product. To produce corresponding analogues of existing meat products, we
therefore hypothesized that three components are necessary: fibrous plant proteins, plant fat
particles with elastic and melting properties as well as gel-forming (soluble) plant proteins that
can act as binder. While a lot of research has been done on fiber formation of plant proteins by
extrusion or shear cell technique over the last years and recently a novel approach to mimic
animal fat tissue by emulsification of oil or oil-fat-mixtures with plant proteins followed by
enzymatic cross-linking, systematic studies on binders in meat analogues are scarce. Nowadays,
various hydrocolloids and predominantly methylcellulose are used in meat product analogues

on the market, but consumer acceptance of these ingredients is declining.

We hypothesized that a binder should be in sol-state in the beginning, which enables processing,
such pumping and filling, and a gelation should be induced at a later state to embed fibrous
protein and fat particles in a continuous matrix and to result in sufficient hardness to contribute
to the expected texture of the final meat analogue product. While a wide range of burger and
finely comminuted sausage analogues has become established on the market, the range of
products in lacking in acidic salami-style sausages as well as non-comminuted products, such

as bacon. Therefore, this thesis focused on the challenges of application in these products.

To test the hypothesis, different mechanistic approaches such as heat-, salt-, and acid-induced
gelation and enzymatic crosslinking or combined approaches for network formation were
investigated. In addition, the binding strength of those gel particles, when applied as binder
system between a layer of high-moisture extrudate and a layer of fat mimetic was characterized
(Chapter II). The gelation properties and the microstructure of soy protein isolate gels, induced

by simultaneous addition of slowly acidifying glucono-s-lactone and the enzyme

47



CHAPTER I

transglutaminase (TG) was investigated, as this is of particular interest for meat product
analogues with low pH-values, which is the case for traditionally fermented foods (Chapter III).
In this context, the binding capacity at different ratios of the characterized GDL-induced soy
protein gel to high-moisture extrudate was investigated, to study the influence of the quantity
ratio and the addition of transglutaminase on the texture of salami-style sausage analogues
(Chapter 1V). In addition, hydrated gluten in various ratios to a high-moisture extrudate was
applied as an alternative binder system in sausage analogues similar to the previously studied,
to show the influence of this binder on the texture of a plant-based sausage analogue
(Chapter V).
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CHAPTER 11

Abstract

Existing complex meat analogues such as bacon often do not resemble meat-based ones in
appearance, texture, and techno-functionality. This has been due to them being only composed
of a differently colored homogeneous protein matrix, but lack in presence of a fat phase which
contributes to frying performance and taste perception. We hypothesized that extruded plant
proteins and plant-based fat mimetics can be assembled into a performance-enhanced bacon
analogue by using a suitable binder system based on soy protein isolate (SPI), where,
furthermore, adhesion can be improved by increasing gel strength. The results showed that
extrudates and fat mimetics could not be adhered sufficiently by a heat-induced 14% (w/w)
SPI-gel as binder, independent of the applied quantity. Successful adhesion was only achieved
when transglutaminase was added to the binding suspension, and only the hardest,
transglutaminase cross-linked gels resulted in acceptable cohesion. Overall, our results showed,
that gels needed to be formed via covalent, isopeptide bonds to act as functional binders in a
bacon analogue whereas gels formed via physical bonds were insufficiently adhesive to

function as a binder.

Keywords: complex meat analogue, binder, gelation, texture, soy protein isolate,

transglutaminase

Graphical Abstract

Non-covalent bonds in binder
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Introduction

The design of consumer-acceptable analogues of meat and meat products is gaining attraction
due to the desire of consumers to reduce the amount of meat in their diets, a fact that is related
to environmental, ethical, and health concerns associated with their consumption. The
consumption of processed red meat has been associated with health risks, especially
cardiovascular diseases, coronary heart diseases and cancer with potential mechanisms linked
to the content of saturated fat, cholesterol, iron, phosphatidylcholine, and carnitine (Anand et
al., 2015). On the other hand, vegetarian diets, and diets high in plant foods and plant protein
sources have been associated with a lower prevalence for coronary heart diseases and obesity
(Anand et al., 2015; Appleby & Key, 2016). Additionally, ethical concerns about animal
welfare and slaughtering lead consumers to decrease or exclude meat from their diet and
increase consumption of meat analogue products instead (Piazza et al., 2015; Apostolidis &
McLeay, 2016). Agricultural food production is very resource intensive as more than 70% of
the world’s water use is currently in the area of agriculture (FAO, 2020). Moreover, the food
supply chain has been estimated to produce about 26% of all anthropogenic greenhouse gas
emissions (GHG) (Poore & Nemecek, 2018). Studies have indicated that excluding animal
products from the diet could reduce the food’s land use by 76%, GHG emissions by 49% and
freshwater withdrawals by 19% (Poore & Nemecek, 2018). While beef, pork and poultry have
footprints of 45-640, 20-55 and 10-30 GHG kg COz-eq kg™ protein, vegetarian meat
substitutes, containing egg- or milk protein, have a footprint of 17-34 GHG kg CO2-eq kg
Lprotein. In comparison, completely plant-based meat substitutes range lower with
6-17 GHG kg CO2-eq kg™ protein  (Nijdam et al., 2012). Therefore, plant-based meat
substitutes bear the potential to supply protein-rich meals at a lower environmental impact,
thereby providing opportunities to make the global food supply system more sustainable.

Protein structuring approaches including extrusion and shear cell technologies have sufficiently
advanced by now to provide a good combination of scalability and resource efficiency. They
can be used to create anisotropic fibrous structures from biopolymer blends of plant proteins
thereby providing the basis for the creation of meat analogues (Birgit L. Dekkers et al., 2018).
For example, fibrous structures were manufactured at high temperatures using a conical shear
cell from soy-protein-gluten-mixtures and pea-protein-gluten-mixtures with tensile strengths

being in the same range or even harder than those of chicken meat (Schreuders et al., 2019).
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Yet, there hasn’t been much research on the more complex assembly of analogues using these

and other components such as structured fat systems (aka fat mimetics).

Bacon is a very popular cured meat product, especially in the US but also in Europe. It is
produced from pork belly by trimming, curing, smoking, pressing and optionally slicing. In
distinction to other meat products, fibrous muscle tissue and fat tissue are visually distinctly
layered (Devine & Jensen, 2004). There are a few vegan bacon analogues on the market, but to
date those are mostly composed of a (structured) biopolymer phase, that has been colored
differently, but lacks a structured fat phase which is essential for the performance during frying
where the fat is rendered providing for crispiness and a characteristic taste. In this study, we
hypothesized that assembly of a fat mimetic system with extrudates may yield a product that
more closely resembles animal-based bacon. In this context, the functionality of a suitable
binder providing the required adhesion between extrudate, and the fat mimetic was seen as
critical. The term “binding” has been used by meat scientists (among several other meanings)
in the context of having meat pieces adhere to each other (Siegel et al., 1979; Terrell et al.,
1982; G.H. Lu & T.C. Chen, 1999). Following this definition, the term is similarly used to
describe the functionality of components that provide adhesion between plant-based

components such as extrudates and structured fats (Arora et al., 2017; Lee & Hong, 2020).

In meat processing, the extraction of salt-soluble myofibrillar protein is typically a first step in
order to obtain several types of meat products, although targeted functional properties vary. In
finely comminuted emulsion-type-sausages, formation of a weak gel is already observed prior
to heating and the gel strengthens upon heating as proteins denature and aggregate. But the term
“binding” can also be associated with the incorporation of water and fat into the meat batter
(Fukazawa et al., 1961; Gordon et al., 1992; Liu et al., 2016). In restructured meat-products,
the focus has been on the ability to adhere separate meat pieces together to form a composite
solid, such as a restructured ham (Siegel & Schmidt, 1979; Chen & Trout, 1991). In all these
cases, solubilized myofibrillar protein plays a crucial role as a binder compound to generate
coherent, solid meat products upon heating (Fukazawa et al., 1961; Samejima et al., 1969;
Nakayama & Sato, 1971). Our base hypothesis was therefore that plant protein suspensions
may similarly provide the required binder functionality as long as they are capable of
undergoing a heat induced gelation. It should be noted that when discussing binder functionality
of solubilized meat as well as soy protein, water holding capacity (WHC) is also of importance.

It is crucial to product performance in meat products and there, an ionic strength of up to
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0.8-1.0 M NaCl has shown to increase water holding capacity, whereas higher salt
concentrations decrease the water holding capacity (Lawrie, 2006). In contrary, increasing ionic
strength has shown to decrease WHC in soy protein gels (Lakemond et al., 2003) but generally
increase gel strength of globular protein gels up to certain ionic strength values (Foegeding et
al., 1995). It was further postulated that gel strength and the ability to form a sufficient number
of intramolecular bonds as well as bonds with the used composites of protein extrudates and
structured fat phases may be important factors influencing quality attributes of the assembled
products (Furukawa et al., 1980). To test this hypothesis, different influencing factors (SPI-
concentration, temperature, coagulants, transglutaminase) on the gel strength of SPI-gels were
analyzed to obtain first insights into the suitability of these systems as binders. Subsequently,
selected gels were applied as a binder between slices of protein extrudates and structured fat
analogues (Dreher et al., 2020a, 2020b) and their ability to provide cohesion in composite

samples was investigated using a tensile test.

Materials and Methods

Materials

Soy protein isolate (Supro Ex 37 HG IP) was purchased from Solae Europe S.A. (Geneva,
Switzerland). Transglutaminase (Transglutaminase Activa WM) was bought from Ajinomoto
Foods Europe SAS, Hamburg, Germany. Glucono-é-lactone (GDL) was obtained from
Roquette GmbH, Frankfurt, Germany. Calcium sulphate (CaSO4) was obtained from
ThermoFisher (Kandel) GmbH, Karlsruhe, Germany and ferrous sulphate (FeSO4) from Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany. Calcium chloride (CaClz) and magnesium
chloride (MgCl>) were purchased from Carl Roth GmbH + Co. KG, Karlsruhe, Germany. NaCl
was bought from Stidwestdeutsche Salzwerke AG, Heilbronn, Germany. High-moisture plant
protein extrudate (pea/gluten-based, ~54% dry matter) and stearin shea butter fraction (from
AKK, Hull, UK) were provided by Nestlé Research, Lausanne, Switzerland. Canola oil was

bought from a local wholesaler (MEGA eG, Stuttgart, Germany).
Methods

Experimental procedure. In a first step, the influence of gel strength and consequently, the

hardness of SPI gels under varying conditions such as SPI-concentration, heating, addition of
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coagulants, acidification by GDL and additional covalent crosslinking by transglutaminase was

analyzed to select suitable gels to act as binders in subsequent assembly studies.

Firstly, the effect of SPI content (10, 12, 14 and 16%) and heating temperature (70, 80 and
90 °C) on the hardness of the gels was analyzed. Secondly, we investigated how the addition of
various coagulants (CaSOs, FeSOs, CaCl;, MgClz) in concentrations of 0.3 — 5% (w/w)
influenced the hardness of SPI gels. The applied concentration range of 0.3 —5% for the
divalent salts was chosen based on design and results of various other studies (DeMan et al.,
1986; Kohyama et al., 1995; Tang et al., 2011) and adapted to the increased protein
concentration of the studied samples. Also, the influence of acidification on gel performance
was investigated. To that purpose, a concentration of 1.3% (w/w) GDL was added to the SPI
suspension to induce a pH decrease to 4.5. This pH was chosen since it represents the isoelectric
point of the used soy protein isolate where net charges are zero (data not shown). Divalent salts
and GDL were chosen because they are typically used for soy protein gelation in tofu
production (DeMan et al., 1986). Furthermore, the reduction of repelling charges by adjusting
the pH close to the isoelectric point or salt addition can optimize the cohesion and adhesion of
proteins (Wall & Huebner, 1981). The protons released by GDL and calcium ions neutralize
the net charge of the proteins allowing hydrophobic interactions to become predominant, and
promoting interaction of proteins (Kohyama et al., 1995). The functionality of coagulants was
tested at a SPI concentration of 14 (w/w) % in the suspension since viscosity was sufficiently

low to facilitate an even distribution in the suspension.

Furthermore, TG was added to induce covalent crosslinking in SPI suspension. There, the
optimum concentration for achieving a maximum hardness had been tested previously (Herz et

al., 2021a) indicating that 25 mg TG per g SPI were required.

Finally, the effect of the 16% SP1 system, added in different quantities (4, 5 and 6 g), TG-gelled
binder (6 g) and in-situ gelling of fat mimetic between a high-moisture extruded plant protein
sheet and a fat mimetic composed of an emulsified and cross-linked fat crystal network
(EC-FCN)) (Dreher et al., 2020a, 2020b)to form vegan bacon analogue, and their ability to

maintain the mechanical integrity of the composite product was investigated.

Gel preparation. Soy protein isolate (SPI) (10-16% w/w) and, if applicable, coagulants were
dispersed in water with a kitchen aid mini food processor (Whirlpool Germany GmbH,

Stuttgart, Germany) for 30 s at level 1, followed by a further mixing for 60 s at level 2.

54



CHAPTER 11

Afterward, the protein suspensions were filled to the brim into ten 30 mL Nalgene cups
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) and heated for 30 min at 70, 80, 85
or 90 °C using a heated water bath (Compact Thermostat M20, Lauda Dr. R. Wobser GmbH &
Co. KG, Germany). After cooling to room temperature, the samples were stored at 2 °C prior

to measurements.

Hardness. The hardness of gels was measured by a puncture test with an Instron Universal
Texture Analyzer (Instron Model 3365, Instron Engineering Corporation, Norwood,
Massachusetts, USA). Sample SPI gels made in Nalgene cups with sample volumes of 30 mL
(see above) were penetrated at a speed of 1.5 mm s-1 to 75% length scale with a pin geometry

(d=13 mm). Measurements were repeated using 10 different samples per manufactured gel.

Fat mimetic preparation. An emulsified and cross-linked fat crystal network (EC-FCN), that
closely resembles animal fat tissue in terms of mechanical properties, was prepared following
the procedure of Dreher et al. (2020a). Briefly, a 70% O/W-Emulsion with SPI as emulsifier
was prepared and gelation induced by the addition of transglutaminase (TG). The oil phase
consisted of 70% (w/w) canola oil and 30% (w/w) shea butter stearin fraction, which was melted
into the liquid oil in order to mimic melting properties of animal fat. The water phase consisted
of a 10% (w/w) SPI-suspension, resulting in a total SPI-concentration of 3% (w/w) in the
emulsion. The SPI-suspension was prepared by dispersing SPI in water with a kitchen aid mini
food processor, followed by a slow addition of the oil phase while blending. After
emulsification, 1% (w/w) NaCl and 0.75% TG (w/w; 25 mg/g SPI) were added. The emulsion
was filled into rectangular aluminum forms, covered with foil and placed in a heating chamber.
Heat treatment was performed at 45 °C chamber temperature until a core temperature of 40 °C
was reached. Temperature was kept constant for 1 h to enable protein-crosslinking by TG.
Afterward, the sample was heated at 90 °C to a core temperature of 85 °C and then stored at

2 °C prior to further use.

Assembly of extrudate and fat mimetic. SPI-suspensions were spread evenly between a layer of
the extrudate and a layer of the fat mimetic and subsequently heat treated to adhesion. To that
purpose, both the fat mimetic and the used extrudates were cut into pieces of 8.3x12.3x0.2 cm
(=102.1 cm?). Binder amounts of 29.6 mg/cm? (3 g per sample), 39.5 mg/cm? (4 g per sample)
and 59.3 mg/cm? (6 g per sample) were tested. Samples were pressed with a defined weight of
8 g/cm? and incubated for 1 h at 40 °C, followed by heating for 1 h at 85 °C.
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In-situ gelation of fat mimetic. In order to briefly test also the ability of the uncrosslinked fat
mimetic system to act as binder, the emulsion was spread onto an extrudate layer and allowed

to gel.

Tensile strength. The cohesion of products composed of adhered extrudate and fat mimetics
was analyzed using a tensile test, where samples were pulled apart using a texture analyzer
(Instron Model 3365, Instron Engineering Corporation, Norwood, Massachusetts, USA). There,
the maximum force and work were recorded. The test was based on the adaptation of a method
for bacon previously described by Teye et al. (2006). From each sample, 10 squares of 2 cm
diameter were cut and glued with cyanoacrylate glue to stainless steel stabs of the same
diameter. The stabs were hooked into the measurement geometry of the texture analyzer. The
samples were pulled apart at speed of 1 mm s and force versus distance curves were recorded.
The maximum force and area under the curve referring to the work of adhesion were calculated.

Additionally, pictures of ruptured samples were taken.

Statistics. Statistical analysis of variance (one-way ANOVA) and Tukey’s post hoc tests were
carried out with OriginPro 2020 (OriginLab Corporation, Northampton, USA). All factors
included in the statistical analysis are shown in the graphs; maximum force and work of
adhesion (Figure 11.3) were analyzed independently. Differences at P< 0.05 were considered
to be significantly different. The assumption of normality and equal variance was tested
(p<0.05). Experiments were carried out in duplicate and measurements were performed on at
least five samples for puncture tests and ten samples for tensile tests. Graphs were also prepared

with OriginPro (OriginLab Corporation, Northhampton, USA).
Results and Discussion

Gelation behavior of concentrated SPI suspensions

Initially, the effect of SPI concentration and heating temperature on the hardness of SPI-gels
was investigated, as heat denaturation is known to alter the adhesive and cohesive properties of
globular proteins, as well as being an essential mean to solidify many composite systems (Wall
& Huebner, 1981). The hardness of heat-induced SPI gels (12-16% w/w) increased with
increasing SPI concentration, but was not much affected by the heating temperature (Figure
11.1). While hardness values of SPI gels with 10% and 12% (w/w) at all heating temperatures

were in a range of ~0.1-0.9 N and did statistically mostly not differ significantly from each

56



CHAPTER 11

other, the hardness increased significantly with increasing SPI concentration to ~ 1.9-2.3 N with
14% (w/w) SPI and to ~ 4.7-5.8 N with 16 (w/w) % SPI. The results are in good agreement
with those obtained by Shimada and Cheftel (1988), who suggested that heat-induced gel
formation is more dependent on hydrophobic interactions, hydrogen bonds, and S-S interchange
than on the formation of additional S-S bonds. An increasing protein concentration leads to an
increasing gel firmness as more intermolecular interactions between proteins are possible and

the area occupied by the protein network is increased (Zayas, 1997).
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Figure 11.1 Influence of heating temperature on hardness of soy protein gels with 10, 12, 14
and 16% (w/w) SPI at native pH without salt addition. Error bars showing standard
deviations. Values followed by different superscripts are significantly different (P
<0.05).

The addition of coagulants at various concentrations, except for FeSOs, did not significantly
increase the hardness of SPI gels, whereas crosslinking induced by TG distinctly increased gel
hardness by ~11 N. Again, between 70 and 90 °C the temperature did not have a distinct
influence on the hardness of the gels, and 85 ° was therefore chosen as a heating temperature
for later assembly experiments, mainly for practical reasons (comparability to another study

and microbial inactivation to facilitate a sufficient shelf life of samples).

The addition of MgCl, didn’t significantly alter the hardness, but a slight trend towards an
increasing hardness with increasing concentration was visible (Figure 11.2A). The results are
in line with those obtained by Rui et al. (2016), who had also reported that hardness increased
with increasing MgCl2 concentration. However, Rui et al. (2016) performed their experiments
at lower salt and protein concentrations (0.25-0.35% w/v MgCl,, 6% w/v SPI). There, a
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maximum hardness was reached at 0.3% (w/v) MgCl. at 6% (w/v) protein, whereas in our
experiments a maximum hardness was reached at 5% (w/w) MgCl.. which is likely due to the
greater number of protein crosslinking sites requiring more salt molecules to be present. The
same trend was observed for the addition of calcium chloride (CaCly) (Figure 11.2A). Ca* ions
can counter-balance negative charges on the polypeptide chains of the proteins, favoring
protein-protein interactions and lowering protein-water interactions leading to increased
aggregate sizes and increased gel network random aggregation with increasing CaCl»
concentration (Maltais et al., 2005). With the addition of calcium sulphate (CaSOa), a maximum
hardness was reached upon use of 1% (w/w) of the sulphurous calcium salt (2.70 + 0.11 N),
whereas higher concentrations showed a trend towards decreased hardness (Figure 11.2A).
However, a significant difference wasn’t determined. The decreasing hardness may be
attributed to increasing aggregate sizes, which led to the syneresis of the gel (Kohyama et al.,
1995). With the addition of GDL, a hardness of 2.55 +0.10 N was reached (Figure 11.2B)
which was also not significantly higher. Gel formation with addition of GDL to protein
suspension occurs since electrostatic repulsion of proteins is minimal allowing for an
aggregation of denatured protein by hydrophobic interaction to take place (Campbell et al.,
2009). The addition of salts or GDL mainly leads to increased physical interactions, by reducing
electrostatic repulsion between proteins, showing a slight trend in increasing the gel strength
compared to only heat-induced gels, but statistically not significant. Nevertheless, the use of
salts and GDL may be interesting for the manufacture of other vegan meat product alternatives

where lower water activities and pH values may be required to prolong shelf life.

Upon addition of iron sulphate (FeSOa), the hardness of the gels significantly increased with
increasing concentration to 5.76 £ 2.51 N (Figure 11.2A). Concluding from the scarcity of
publications, FeSOg is not typically used as a coagulant for soy or other food protein gels, but
was included in the study, since it might provide meat analogues with iron, a component that
they usually lack in comparison to meat and meat products. It should be noted though that
FeSOs-supplemented soy protein gels had an intensive blood-like smell which might pose

problems in terms of sensory performance.

With the addition of 25 mg TG per g SPI a hardness of 13.68 + 1.76 N was reached (Figure
11.2B), which represented the hardest gel formed in this study. Microbial transglutaminase
polymerizes soy protein, which leads to gel formation as the enzyme catalyzes an acyl-transfer

reaction between the amino group of lysine and the carboxamide group of glutamine residues

58



CHAPTER 11

(Nonaka et al., 1989). Additionally, hydrophobic interactions among hydrophobic areas of

fragmentary components of SPI contribute to the formation of gel network (Tang et al., 2006)
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Figure 11.2 Influence of concentration of MgCl,, CaClz, CaSO4 and FeSO4 on the hardness of
gels with 14% (w/w) SPI, heated at 85 °C (A). Comparison of maximum reached
hardness of 14% (w/w) SPI gels with different coagulants (0.4% (w/w) TG, 1.3%
(w/w) GDL, 1% (w/w) CaSOa, 5% (w/w) MgClz, 5% (w/w) CaCly) (B). Error bars
showing standard deviations. Values followed by different superscripts are
significantly different (P < 0.05).

Summarizing, the addition of salts or GDL did not significantly increase the gel hardness
(Figure 11.2B). An increase in protein concentration from 14 to 16% (w/w), the addition of
FeSO4 or gelation induced by TG increased the gel strength significantly. However, FeSO4 was
not considered as a promising food ingredient because of the intensive blood-like smell it
caused. On the basis of these results, assembly tests with SPI suspensions acting as binders
upon gelation were carried out only with heat- and TG-induced gels (see below). An increased
gel strength is key to the functionality of a binder since the combined product will break at its
weakest point. The product may also not be able to withstand later a slicing procedure and
disintegrate into its individual components under even weak mechanical loads. Furthermore,
the cohesion of the product is also important to generate the desired texture: from a sensory
perspective, a binding strength according to the mimicked product is favorable, as too weak as
well as too strong a cohesion will lead to an unauthentic texture. In protein extrudates, hardness
is mostly caused by the formation of disulphide bonds while in the fat mimetic system, hardness
IS due to creation of iso-peptide bonds after addition of TG. Furthermore, for the application of
SPI gels as binder in complex meat analogues, it should be considered, that further processing
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such as drying or frying will lead to further changes in texture of the binder as well as the

extrudate and fat mimetic due water loss and increased temperatures.
Binding behavior of concentrated SPI1 suspensions

Based on the results above, we then investigated the ability of the SPI suspensions to provide
binding between an extrudate and a fat mimetic after a heat or TG treatment to assemble a
composite bacon analogue. Initially, the amount of binder applied between extrudate and fat
layer was varied but this was found to not play a significant role in the integrity of the assembled
bacon analogue. A binder amount of 3 g per sample was the minimum amount of gel required
to ensure complete coating of extrudate and fat surfaces. No significant differences were
observed when the amount was increased as neither maximum force nor work of adhesion was
systematically altered. The maximum forces ranged between 0.79 £ 0.44 N and 1.05 £ 0.67 N
and work of adhesion between 0.59 £ 0.31 mJ and 1.06 + 0.70 mJ (Figure 11.3). The amount
of binder to adhere fibrous protein structures has, to the best of our knowledge, very rarely been
studied, and there are only a few studies available that contain results concerning the adhesion
of meat pieces or restructured meat. G.H. Lu and T.C. Chen (1999) found a linear correlation
between the amount of binder and adhesive strength when applying 0-8 mg/cm? egg white
powder as binder. Kuraishi et al. (1997) used TG and caseinate to adhere meat cubes and found
that an excessive amount of caseinate caused the formation of gel pockets, which weakened the
binding strength. Based on these results, we postulate that there may be an “amount range”
where adhesive strength increases with increasing binder amount, which was likely exceeded
by the amount used in our study. Thus, the effect was not seen, and more experiments using
lower amounts of binder may have to be carried out at a later point to investigate this further.
Likely, the individual hardness of composites in relation to the hardness of the binder may play
a crucial role there. However, an in-depth investigation of this would require a tuning of the

hardness of all three components, e.g. the extrudate, the fat mimetic and the binder system.

The impact of gelation conditions (heating with or without the prior addition of TG) on ability
of SPI to act as a binder was then finally studied. Substantially enhanced adhesion between
layers were observed using SPI in combination with TG as a binder as the maximum force
increased to 2.70 + 0.93 N and work of adhesion to 2.44 £ 0.70 mJ (Figure 11.3). TG has been
reported to improve the mechanical properties when used as a binder in restructured fish
products (Ramirez et al., 2006). Pictures from samples after the adhesion test additionally show
that in samples without TG, rupture occurred almost exclusively in the binder phase, that is
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between the extrudate and the fat mimetic (Figure 11.4). In contrast, upon use of TG, rupture
occurred mostly within the fat phase, indicating that the fat mimetic had become the weakest

structural entity of the composite samples.
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Figure 11.3 Maximum force and work of adhesion of fat-extrudate samples adhered with 3, 4
and 6 g of binder (16% SPI gel), with 6 g of TG-gelled binder and in-situ gelling of
fat-mimetic, measured by tensile test. Error bars showing standard deviations.
Values followed by different superscripts are significantly different (P < 0.05).

At present, there are still many open questions though as it pertains to the function of binders
in food systems, an area that has become very relevant as new vegan meat and meat product
analogues are being developed. Their design requires such components in order to yield
heterogeneous matrices with sufficient integrities and appealing textures. Currently,
methylcellulose is being used in many products, but consumer acceptance of this additive is
declining. Ultimately, food manufacturers will be required to substitute it for more acceptable
alternatives. In light of this, further investigations into functionality of various components to
act as binders should be carried out. In a final experiment, we also investigated if the fat-
mimetic could be directly used as a binder since its solidification also involved the use of TG
possibly providing for adhesion as well. Indeed, results of this in-situ-gelling experiment
showed that the adhesion strength remained similar to that of composites made with SPI+TG
as a binder, i.e. the maximum force was 2.53 £0.87 N and the work of adhesion was
1.81 + 0.87 mJ. As such, the emulsion that’s serves as a base for the fat mimetic could
potentially also be used as an adhesive gluing extrudate layers together. A study on non-meat

protein binders between meat pieces showed that the types of molecular interactions stabilizing
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a binder network are the most important factor determining their binding ability, and that ideally
they should be of the same nature as those of myosin formed gels so that interactions between
non-meat protein and myosin take place (Siegel et al., 1979). Our results showed that only the
TG-induced gel, with presumably covalent (isopeptide) bonds, led to sufficient cohesion in the
assembled bacon analogue system, whereas heat-induced SPI gels with mainly physical bonds
were too weak to function as an appropriate binder, especially, when increased mechanical
forces, such as slicing were applied to the product. The characteristic firm and fibrous texture
of extruded plant protein have been reported to be mainly formed by disulfide bonds (Wall &
Huebner, 1981; Lin et al., 2000; Liu & Hsieh, 2008). As gelation in the fat mimetic was induced

by TG, the bonds stabilizing the gel were predominately also covalent (isopeptide) bonds.

Figure 11.4 Visual appearance of fat-extrudate samples after tensile test, adhered with 39.5
mg/cm? (4 g) (A), 59.3 mg/cm? (6 g) (B) pure SPI binder, 59.3 mg/cm? (6 g)
SPI+TG-gelled binder (C) and in-situ gelled fat mimetic (D).

Results of this study shed a first light on the role and importance of binder components to
assemble composite systems such as vegan bacon analogues. A protein extrudate and a fat
mimetic could be adhered by a soy protein isolate suspension that was subsequently gelled by
heating or TG addition. Results show that covalent crosslinking is superior to physically
induced network formation to ensure a sufficient product integrity. The outcomes of this study
provide a first insight about the range of binder strength that can be achieved with coagulated
or TG-cross-linked SPI gels, Furthermore, the application of a tensile test provides an

opportunity to assess binder strength and cohesion of a composite meat analogue system.
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Industrial Relevance

Plant-based meat analogues have become a major trend in the food industry, due to consumers’
ethical, environmental and health concerns connected with a high meat consumption. While the
majority of studies that have been published on fibrous structure formation of plant proteins as
well as structuring of plant oils and fats, the number of studies focusing on combining these
components to manufacture a variety of assembled products is limited. For manufacturing
complex meat analogues, binder functionality is crucial and knowledge is still limited in this
area. Our results showed, that the chosen gelation mechanism is key to making it work as an
adhesive with covalent crosslinking being a requirement to generate a matrix with sufficient
integrity. These insights are of high relevance for developing, manufacturing and improving

complex plant-based meat analogues in the food industry.
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Abstract

Enzymatic cross-linking of proteins can be used to create a variety of foods with appealing
textures, and facilitate further processing such as slicing or packaging. Transglutaminase (TG),
a protein-glutamine-y-glutamyltransferase has been used in the production of processed meat
and fish products. However, it has a reaction optimum at pH 7 and is therefore typically
unsuitable for application in up-and-coming acidic food products such as fermented vegan meat
product alternatives. To determine whether a simultaneous addition of slowly acidifying
Glucono-6-lactone (GDL) and TG can facilitate protein-crosslinking prior to the pH becoming
too low, TG and GDL were added separately or in combination to soy protein suspensions
composed of 10-15% SPI. Texture analysis showed that SPI-gels at pH 5 - 6, induced by GDL
and TG combined, were harder than only GDL-induced gels and comparably hard to TG-
induced-gels at the optimum pH of 7. Decreased tan 6 values and CLSM images indicated that
protein cross-linking had taken place in combined gels. The results suggest an initial network
formation induced by TG, that is later in the acidification being supplemented by an
agglomeration of proteins due to reduced electrostatic repulsion. Taken together, the
combination of slow acidification by GDL and TG-addition leads to acidic gels with enhanced

textural properties and shelf life.

Keywords: soy protein isolate, gelation, transglutaminase, Glucono-6-lactone, microstructure,

texture
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Introduction

Plant-based food products, especially those that mimic animal-based food products, gain more
and more importance due to consumers ethical, environmental and health concerns (Kumar,
2016). The texture of these novel foods plays a critical role in consumer acceptance and
designing texture to mimic that of desirable meat or dairy products is, therefore, an important
aspect to meet consumers expectations (Hoek et al., 2011; Jeske et al., 2018). In many cases,
this requires the creation of a protein network and associated induction of a sol-to-gel transition
(Phillips, 2013).

Soy protein is a widely used plant protein due to its good techno-functional properties such as
emulsification, foaming and gelling (Kinsella & Melachouris, 1976). Soy protein gelation can
be induced by heating, acidification, as well as the addition of salts or specific enzymes to soy
protein concentrates or isolates (SPI) (Renkema et al., 2001; Renkema & van Vliet, 2002; Tang
et al., 2006; Campbell et al., 2009). Different gel structures can thereby be formed, such as
ordered networks or aggregated structures, depending on the heating temperature, the
composition of the SPI and the ionic strength (Hermansson, 1986). Salt- or acid-induced gel-
formation requires soy protein denaturation in the first step, while in the second step, protons
or salt ions neutralize the net charge of the proteins. In turn, hydrophobic interactions become
more predominant and aggregation can occur (Kohyama et al., 1995). Gel networks such as
these are therefore primarily stabilized by noncovalent linkages such as hydrogen bonds,
hydrophobic and electrostatic interactions (Damodaran, 2017).

An acid-induced gel formation caused for example by the production of organic acids such as
lactic or acetic acid by bacteria plays a particularly important role in texture formation of shelf-
stable food products such as yoghurt or raw-fermented sausages (Katsaras & Budras, 1992;
Lucey & Singh, 1997). In this context, cold-set, acid-induced gels can also be formed by the
addition of Glucono-é-lactone to SPI-suspensions (Campbell et al., 2009; Gu et al., 2009),
which is an internal ester that hydrolyzes to gluconic acid with a first-order reaction hydrolysis
kinetics (de Kruif, 1997). This mimics the slow acidification by lactic acid generating bacteria
and leads to a solidification of soy milk (Grygorczyk & Corredig, 2013). Furthermore, GDL is
typically used as a coagulant for the production of tofu yielding a smooth texture (DeMan et
al., 1986).
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Nevertheless, soy protein gels exhibit some textural deficits when they are used alone in food
products such as an insufficient hardness (Silva et al., 2019). The addition of transglutaminase
(TG), an enzyme that induces protein cross-linking by catalyzing an acyl-transfer reaction
between the amino group of lysine and the carboxamide group of glutamine residues (Nonaka
et al., 1989), has been shown to lead to the production of very firm gels, also from SPI (Tang
et al., 2006), due to the formation of covalent bonds (Damodaran, 2017). The pH-optimum of
TG is usually around pH 7 and the enzyme’s activity is substantially lowered at decreased pH
values (Fergemand & Qvist, 1997; Lerner et al., 2020), resulting in it not being suitable for
application in acidic foods. However, GDL acidifies slowly (Kohyama & Nishinari, 1992; de
Kruif, 1997), and thus, TG and GDL when added at the same time to a protein suspension,
could possibly permit TG to induce crosslinking before the pH becoming too low. As a result,
firm gels at low pH-values could potentially be produced. This approach has recently been
studied with lactic acid bacteria in a mixture of soy milk and cow milk (Xing et al., 2019; Xing
et al., 2020), albeit acid formation of lactic acid bacteria is slower than GDL hydrolysis
(Grygorczyk & Corredig, 2013). Zhu et al. (2011) have shown that enzymatic (TG)
polymerization of a lower concentrated (6% w/w) soybean glycinin suspension before
acidification improved firmness and elasticity of the resulting gels. However, this process is
only suitable for lower concentrated systems, where enzymatic polymerization by TG doesn’t

result in gel formation.

In this study, we hypothesized that the simultaneous addition of GDL and TG would result in
the formation of firm SPI-gels at a final acidic pH, compared to only GDL-induced gels, due to
protein cross-linking by TG occurring before acidification inhibiting the reaction. To that
purpose, GDL-induced, GDL- and TG-induced and pre-acidified TG-induced gels were formed

and characterized using texture, rheology, syneresis and microstructure analysis.

Materials and Methods

Materials

Soy protein isolate (Supro Ex 37 HG IP) was purchased from Solae Europe S.A. (Geneva,
Switzerland), Glucono-6-lactone (D-(+)-Gluconic acid &-lactone) from Sigma-Aldrich
(Steinheim, Germany), hydrochloric acid (HCI) from Carl Roth GmbH and Co.KG (Karlsruhe,

Germany) and transglutaminase (ACTIVA WM from Streptoverticillium mobaraense with an
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enzyme activity of 114 U/g, determined by the manufacturer) from Ajinomoto Foods Europe

SAS (Hamburg, Germany). Demineralized water was used for the preparation of all samples.

Methods

Gel preparation. Soy protein isolate was used as a model plant protein preparation and
dispersed in distilled water with a kitchen aid mini food processor (Whirlpool Germany GmbH,
Stuttgart, Germany) for 2 min. Subsequently, GdL and/or TG were added and blended with the
protein suspension for an additional 30 s. Afterwards, the protein suspensions were filled into
30 mL containers (Nalgene cups, Nalge Nunc International Corporation, Rochester, NY, USA)
and sealed. After incubation for 1 hour at 40 °C, the samples were stored overnight in a 4 °C
refrigerator. Samples were equilibrated to room temperature before all subsequent

measurements.

Protein charge and isoelectric point. The (-potential of samples was determined using a
Zetasizer Nano SeriesZEN3600 equipped with a multipurpose titrator MPT-2 (Malvern
Instruments, Herrenberg, Germany), adjusting the pH values between pH 8 and 3 with 0.1 and
0.01 M HCI. Samples were diluted in deionized water to a protein concentration of 0.1% (w/w).
The instrument software calculated the isoelectric points of the sample by interpolating the

cross-over point between net negative and net positive charges of samples.

Syneresis. Water loss of gelled suspensions was determined as follows: approximately 20 g of
SPI suspension were filled into 30 mL Nalgene cups, the exact weight was noted, and cups were
closed airtight with screw-on caps. After 24 h and 48 h of gel formation, cups were opened and
placed upside-down on a filter paper to collect released water. Afterwards, the weight of drained
cups was determined. The weight difference between initial and drained weight was then

calculated to indicate the amount of spontaneous syneresis that had occurred.

Texture. The hardness of gels was measured by a puncture test using an Instron Universal
Texture Analyzer (lllinois Tool Works Inc., Darmstadt, Germany). Nalgene cups (V=30 mL)
brimmed with SPI gels were penetrated to 75% length scale with a pin geometry (d=13 mm).

Each measurement was performed with 10 test samples.

Rheology. Gels were incubated between two glass disks set to a gap width of 1.5 mm. After
incubation, round samples were cut out and put in an oscillatory rheometer (MCR 300, Anton

Paar, Ostfildern, Germany) equipped with a plate-plate geometry (PP25, gap width 1 mm).
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Amplitude sweeps were used to determine the linear viscoelastic region (LVR) and were
performed with a strain y ranging from 0.01 to 500% at an angular frequency ® of 1 rad s-1.
Frequency sweeps were performed with a strain of y = 1% at frequencies ranging from 0.1 to

100 rad s-1.

Microstructure. The microstructure of gelled samples was analyzed using confocal laser
scanning microscopy (CLSM) with a Nikon Eclipse-Ti inverse microscope (Nikon, Dusseldorf,
Germany). Samples were stained with Rhodamin B (Carl Roth GmbH and Co.KG, Karlsruhe,
Germany), which had been added at a concentration of 0.01% prior to gelation. The samples

were protected from light during storage.

Statistics. Statistical analysis of variance (one-way ANOVA) and Tukey’s post hoc tests were
carried out with OriginPro 2020 (OriginLab Corporation, Northampton, USA). Differences at
P< 0.05 were considered to be significantly different. The assumption of normality and equal
variance was tested (p<0.05). Experiments were carried out in duplicate and measurements
were performed on at least three samples or ten samples for puncture tests. Graphs were also
prepared with OriginPro (OriginLab Corporation, Northhampton, USA).

Results and Discussion

In preliminary experiments, the amount of Glucono-d-lactone (GDL) required to reach a pH of
5.0, 5.5 and 6.0 in suspensions having SPI concentrations of 10, 12.5 and 15 wt% were
determined. Moreover, the general acidification behavior of GDL in these soy protein gels over
time was examined. Exemplarily, the acidification behavior of 1.302% GDL in a 15% SPI
suspension (target pH 5) can be found in the supporting data (Figure 111.6): After the addition
of GDL to the suspension, the pH decreased from 7.2 to ~ 6.5 after 15 min, to 6.0 after 1 h and
5.5 after ~ 3 h. Furthermore, the amount of TG needed to obtain a maximum hardness in TG
induced SPI-gels were determined at pH 7. As shown in the supporting data, with 30 mg TG
per g SPI maximum hardness was reached (Figure 111.7). It should be noted that an initial TG
induced gelation followed by later addition of GDL or acids was not investigated since physical
incorporation or gelling agents after the onset of gelation would not have been feasible without
destroying the formed network. Zeta-potential measurements showed a zero net charge,
corresponding to the iso-electric point (pl) of the used SPI at a pH of 4.5, and this would have
thus been an interesting gelation condition to include in the study. However, gels having a
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pH <5 were not included in this study because samples with pH values below that were

perceived as being too sour in a preliminary sensory test.
Texture Analysis

The texture of samples was assessed by a puncture test using a texture analyzer since this test
allowed for a comparison of all samples despite their different viscosities, ranging from easily
pourable to rubber-like. As shown in Figure I11.1A, the hardness of GDL-induced gels
increased with decreasing pH towards the pl from 0.21 + 0.08 N at pH 6.0 t0 0.79 £ 0.39 N at
pH 5.0 in samples containing 10% SPI. This can be attributed to enhanced hydrophobic
interaction at the iso-electric pH due to an absence of stabilizing electrostatic repulsive forces
(Campbell et al., 2009). The increase in hardness was even more pronounced with increasing
protein content, with hardness increasing from 1.30 £ 0.08 N at pH 6.0 to 3.54 £ 0.33 N at pH
5.0 in 15% SPI samples. This is indicative of an increased intermolecular interaction between
proteins and an increased net matrix area occupied by the protein network (Zayas, 1997).

Gels induced by TG-crosslinking at pH 7 had hardness values of ~ 2.7 N with 10% SPI and ~
12.9 N at 15% (Figure 111.1C) and thus were substantially harder than GDL-induced gels.
When the pH was adjusted to lower values with HCI prior to TG-addition, gel hardness values
were lower (TG pH 6.0, 5.5 in Figure 111.1C), whereas no visual gelation was observed at pH
5. The hardness decreased with decreasing pH and was eventually similar to GDL-induced gels.

Differences were more pronounced at higher protein concentrations.

When GDL and TG were added simultaneously, harder gels at decreased pH values were
obtained compared to only GDL-induced gels or HCl-acidified TG-induced gels (Figure
111.1B). Hardness increased with increasing SPI content, from 2.87 £ 0.58 N with 10% SPI at
pH 5.0 to 16.46 £ 4.80 N at 15 % SPI. At all measured pH values, TG+GDL-induced gels were
harder than gels only prepared with GDL and gels acidified with HCI before TG-addition.
Moreover, gels with TG at pH 5.0 (GDL+TG) were in the same range or even harder than TG-
gels at pH 7. This illustrates that the simultaneous addition of GDL and TG led to hard gels
even at low pH values which is in contrast to results obtained with suspensions that were pre-
acidified with HCI. There, a pronounced decrease in gel hardness was observed even at a mildly
acidic pH of 6.0, i.e. hardness decreased by ~ 60% in 15% SPI-gels and ~ 85% in 10% SPI-gels
when a pre-acidification with HCI had been taken place. Taking into account the previously

observed acidification behavior (Figure 111.6), it can therefore be concluded that TG induces
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cross-linking within less than 30 min after addition to the SPI-suspension. The increased
hardness of GDL+TG-gels, compared to GDL-gels, indicates protein cross-linking by TG,
while an increasing hardness with decreasing pH may be indicative of a subsequent

agglomeration of unpolymerized proteins to the TG-induced network, as previously suggested
for sodium caseinate gels by Partanen et al. (2008).
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Figure I111.1 Hardness determined by penetration tests of SPI-gels (10, 12,5 and 15% w/w),
induced by GDL (A), a combination of GDL and TG (B) and TG-induced gels (C)

at pH 5 to 7. Values followed by different superscripts are significantly different (P
< 0.05).
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Syneresis

Next, the syneresis behavior of the different gels was analyzed to obtain further information
about the microstructure and technofunctionality of the analyzed samples (Feergemand & Quvist,
1997). Results of GDL-gels and GDL+TG-gels at pH 5, compared to TG-gels at pH 7 are
representative of the generally observed behavior and are shown in Figure 111.2. The water
drainage of TG-induced gels was very low with ~ 0.1%. Reduced syneresis due to enzymatic
cross-linking of proteins by TG has also been observed in sodium caseinate gels and has been
attributed to a high flexibility of the network (Partanen et al., 2008). In contrast, GDL-induced
gels displayed a higher syneresis of ~ 0.8 — 1.7%. Combined GDL+TG-gels had the highest
water drainage of ~ 2.4 — 3.7%. Moreover, syneresis increased with increasing protein content.
As such, clear differences between samples were observed with respect to syneresis behavior;
with combined GDL+TG gels having had the highest water drainage. An increased syneresis
has been associated with increased cross-linking in calcium-induced soy protein gels, due to a
denser gel matrix (Sun & Breene, 1991). Vice versa, higher syneresis led to increased firmness
in salt- and acid-induced soy protein gels (Murekatete et al., 2014). Therefore, the increased
syneresis of GDL+TG gels is likely connected with the observed increased firmness, due to
water release, and also an indicator of increased network formation. Furthermore, the increased
syneresis of the acidic, TG-polymerized gel might be attributed to a lower flexibility and higher
rigidity, facilitating water release, as similarly observed and suggested for sodium caseinate
gels by Partanen et al. (2008). Under practical aspects, syneresis can be a necessary as well as
an unwanted phenomenon. On the one hand, it can be useful to enable water loss and achieve
an appropriate moisture content, e.g. in cheese making. Moreover, moisture loss and thus
reduction of the aw-value is generally an important approach to increase the shelf life of many
foods. On the other hand, it can be considered as a defect, e.g. in yoghurt or mustard where the
separating serum phase is perceived as a negative (Lucey, 2001). Knowledge about the
syneresis behavior of soy protein gels induced by different gelation mechanisms is therefore of
practical interest with regard to manufacturing of various plant-based meat or dairy product

analogues.
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Figure 111.2 Water drainage of 10-15% SPI-gels at pH 5, induced by GDL or GDL+TG and
TG-induced gels at pH 7. Values followed by different superscripts are significantly
different (P < 0.05).

Rheology

Mechanical properties of gels were additionally investigated by carrying out rheological
amplitude and frequency sweeps. Amplitude sweeps showing G’ and G’’ as a function of strain,
indicated that all samples were in gel state with G’ being > G’ in the linear-viscoelastic (LVE)
region (Figure 111.3). The LVE region is characterized by a plateau, while a decrease in both
moduli indicates irreversible deformation and marks the limit of the LVE region, yL. GDL-only
gels had a lower yield point of yL ~ 2 - 3% compared to GDL+TG-gels at pH 5 with yL ~ 3 -
4% and TG-gels at pH 7, which had a yL ~ 8 - 10% (Table 111.1). The higher yL values showed
that samples containing TG could be subjected to larger strains without irreversibly destroying
their structure. This is a further indication for an increased number of cross-links induced by
TG, which was also observed in studies on cross-linked emulsion gels by Dreher et al. (2020a),
Dreher et al. (2020b). Additionally, both gels containing TG had a peak in their G’ progression
which indicates cross-linking (Mezger, 2006; Dooling et al., 2016). Amplitude sweep analysis,
therefore, suggests that extensive cross-linking of proteins had taken place in both TG-induced

gels and gels containing GDL and TG.

As displayed in Figure 111.4, frequency sweeps yielded, similarly to amplitude sweeps, higher
storage moduli than loss moduli values, indicating again a networked structure, as well as an

increased magnitude of the moduli at increased protein concentration, indicating a higher
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degree of network formation (Schorsch et al., 2000; Mezger, 2006). Samples at pH 5, with and
without TG showed a low degree of frequency dependence, whereas, for TG-cross-linked gels
pH 7, no frequency dependency was observed, indicating very little to no effect of time on the
stability of the gels (Mezger, 2006). The damping factor tan 6 is indicative of the ratio between
the viscous and the elastic contribution of a material to an oscillatory deformation test
(Dickinson & Yamamoto, 1996; Mezger, 2006). Gels that were GDL-induced had higher
damping factors of 0.29 at 10% SPI and 0.26 at 15%, compared to combined GDL+TG-gels
with damping factors of 0.21 and 0.20 at 10% and 15% SPI and TG-induced gels with a
damping factor of 0.1 (Table I11.1). These results indicate stronger network formation with

increasing protein content as well as upon addition of TG.

Table I11.1 Limit of the linear viscoelastic region y. and damping factor tan 6 (at ® = 0.1 rad
s1) of 10 and 15% SPI-gels at pH 5 induced by GDL and GDL+TG, compared to
only TG-induced gels at pH 7.

7L (%)
SPI (%) GdL GdL + TG TG
10 209 = 1.40° 287 = 1417 7.94 + 369
15 292 + 084° 362 + 1.11° 1026 = 2.03°
tan 6
10 029 + 0.02° 021 + 0.01° 010 = 0.01°
15 026 + 0.00° 020 + 0.00f 010 = 0.01°

Microstructure

Figure 111.5 finally shows CLSM images of SPI-gels formed by GDL, TG, and combined
treatments. Only images of samples containing 10% SPI are shown since differences in gel
structure were more distinctly visible there. Images of GDL-induced gels at pH 5 showed a very
dense and evenly distributed structure with small visible accumulations but no strands, as is
typical for the microstructure of a gel induced by slow acidification, yielding an evenly
distributed structure of aggregated proteins (Partanen et al., 2008; Campbell et al., 2009). In
comparison, the images of HCI-pre-acidified suspensions (Figure I11.5C) contained larger
accumulated protein clusters forming a porous structure, caused by the fast acidification. The
images of TG-induced gels at pH 7 (Figure 111.5D) showed similar to Figure I11.5A a
homogeneous and dense structure, without clearly visible strands, but, in contrast, some cavities
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and larger accumulations, which might be an indicator for TG-induced cross-linking. In images

of gels containing both GDL and TG (Figure 111.5B), a stranded and porous network was

visible. Eissa et al. (2004) and Partanen et al. (2008) observed similar microstructure and

textural properties in whey protein gels when GDL-induced or TG+GDL-induced.
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Figure 111.3 Storage modulus G’ and loss modulus G’* of 10 and 15% SPI-gels at pH 5 induced
by GDL (A), GDL+TG (B) and TG-induced gels at pH 7 (C) as a function of strain

(amplitude sweeps).
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Figure 111.4 Storage modulus G’ and loss modulus G’* of 10 and 15% SPI-gels at pH 5 induced
by GDL (A), GDL+TG (B) and TG-induced gels at pH 7 (C) as a function of

angular frequency.

The microstructure observed in CLSM-images support our previously suggested mechanism of

gel formation of GDL+TG-gels: first, protein-cross-linking was catalyzed by TG, generating a

covalent “scaffold” throughout the matrix. Gradual acidification by GDL, on the one hand,

slowed down cross-link formation by TG, hindering the formation of a complete covalent

network. On the other hand, subsequent acidification reduced electrostatic repulsion between

the proteins, leading to agglomeration of non-cross-linked protein to the scaffold network,

similar to acid-induced gelation.
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Figure 111.5 Confocal laser scanning microscope (CLSM) images of 10% SPI-gels at pH 5
induced by GDL (A), GDL+TG (B) compared to HCl-acidified (pH 5), TG-added
suspension (C) and TG-induced gel at pH 7 (D) stained with Nile red.

To conclude, simultaneous addition of GDL and TG to a SPI-suspension yielded firm gels with
comparable hardness to TG-induced gels at higher pH values and a distinct microstructure. In
those combined gels, first, protein cross-linking was catalyzed by TG, generating a covalent
“scaffold” throughout the matrix. With gradual slightly time-shifted acidification by GDL
electrostatic repulsion between the proteins was reduced, leading to agglomeration of non
cross-linked protein to the scaffold network. Syneresis and firmness of the gel can be further

modulated by pH and protein concentration. We, therefore, suggest that a combined gelation
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mechanism of enzymatic cross-linking and acidification might be a good basis for the
manufacture of plant-based analogues to dry fermented, shelf-stable sausages, yoghurt, and
cheeses, where coherent acidic matrices need to be formed via a protein-based binder.
Investigations on the application of the herein investigated systems are currently underway and

will be reported in a future publication.
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CHAPTER IV

Abstract

A plant-based salami-type sausage analogue was manufactured with a glucono-6-lactone- or
transglutaminase+glucono- § -lactone-induced soy protein isolate-gel as binder to hold together
fat mimetic particles and extruded proteins with fibrous structure to resemble the structure of
classical dry-fermented sausages. The objective was to study the influence of the binder content
on the texture of this complex meat analogues. The sausage analogues were processed similarly
to traditional sausages. Texture, sensory and composition were analyzed. The hardness of dry-
fermented sausages was found to decrease with increasing binder content (e.g. at 45% dry
matter from ~ 110 N to ~ 80 N), whereas the cohesiveness increased with increasing binder
content (e.g. at 45% dry matter from ~ 0.21 to ~ 0.41). Results from sensory and texture analysis
correlated well and showed that both a high firmness and cohesiveness could not be reached in
a single formulation. Furthermore, the addition of transglutaminase slightly increased firmness
and cohesiveness, however, drying of sausages had a significantly higher impact on increasing
hardness. These results indicate that, at lower binder contents, the structure is dominated by the
extrudate particles, leading to an increased firmness but a lack of cohesiveness, whereas higher
binder contents increased the cohesiveness but decreased hardness.

Keywords: Meat product analogue, soy protein, acid-induced gel, transglutaminase, binder
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Highlights

e Traditional sausage production technologies can be used for plant-based analogues
e Low binder contents lead to increased firmness but a lack of cohesiveness
e Higher binder contents resulted in increased cohesiveness but decreased hardness

e Drying had a higher impact on sausage hardness than the addition of transglutaminase

Introduction

The consumption of meat and especially processed meat products has recently been associated
with negative impacts on the environment and human health. The production of animal-derived
food has been associated with higher greenhouse gas emissions, land and water use and
biodiversity losses than the production of plant foodstuff (Poore & Nemecek, 2018). Moreover,
the consumption of processed red meat has been associated with health risks, especially
cardiovascular diseases, coronary heart diseases and cancer, potentially linked to its content of
saturated fat, cholesterol, iron, phosphatidylcholine and carnitine (Anand et al., 2015). Also the
use of nitrite in processed meat products has been considered a health risk, due to the formation
of nitrosamine under certain conditions and the report of its carcinogenicity in animal studies,
although more recent studies indicated no association between usual nitrite intake and cancer
(Bryan et al., 2012). On the other hand, vegetarian diets and diets high in plant foods and plant
protein sources have been associated with a lower prevalence for coronary heart diseases and
obesity (Anand et al., 2015; Appleby & Key, 2016). Finally, ethical concerns about slaughtering
and factory farming of animals are causes for consumers to reduce their consumption of meat
(Piazza et al., 2015; Apostolidis & McLeay, 2016; Possidénio et al., 2021). As such, interest in
the development of novel plant-based foods has been high.

The term “plant-based food analogues” is used as a category that includes a broad range of
products that have been designed to mimic animal-based foods such as meat, fish, eggs, milk,
and thereout derived products (McClements & Grossmann, 2021). The subcategory of meat
product analogues is usually composed of three basic components to mimic the characteristic
texture of their animal-based counterparts: a plant-based fibrous material to mirror the muscle
structure of meat, a plant-based fatty material ideally with plastic as well as elastic

characteristics to mirror animal fat, and a plant-based binder mirroring solubilized meat proteins
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to hold these components together. Since fibrous structures that mimic the characteristic texture
of meat do usually not occur naturally in protein-rich plants, they are manufactured through
processing approaches using mostly globular plant proteins (Birgit L. Dekkers et al., 2018;
McClements & Grossmann, 2021). The most wide-spread process for the production of fibrous
material from plant-proteins is extrusion, which can be either performed as high-moisture or
low-moisture extrusion. In the extrusion process, a protein-water dispersion is plasticized inside
an extruder barrel by a combination of hydration, heating and application of mechanical forces.
For high-moisture-extrusion, the product is then conveyed through a cooling die where
anisotropic fibrous structures are formed by the inhomogeneous laminar flow, and expansion
is prevented (Birgit L. Dekkers et al., 2018). Another technique to produce fibrous structures
with plant proteins is by use of a shear cell where intensive shear forces are applied in a rotating
cup and bob system, resulting in elongated structures on a micrometer-level (Birgit L. Dekkers
etal., 2018).

For plant-based fatty materials, solid fats such as coconut fat or shea butter have been used,
sometimes in combination with other oils such as sunflower or canola oil. Those systems -
unlike animal fat - do not display any elastic mechanical properties though. An animal fat
mimicking system has recently been developed that is composed of plant-based oil or oil-fat-
mixtures incorporated in a plant protein network by emulsification and subsequent
Transglutaminase-induced covalent network formation (Dreher et al., 2020a). Through the
addition of a plant-based organogelator, textural properties of this system can be modulated to
meet specific product requirements. For the purpose of this study, this system was employed
using a plant oil as lipid phase, which has been shown to be the softest but also the most stable
system in terms of resistance to mechanical stresses that may be superimposed during e.g.

mixing, forming or filling.

In meat processing, the extraction of salt-soluble myofibrillar protein followed by various
processes of gelation is used to provide adhesion between fibrous meat particles and
comminuted fat particles (Gordon et al., 1992). In plant-based meat analogues, a binder
exhibiting adhesive and cohesive properties has to be added. Currently, mainly hydrocolloids
such as methylcellulose, carrageenan, and gums are used for this purpose, but consumer
acceptance of those compounds is low (Kyriakopoulou et al., 2021). For example, in the
manufacturing of a burger analogue, fat particles and protein extrudates have to be “bound”

together to generate a coherent mass that can be formed into patties. Depending on the use
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scenario, the binder must not only exhibit gluiness, but must also solidify under certain

conditions (e.g. during frying).

While a variety of meat analogues has been established on the market, analogues of dry-
fermented sausages are still scarce. As dry-fermented sausages are usually acidified (by lactic-
acid bacteria or glucono-6-lactone, GDL), the analogue product should also have a typical sour
taste. In previous studies, we investigated the gelation of soy protein isolate (SPI) by
simultaneous addition of an enzymatic crosslinker such as transglutaminase (TG) and GDL to
the SPI-suspension, what led to very firm gels (Herz et al., 2021a), as well as the potential of a
SPI-gel to work as binder in a complex meat product analogue (Herz et al., 2021b). Therefore,
we hypothesized that a raw fermented sausage (aka salami) analogue can be manufactured by
mixing of protein extrudates, a fat mimetic and the SPI binder with an acidifier (GDL) and
enzymatic crosslinker (TG) and other ingredients such as salt and spices, followed by a filling

of masses in casings, incubation and heating, smoking and drying.

Furthermore, we were interested to find out in more detail how different mixing ratios of binder
and extrudates influence the texture properties of the product, in particular upon addition of TG.
To address this question, the SPI+GDL-binder was added in both the absence and presence of
TG at varying mixing ratios to extrudates to manufacture raw fermented sausage analogues.
Sample products were then analyzed at various drying stages (undried and 40-55% dry matter)

in terms of their texture and sensory properties.

Materials and Methods

Materials

High-moisture extrudate, also known as high-moisture meat analogue or HMMA (69.3%
moisture content, 21% protein, height ~1,2 cm, width: ~18 cm, length: ~50 cm) from Alpha 8
soy protein concentrate (Solae Europe S.A., Geneva, Switzerland) was provided by Deutsches
Institut fir Lebensmitteltechnik (DIL e.V., Quakenbriick, Germany). Soy protein isolate Supro
EX 37 HG IP was obtained from Solae Europe S.A., Geneva, Switzerland (protein content
> 90% on dry matter basis) and canola oil, salt (NaCl) and paprika powder from MEGA eG
(Stuttgart, Germany). Spice mix StarFermat was obtained from Frutarom GmbH (Salzburg,
Austria). Beetroot powder was purchased from Van Hees GmbH (Walluf, Germany) and

Glucono-o-lactone  (D-(+)-Gluconic acid o-lactone) from  Sigma-Aldrich  (Steinheim,
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Germany). A vegan salami flavor was provided by Givaudan SA (Vernier, Switzerland).
Hydrochloric acid (HCI) was purchased from Carl Roth GmbH and Co.KG (Karlsruhe,
Germany) and transglutaminase (ACTIVA WM from Streptoverticillium mobaraense with an
enzyme activity of 114 U/g, determined by the manufacturer) from Ajinimoto Foods Europe
SAS (Hamburg, Germany). Cellulose casings (18 mm diameter, CE-FP) were provided by
Naturin Viscofan GmbH (Weinheim, Germany).

Methods

Preparation of SPI-gels for binder analysis. 15% (w/w) SPI suspensions were prepared in a
Stephan UM 5 Cutter (Stephan Machinery, Hameln, Germany) by mixing water and SPI for
10 s at 500 rpm, followed by 5 min at 1500 rpm under vacuum conditions. If applicable, GDL
and/or TG were added for the last 30 s of mixing. GDL was added at a concentration of 0.6%
to reach a pH of 5.5 with TG having a concentration of 25 mg/g SPI. For the subsequent texture
analysis of the binder system, samples were filled into polyethylene casings, incubated for 1 h
at 40 °C, followed by heating to a core temperature of 85 °C in an Air Master UK-1800 chamber.
For cohesiveness performance tests of the binder system, first, high-moisture extrudate pieces
were cut into smaller, uniform pieces of 4 mm thickness (with a commercial meat slicer) and a
length of 14 cm and a width of 8 cm. Then, 0.1 g/cm?2 of SP1 dispersion was distributed equally
on one piece of extrudate, before a second piece of extrudate was placed on top. The extrudate
sample was wrapped in plastic wrap to prevent water loss or uptake during heating and then
placed in an aluminum baking tray with another baking tray on top. 8 g/cm? of weight was
placed in the second baking tray to press down on the extrudate. A similar incubation and
heating step as described above for the binder alone was then carried out.

Preparation of fat mimetic. A fat mimetic system was prepared according to the method of
Dreher et al. (2020a). Briefly, a 12% (w/w) SPI-suspension was prepared by homogenizing the
protein isolate and water for 15 min at 3500 rpm in a MaxxD Lab rotor-stator homogenizer
(FrymaKoruma, Rheinfelden, Switzerland). The suspension was then adjusted to pH 7.0. and
canola oil was slowly added at a ratio of oil to protein suspension of 70:30 (w/w) during
homogenization in the same device for 300s at a speed of 5000 rpm under vacuum of
450 = 50 mbar. After homogenization, the temperature was allowed to equilibrate to ~38 °C
and transglutaminase (TG) was added as a 40% (w/w) solution at a concentration of
20 mg/g protein. The emulsion was then filled into 60 mm polyethylene casings (NaloBar
APM, Kalle GmbH, Wiesbaden, Germany) using an MWF 591 filler (MADO, Dornhan,
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Germany), and incubated in an Air Master UK-1800 chamber (Reich GmbH, Schechingen,
Germany) at 40 °C for 60 min to enable protein cross-linking. Afterwards, the fat mimetic
system was heated to a core temperature of 85 °C for microbial safety. Samples were then stored

at 2 °C until further use after having been showered with cold water (10 °C) for 10 min.

Preparation of sausage analogue batter. Plant-based salami-style sausage analogues were
prepared with various binder-to-extrudate ratios and additional ingredients as specified in Table
IV.1. To that purpose, fat mimetics were removed from their casings and pre-cut into pieces
with an approximate diameter of 5cm, and then comminuted in a K64 bowl chopper
(Seydelmann GmbH, Stuttgart, Germany) for 20 s at a knife rotational speed of 930 rpm and a
bowl speed of 13 rpm. Extrudate pieces that had been pre-cooked for 20 min in 80 °C hot water
and then cooled over night at 2 °C, were separately comminuted in the bowl chopper at a knife
rotational speed of 1500 rpm and a bowl speed of 13 rpm for 65 s to achieve the desired particle
size. As a third component, the binder suspension was prepared by mixing SPI (15% w/w) and
water at a knife rotational speed of 1500 rpm for 60 s in the bowl chopper, followed by an
increase in knife rotational speed of 4000 rpm for 180 s under vacuum. Salt, spice mix, salami
flavor, beetroot and paprika powder, Glucono-&-lactone (GDL) and TG, if applicable, were
added to the SPI-suspension shortly before the preparation of the salami analogue mass mixture
composed of the three components, i.e. the extrudate, the binder and the fat mimetic. To that
purpose, the three components were finally mixed in the aforementioned bowl chopper with a
reverse knife setting (knives rotating backwards, contacting the batter with the dull side to
prevent further comminution) for 30 s at a bowl speed of 13 rpm. The salami analogue mass
was then filled into 28 mm cellulose casings using a VF 610 plus vacuum filler (Handtmann
GmbH, Biberach, Germany), incubated in an Air Master UK-1800 chamber (Reich GmbH,
Schechingen, Germany) at 40 °C for 1 h to facilitate cross-linking by TG, and then heated to a
core temperature of 85 °C followed by showering with cold water (10 °C) for 10 min for
microbial safety reasons. Sausages were smoked twice with beech wood and friction smoke for
5 min followed by drying at 18 °C and 80% relative humidity until dry matter contents of 40 —
55% were reached. The dried salami analogues were stored at 2 °C in sealed bags with modified
atmosphere (80% N2, 20% CO3) until further analysis.

Dry matter, protein content and pH. The dry matter content was determined gravimetrically in
triplicate, using the standard sea sand method (VO(EG)152/2009). 5 g of sample were ground

with sea sand and dried in an oven (Type 400, Memmert GmbH, Schwabach, Germany) up to
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constant weight loss. The remaining mass represents the dry matter. The protein content was
determined by Dumas method, using a Dumatherm N nitrogen determination device (Gerhardt
GmbH, Kénigswinter, Germany). Measurements were performed in triplicate and a conversion
factor of 6.25 was used. The pH was measured with a pH-meter 537, WTW, Weilheim,

Germany.

Texture analysis. The texture of the samples was analyzed by recording the force as function of
distance during a double uniaxial compression with an Instron Universal Texture Analyzer
(IMinois Tool Works Inc., Darmstadt, Germany). Samples were cut into cylindrical specimens
(diameter: 20 mm, height: 15 mm) and compressed to 75% of their original height for the
assessment of hardness and to 50% for cohesiveness and springiness, according to Bourne
(1968).

Tensile test. A previously adapted tensile test (Herz et al., 2021b) to analyze the cohesiveness
of binder-extrudate composites as described above was used. After heating and cold storage,
the composite samples were cut into squares with a diameter of 2 cm and glued onto stainless
steel plates with cyanoacrylate glue. The plates were hooked into an Instron Universal Texture
Analyzer (Illinois Tool Works Inc., Darmstadt, Germany) and pulled apart at a constant speed
of 1 mm/s. Force versus distance curves were recorded and the maximum force and the area

under the curve referring to the work of adhesion were calculated.

Sensory analysis. First, a triangle test was carried out with 34 panelists to find out, if a difference
between sausages containing SPI+GDL- and SPI+GDL+TG-binder could be detected.
Therefore, sausages with 40% and 60% binder were tested. The triangle test and calculation of
the result were performed according to (Meilgaard et al., 1999). Furthermore, 20 trained
panelists assessed the samples with 45% dry matter among the texture factors hardness,
cohesiveness and dryness on a 10-step relative-to-ideal scale, with the midpoint representing
the optimum of the attribute. The samples had a diameter of ~ 1,3 cm and were cut into pieces
of ~3 cm to obtain similar measures to the commercial product. The panel consisted of
members of the institute (age range ~ 20 — 60 years), who have received lectures and trainings
during their studies, participate regularly in sensory analysis and have received a two product-

related trainings before the assessment of the plant-based sausages.

Statistical analysis. Statistical analysis of variance (one-way analysis of variance) and Tukey’s

post hoc tests were carried out with OriginPro2020 (OriginLab Corp., Northampton, MA).
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Differences at the p < 0.05 level were considered to be significantly different. The assumption
of normality and equal variance was tested (p < 0.05). Experiments were carried out in
duplicate. Graphs were also prepared with OriginPro (OriginLab Corp.).

Table IV.1: Ingredients and concentrations of plant-based salami-style sausage analogues.

Main ingredients SPI30 SP140 SPI150 SP160 SPI70
SPI Binder (%) 30 40 50 60 70
Extrudate (%0) 55 45 35 25 15
Fat mimetic (%) 15 15 15 15 15

Additional ingredients Dosage (g9/kg)
NaCl 18
Glucono-é-lactone 6.3 — 9.7 (target pH 5.5)
Spice mix 20

Beetroot powder 10

Paprika powder 5

Results and Discussion

Influence of binder type on mechanical properties of binder systems

First, the behavior of two pure SPI binder systems - one with and one without TG - was
analyzed. To that purpose, a 15% (w/w) GDL-induced SPI-gel (pH 5.5), in the following
referred to as “SPI+GDL-Binder” and a 15% (w/w) TG- and GDL-induced SPI-gel (TG and
GDL were simultaneously added, pH 5.5) in the following referred to as “SPI+GDL+TG-
Binder” were prepared, and analyzed using a double-uniaxial compression test to determine the
texture properties hardness, cohesiveness and springiness and a tensile test as both described
above and in a previous paper (Herz et al., 2021b). Both analyses were also performed with a
15% (w/w) SPI-gel without acidification or TG and a 15% TG-induced SPI-gel without
acidification (pH 7).

The results of the texture analysis showed a significantly higher hardness of the SPI+TG gel
and SP1+TG+GDL gel compared to the SPI and SPI+GDL samples (Table 1V.2). The increased
hardness can be attributed to protein cross-linking by TG (Tang et al., 2006) and confirmed
results from our previous study, indicating that protein cross-linking was catalyzed by TG

before the pH became too low by the dissociation of GDL to gluconic acid to be out of the
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activity range of the enzyme (Herz et al., 2021a). Cohesiveness and springiness were lower in
both acidified samples, but higher for SPI1+TG+GDL compared to SPI+GDL. This shows that
acidification leads to a less elastic and less cohesive texture, which is in accordance with the
results of Renkema and coauthors, who observed stiffer SPI-gels at acidic pH-values in their
rheological analyses (Renkema et al., 2000; Renkema & van Vliet, 2002). This was contributed
to a lower solubility leading to more protein being incorporated in the network and the
formation of thicker gel strands with a lower elasticity. Furthermore, our results indicate that
covalent cross-linking induced by TG compensates this effect, which has also previously been
reported for lower concentrated soy glycinin gels (6% w/w) where TG-induced cross-linking
was applied before acidification (Zhu et al., 2011). Similarly, the maximum force and work of
adhesion in the tensile test were lower for the heat-induced SPI-binder without TG or GDL
(Table 1V.2). These results are in accordance with findings of our previous study, where we
observed that the addition of TG to an SPI-gel as binder between (another) extrudate and fat
mimetic significantly increased the maximum force and work of adhesion (Herz et al., 2021b).
This shows that not only covalent, TG-induced cross-linking increases the adhesion properties
but increased hydrophobic interactions and decreased electrostatic repulsion from the addition

of GDL also play a role.

Table 1VV.2: Texture properties of 15% (w/w) soy protein isolate gels, induced by heating
or in addition with glucono-é -lactone or transglutaminase, obtained from a
texture (1) and adhesion property test (1)

heat heat+TG heat+GDL heat+TG+GDL
Hardness (N) 2245 + 148° 7666 * 996 1594 + 1.43° 5646 + 12.65°
Cohesiveness (-) 0.86 = 0.03? 087 =+ 0.03? 0.17 = 0.03° 0.23 =+ 0.06°
Springiness (mm) 6.98 =+ 0.95° 790 + 0.672 339 + 0.53° 542 + 0.92°
max Force (N) ¥ 1.80 + 1.56° 240 =+ 2.04F 533 * 2.24° 400 =+ 1.90%c
Work of Adhesion 0.58 =+ 0.47° 460 + 4.00° 271 + 1.86% 273 + 1.61%®

@

Note: Values followed by different superscripts are significantly different within the line (P < 0.05).

Having looked at the binder system itself, we subsequently wanted to find out if the observed
results of the texture analysis and a tensile test could be translated to a more complex meat
product analogue matrix in which extrudates and fat mimetics would have to be bound. To
answer this and to find out how the binder ratio influences texture properties in such complex

matrices, an application test was performed with results being presented in the following.

89



CHAPTER IV

Influence of matrix composition and binder type on mechanical properties of

wet sausage masses.

Complex sausage matrices containing binder, fat mimetics and extrudates as main components
were subsequently prepared by mixing of the individual components. In wet samples, i.e.
samples that had been taken from filled and heated, but not yet dried sausages, hardness
decreased with increasing binder content (Figure 1V.1A). Moreover, hardness tended to
increase with the addition of TG, especially at higher binder contents. In particular, samples
containing above 60% binder were notably influenced by the addition of TG.

For springiness, no systematic impact of binder content was observed, but there were significant
increases in springiness found for samples made with the addition of TG at 40 and 50% binder
content, samples with SPI+GDL+TG-binder had a significantly higher springiness compared
to samples with the according amount of SPI+GDL-binder (Figure 1V.1C). This effect might
be caused by protein crosslinks induced by TG in the SPI-binder matrix itself as well as

crosslinking between the SPI suspension and the extrudates and fat mimetic particles.

For cohesiveness, an increase of binder content in uncrosslinked samples tended to increase
cohesiveness, but upon addition of TG the influence of binder content that influence
disappeared. The addition of TG generally increased the cohesiveness at lower binder contents
(30 and 50%) but decreased the cohesiveness significantly at 70% binder content (Figure
IV.1B). Taken together this indicates that especially the elastic contributions to the mechanical
properties of the wet, but heated sausage mass might arise from an interplay between possible
internal SPI binder crosslinks as well as possible crosslinks between the binder and the included
particles, namely the extrudates and the fat mimetics. In these composite systems, each of the
individual structural entities may have a contribution to the behavior of the bulk system, and
since the individual components all have different mechanical properties a nonlinear mixing
behavior with increasing binder content and decreasing content of fibrous extrudate may
emerge. There are not a lot of studies available that have looked at such composite systems, but
Kuraishi et al. (1997) observed in a study with caseinate+TG as binder for meat cubes that an
excessive application of binder resulted in decreased binding strength. A similar application
study of a soy protein binder and TG in a meat analogue has also been done by Lee and Hong
(2020) in a plant-based burger patty. Here, the addition of TG to an SPI-binder increased the
hardness, springiness and cohesiveness significantly, but variations of compositions especially
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those of binder to extrudate ratios were not done. A similar complex behavior of fibrous
material — binder content was found by Atilgan and Kilic in a study investigating the effect of
addition of microbial transglutaminase, fibrimex (a combination of fibrin and thrombin) and
alginate on physicochemical properties of cooked ground meat (Esra Atilgan & Birol Kilic,
2017).
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Figure 1V.1: Influence of TG-addition in the binder on hardness (A), cohesiveness (B) and
springiness (C) of undried sausage analogues, analyzed in a double uniaxial
compression, at binder ratios between 30-70%. Values followed by different
superscripts are significantly different (P < 0.05).
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Influence of matrix composition and binder type on drying behavior of

Sausage masses.

Next, we studied the behavior of the sausage masses during drying. Specifically, the impact of
the two different binder systems, i.e. the SPI+GDL-Binder and the SPI1+TG+GDL-Binder at
different binder-to-extrudate-ratios on drying of the salami analogues were studied. To that
purpose, weight loss of the samples was measured throughout the drying and in samples where
drying had been completed. The dry matter of the different batters after production ranged from
30.2% for the sample with 70% binder to 37.4% dry matter with 30% binder (see also Table
V.3 in the appendix for details). Moreover, the change in dry matter over time during drying

is shown representatively for samples with 30, 50 and 70% binder content in Figure 1V.2.

65 - —m— 70% SPI+GDL-Binder
60 - —w— 30% SPI+GDL-Binder
55 L —0—70% SPI+TG+GDL-Binder
50 L —7— 30% SPI+TG+GDL-Binder

Weight loss (%)

48 72 96 120
Time (h)

Figure 1V.2: Weight loss of plant-based sausage with 30 and 70% SPI+GDL-binder and
SPI1+GDL+TG-binder during 5 days of drying.

The results show that in samples with 30 and 70% SPI1+TG+GDL-Binder, water loss during
heating occurred, resulting in a higher dry matter at the beginning of drying and more rapid and
higher weight losses than samples with the SPI+GDL-Binder. However, the highest dry matter
of 55% were texture properties of the samples were studied, was reached within a time frame
of 6 h for all binder contents. All samples had a final pH of ~ 5.5, therefore differences in water
holding capacity can’t be linked to the pH but rather to the results of our previous study where
the microstructure of the different SPI-gels used as binder in this study were assessed.
Compared to the GDL-induced SPI-gel, the SPI+TG+GDL-induced gel had a more porous
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microstructure and showed higher syneresis (Herz et al., 2021a). This porous microstructure
might cause faster water migration and faster weight loss of the samples with SPI+TG+GDL-
Binder in this study.

Influence of matrix composition and binder type on texture, sensory

properties and appearance of dried sausages

We finally assessed texture and sensory properties of sausages dried to different final dry matter
(or moisture) contents. Also the protein content of the sausage analogues has been analyzed and
showed similar values independent from binder to extrudate ration, ranging from ~ 18% protein
at 40% dry matter to ~ 25% protein at 55% dry matter (Table 1V.4). Therefore, it can be
presumed that differences in texture are to be attributed to macro- and micro-structural

differences rather than to chemical composition.

First, we compared the texture properties of sausages with SPI+GDL-Binder and the
SPI+TG+GDL-Binder at different dry matter contents (40-55% dry matter). An increased
hardness of sausages with TG-crosslinked binder was only significant at 40% dry matter content
and 70% binder (i.e. the system that contained the most water and binder), as well as the system
with at 45% dry matter and 60% and 50% binder (for further details see appendix, Figure 1V.6).
In all other samples and at higher dry matter contents, no significant difference in hardness was
found between samples containing SPI+GDL- and SPI+GDL+TG-binder. Similarly, for
cohesiveness, a significantly increased cohesiveness was only detected at 40% dry matter
content with 70 and 60%, whereas for lower binder contents and higher dry matter contents at
later stages of the drying, differences in cohesiveness between the two different binder systems
disappeared. For springiness, no significant differences between dried sausages made with
SPI+GDL or SPI+GDL+TG as binder were found. In essence, previous differences in the
sausage masses due to use of TG were lost with drying, and TG-crosslinking of the binder thus
provided only marginal improvements in mildly dried sausages at high binder contents only.
Because of this, the influence of composition and dry matter content on texture of dried salami
analogues are only shown below for samples with SPI+GDL-binder. Furthermore, a triangle
test comparing sausages with 40% and 60% SP1+GDL- and SPI1+TG+GDL-Binder at 45% dry
matter was conducted, where no difference on a significance level of 0.05 (see in detail in the
supplementary material Table 1V.5) between the two binders was observed, confirming the
findings of the texture analysis, where mostly no difference between dried sausages with TG-
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crosslinked and non-crosslinked binder were found. Therefore, a comprehensive sensory
analysis on the influence of binder ratio on texture properties was only performed for sausages
with SP1+GDL-binder.

Looking at the impact of final moisture content, all samples regardless of their composition and
use of TG became harder with increasing dry matter contents (Figure 1V.3A). Moreover, results
of the instrumental texture analysis also showed that hardness decreased with increasing binder
content (Figure IV.3A). These results can be attributed to the higher hardness (~ 230 N,
measured in preliminary experiments in undried state) of the extrudate compared to the
hardness of the binder itself (< 10 N (in undried state), Table 1V.2), which results in a higher
hardness at higher extrudate contents and a lower hardness at higher binder contents. The
springiness measured by texture analysis increased significantly with increasing binder content
from 4.86 + 0.32 mm with 30% SPI-binder to 5.96 £ 0.57 mm with 70% SPI-binder, but was
only little impacted by an increase in dry matter content (Figure 1VV.3C). The springiness of the
(undried) binder itself, the GDL-induced SPI-gel, was ~ 3. mm, indicating that drying increases
the springiness of the SPI-gel and that there might be a synergistic effect in the mixture with
the comminuted extrudate, as outlined above. The cohesiveness measured by texture analysis
also increased significantly with increasing binder content, but again only little with increasing
dry matter (Figure 1V.3B). Only at lower binder contents (30 and 40%) did the cohesiveness
increase significantly with increasing dry matter content. From a mechanistic point of view, the
macrostructure of the sausage analogues can be considered as a particle-filled gel and the
texture is therefore influenced by an interplay of the individual texture properties contributing
to the overall texture as physical and chemical interactions between binder and particles. The
results show overall that the binder content correlates with cohesiveness and springiness, while
the extrudate content correlates with hardness. The influence of the amount of binder on binding
strength has rarely been studied (Kuraishi et al., 1997; G.H. Lu & T.C. Chen, 1999), but from
these results it has been postulated, that there is an “amount range” where binding strength
increases with the amount of binder. When considering cohesion as a measure for binding
strength, this amount range hasn’t been exceeded with the compositions studied. Furthermore,
cohesion has been reported to increase with increasing covalent and non-covalent bonds
(Azeredo & Waldron, 2016) as well as with decreasing water content (Wall & Huebner, 1981).
However, this correlation couldn’t be observed this study. We therefore conclude, that in the

studied system, the texture is mostly influenced by the amount and texture of the individual
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components as well as their interactions rather than cross-links and interactions in the binder

itself.
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Figure 1V.3: Influence of binder ratio and drying on hardness (A), cohesiveness (B) and
springiness (C), analyzed in a double uniaxial compression, of sausage analogues
with 30-70% SPI-GDL-binder, dried to dry matter of 40-55%. Values followed by
different superscripts are significantly different (P < 0.05).

The effect of a decreased hardness with increasing binder content was also detected in the
sensory analysis and therefore correlated well with the texture analysis results. The results of

the sensory analysis further showed a significant increase in cohesiveness with increasing
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binder content (Figure 1V.4). Interestingly, results of the sensory analysis indicate that on the
one hand an optimal hardness was scored for samples with 30% binder, while, on the other
hand, those samples were rated too low in cohesiveness (2.25 + 1.45) and too dry (6.58 * 1.55).
In contrast, samples with 70% binder were rated close to the optimum in dryness (5.12 £ 1.62)
and better in cohesiveness compared to lower binder ratios (3.91 + 1.46), but were evidently
too soft (2.78 + 1.57). Generally, the dryness ratings decreased with increasing binder content,
although all samples had the same dry matter, indicating that the oral perception of dryness can
be modulated by different component ratios at the same dry matter and furthermore correlates
with the cohesiveness of the samples. To the best of our knowledge, the relationship between
texture and dryness perception hasn’t been studied so far, and this may be an area worthy of
investigations in the future. Dryness, according to 1SO 5492:2008, is a “surface textural
attribute that describes the perception of water absorbed by or released from a product”. In the
case of the products studied here, low cohesiveness resulted in a fast break-down of the product
into many small particles and therefore probably a fast absorption of saliva, resulting in the

perception of increasing dryness in correlation with a decreasing cohesiveness.
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Figure 1V.4: Influence of binder content (30-70% SP1+GDL-binder) on the sensorial properties
hardness, cohesiveness and dryness, assessed by 20 trained panelists on a 10-step
relative-to-ideal scale with 5 as optimum value. Values followed by different
superscripts are significantly different (P < 0.05).
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Optical appearance. Animal-based salami-type sausages typically have a marbled appearance
of small white animal fat particles. In our study, plant-based salami analogues had a similar
appearance as shown in Figure 1V.5. At high binder contents, the optical appearance of the
protein phase was coherent, while towards lower binder contents, especially with 30 and 40%
binder, the structure appeared incoherent and crumbly. Furthermore, the visible fat particles
appeared smaller in size with decreasing binder content, which may be attributed to the
decomposition of fat mimetic particles during processing caused by the higher overall hardness
of the sausage batter at lower binder contents. Moreover, fat particles appeared less white with
increasing dry matter which was also observed by Dreher et al. (2021) in the application of their
animal fat mimetic system. The authors explained this effect by a loss of water from the protein
network in the emulsion gel during drying. The white appearance of the fat mimetic is caused
by light scattering of the emulsified oil droplets in the protein network. When water diffuses
out of the network, the volume phase of the oil increases, leading to a less white and more

yellow appearance.

30% 40% 50% 60% 70%
Binder Binder Binder Binder Binder

Figure 1V.5: Images of cross-sections of plant-based salami style sausages analogues with 30-
70% SPI1+GDL-binder content, dried to dry matters of 45-50%.

Conclusion

Taken together, our results show that both a GDL-induced SPI-gel as well as a TG+GDL-
induced SPI-gel can be used as binder to combine extrudate and fat components into a coherent
mass suitable for production of a plant protein-based analogue of a dry-fermented sausage.
Using these components, process and technology approaches mirroring that of their
conventional meat-based counterparts can be used, i.e. comminution/mixing of components,

filling in casings, drying and smoking. Furthermore, the emerging texture of the dried sausages
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depends mostly on the amount of binder as well as the degree of drying applied, which offers a
formulation- and process-based approach to modulate texture of such products. The use of TG
as a crosslinker - in contrast to it being necessary to produce a suitable fat mimetic system — did
little to improve the characteristics of the final dried sausage analogues. As such, it is in
particular the adhesive properties of a binder that are key to facilitating the manufacturing of a
coherent mass that later can be converted into a product with sufficient hardness and

cohesiveness that appeals to consumers’ preferences.
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Supplementary Material

Table 1V.3: Dry matter content of the raw sausage analogue batters.

SPI-Binder (%)  Dry Matter (%)
30 3021 + 071
40 3237 £ 0.01
50 3427 + 0.44
60 3559 + 0.57
70 3736 + 0.38

Table 1V.4: Protein content of salami-type sausage analogues at various dry matter and SPI-

binder contents.

Protein content (%)

SPI-Binder (%)

40 % Dry matter

45 % Dry matter

50% Dry matter

55% Dry matter

30 18.02 + 0.48 2027 += 0.77 2252 + 0.46 2478 = 177
40 18.05 + 0.89 19.85 + 0.14 2211 + 0.55 2482 + 0.66
50 18.58 + 0.98 1997 + 0.37 2322 + 0.22 2555 + 0.22
60 1893 + 054 2224 + 048 2366 =+ 0.33 2555 + 0.59
70 1821 + 011 2140 =+ 0.55 2277 += 0.59 2459 =+ 0.70
30 (+TG) 1825 + 0.88 2003 + 0.26 2226 + 0.36 2448 =+ 0.08
40 (+TG) 19.33 + 0.46 2122 + 0.57 2358 =+ 0.57 2594 + 031
50 (+TG) 1831 + 0.12 2060 =+ 0.10 2289 + 0.16 2518 + 011
60 (+TG) 1831 + 0.57 2059 + 0.13 2197 + 0.17 2517 + 0.16
70 (+TG) 1751 + 0.57 19.70 = 0.10 2145 + 0.14 2407 += 0.07

Table 1V.5: Results of a triangle test between sausage analogues containing SPI+GDL- and

SPI+GDL+TG-binder at 45% dry matter.

Binder content (%0)  Number of panelists Correct answers a-level
60 34 14 0.4
40 34 13 0.3
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Figure 1V.6: Influence of TG-addition in the binder on hardness of sausage analogues at 40%
dry matter (A), and 45% dry matter (B) as well as on cohesiveness at 40% dry
matter (C) and 45% dry matter (D), analyzed in a double uniaxial compression, at
binder ratios between 30-70%. Values followed by different superscripts are

significantly different (P < 0.05).
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Abstract

Binder compounds are needed to create complex meat analogues from individual components
such as plant protein extrudates and fat mimetics, but their functionality have scarcely been
studied in detail. Here, we studied the use of gluten as binder due its unique visco-elastic
properties and analyzed the impact of hydration and amount of gluten on texture and sensory
properties of a plant-based salami-style sausage analogue. While the hardness was not
significantly influenced by the binder ratio, springiness and cohesiveness increased with
increasing binder content. With increasing drying, the hardness increased, while springiness
and cohesiveness didn’t change significantly. The results of the sensory analysis correlated with
the texture analysis results in terms of cohesiveness, but showed also that an increase in
hardness and a decrease in dryness was perceived with increasing binder content. Taken
together this study demonstrates that gluten may serve as a suitable binder to modulate the
texture of complex meat analogues. Furthermore, it is suggested that hardening after gel

formation as well as adhesive and cohesive properties are key factors for binder functionality.

Keywords: Meat analogue, Binder, Gluten, Texture, Plant proteins
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Introduction

Plant-based analogues of food that have traditionally been produced from animal-derived raw
materials have been becoming more and more popular over the last few years. This is because
the production of animal-derived foods, especially from ruminants, is very resource-intensive
and leads to higher water use, land use and greenhouse-gas emissions compared to plant foods
(Poore & Nemecek, 2018). Furthermore, an increasing number of consumers does not want to
eat meat or other animal-derived products, or would like to decrease the overall intake of those
products for ethical reasons, such as animal welfare concerns (Apostolidis & McLeay, 2016).
Finally, there have been recommendations to reduce the intake red meat specifically due to its
consumption having been epidemiologically linked to an increased risk for cardiovascular
diseases, coronary heart diseases and cancer (Anand et al., 2015). Vegetarian and vegan diets
are often considered healthier since diets high in plant-based foods have lower prevalences for
coronary heart diseases and obesity (Anand et al., 2015; Appleby & Key, 2016). Plant-based
analogues provide an easy option for consumers to reduce their intake of animal-based foods
since consumers do not have to make profound changes to their eating habits and culture (de
Bakker & Dagevos, 2012). However, it should be kept in mind that many of the current meat
analogues on the market contain high levels of saturated fatty acids and salt that put in question
nutritional benefits (Curtain & Grafenauer, 2019). Moreover, various functional ingredients that
are not readily accepted by consumers are often needed in their manufacture. One such
compound is for example methylcellulose, which is currently one of the most widely used

binder compounds in meat and meat product analogues.

Meat analogues are usually composed of three major components: 1) fibrous plant proteins, 2)
structured or unstructured plant fats, oils or blends thereof, and 3) a binder that holds together
these other components. Globular plant proteins can be brought into a fibrous structure by
processing, by for example wet or dry extrusion, or by use of a shear cell (Birgit L. Dekkers et
al., 2018). Plant fat or oil can either be directly used, but are more often structured to provide
properties more akin to that of animal fat tissue (Devine & Jensen, 2004). For example, a fat
mimicking system suited for salami analogues has been developed by Dreher et al. (2020a). It
consists of an emulsified and cross-linked fat crystal network that provides elastic and plastic
behavior, melting properties and visible fat particles. In contrast to these aforementioned
compounds, functionality of binders for meat analogues has hardly been studied

(Kyriakopoulou et al., 2021). Binders need to act as a “glue” between the other components,
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but also typically harden afterwards in order to yield solid products that can be sliced or
shredded. As mentioned above, methylcellulose is often used, but consumer acceptance is
declining due to the synthetic nature of the compound. Another often-used binder is egg-white,
but because of the aforementioned ethical and environmental concerns, there has been an

increasing demand for completely plan-based products.

In previous studies we found that soy protein isolate (SPI) gels, acidified and/or crosslinked by
glucono-4-lactone (GDL) and transglutaminase (TG) can be applied as binder to provide
cohesiveness in plant-based salami-style analogues. However, using SPIl, no optimal
composition could be achieved, since hardness and cohesiveness were oppositely influenced by
increasing binder content, i.e. a low binder content led to sufficient hardness but insufficient
cohesiveness, while at high binder contents the cohesiveness increased, but hardness decreased.
Since gluten is known to be able to form a strong, yet adhesive protein network (Ooms &
Delcour, 2019), it might be a promising binder ingredient to create plant-based sausage

analogue with appealing textures.

The question, which alternative compounds could work as binders in vegan meat analogues and
what properties and functionalities are needed, is still an open one and of interest to researchers
and developers of novel plant-based foods. To that purpose we analyzed the texture and
adhesion properties of gluten gels, and then investigated the texture properties of salami-style
sausage analogues made with different amounts of gluten, fibrous protein extrudates and a fat

mimetic.

Materials and Methods

Materials

High-moisture extrudates from Alpha 8 soy protein concentrate from Solae Europe S.A.
(Geneva, Switzerland) were provided by Deutsches Institut fur Lebensmitteltechnik (DIL e.V.,
Quakenbrick, Germany). Wheat gluten Weizengluten vital (protein content 83% on dry matter
basis) was purchased from Kroner Starke GmbH (Ibbenbihren, Germany). A spice mix
StarFermat, salt (NaCl) and paprika powder were obtained from Frutarom GmbH (Salzburg,
Austria). Beetroot powder was purchased from Van Hees GmbH (Walluf, Germany) and
Glucono-o-lactone (D-(+)-Gluconic acid o-lactone) from Sigma-Aldrich (Steinheim,

Germany). A vegan salami flavor was provided by Givaudan SA (Vernier, Switzerland). For
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the fat mimetic, canola oil was obtained from MEGA eG (Stuttgart, Germany) and soy protein
isolate Supro EX 37 HG IP from Solae Europe S.A., Geneva, Switzerland (protein content
> 90% on dry matter basis). Hydrochloric acid (HCI) was purchased from Carl Roth GmbH and
Co.KG (Karlsruhe, Germany) and transglutaminase (ACTIVA WM from Streptoverticillium
mobaraense with an enzyme activity of 114 U/g, determined by the manufacturer) from Ajinimoto

Foods Europe SAS (Hamburg, Germany).

Methods

Preparation of gluten gels for binder analysis. 57% Water, 43% gluten powder and 0.3% GDL
were mixed for 3 min in a household mixer (KitchenAid 5KSM185PS, Whirlpool Corporation,
St. Joseph, MI, USA) with a dough hook and afterwards filled into polyethylene casings,
followed by heating to a core temperature of 85 °C in an Air Master UK-1800 chamber. For the
tensile tests, extrudates were cut into 4 mm thick slices with a commercial meat slicer having a
length of 14 cm and a width of 8 cm. Then, a measured amount of gluten powder was evenly
distributed with a sieve onto the extrudate and a defined amount of water was sprayed on with
a spray bottle so that the gluten binder formed directly on the extrudate. This was done since an
even distribution of pre-hydrated gluten was not possible. Afterwards, a second piece of
extrudate was placed on top. The extrudate sample was wrapped in plastic foil to prevent water
loss or uptake during heating and then placed in an aluminum baking tray with another baking
tray on top. 8 g/cm?2 of weight was placed in the second baking tray to provide a defined contact

pressure. In order for gelation to occur the samples were heated at 85 °C for 1 h.

Preparation of fat mimetic. The fat mimetic was prepared according to the method of Dreher
(Dreher et al., 2020a). A 12%(w/w) SPI suspension was prepared by homogenizing the protein
isolate and water for 15 min at 3500 rpm in a MaxxD Lab rotor-stator homogenizer
(FrymaKoruma, Rheinfelden, Switzerland). Subsequently, the suspension was adjusted to
pH 7.0. Afterwards, canola oil was slowly added at a ratio of oil to protein of 7:3 (w/w) and
homogenized in the same device for 300s at a speed of 5000 rpm under vacuum of
450 = 50 mbar. After homogenization, and verification of temperatures being below 38 °C, then
transglutaminase (TG) was added as a 40% (w/w) solution at a concentration of
20 mg/g protein. The homogenized emulsion was then filled into 60 mm polyethylene casings
(NaloBar APM, Kalle GmbH, Wiesbaden, Germany) using an MWF 591 filler (MADO,
Dornhan, Germany), and heated in an Air Master UK-1800 chamber (Reich GmbH,
Schechingen, Germany) at 45 °C until they reached a core temperature of 40 °C. Following
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that, samples were incubated at 40 °C for 60 min to enable protein crosslinking. Finally,
samples were heated at 90 °C until they reached a core temperature of 85 °C. After being
showered with cold water (10 °C) for 10 min, they were stored at 5 °C until further use.

Table V.V.1: Ingredients and concentrations of the plant-based salami-style sausage analogues
with vital wheat gluten (WG) and water in a ratio of 2:1 as binder.

Main ingredients WG 7.5 WG 15 WG 22.5 WG 30 WG 37.5
Wheat gluten (%) 5 10 15 20 25
Water (%0) 2.5 5 7.5 10 12.5
Extrudate (%) 775 70 62.5 55 47.5
Fat mimetic (%) 15 15 15 15 15
Additional ingredients Dosage (g/kg)

NacCl 18

Glucono-é-lactone 5 (target pH 5.6)

Spice mix 15

Beetroot powder 10

Paprika powder 5

Salami aroma 5

Preparation of sausage analogue masses. Emulsion gels were removed from the casings and
pre-cut into pieces with an approximate diameter of 5 cm and afterwards comminuted in a K64
bowl chopper (Seydelmann GmbH, Stuttgart, Germany) for 20 s at a knife speed of 930 rpm
and a bowl speed of 13 rpm. Extrudate pieces, pre-cooked for 20 min in 80 °C hot water and
then cooled over night at 2 °C, were comminuted in the bowl chopper as well at a knife speed
of 1500 rpm and a bowl speed of 13 rpm for 65 s to achieve the desired particle size. Salami
analogue masses were then produced by combining the comminuted extrudate particles with
the powdered components (wheat gluten, salt, spice mix, salami flavor, GDL, beet and paprika
powder) in ratios according to Table V.V.1, and mixing them in the bowl chopper using a
reverse setting (knives rotating backward, contacting the batter with the dull side to prevent
further comminution) for 60 s at a bowl speed of 13 rpm. Next, the comminuted emulsion gel
was added and mixed for 50 s, and water was then added and mixed for 60 s. The salami
analogue masses were then filled into 28 mm cellulose casings using a VF 610 plus vacuum
filler (Handtmann GmbH, Biberach, Germany), and heated in an Air Master UK-1800 chamber
(Reich GmbH, Schechingen, Germany) at a constant temperature of 92 °C until they reached a
core temperature of 85 °C followed by showering with cold water (10 °C) for 10 min. After
heating, samples were smoked twice for 5 min in the Air Master UK-1800 chamber, followed

by drying at 18 °C and 80% relative humidity until they reached different dry matter contents
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ranging between 55 and 65%. To that purpose, samples were taken in regular intervals to
determine dry matter content. The dry matter content of undried sausage analogue batters are
shown in the supplementary material (Table V.1.3). Dried salami analogues were stored at 2 °C

in sealed bags under controlled atmosphere until used for further analysis.

Dry matter content. The dry matter content was determined gravimetrically in triplicate, using
the standard sea sand method (VO(EG)152/2009). 5 g of sample were ground with sea sand and
dried in an oven (Type 400, Memmert GmbH, Schwabach, Germany) until a constant weight

loss had occurred. The remaining mass represents the dry matter.

Water activity. The water activity (aw-value) was determined in triplicate at a temperature of
20 °C with a Rotronic HygroPalm - HP23-AW-A (Rotronic Messgerate GmbH, Ettlingen,
Germany) device.

Protein content. The protein content of the salami analogues was determined with a Dumatherm
N nitrogen determination device (Gerhardt GmbH, Koénigswinter, Germany) using 5.5 as

nitrogen conversion factor as suggested for gluten and soy protein (Mariotti et al., 2008).

Texture measurement. The texture of the samples was analyzed by recording the force as
function of distance of a double uniaxial compression with an Instron Universal Texture
Analyzer (lllinois Tool Works Inc., Darmstadt, Germany). The samples were cut into
cylindrical specimens (diameter: 20 mm, height: 15 mm) and compressed to 75% of their
original height for the assessment of hardness and to 50% for cohesiveness and springiness.

The texture parameters were calculated according to Bourne (1968).

Tensile test. A previously adapted tensile test (Herz et al., 2021b) to analyze the cohesion of
adhered binder-extrudate samples was used: After heating and cooled storage, the extrudate-
binder samples were cut into squares with a diameter of 2 cm and glued onto stainless steel
plates with cyanoacrylate glue. The plates were hooked into to the Instron Universal Texture
Analyzer (lllinois Tool Works Inc., Darmstadt, Germany) and pulled apart at a constant speed
of 1 mm/s. Force vs distance curves were recorded and the maximum force and the area under

the curve referring to the work of adhesion were calculated.

Sensory analysis. 20 trained panelists assessed the samples among the texture factors hardness,
cohesiveness and dryness (a) on a just-about-right scale and (b) compared to a commercial

vegetarian reference product (vegetarian snack salami “Vegetarische Miihlen Salami Minis”

107



CHAPTER V

(Carl Mdller GmbH und Co. KG, Bad Zwischenahn, Germany). A 10-step relative-to-ideal
scale was used, with the midpoint representing either the reference product or optimal
evaluation of the attribute. For example, the attribute hardness was scored between 0 = much
too soft, 5 = optimal hardness, 10 = much too hard and compared to the reference product with
0 = much softer than reference, 5 = like reference, 10 = much harder than reference. The
panelists were members of the Institute of Food Science and Biotechnology in the age range of
~ 20— 60 years who have received lectures and training on sensory during their studies and
participate regularly in sensory analysis. The panel has additionally received two product-

related trainings before the analysis of the plant-based sausages.

Ethical Statement — Sensory. The Ethics Committee of the University of Hohenheim has judged
that the sensory study has no ethical concerns and therefore no ethical approval was necessary,
Reference number 2023/05_Herz, dtd 05/08/23. Each participant gave informed consent via
signature before starting the sensory. The panelists participated voluntarily and were able to
withdraw from the sensory at any time without consequences. Data were collected
anonymously, and the tested food products were prepared in the pilot plant of the Department
of Food Material Sciences at the University of Hohenheim which is approved for processing
food.

Statistical analysis. For statistical analysis and preparation of graphs, the software
OriginPro2020 (OriginLab Corp., Northampton, MA) was used. A one-way analysis of
variance and Tukey’s post hoc tests were carried out and differences at the p <0.05 level were
considered to be significantly different. The assumption of normality and equal variance was

also tested (p < 0.05). Experiments were carried out in duplicate.

Results and Discussion

Binder analysis. First, we analyzed the texture and binder properties of hydrated gluten in a
texture analysis and tensile test. In a preliminary test, the hydration range for the used gluten,
where no powder clumps where visible and no excess water was present, was determined as
46-43% gluten and 54-57% water, respectively. To ensure full hydration, 43% gluten (57%
water) was thus chosen for the texture analysis. The results for hardness, cohesiveness and
springiness are shown in Table V.1.2. Compared to a TG-induced SPI-gel (15% SPI wi/w,
pH 7), that were studied similarly in a previous study (currently under review), the hardness of
the gluten gel was distinctly higher (~ 324 N vs. ~ 77 N), while cohesiveness and springiness
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were in the same range (cohesiveness: ~ 0.87 (TG+SPI-gel) vs. ~ 0.79 (gluten gel), springiness:
~ 7.9 mm (TG+SPI-gel) vs. ~ 7.5 mm (gluten gel) Moreover all texture parameters of the gluten
gel higher than the values obtained for heat-, GDL- or TG+GDL-induced SPI-gels. Probably,
higher values could be reached with the application of additional mechanical forces, such as
during kneading as is typical in bakery applications (Boitte et al., 2013). However, for this
study, only minimum shear forces were chosen to obtain transferable results for the following
application process, where minimal shearing to prevent smearing of the animal fat mimetic was

required.

Table V.1.2: Texture properties of a 43% gluten gel from a texture pressure analysis (t) and
adhesion properties of a 43% and a 66% gluten assessed in a tensile test (#).

43% Gluten 66% Gluten
Hardness (N)t 323.63 + 4150
Cohesiveness (-)* 0.79 £ 0.05
Springiness (mm)t 748 + 0.68
Break Point (N)* 2869.29 + 644.11
max Force (N)* 575 + 1.89° 443 + 1.39°
Work of Adhesion (J)% 1827 + 7.64° 947 £ 4.13°

Note: Values followed by different superscripts are significantly different within one line (P < 0.05).

Since preliminary tests had shown that a lower water addition than 54% was possible when the
binder was combined with the high-moisture extrudates — likely due to water migration from
the extrudate to the binder - a tensile test was also performed with 66% gluten (i.e. 34% water)
in comparison. This was also done since water would later have to be removed from sausage
masses by drying. Results showed that the maximum force was in the same range, but work of
adhesion was higher for 43% gluten, suggesting that a higher water content might lead to
increased adhesion properties. The topic of different measures of stickiness and the causes for
stickiness have been widely discussed in the field of bakery science and dough formation. Here,
it was also found that, among other factors that are more connected with the carbohydrate
components, water absorption and an increased protein content correlate positively with the
stickiness of wheat doughs (Grausgruber et al., 2003; Yildiz et al., 2012). Compared to the
tensile properties of the SPI-binders analyzed in our previous study, the maximum force was in
the same range of the SPI+GDL and SPI+TG+GDL binder, while the work of adhesion was
more than twice as high as the highest value obtained with an SPI-binder. This can be attributed
to covalent disulfide bond formation and hydrophobic interactions (Wang et al., 2017) that are

formed during heat-induced gelation of gluten. This is in agreement with the conclusion of our
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previous study that indicated a correlation between covalent bonds in the binder and an increase
in the work of adhesion (Herz et al., 2021b).

Physicochemical analysis. The pH value of all samples of sausage analogues, induced by the
addition of GDL, was pH 5.62 + 0.03 (data not shown). Fermented meat sausages are usually
acidified to a pH value of below 5.2 for microbiological safety (Feiner, 2016). However, pH-
values in this range were perceived as too sour in preliminary sensory tests. The higher pH has
been attributed to the different buffering capacities of plant proteins compared to pork meat
(Ebert et al., 2021). The water activity was ~ 0.96 at 55% dry matter of the sausage analogues
and decreased to ~0.95 at 60% dry matter and ~ 0.93 at 65% dry matter, however, not
statistically significantly different. Dried salami usually have aw-values around 0.90-0.88 to be
shelf-stable at room temperature (Feiner, 2016). As both microbial growth hurdles, pH and aw
value were insufficient to ensure a sufficient shelf life stability, a pasteurization step and cold
storage were applied for microbial safety reasons. The protein content ranged from ~ 26%
(7.5% binder) to ~ 32% (37.5% binder) at a dry matter content of 55%, and increased by ~ 2%
upon drying to 65% dry matter content. The results of the physicochemical analysis are shown

in detail in the supplementary material (Table V.1.4).

Texture analysis of sausage analogues. Since the results of the binder analysis indicated an
increased adhesion with increased water content in the binder, a preliminary experiment with
15% gluten as binder and gluten:water ratios of 4:1, 2:1, 1:1 and 1:2 was performed to determine
if the initial moisture content in the binder would lead to differences in the cohesiveness or
other texture properties in the final product. Samples were dried to the same dry matter content
of 55% and a texture and sensory analysis was performed (data not shown). Here, the results
showed no difference in any of the texture properties. Therefore, we concluded that a difference
in the initial water content of the binder does not result in a difference in texture properties of

the dried product.

To analyze how the amount of gluten binder and the final dry matter content (i.e. the degree of
drying) influenced the texture of plant-based salami-analogues, a texture-pressure analysis was
performed and the parameters hardness, cohesiveness and springiness were assessed. First, we
analyzed the hardness, measured as the force at 75% compression at the first cycle of uniaxial
compression (Figure V.1.1A). At 55% dry matter content, the hardness values ranged from
~ 160 to 195 N and did not differ statistically significant with varying binder content. This was

to be expected since the hardness of the gluten gel and the extrudate were in the same range.
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An increased hardness of gluten might have resulted from the mechanical forces applied by
mixing and filling, since it is known from bakery science that the application of mechanical
forces during mixing or kneading can lead to the formation of a gluten network in the dough
(Boitte et al., 2013). At 60% dry matter, the hardness values showed a slight trend towards
increasing hardness, compared to 55% dry matter, with values in a range of ~ 205 — 290 N, but
values were not statistically significant different, probably due to high standard deviations.
These values are in the same range as the hardness values obtained for the system with SPI-
binder at 55% dry matter (~ 193 — 250 N), which was investigated in a previous study (Herz et
al., 2023). At 65% dry matter, the hardness increased significantly, compared to lower dry
matter contents to ~ 394 — 525 N. Here, we observed a trend towards a decreasing hardness
with increasing binder content, that was significantly different between the two lowest binder
amounts of 5 and 10% (5% binder: 525.2 £ 192.0 N, 10% binder: 565.5 + 148.8 N) and the
highest binder amount of 25% (393.8 £ 172.0 N). This indicates that drying might lead to a
higher increase in hardness of the extrudate particles than the gluten gel.

Next, we analyzed how the amount of binder and the final dry matter content influenced the
springiness and cohesiveness, measured at 50% compression, of the sausage analogues (Figure
V.1.1). Springiness increased with increasing binder content from 5.49 £ 0.58 mm at 7.5%
gluten binder (gluten:water 2:1) to 5.98 + 0.43 mm at 37.5% gluten binder (at 55% dry matter)
(Figure V.1.1C). With increasing dry matter, the springiness did not change significantly. In
comparison, sausage analogues made with 30 - 70% SPI-binder (15% SPI suspension, pH 5.5)
in a previous study (Chapter 1V) had springiness values ranging from ~ 4.9 to 6.0 mm at 40%
dry matter and 5.6 to 6.1 mm at 55% dry matter. For the pure gluten binder, a springiness of
~ 7.5 mm was measured, while the SPI-binder (15% SPI, pH 5.5) had a springiness of 4.4 mm.
In the previous study (Herz et al., 2023), we attributed this to the fact that the extrudate particles
acted as fillers in the SPI-gel strengthening it synergistically, the results of this study might be
attributed to the various binder contents in which gluten was applied. Distinctly lower ratios of
gluten-binder (5-25%) are necessary to obtain the same elasticity compared to the SPI-binder
(30-70%). This effect can be attributed to the unique elastic properties of gluten, which have
been attributed to the “loop-and-train structure” of the high molecular weight (HMW) subunits
of glutenin (Belton, 1999). For gluten, it has been suggested that with sufficient hydration, there
are both unbound mobile regions (“loops”) and inter- and intramolecular bound regions
(“trains”). The loops can be extended by stretching and furthermore causing the trains to slide

over each other. Elasticity is provided by the restoring force of the loop-train-equilibrium. The
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gliadins form a matrix in which the HMW subunits are embedded and therefore also contribute

to the visco-elastic properties of the system depending on the molecular interactions.

With increasing binder content, the cohesiveness increased significantly from 0.262 + 0.023 at
5% binder to 0.499 £ 0.034 (at 55% dry matter). A significant increase can be seen between all
samples from 5 to 10% binder and 20 to 25% binder. Between 10 and 20%, the increase in
cohesiveness was not significant. Furthermore, an increase in dry matter did not influence the
cohesiveness significantly. The cohesiveness values of the gluten binder samples were
distinctly higher than those of the previously studied SPI-binder system where the cohesiveness
ranged between ~0.21 and 0.3 (Herz et al., 2023). According to Kieffer (2007), the
cohesiveness of gluten can be attributed to the formation of covalent disulfide bonds and a high
number of hydrogen bonds and is therefore strongly connected to the hardness and elasticity of
gluten. Furthermore, it should be noted that the analysis of cohesiveness in this complex
composite material comprises the cohesiveness of the binder itself as well as the adhesiveness
of the binder to comminuted extrudate and fat mimetic particles. In summary, an increase in
binder content increased the cohesiveness and springiness of the sausage analogues, while
drying did not influence these two texture properties. However, drying did increase the
hardness, where the increase was more pronounced at lower binder contents than at higher

binder contents.
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Figure V.1.1: Influence of binder content and drying on hardness (A), cohesiveness (B) and
springiness (C), analyzed in a double uniaxial compression, of sausage analogues
with 7.5 - 37.5% gluten binder (gluten:water 2:1), dried to dry matter content of 55-
65%. Values followed by different superscripts are significantly different (P <
0.05).

Sensory analysis of the sausage analogues. The organoleptic characteristics of the salami
analogues were analyzed in a sensory analysis with a trained panel on a 10-point relative-to-
ideal hedonic scale and in comparison, to a commercial vegetarian reference product. Here, for
optical appearance and taste, no significant differences were found (data not shown). For the
attribute hardness, a slight increase with increasing binder content was perceived by the
panelists and sausage analogues with 30 and 37.5% gluten binder were rated close to ideal and
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significantly higher than samples with 7.5% binder (30% binder: 4.90 + 1.60, 37.5% binder:
5.28 £1.68) (Figure V.1.2A). The values for cohesiveness increased significantly with
increasing binder content from 2.27 + 1.41 at 7.5% gluten binder, to 4.24 + 1.10 at 22.55%
gluten binder and to 5.43 + 2.00 at 37.5% gluten binder on the just-about-right scale. A gluten
binder content between 30 and 37.5% can therefore be considered to be perceived as ideal in

the sensory analysis.

The dryness was ranked significantly higher with 7.5% gluten binder (6.94 + 1.49 compared to
the samples with higher gluten binder content, where the dryness was rated lower (5.95 + 1.54
— 5.56 £ 1.21), showing that, despite the same dry matter content of the samples (55%), a
difference in dryness was perceived. On the one hand, this could be attributed to the binder to
extrudate ration and therefore indicate that the difference in dryness perception could have been
caused by the high extrudate content. On the other hand, the same correlation of decreasing
dryness with increasing cohesiveness was observed in our previously analyzed sausage
analogues with SPI-binder, that were rated in dryness from ~ 6.6 with the lowest binder amount
(30%) to ~ 5.1 with the highest binder amount (70%) at a dry matter content of 45% (Herz et
al., 2023). According to ISO 5492:2008, dryness is a “surface textural attribute that describes
the perception of water absorbed by or released from a product”. To the best of our knowledge,
dryness perception has hardly been studied and the relationship between texture and dryness
perception remains to be systematically investigated. Here, we suggest a correlation between
cohesiveness and dryness from results of the sensory analysis, as a low cohesiveness, that
implies a high crumbliness, means a fast break up of the food material into smaller particles
with an increase in interface between food and saliva that might therefore cause a fast absorption
of saliva and leading to an increased dryness perception.

Compared to a commercial vegetarian salami analogue containing egg-white as binder, samples
with 7.5 — 22.5% gluten binder were rated softer, while samples with 30 and 37.5% gluten
binder were rated slightly harder (Figure V.1.2B). Concerning the cohesiveness, samples with
7.5 —30% gluten binder were rated less cohesive than the vegetarian comparison sample, while
the vegan analogue containing 37.5% gluten binder was rated slightly more cohesive. All
samples were perceived as dryer than the commercial comparison sample. As such, a binder
content between 30 and 37.5% gluten binder was identified as optimal in the sensory analysis,
concerning hardness and cohesiveness. The texture properties of the samples in this binder

range are similar to the properties of a commercial vegetarian salami analogue. Only the dryness
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was rated higher compared to the commercial sample and dryer than ideal, but in a range of +1
(hedonic scale 0-10) above optimal. Our results therefore show, that gluten could be a suitable
replacement for egg-white as binder to produce a plant-based sausage.
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Figure V.1.2: Influence of binder content (7.5 - 37.5% gluten binder, gluten:water 2:1) on the
sensorial properties hardness, cohesiveness and dryness of a plan-based salami-
style sausage analogue at 55% dry matter, assessed by 20 trained panelists (A) on a
relative-to-ideal hedonic scale (e.g. 0 =much too soft, 5=optimal hardness,
10 = much too hard) and (B) compared to a commercial vegetarian reference
product(e.g. 0 = much softer than reference, 5 = like reference, 10 = much harder
than reference). Values followed by different superscripts are significantly different
(P <0.05).

Taken together, results of this study show that gluten was successfully applied as binder in a
plant-based salami-type sausage analogue, providing close to ideal cohesiveness and hardness
at 30 —37.5% gluten binder and 55 —47.5% extrudate after drying to ~55% dry matter.
Previous texture analyses of a pure gluten gel in a compression and tensile test showed high
values for hardness and work of adhesion and can therefore be recommended as an indicator

test for the suitability of a material to be applied as binder in a complex meat analogue.
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Supporting Information

Table V.1.3: Dry matter contents of the raw sausage analogue batters with gluten binder

(gluten:water 2:1).

Gluten-Binder (%) Dry Matter (%)
7.5 4197 + 0.57¢

15 4423 + 041

225 46.79 *+ 1.06"%

30 49.15 + 0.07°

37.5 5222 + 1.06°

Note: Values followed by different superscripts are significantly different (P < 0.05).

Table V.1.4: Water activity (aw) and protein content of sausage analogues with 7.5 - 37.5%

Gluten-Binder at dry matter stages of 55 - 65%.

Binder (%) 55% dry matter 60% dry matter 65% dry matter
aw 0.959 =+ 0.011° 0.952 + 0.0182 0.933 + 0.0142
" Protein (%) 25.78 + 0.07" 26.64 + 044" 2746 + 0529
aw 0.959 + 0.013? 0.947 + 0.014°% 0932 + 0.001%
° Protein (%) 26.13 + 0.29" 29.14 + 0.87°% 29.92 + 0.35¢%f
aw 0.959 + 0.008°? 0.948 + 0.010° 0.927 + 0.000%
w5 Protein (%) 27.80 + 1.267" 3091 + 0.11¢e 31.82 + 1.23bd
aw 0.961 =+ 0.011° 0.953 + 0.0122 0.926 + 0.0082
® Protein (%) 29.87 + 0.33 %f 3119 + 1.12¢e 3392 + 089
aw 0.961 + 0.009°? 0.953 + 0.010% 0.929 + 0.0112

- Protein (%) 32.15 + 1.13b« 3249 + 0.48%c 3446 + 0.702
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Concluding Remarks and Outlook
Conclusion

In this thesis, the approach of using plant protein gels, in particular soy protein and gluten, as
binders in meat product analogs was investigated. The materials were chosen to mimic the
processing and manufacture of meat products, where usually myofibrillar proteins are
(partially) solubilized by comminution of meat and the addition of salt. Gelation of the
solubilized proteins is later induced by heating or acidification and gives rise to the texture of
processed meat products. It was hypothesized that plant protein suspensions can be used as
binders for meat analogues, by providing a continuous phase in which comminuted fibrous
plant protein particles and fat mimetics are embedded. After gelation of the suspensions a firm
and sliceable product may be obtained. Since analogues of meat products in which the different
phases are distinctly visible, such as bacon or acidic products, such as salami-style sausages,
are still scarce in the market, investigations in binder behavior and properties might provide

new approaches for design of such products.

In general, mechanistic approaches to heat-, salt-, acid- or enzyme-(TG)-induced combined
gelation were initially of interest for binders in plant-based meat analogue products (Chapter II
& 1TII), as hardening by gelation was identified as a major characteristic for a binder in the
literature review (Chapter I). Combined gelation by acid and TG was found to be particularly
promising for the development of fermented plant-based meat product analogues (Chapter
I11). The results indicated that with a simultaneous addition of acid-forming glucono-o-lactone
and transglutaminase, cross-links can be catalyzed by TG, before the pH drops below the
activity range of the enzyme, resulting in increased hardness of combined gels compared to
only GDL-induced gels and similar hardness compared to TG-induced gels at the optimum pH
of 7. Decreased tan & values and images from CLSM supported these findings and indicated,
that the formation of a cross-linked protein network was catalyzed by TG. CLSM images
provided further insights on the microstructure of the gels, suggesting that after an initial
covalent “scaffold” formation induced by TG, a slow acidification by GDL resulted in
weakened electrostatic repulsion and agglomeration of non-crosslinked protein to the scaffold
network. Hardness as well as syneresis can furthermore be modulated by pH and protein
concentration. Furthermore, the influence of the addition of various salts as coagulants (CaSQa,

FeSOs, CaClz, MgCl,) to promote gelation in concentrated soy protein isolate (SPI) suspensions
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(10-16% SPI1 w/w) was tested, but showed no significant increase in gel hardness (Chapter I1).
Furthermore, the binding strength of selected SPI-gels (induced by heating (85 °C)
transglutaminase (TG)) when applied in various amounts between a layer of extrudate and a
layer of fat mimetic as binder, was analyzed by pulling the composites apart and measuring the
force and work of adhesion. The results proved that protein extrudate and fat mimetic could be
adhered by a layer of SPI-gel in between, however the gel with covalent cross-links induced by
transglutaminase was superior in terms of texture (Chapter I11).

Moreover, plant-protein gels (SPI and gluten) were applied as binders in salami-type sausage
analogues and there, the influence of the binder to extrudate ratio on the texture was studied by
texture and sensory analysis. Results indicated that a process similar to traditional sausage
production, e.g. comminution and mixing of the components, filling in casings, heating and
drying, was suitable for the production of plant-based analogues. Furthermore, results showed
that the binder type as well as the binder to extrudate ratio have a substantial influence on the
texture of the sausage analogues, especially with respect to hardness and cohesiveness
(Chapter IV & V). With the aforementioned GDL-induced SPI-gel and the combined
TG+GDL-SPI-gel (Chapter II) as binder, the hardness of the salami analogues increased with
increasing extrudate content and decreasing binder content, while the cohesiveness changed
contrarily (Chapter 1V). The addition of transglutaminase increased hardness and cohesiveness
of undried sausage masses, but drying had an improving effect, especially on the hardness of
the sausages. Results of this study offered on the one hand knowledge and insights into
formulation- and process-based approach to modulated the texture of meat product analogues.
On the other hand, as sufficient hardness and cohesiveness could not be reached in one
formulation with the SPI-binder, the study hinted at the importance that adhesive properties of
a binder may play. The latter has so far been neglected but is likely a key property of binders to

enable the formation of a coherent mass that can be turned into a cohesive final product.

Therefore, hydrated gluten (gluten:water 2:1') was used as binder, as it is known for its adhesive
and viscoelastic properties (Chapter V). The gluten binder was applied in a binder to extrudate
ratio of 7.5—-37.5% in a similar sausage composition, employing the above-mentioned
manufacturing process. With the gluten binder, it was possible to reach a consistent hardness
and increasing cohesiveness and springiness with increasing binder content. Furthermore, the
hardness was significantly increased by drying. The sensory analysis showed that close to ideal

cohesiveness and hardness were obtained with 30 —37.5% gluten binder and 55 —47.5%
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extrudate after drying to ~ 55% dry matter. With these formulations, similar texture properties
compared to a commercial vegetarian salami analogue with egg white protein as binder were
achieved, demonstrating the potential of gluten to replace animal-derived egg-protein as binder
in meat product analogues. Furthermore, the results of a pre-trial, the texture analysis of the
binder itself, as well as a tensile test between two layers of extrudate, analyzing the work of
adhesion, showed good correlation with the texture properties of the final analogue product and
can therefore serve as indicator test for future binder ingredients in meat product analogues.

Taken together the results of this thesis showed that, in general, plant protein gels such as soy
protein isolate or gluten can be used as binders for composite meat analogue products, but have
to fulfill certain key requirements: First, sufficient hardening of the binder has to be induced,
which can be tested by measuring the gel hardness of the binder itself. Second, a sufficient
binding strength between the binder and other particles of the system is needed, leading to
sufficient cohesion. To that purpose, a tensile test was found to be useful as a validation method.
The results furthermore indicated that covalent bond formation of the binder system is superior
to physical bond formation and that gluten might be a suitable binder to replace animal-derived
protein, such as egg-white powder. It might also serve as benchmark for other ingredients as

binders in meat product analogues.
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Outlook

The results of this thesis provide new insights in the application of plant protein gels as binders
for plant-protein-based meat analogues that are potentially of great interest for commercial
application. Three patent applications that are currently pending have made use of this approach
for a plant-based ground meat analogue (WO02021009043A1), a vegan bacon analogue
(W02021009075A1) and a vegan fermented peperoni or salami analogue product
(W02022038209A1). However, further considerations should be taken into account:

Stickiness/Adhesiveness

The results of Chapter IV and V have shown that adhesive properties or stickiness is likely a
key property of binders that has so far been neglected. It should therefore be studied in more
detail in the future. A first study investigating the stickiness of a potential binder system for
meat analogues, a concentrated pea protein - apple pectin mixture, as influenced by biopolymer
concentration and pH was published by Moll et al. (2022d). The results showed high stickiness
and a viscoelastic character at a concentration of 25 —30% and pH 6. However, application
tests should be performed to confirm the assumption. Furthermore, interaction between the
binder and the contact material, such as extrudate or fat mimetic, will also be influenced by the
latter due to different surface morphologies and nature of the materials, determining if, for
example, covalent or physical bonds may be formed between binder and extrudate. Preliminary
studies, where gluten has been applied as binder in sausage analogues with soy-, pea- and
gluten-extrudate, showed different cohesiveness values with maximum cohesiveness between
gluten-binder and gluten-extrudate (unpublished data). To follow this up, further studies are

necessary to determine the binding differences in detail.
Combination of binders

In this thesis, soy protein isolate and vital wheat gluten have only been studied as single
components as binders, but a combination of these two or other proteins could further
strengthen the binder network itself, increase binding strength as well as improve the water
holding capacity. Preliminary experiments with a combination of SPI and gluten or pea protein
isolate and gluten showed promising results (unpublished data), but also here, further studies

are necessary.
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Temperature-dependent behavior of binders

In this thesis, the binders have been studied in a layered meat product analogue mimicking a
bacon and a salami-type sausage analogue. Bacon is usually consumed in a fried state, which
will alter the texture of the binder and the product. Salami is usually eaten in a cold state, but
can for example also be consumed as a pizza topping. Depending on the application case,
temperature-dependent behavior of the binder should therefore be taken in account and

examined.
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