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Faba bean foods: Structure and texture. Evaluation of faba
bean component behaviours in different product matrices

Abstract

Faba bean (Vicia faba minor) is a cool-climate crop that could serve as a locally
sourced sustainable ingredient in transition towards a more plant-based diet in
temperate regions. Poor texture is one of the main aversion factors of plant-based
foods, so this thesis characterised the functionality of faba bean components and
their effect on structure and texture in different food matrices. The main aim in this
thesis was to increase the knowledge on structure-texture relationship in increasingly
complex faba bean food prodcuts.

Isolated faba bean fractions (starch, protein and fibre) were studied. Faba bean
starch was physiochemically characterised and microscopic and macroscopic
properties were correlated. Different ratios of starch and protein were then combined
to create mixed gels. Faba bean starch formed a relatively viscous paste due to long
branch-chains, high amylose content and larger granule size. Addition of protein
perturbed starch network formation, delaying and reducing associated pasting and
gel viscosities in mixed systems. For food model systems, two prototypes were
designed: i) a combination of faba bean starch, protein and fibre to produce edible
ink for 3D-printed foods and ii) faba bean protein films reinforced with cellulose
nanocrystals (CNC) for use as bio-degradable edible packaging. For the 3D samples,
fibre appeared to have a stabilising effect on structure, improving ink printability
while also ensuring that 3D-printed objects retained their shape. Carbohydrate-rich
3D-printed objects had a more porous structure that required less force to compress
than structurally more compact protein-rich objects. Addition of CNC resulted in
stronger, stiffer and more opaque films with improved barrier properties.

Thus faba bean fractions in different combinations and processing approaches
yield different textures. Using the basic knowledge of component functionalities in
simple systems obtained in this thesis, intra- and intermolecular factors influencing
product texture in more complex systems can be assessed.

Keywords: Faba bean, starch, texture, structure, rheology, pasting, gel.



Akerbdnmat: Struktur och konsistens. Utvardering av
akerbdnkomponents beteenden i olika produktmatriser

Abstrakt

Akerbénan (Vicia faba minor) ir en niringsriks groda som skulle kunna nyttjas som
narproducerad ingrediens, i vixtbaserade produkter, i kalltempererade regioner. Ett
av de framsta skilen till att en konsument inte viljer att Gvergéd till en mer
véxtbaserad kost dr dess ofordelaktiga konsistens. Darfor handlar denna avhandling
om att karakterisera funktionaliteten hos isolerade akerbonskomponenter (starkelse,
protein och fibrer) och deras effekt pa struktur och textur i olika typer av livsmedel.
Huvudsyftet med projektet var att oka kunskapen om sambanden mellan
struktur-textur i akerbonlivsmedelsprodukter med olika grader komplexitet.

Forst karakteriserades ékerbonstérkelsen fysiokemiskt och dess mikroskopiska
och makroskopiska egenskaper korrelerades. Sedan kombinerades olika méngder av
stirkelse och protein for att skapa blandade geler. Akerbonstirkelse bildar en relativt
tjock pasta pa grund av langa glukoskedjor, hog amyloshalt och granulstorlek.
Tillsatsen av protein stérde bildandet av stirkelsendtverk vilket bidrog till att
forklistringsprocessen fordrdjde och att gelviskositeten blev ldgre i dem blandade
systemen. Tva livsmedelsprototyper designades: i) &dtbart black for 3D-printad mat
som bestod av en kombination av dkerbon; stirkelse, protein och fiber och ii)
akerbonproteinfilmer forstiarkta med cellulosa nanokristaller (CNC) for anvédndning
som nedbrytbar/dtbar forpackning. For 3D-proverna verkade fibrer ha en
stabiliserande effekt pa strukturen, vilket forbéttrade printbarheten av bléacket
samtidigt som de 3D-utskrivna objekten kunde behélla sin form. De kolhydratrika
3D-printade foremalen hade en mer poros struktur som krivde mindre kraft for att
komprimera én de strukturellt mer kompakta proteinrika foremalen. Tillsatsen av
CNC resulterade i att filmerna blev starkare, styvare, grumligare och med forbéttrade
barridregenskaper.

Olika mingder och bearbetningsmetoder av akerbonsfraktioner i livsmedel
paverkar en produkts konsistens. Genom kunskap om grundlaggande komponent-
funktioner i olika livsmedelssystem som studeras i denna avhandling, kan man forsta
intra- och intermolekyléra faktorer paverkan i produkttextur i mer komplexa system.

Nyckelord: &kerbona, stirkelse, textur, structur, reologi, forklistring, gel.
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1. Introduction

Climate change, COVID-19 and the war in Ukraine are all factors placing
global food security, safety and production at risk. To achieve the climate
targets in the Paris Agreement, such as staying below a 1.5 °C mean
temperature rise, while also supplying the growing global population with
food, the fragile food system needs to become more resilient and sustainable.

The food industry accounts for about one-third of global greenhouse gas
emissions and 70% of global water use (Graga et al., 2014; Willett et al.,
2019). The major stressors connected with European food production include
production of animal-based foods, production of synthetic fertilisers and
food transport (Cusworth et al., 2021; Filho et al., 2022; R66s et al., 2020;
Tidéker et al., 2021). According to R60s et al. (2020), the climate impact of
the Swedish diet could be reduced by 20% if Swedish meat consumption
were to be halved and instead replaced by domestically grown grain legumes.

Faba bean (Vicia faba minor) is a cool-climate legume crop primarily
used for animal feed in Sweden. However, based on its nutrient profile, faba
bean could be a healthy, sustainable plant-based food for human
consumption (Guillon & Champ, 2002). Faba bean plants can biologically
fix atmospheric nitrogen, which can reduce the need for artificial fertiliser,
thereby contributing to a more sustainable cropping rotation (Fouad et al.,
2013).

In Sweden, the vegetarian and plant-based product sector is one of the
fastest-growing markets, increasing by 16% in recent years (Macklean,
2020). The most prominent influences for consumers choosing plant-based
products are curiosity, health, sustainability and animal welfare (Gebhardt &
Hadwiger, 2020). Consumers are now demanding a wide array of plant-
based products made using simple ingredients with good organoleptic
properties. In 2020, soybean, wheat and pea were the most common
texturising ingredients in plant-based foods available on the Swedish market
(Macklean, 2020). However, these ingredients are often imported from
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distant countries such as China, USA, Canada and Italy (Tid&ker et al.,
2021).

Soybean is a particularly versatile ingredient owing to its gelling
properties, ability to form anisotropic fibre structures and emulsification
abilities (Vatansever et al., 2020). A disadvantage of soybean and wheat is
that both are major food allergens for susceptible individuals (FDA, 2023).
Despite the high level of interest and strong incentives for transition to more
plant-based diets, plant-based products are still considered a niche market
segment (Giacalone et al., 2022).

The functional properties of legume ingredients make them suitable as a
replacement for proteins from other sources and for incorporation into
cereal-based products such as breads, pastas and gluten-free alternatives
(Affrifah et al., 2023; Sozer et al., 2017). Documented applications of faba
bean include bread, other baked goods, extruded snacks, meat
(extenders/alternatives) and pasta (Affrifah et al., 2023).

The sensory quality of plant-based products has been identified as one of
the main aversion factors (Giacalone et al., 2022; Hassoun et al., 2022;
McClements & Grossmann, 2021; Nasrabadi et al., 2021). Creating an
appealing texture is in fact one of the major challenges in the development
of plant-based foods. Texturally, pulse proteins have been described as
having lower cutting strength and less chewiness than soybean- or gluten-
based products, due to their different gel-forming properties and amino acid
composition (Webb et al., 2023). Legume starches are reported to form firm
gels (Hoover et al., 2010), although gel rigidity is dependent on factors such
as starch purity, concentration and processing temperature. The high fibre
content of legumes can be nutritionally beneficial and is a common reason
for incorporation of legumes into various products (Farooq & Boye, 2011;
Guillon & Champ, 2002). Fibre behaviour and its influence on food texture
are highly dependent on fibre solubility (Keskin et al., 2021). To expand
utilisation of faba bean as a textural ingredient in food products, a clear
understanding of the physiochemical characteristics and textural properties
of faba bean components is required.

Therefore the structure-texture relationship of faba bean components in
different food matrices was evaluated in this thesis.by examining the
synergistic functionality effect of the faba bean components in different food
matrices

14



2. Background

This chapter describes the main components found in faba bean and their
functional properties

2.1 Characterisation of faba bean components

In food production, a common processing practice is to separate the
cotyledon from the hull, with the cotyledon being used in the main products
and the hull representing a side-stream (Krenz et al., 2023). The faba bean
cotyledon and hull studied in this thesis differed in chemical composition as
shown in the paper by Johansson et al., 2022. For example, the cotyledon
had a higher content of starch and protein than the fibre-rich hull (Figure 1).
When describing components based on other studies in the remainder of this
chapter, components extracted from cotyledon are referred to unless
otherwise stated.

Cotyledon Hull

<

v

m Starch = Protein ® Cellulose m Hemicellulose ® Lignin m Ash ® Fat

Figure 1. Composition of faba bean cotyledon and hull. Cellulose,
hemicellulose and lignin make up the fibre fraction. Source: (Johansson et al.,

2022)
15



2.1.1 Faba bean starch

The properties of starch and how it reacts in different food products are
highly dependent on composition, configuration and granular morphology.
A thorough description of faba bean starch composition, structure and
behaviour is provided in Paper I. To summarise, up to 45% of faba bean
biomass consists of starch (Hoover et al., 2010; Johansson et al., 2022; Punia
et al., 2019), with the amylose content of faba bean starch ranging from 29
to 40% (Ambigaipalan et al., 2011; Li et al., 2019; Zhang et al., 2019). Most
cereal starch granules consist of 15-30% amylose, with the exception of
waxy starches that contain very little or no amylose (<10%) while other types
are truly amylose-rich (>40%) (Bertoft, 2017; Tester et al., 2004). For faba
bean starch, the reported degree of polymerisation (DP) for almost linear
amylose is 1400 (Hoover et al., 2010), while for highly branched
amylopectin DP is 20.4 (Li et al., 2019). The polymorphic pattern
corresponds to the crystalline arrangement of starch. Faba beans, like most
other legume starches, are characterised by a C-polymorphic pattern
(Ambigaipalan et al., 2011; Hoover et al., 2010; Li et al., 2019; Zhang et al.,
2019) which consists of both more compact A-type and looser B-type starch,
commonly found in cereals and tubers, respectively (Bertoft, 2017; Buléon
etal., 1998).

The starch granule consists of alternating semi-crystalline and amorphous
growth rings. The more numerous, but also shorter, amylopectin chains form
double helices, which crystallise and make up the ordered semi-crystalline
lamella. The amorphous lamella contains amylose, some of the longer
amylopectin chains and the amylopectin branching points. Faba bean starch
has been found to have cracked granular surfaces (Ambigaipalan ez al., 2011;
Li et al., 2019; Zhang et al., 2019). According to Glaring et al. (2006),
granular cracking may occur because of strain imposed on the granules as
they grow owing to weak chain interactions, resulting in sub-optimal
amylopectin packaging.

Starch is a major side-stream product from isolation of pulse protein
(Guillon & Champ, 2002; Ren et al., 2021). Glycaemic index (GI) is lower
for legume starches than for cereal and tuber starches, which partly relates to
higher amylose and resistant starch content in legumes (Tayade et al., 2019).
Resistant starch is defined as the portion of starch that is not digested and
11% of faba starch is reported to consist of resistant starch (Ambigaipalan et
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al., 2011). Resistant starch can be added to a product to increase the dietary
fibre content, without changing the taste and texture (Champ, 2004).

Starch is a versatile ingredient that is often included in foods for a variety
of purposes, e.g. thickening, gelling, adding stability and replacing or
extending more costly ingredients (Mason, 2009; Zhang et al., 2021).

2.1.2 Faba bean protein

Approximately one-third of the faba bean consists of protein (Johansson et
al., 2022; Mayer Labba et al., 2021). Most of these proteins comprise
globulins (70-78%), followed by glutelins (12-18%), prolamins (1.8-3.6%)
and albumins (1.4-3.0%) (Alghamdi, 2009; Martineau-Cété et al., 2022).
Classification of the proteins depends on their solubility. Globulins are
soluble in low-salt solutions, albumins in water, prolamins in 70% alcohol,
and glutelins in alkaline solutions (Farooq & Boye, 2011; Martineau-Coté et
al., 2022; Osborne, 1907; Sharan et al., 2021). Faba bean proteins tend to be
least soluble around the isoelectric point at pH 5-5.5 (Danielsson, 1950;
Langton et al., 2020).

Depending on their sedimentation coefficient, faba bean globulins are
categorised into 11s (legumin) and 7s (vicilin) types (Farooq & Boye, 2011;
Herneke ef al., 2021; Ma et al., 2022), with legumin commonly being the
most abundant (55%) (Sharan et al., 2021). Plant globular proteins tend to
be compact hydrophobic structures that can form gels upon heating
(McClements & Grossmann, 2022). Faba bean proteins have been found to
be rich in the amino acids leucine and lycine and lacking in the sulphur-
containing amino acids methionine and cysteine (Ma et al., 2022; Mayer
Labba et al., 2021).

Legumes have a different amino acid composition than cereals, and have
therefore been suggested as a complementary ingredient to improve the
overall nutrition of cereal products (Farooq & Boye, 2011; Mayer Labba et
al., 2021).

Depending on concentration, protein fractions are categorised as
concentrate (48-65%) or isolate (>75%) (Vatansever et al., 2020). The
functionality of a protein in a food product, such as solubility, emulsification,
foaming ability and gelling characteristics, is not only influenced by
botanical origin and extraction procedure, but is also very sensitive to
different environmental conditions, such as pH, temperature and ionic
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strength (Herneke et al., 2021; Langton et al., 2020; Ma et al., 2022;
McClements & Grossmann, 2021, 2022; Totosaus et al., 2002).

2.1.3 Faba bean fibre

Dietary fibre refers to the group of carbohydrates that are not digested or
absorbed by the human small intestine, with complete or partial fermentation
in the large intestine (Tiwari & Cummins, 2020). This is a broad group with
a range of functionalities and includes the fractions cellulose, hemicellulose
and lignin. Resistant starch is also classified as a fibre (Champ, 2004), but as
this fraction is extracted during starch isolation, it can also be considered
with the starch fraction. The fibre content of the hull is significantly higher
than that of the cotyledon (Johansson et al., 2022; Karatas et al., 2017; Krenz
et al.,2023). Karatas et al., 2017 reported the fibre content of the whole faba
bean seed to be 27.5%, which included the hull that consisted of 82% fibre.
When the fractions cotyledon and hull were separated using a dehulling-
machine, the reported the fibre content was 22% and 56% respectively
(Johansson et al., 2022). The significantly lower fibre content of the hull
(56% vs. 82%), was likely caused by the machine separated hull fraction
containing higher amounts of starch- and protein-rich cotyledon, which
would have a “diluting” effect on the overall fibre content.

Cellulose is an insoluble polymer of glucose that is widely found in cell
walls (Tiwari & Cummins, 2020). In faba bean, the cellulose content has
been found to be 27% for the hull and 10% for the cotyledon (Johansson et
al., 2022). Cellulose nanocrystals can be isolated from cellulose and
incorporated into biodegradable plant-based products to strengthen their
mechanical properties (Moriana et al., 2016). Hemicellulose is a
heteropolymer consisting of monomers of arabinose, mannose, galactose,
glucose and xylose (Benaimeche et al., 2020). Lignin consists of indigestible
complex aromatic polymers that impart strength and stiffness to plant cell
walls (Frei, 2013).

Because of the beneficial health effects, fibre is often used as a functional
ingredient. The water and oil absorption abilities of fibre can have a
significant impact on the rheological properties of products to which it is
added. In addition, fibre has the ability to develop complexes, particularly
with proteins, which can improve the structural integrity of foods (Farooq &
Boye, 2011; Guillon & Champ, 2002; Tiwari & Cummins, 2020).
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2.1.4 Other components

Faba bean lipid

The lipid content in faba bean is low and research on faba bean lipids is
scarce. The lipid content in a common Swedish faba bean variety has been
found to be lower (1.2-1.6%) (Johansson et al., 2022) than that in an Italian
faba bean variety (3.1-3.2%) (Caprioli et al., 2016). Faba bean is rich in
polyunsaturated fatty acids (46-50%), particularly in the essential linoleic
fatty acid (C18:2, n-6) (43-45%) with a corresponding low percentage of
linolenic fatty acid (C18:3, n-3) (2.8-3.4%) (Caprioli et al., 2016).

Anti-nutrients

Legumes may contain a number of bioactive compounds that are
conventionally classified as anti-nutrients, including phytates, saponins,
lectins and protease inhibitors (Mayer Labba et al., 2021; Sandberg, 2018).
Phytates can form insoluble and indigestible mineral complexes, which may
reduce the bioavailability of iron and zinc (Sandberg, 2018). Of 15 faba bean
cultivars evaluated by Mayer Labba ef al. (2021), only one was estimated to
have high bioavailability of iron and zinc, which coincided with low phytate
levels. The digestibility of certain legume-based proteins may decrease if
trypsin or proteases inhibitors are present (Sharma & Sehgal, 1992;
Herreman et al., 2020).

Two prevalent faba bean pyrimidine glycosides, vicine and covicine, are
also considered anti-nutrients (Dhull et al., 2021; Khazaei et al., 2019) and
high consumption of these may cause favism, a severe form of haemolytic
anaemia, in susceptible individuals. The ratio of covicine to vicine appears
to vary between cultivars, but to reduce the risk of favism selecting a cultivar
with low levels of the components may be preferable.

Thus, faba bean may contain a range of anti-nutrients in different
proportions that depend on the cultivar, but also on cultivation conditions.

Minerals & vitamins

The minerals present in the highest levels in faba bean are potassium and
phosphorus, but most of the phosphorus is unavailable as it is present in the
form of phytates (Dhull ef al., 2021). Bioavailability of iron and zinc can be
reduced by the presence of phytates (Mayer Labba et al., 2021; Sandberg,
2018), due to the formation of insoluble and indigestible phytate-mineral
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complexes. Regarding vitamins, faba bean has a higher content of water-
soluble vitamins than fat-soluble vitamins. The vitamin content in faba bean
decreases during cooking, as a result of decomposition and increased
leaching rates (Dhull ef al., 2021; Revilla, 2015).

2.2 Ingredient functionality

Food products rarely consist of just one component and an agglomeration
of ingredients is generally present. The design of the food matrix and
ingredient processing influence ingredient functionality, which in turn
affects the physicochemical, sensorial and gastrointestinal properties of the
final food product. Figure 2 shows a simplified version of a food matrix, with
the main components found in faba beans in the centre of the diagram, and
the different ingredient functionalities influencing the textural properties in
the resulting food products around the edge. These functionalities depend on
the proportions and interactions between the different components, and may
change depending on processing parameters.

Textural properties in

food product

Lipids

Protein

Starch

Faba Bean
Food Matrix

S
?,:.
2

5

(O

Water interactions

Figure 2. Characteristics of a faba bean food matrix, with the main fractions in faba
bean that provide different textures to the matrix (depending on composition and
processing) in the centre of the diagram. Functionalities specifically important to
understand the work presented in this thesis are listed on the outer rim.
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2.2.1 Component interaction with water

Solubility

The solubility of a molecule and how it binds to water influences its ability
to thicken solutions, form gels and stabilise emulsions. Biopolymer solubility
is governed by molecular features such as molar mass, surface hydro-
phobicity and electrical characteristics (McClements & Grossmann, 2022).
Low-soluble macromolecules are more prone to aggregate and form
hydrophobic crosslinks (McClements & Grossmann, 2022).

Starch is insoluble in cold water. The proportions of crystalline and
amorphous components govern granule swelling and solubility properties
(Wani et al., 2016). The swelling power and water solubility of faba bean
starch in solution increase as the temperature increases, partly due to an
increment in starch molecular mobility. However, in comparison with other
bean starches, the solubility of faba bean starch remains relatively low at
higher temperatures (90 °C), likely due to stronger hydrogen bonds and
higher amylose content, which restricts swelling and results in improved
granular integrity (Zhang et al., 2019).

The solubility of proteins is pH-dependent and for legume proteins tends
to be lowest at around pH 4-6, because of reduced electrostatic repulsion
occurring at the isoelectric point (Ma et al., 2022). Faba bean protein has its
lowest solubility at around pH 5, which is also a common pH for foodstuffs,
but the solubility can be increased by adding table salt (Langton et al., 2020).
The solubility of faba bean protein decreases from 0.5 g/g to 0.3 g/g after
being heated to 150 °C, presumably because of structural degradation
(Biihler ez al., 2020).

The techno-functionality of dietary fibre is influenced by its origin
(Guillon & Champ, 2002). Most of the fibre found in the cotyledon of pulses
tends to be soluble dietary fibre (Farooq & Boye, 2011; Tiwari & Cummins,
2020). The insoluble fibre fraction is mainly found in the hull (Farooq &
Boye, 2011). In whole faba beans, a major part of the fibre fraction is
insoluble fibre (10-16.0%), while it contains minor amounts of soluble fibre
(0.6-1.1%) (Mayer Labba et al., 2021). According to Mayer Labba et al.
(2021), the soluble fibre fraction in faba bean has the highest content of
arabinose, rhamnose and soluble uronic acids. Soluble dietary fibre is widely
used as a food additive (thickener, stabiliser, emulsifier and gelling agent),
because it can dissolve in water to form a gel and, compared with insoluble
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fibre, is lighter in colour and flavour (Guillon & Champ, 2002). Because of
the coarser texture, insoluble fibre is suitable for use in extruded and bakery
products (Guillon & Champ, 2002)

Hydration and water retention properties

The texture and mouthfeel of a food product are strongly influenced by the
presence of fluids and the water retention capacity of the ingredients (Boye
et al., 2010; McClements & Grossmann, 2022). Water binding is
accompanied by particle swelling. Within the food matrix, water may be
retained through the formation of porous three-dimensional (3D) networks,
but as the crosslinking density increases within the network, swelling of the
matrix decreases (Cornet ef al., 2021).

Starch granules are in general insoluble in cold water, but when heated
the granules swell as water is absorbed, resulting in the starch granule losing
its crystallinity, a process called gelatinisation (for more details of starch
gelatinisation, see section 2.2.2 of this thesis).

The water-holding capacity of faba bean protein has been reported to
increase by 86% when heated to above 150 °C, an effect associated with the
increase in insoluble fractions at higher temperatures (Biihler ef al., 2020).

Fibre can bind water in numerous ways, such as polar and hydrophobic
interactions, hydrogen bonding and enclosure (Chaplin, 2003). The water-
binding capacity of insoluble fibre tends to be relatively high (Tiwari &
Cummins, 2020). The polar groups in cellulose, hemicellulose and lignin
increase water uptake by lignocellulosic fibres (Zabihzadeh, 2010).
However, there are conflicting reports on how the size of the fibre particles
influences their water-holding capacity (Tosh & Yada, 2010). For pea hulls,
water retention increases as mean particle size decreases (Auffret et al.,
1994), an effect attributed to increased surface area and pore volume, while
for navy bean hulls the opposite occurs, with water retention improving as
the fibre particles become coarser (Daubenmire et al., 1993).

Water binding can be determined through different methods such as
centrifugation, filtration or freeze-drying, which may generate different
results. Therefore results should not be generalised, but considered as an
indicative factor of the particle behaviour according to the methodology used
(Chaplin, 2003). The amount of mobile and immobile fractions within a
mixture, a property associated with hydration capacity, can be measured by
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solid-state *C nuclear magnetic resonance (NMR) spectroscopy (Morgan et
al., 1995; Tang & Hills, 2003; Zhu, 2017).

Thickening

Polysaccharides can be added to foods as a functional ingredient with the
purpose of increasing the viscosity in order to generate desirable textural or
mouthfeel attributes or reduce the rate of gravitational separation of
particulate matter (McClements & Grossmann, 2022). The thickening power
relates to how much ingredient is required to effectively increase viscosity.
Typically, the thickening power increases as the particle volume ratio
increases (Bai, 2017). Insoluble fibre tends to have higher swelling power
than soluble fibre (Tiwari & Cummins, 2020).

2.2.2 Pasting (starch thickening)

The starch incorporated in nearly all food products is thermally pre-treated,
which induces a range of structural changes that impact upon the product
texture. Figure 3 shows a typical pasting curve of starch and provides an
understanding of the mechanistic changes that starch undergoes during
heating and cooling.

Viscosity
S
n(Pas) 2 .( T(°C)

ooh
@

Time

Figure 3. Starch pasting curve where: pasting initiates as the granules start to
swell (1). The granules continue swelling until peak viscosity (2), at which
granular disintegration causes viscosity to decrease to minimum viscosity (3),
where the difference between minimum viscosity and maximum viscosity is
called breakdown viscosity. During cooling the starch gels, final viscosity (4).
The difference between final viscosity and maximum viscosity is called set-back.
Diagram interpreted from Schirmer et al., 2015 .
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Gelatinisation

Starch gelatinisation, when starch goes from an ordered to a disordered state,
can be considered as the initial stage of the pasting curve (Figure 3, step 1)
and is the irreversible dissociation of the crystallites that can be seen as loss
of birefringence (Gernat et al., 1990; Mufioz et al., 2015; Schirmer et al.,
2015). The resulting swelling initiates in regions where the intramolecular
bonds are weakest, penetrating the more amorphous layer of the granules
(Vamadevan & Bertoft, 2015, 2020). Gelatinisation temperature for faba
bean starches is reported to lie between 57 and 75 °C (Ambigaipalan et al.,
2011; Lee, 2007; Li et al., 2019; Zhang et al., 2019) .

According to Tester and Morrison (1990), gelatinisation temperature
reflects the perfectness of crystallites, where starches with higher crystalline
order and more stable crystals have a high gelatinisation temperature and
narrower endothermic peak. In comparison with other bean starches, faba
bean starches display significantly lower temperatures and enthalpies for
gelatinisation with a high swelling factor, possibly as a consequence of a less
well-ordered crystalline structure and granular cracks facilitating the entry of
water (Ambigaipalan et al., 2011). Faba bean also has a relatively broad
gelatinisation range compared with other bean starches (Zhang ef al., 2019),
which may imply crystalline structures with varying stability. There are
conflicting findings on how granular size influences gelatinisation, e.g.
Haase & Shi (1991) found that smaller faba bean starch granules had lower
gelatinisation enthalpy, while Wang ez al. (2011) found the opposite for field
pea starches. The gelatinisation parameters of starches can be determined
using differential scanning calorimetry (DSC) (Hoover et al., 2010).

Pasting

Pasting refers to the changes in dissolution of starch upon further heating
after gelatinisation. The pasting temperature is when the viscosity begins to
rise (Figure 3, step 1) caused by granular swelling and by the leaching out of
low-molecular-weight components. For faba bean, amylose leaching is
already detectable at temperatures of 75 °C, reflecting the weaker
interactions between amylose-amylose and/or amylose-amylopectin
(Ambigaipalan et al., 2011).

The peak viscosity represents the highest viscosity attained (Figure 3, step
2). The curve then starts to flatten or decrease as the starch crystals melt and
swollen granules rupture/collapse, resulting in more rapid water movement
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into the granules (Balet et al., 2019). Peak viscosity tends to be lower for
faba bean than for other legumes, a factor associated with the amylose
content (Li et al., 2019; Zhang et al., 2019).

The breakdown viscosity of faba bean starches (Figure 3, step 3) is also
comparatively low (Li et al., 2019; Zhang et al., 2019). Leached amylose
reduces the breakdown viscosity by maintaining granular integrity and
preventing collapse (Li et al., 2019). Upon cooling, starch gelation occurs as,
the leached amylose forms an network and amylopectin tends to recrystallise
(Lietal.,2019; Zhang et al., 2019), resulting in higher final viscosity (Figure
3, step 4). Legume starches are commonly characterised by high pasting
temperature, absence of peak viscosity, increasing viscosity during the
holding period and high set-back (Hoover et al., 2010).

Instruments commonly used to measure pasting behaviour include the
rapid viscoanalyser (RVA), rheometer and Brabender Viscograph. In the
RVA and rheometer, starch is heated in excess water under constant rotation
and the force required to maintain the rotation corresponds to the change in
viscosity. This constant shearing prevents the starch from sedimenting.

2.2.3 Gel formation

Gels are semi-solid viscoelastic polymeric materials that incorporate large
amounts of water (hydrogels), air (acrogels) or oil (oleogels) within the
three-dimensional network (Cao & Mezzenga, 2020).

Starch gels are heat-set irreversible and formed through hydrophobic
interactions (see the preceding sub-section on starch pasting for more
details). Li et al. (2019), suggested that faba bean starch could be used in the
production of noodles because of its strong gelling ability.

Globular proteins, including faba bean proteins, form heat-set irreversible
gels (McClements & Grossmann, 2022). During gel formation the protein
denatures, thereby exposing non-polar surface groups that can associate with
each other through hydrophobic interactions (Cao & Mezzenga, 2020).
Denaturation for faba bean protein isolate occurs at 94 °C (Nivala et al.,
2017), which corresponds well to the denaturation temperature of the protein
subunits legumin (95 °C) and vicilin (84 °C) (Kimura et al., 2008). The
reported minimum gelling concentration for faba bean protein-rich flour is
7% and that for protein isolate, which has a lower carbohydrate content, is
12% (Vogelsang-O’Dwyer et al., 2020). According to Fernandez-Quintela
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et al. (1997), the lowest gelling concentration of faba bean protein is
somewhat higher (14%).

A recent study by Johansson et al. (2022) found that faba bean protein-
dominated mixed systems start forming gels at between 75 and 80 °C.
Mixtures with higher starch and/or fibre content formed firm gels,
presumably because of higher water retention by the carbohydrate fractions
effectively increasing the protein concentration in the remaining aqueous
area (Johansson et al., 2022). Decreasing the pH from 7 to 5 has also been
found to be an effective way to improve protein gelling ability (Langton et
al., 2020). The gels in that study were coarser at pH 5, which may relate to
the protein solubility.

Viscoelasticity

Most food products are viscoelastic, meaning that they exhibit a combination
of liquid-like (viscous) and solid-like (elastic) behaviour. Small-amplitude
oscillatory rheometry is the primary technique used to measure viscoelastic
properties as a function of time, temperature, strain or frequency (Liepsch,
2016). In the case of plate-plate/plate-cone geometry, the sample is loaded
between two plates with a known gap (h). The bottom plate is kept stationary
while the top plate oscillates at a given stress and/or strain amplitude and/or
frequency, and the material’s response to the motion in terms of stress and
strain is monitored (Figure 4a). For purely elastic materials, maximum stress
and strain occur simultaneously, and thus these parameters are in phase. For
purely viscous material, stress and stain are out of phase by 90°. For
viscoelastic materials, the resulting stress can be quantified somewhere
between these two extreme components, i.e. in-phase (0°) and out-of-phase
(90°) (Kasapis & Bannikova, 2016; Liepsch, 2016) .

Some standard rheological parameters for viscoelastic materials and how
these parameters relate to each other are shown in Figure 4b. Storage
modulus (elastic modulus, G’) is the ratio of in-phase stress to applied strain
and the magnitude of storage modulus is proportional to the number of
permanent interactions and the strength of the interactions present in the
sample (Kasapis & Bannikova, 2016). The corresponding parameter for the
out-of-phase response is loss modulus (viscous modulus, G’’), measuring the
sample’s flow properties. The loss tangent (tan J) represents the ratio
between loss modulus and storage modulus, i.e. tan 6 = G’’/G’, summarising
the viscoelastic character of a material. High tan ¢ values indicate samples
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with a more viscous-like nature, while low tan é values indicate more solid-
like material. Complex modulus (G*) is the overall response of a material
and can be described as the material’s total stiffness. It is calculated as:
G*=\(G*+G"?) (Kasapis & Bannikova, 2016; Liepsch, 2016).

a)

MAX STRESS MAX STRESS MAX STRESS

™

—

Elastic (8=0) Viscoelastic (0<5<90) Viscous (56=90)

b) .
G tan & = G"/G’

G*=V(G2+G™).

0 G'
Figure 4. a) Figurative sinusoidal wave representation of viscoelastic products and b)

relationship between complex modulus G*, tan 0, storage modulus G' and loss modulus
G". Diagram interpreted from Liepsch (2016)

2.3 Faba bean components as texturising agents

Faba bean has been added to various food products with the aim of improving
the nutritional profile of the product and/or reducing the environmental
impact. For example, addition of pulses to wheat products can improve the
fibre content and amino acid profile (Farooq & Boye, 2011). It is important
that adding faba bean to a food product does not impair/compromise product
quality.

Numerous studies have researched the effect of fortifying pasta-like
products with faba bean (Giménez et al., 2012; Kaya et al., 2018; Laleg et
al., 2016, 2017; Petitot et al., 2010; Rizzello et al., 2017; Rosa-Sibakov et
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al., 2016). Replacing some of the wheat/semolina flour in pasta with faba
bean has been found to decrease some quality attributes of the pasta product.
Gluten gives wheat unique properties such as elasticity and cohesiveness,
while addition of the non-glutenous, more fibre-rich faba bean flour reduces
the gluten network strength by diluting the gluten (Petitot ez al., 2010; Laleg
et al., 2017). The higher fibre proportion in faba bean flour also weakens the
gluten through fibre particles physically disrupting protein network
formation (Petitot et al., 2010; Laleg et al., 2016, 2017). Drying at high
temperatures strengthens the protein structure of pasta by promoting protein
aggregation, resulting in increased integrity and product resilience (Petitot et
al.,2010; Laleg et al., 2017). As mentioned previously, the globular proteins
in faba bean are heat-induced gel proteins. Up to 30% of wheat flour could
be replaced with faba bean flour without having too negative an impact on
pasta quality while still maintaining optimum protein quality in nutritional
terms (Giménez et al., 2012; Rizzello et al., 2017).

Because of its higher fibre content, replacing wheat flour with faba bean
flour (Giménez et al., 2012) or hull flour (Kaya ef al., 2018) increases the
water absorption of pasta dough. Interestingly, the greater hardness of
cooked faba bean-fortified pasta has been attributed to the overall higher
protein content and lower water uptake during cooking (Petitot ez al., 2010).
In production of gluten-free pasta, Rosa-Sibakov et al. (2016) found that
addition of fermented faba bean flour resulted in a more porous structure and
rupture of the starch granules, which reduced water absorption, causing
increased hardness.

In production of wheat bread, addition of faba bean flour has a positive
impact on the nutritional properties, but may slightly reduce loaf volume
(Coda et al., 2017), possibly due to some alterations in gluten network
development. Daliani et al. (2019) found that bread fortified with faba bean
hull had increased postprandial satiety, which was correlated with the overall
higher fibre content.

In a recent study, addition of faba bean hull to beef patties was found to
reduce cooking losses because of the thickening ability of the fibre, which
created a network that held both fat and water (Elsebaie ef al., 2022). In an
earlier study, Vaisey et al. (1975) found that faba bean could be added to
beef patties as an extender, increasing both fat and moisture retention, but
with a decrease in apparent juiciness because the faba bean-bound water was
not released during chewing. In production of extruded meat analogues using
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pulses, the texture properties most affected are reported to be caused by ash,
fibre, fat and protein content and water-holding capacity of the protein
isolate/concentrate (Ferawati et al., 2021b). Products consisting of
commercial faba bean protein isolate in those studies were harder and
chewier than the other pulse samples, an effect correlated with the lower
protein content and higher content of fat, fibre and carbohydrate. A lower
extrusion temperature was used for non-commercial faba bean proteins,
because of lower protein denaturation temperature, and this resulted in the
analogues having fibre more aligned in a crosswise direction (Ferawati et al.,
2021b). This was a desirable effect as it created analogues that texturally
resembled meat products more than when fibres were aligned lengthwise
(Ferawati, et al., 2021b).

In the production of vegan cheese analogues, it has been found that faba
bean cheeses are harder and chewier than yellow pea analogues, relating to
the higher protein content in faba bean (Ferawati , et al., 2021a). Moreover,
cheese analogues produced from roasted faba bean had higher chewiness and
hardness than those produced from boiled faba bean (Ferawati, et al., 2021a).
It was hypothesised that because the roasting process was of shorter duration
and used hot air circulation, starch gelatinisation and denaturation of the
protein were less complete than in the hydrothermal treatment (Ferawati, et
al., 2021a). Thus during production of the cheese analogues, the un-
gelatinised starch and undenatured protein in the roasted faba bean flours
started to gelatinise, denature and build a gel network, thereby forming a
harder gel texture.

Faba bean (flour or protein) has been used as an emulsifying ingredient
in some much softer food products, e.g. tofu, yoghurt (Jiang et al., 2020) and
mayonnaise (Armaforte et al., 2021; Ouraji et al., 2020). Jiang et al. (2020)
identified high starch content and low lipid content as limiting factors in the
development of emulsion gels. Starch gelation was prevented either through
hydrolysis or by removal of the starch. For the yoghurts, viscosity was higher
in products containing hydrolysate starch, because of its ability to form
hydrogen bonds (Jiang et al., 2020). For the tofu, starch-free analogues were
firmer than starch hydrolysate analogues, as the hydrolysate starch hindered
protein gelation and reduced water-holding capacity (Jiang et al., 2020). In
production of faba bean protein-based mayonnaise, xanthan gum had to be
added as a stabiliser (Armaforte et al., 2021) or the faba bean protein had to
be pre-treated (Ouraji et al., 2020).
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The protein composition, high fibre content and strong starch gelling
ability are all properties of faba bean that influence the functionality and use
of faba bean in different sorts of food products.

2.4 Correlating microstructure and texture

The texture of food consists of several different physical sensations,
attributes that are perceived through mastication. The textural quality of food
is derived from the structural organisation at the molecular, microscopic and
macroscopic level (Bourne, 2002). By combining microscopy with
complementary data, the effect of morphological changes on product texture can
be identified. Foods are complex multicomponent systems where the
microstructure parameters and interactions are affected by processing and
product properties.

The composition of a product provides limited information on the
structure (Aguilera, 2005). The texture of a food is not static, but evolves in
line with changes in structure (Bourne, 2002). An example of this is how the
texture of starch solution changes during pasting, because of heating, despite
the composition remaining unchanged.

Textural analysis may only provide information on one structural aspect
of the food, as different structures within the matrix may respond to a specific
measuring method. For whey gels, Langton et al. (1996) found that
destructive large deformation tests provided information on the overall gel
network structure, while non-destructive textural analysis provided
information on the gel strands. From the destructive textural analysis, those
authors concluded that larger pore and particle size of the whey gels
contributed to a more grainy and gritty texture that increased the sensation
of the gel falling apart. In the non-destructive tests, softer texture of the gels
was correlated with a more conglomerated structure. For highly stranded
networks, the gels were instead perceived as springy (Langton et al., 1996).
It was shown by He et al. (2016) that the predictive power of perceived
mouthfeel for thickened solutions increased when the evaluation protocol
used a combination of rheological methods, rather than relying solely on one
type of method. In that study, shear rheology values corresponded to
thickness and extensional rheology values to overall stickiness and mouth
coating.
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Studies on how product structure and texture change under different
conditions can help predict product behaviour. Microscope analysis has
revealed that the higher cooking losses for legume pasta compared with
normal pasta are caused by the protein network not enveloping the starch
granules in the legume pasta, which causes the starch to leak out (Laleg et
al., 2016; Rosa-Sibakov et al., 2016). In a study by Rizzello et al. (2017),
higher cooking losses in faba bean-fortified pasta were correlated with a less
homogenous network and larger porosity, and those authors speculated that
the higher cooking losses also resulted in reduced nutritional value. Wheat
products fortified with fermented faba bean flour, compared with non-
fermented, have been found to have a firmer, more stable and cohesive
structure, which can be related to a thicker and more cohesive protein
network (Coda et al., 2017; Rosa-Sibakov et al., 2016).

Knowledge of the relationship between structure and texture is thus key
for effectively optimising food production processes and for developing new
products with desired sensory qualities.
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3. Aims and Objectives

Transition towards a more plant-based diet involving locally grown legumes
has been suggested as an effective method by which the Swedish food system
can become more resilient and sustainable (R66s et al., 2020; Tidaker et al.,
2021). However, the sensory quality of plant-based foods has been identified
as a barrier to consumer acceptance (Alcorta et al., 2021; Giacalone et al.,
2022; Hassoun et al., 2022), with the development of appealing texture being
a particular challenge. Faba bean is a cool-climate crop with a good
nutritional profile that has high potential as an ingredient in healthy and
sustainable plant-based products. To broaden the utilisation of faba bean in
food products, a deeper knowledge of the different faba bean components
(starch, protein and fibre), their functionalities and their synergetic effect on
product texture is required.

The overall aim in this thesis was to compare the functionality of faba
bean components and their effect on texture by analysing the synergetic
functionalities of different components in different types of food matrices
and food model prototypes. Specific objectives of the work were to:

e  Physiochemically characterise and compare faba bean starch from
cotyledon and hull with wheat starch, and assess how external heating
factors, such as heating rate and temperature ranges, affected the
thermal behaviour of the starches (Paper I)

e Identify different factors influencing the pasting properties of faba bean
starch (Papers I-11)

e Evaluate the effect of addition of protein and protein/fibre extracted
from faba bean on the texture of faba bean starch, by measuring system
behaviour under small and large deformations (Papers I1-111)
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Compare the gel-forming behaviour and microstructure of differently
proportioned starch:protein composite gels, to determine factors
affecting gel properties (Paper II)

Design different food models, 3D-printed products and edible protein
films, and evaluate their suitability in food products by determining the
relationship between composition and functionality (resulting
properties) (Papers I11- IV)



4. Consideration of Methods

First, the samples were chemically, structurally and physically characterised.
Next, ingredient functionalities were analysed and the data were compared
against the molecular properties. Finally, the food-model-systems were
assessed to evaluate the suitability of these potential prototype products for
their end-use. The different methods used for characterisation can serve as a
foundation when trying to understand, explain and compare the different
product properties from the simple to the more complex food-matrix
systems.

4.1 Material

Faba bean (Vicia faba minor, variety ‘Gloria’) was kindly supplied by RISE,
Uppsala, Sweden. The beans were cultivated in 2016 in central Sweden and
stored dry until use.

In all papers (I-IV), the fractionation method for a particular type of
component was very similar and is described in detail in each paper. In brief,
the proteins were extracted using isoelectric point extraction and the starch
by mild alkaline treatment The most efficient fractionation sequence, with
the best yield and minimal changes to the isolated components, was to start
fractionating the protein, followed by starch and fibre. The yields obtained
were then protein 56%, starch 91% and fibre 29%.

An outline of the fractionation procedure is shown in Figure 5, together
with the components used in each study. In Paper I, only the starch was
isolated, while in Paper I'V only the protein was extracted from the faba bean.
In Papers II and III, multiple fractions were recovered and used.
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Figure 5. Outline of faba bean fraction (protein, starch, fibre) and isolation methods used
in Paper I (starch), Paper II (starch and protein), Paper III (starch, fibre and protein) and
Paper IV (protein) Scale bar= 100 um.
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4.1.1 Sample description

Paper 1

Faba bean starches from cotyledon and hull were characterised and
compared with commercial wheat starch supplied by Lantminnen Reppe
AB, Linkdping, Sweden. The starch samples used were cotyledon and hull
of faba bean and wheat (including both A and B granules).

Paper 11

Different ratio faba bean starch and protein were combined to make
composite gels with 12% solids content. Figure 6 shows the composition of
the solid components of the different gels.

S100PO

S90P10

S60P40

SOP100

0% 20% 40% 60% 80% 100%

M Starch M Protein

Figure 6. Dry weight distribution of the faba bean components starch (S) and protein (P)
in the gels studied in Paper II.

The gels were prepared by mixing the starch and protein with water for 40
min to ensure homogeneity. The mixtures were then heated under continuous
stirring in a water bath at 65 °C to prevent starch sedimentation. For gel
formation, the samples were heated to 95 °C and then cooled to 25 °C at 1.5
°C/min.
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Paper 111

Different ratios of faba bean starch, protein and fibre were combined to
create edible inks suitable for 3D-printing (Figure 7).

Fibre-rich

Starch-rich

Protein-rich

Protein- & starch-rich

0% 20% 40% 60% 80% 100%

B Starch M Protein M Fibre

Figure 7. Dry weight distribution of faba bean components in the inks studied in Paper
11I.

To make the inks for 3D-printing, the starch was mixed with 70% of the total
quantity of water. The total quantity of water was adjusted to each type of
ink, ensuring that the inks had a good printable viscosity that could form a
free-standing 3D object during printing. The starch solution was heated to 60
°C before addition of the protein, fibre and remaining 30% of water. To
remove air bubbles, the ink pastes were extruded through a syringe three
times before finally being added to the 3-mL cartridge used for printing. The
samples were printed as cubes (14x14x14 mm?®) using a BIO X bioprinter,
frozen at -18 °C and then freeze-dried.

Paper 1V

Edible films for use in food packaging were created by combining faba bean
protein, glycerol and different doses of pine cone cellulose nano-crystals
(CNC) (Table 1). To produce the CNCs, ground-up pine cone particles were
first subjected to alkaline treatment and then bleached to remove the
hemicellulose and lignin. The bleached samples were hydrolysed under
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acidic conditions, with the excess acid removed through centrifugation and
dialysis. The CNC suspensions were then sonicated and hydrolysed again.
The CNC samples were stored in the fridge until further use.

Table 1. Composition (dry weight basis) of the faba bean protein (FBP) films reinforced
with Cellulose nano-crystals (CNC) produced in Paper IV

Sample FBP FBP:CNC- FBP:CNC- FBP:CNC- FBP:CNC-
1% 3% 5% 7%

Protein (g) 5 5 5 5 5

Glycerol (g) 2.5 2.5 25 2.5 2.5

CNC, wt-% ofdry 0 1 3 5 7

protein

To prepare the films, the protein was dissolved in glycerol and water. The
pH of the solution was adjusted to 10.5 and it was stirred for 1 h before
heating to 85 °C to denature the protein. The CNC was added to the films
after the denaturation step. The resulting solutions were cast into films and
dried before being conditioned at 52% humidity for 48 h.

4.2 Method overview

A schematic overview of the different types of analysis applied Papers [-IV
is shown in Figure 8. A more detailed description of the different methods
applied in the papers is provided in Table 2.

4.21 Chemical composition and structure of faba bean starch

In Paper I, a range of methods were used to characterise the chemical and
structural composition of faba bean, with the aim of understanding how
composition affects the thermal behaviour of the starch.

4.2.2 Ingredient functionality and physical behaviour

Functional properties such as water absorption, swelling, pasting behaviour
and gelation affect the sensory characteristics of food products and play an
important role in the physical behaviour of a food and its ingredients. In this
thesis, the functionality of faba bean fractions was assessed in mono-
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component systems and increasingly complex multi-component systems, to
evaluate the synergetic functional properties of the components (Papers I-
IV). This approach was intended to help in predicting the development of
different food textures depending on the combination of systems and
processing parameters.

4.2.3 Evaluation of food model systems

The food products created and evaluated were:
e 3D-printed cracker products (Paper III).
e Edible faba bean protein films (Paper I'V).

Starch characterisation Paper |

)

Structural

Chemical

Fractions functionality and behaviour

Paper I-IV

Pasting/ Compression

LI thickening testing

Gelatinisation Gel formation

Microscopy & Rheology

Paper -1V

Food Model systems; potential

3D printed Packagin material;
crackers EadibleProtein films

Figure 8. Overview of the different types of analysis performed in this thesis. The
different findings were compared and theories were developed based on a synthesis of
the data.
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5. Results and Discussion (Papers I-1V)

In the work presented in this thesis, different fractions isolated from faba
bean were combined to create different food matrices that could be used to
produce different food textures.

The simpler food systems are discussed first in this chapter, and then the
samples with increasing level of compositional complexity. This sequence
of results provides a fundamental understanding of physiochemical and
structural factors influencing the functional properties of the materials
produced and the mechanism/s. As the complexity of samples increased, the
number of factors that could influence the behaviour, structure and texture
of the resulting food matrix also increased.

5.1 Chemical composition and structure of faba bean
starch

Purity, molecular structure, swelling intensity and concentration of starch
were identified as key factors influencing the structural effect of starch in
different matrices.

5.1.1 Starch composition and molecular structure

In Paper 1, starches from faba bean cotyledon and hull were compared with
commercial wheat starch. The isolated hull starch was actually not from the
hull, but from the outer layers of the cotyledon that were only peeled away
during machine de-hulling. This was verified by the hull starch content being
0% when hand-peeled and 19% when machine-peeled. The chemical
composition was the main difference between the cotyledon and hull rich-
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starch fraction that influenced the starch behaviour during gelatinisation and
pasting.

Chemical composition

The faba bean hull starch-rich fraction was the least pure, containing the
highest proportions of protein, fat and ash. The amylose and resistant starch
content were both significantly higher for the hull (amylose 36%, resistant
starch 13%) followed by the cotyledon (amylose 32%, resistant starch 6.7%)
and lastly the wheat (amylose 21%, resistant starch 0.5%). The chemical
composition of the different starches is summarised in Table 1 in Paper 1.

Structure

Differences between the botanically different starches (faba bean and wheat)
were largely attributable to differences in their molecular structure and
granular morphology.

The chain length distribution of amylopectin and amylose (cut-off at 100)
is shown in Figure 3 in Paper I. The degree of polymerisation (DP)
distribution was very similar for the faba bean starches isolated from the
cotyledon and hull, both for the shorter-chain amylopectin and longer-chain
amylose. In comparison, wheat starch had a higher prevalence of very short-
chain and short-chain amylopectin. The faba bean starches a had bimodal
branch chain distribution for amylopectin, with two populations centred
around DP 700 and DP 2500, with longer branch chains being slightly more
abundant. Amylose chain distribution in the wheat starch had a larger
abundance of shorter chains.

Starch granules from faba bean starch cotyledon, hull and wheat are
depicted in Figure 9. The faba bean starches were relatively similar, with a
homogenous population with an oval shape and average length of ~21-23
um, as measured using image analysis. The wheat starch granules were more
heterogeneous, with two sizes for the disc-shaped populations with average
length of 20 pm (A granules) and 7 um (B granules).
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5.2 Ingredient functionality and physical behaviour

5.2.1 Hydration-related properties

Although water is not a component extracted from faba bean, it was an
important ingredient incorporated into all the different food matrices studied
in this thesis. Water often acts as a plasticiser, influencing many of the
mechanical properties of the food matrix (Blahovec, 2007). The effect of the
water is dependent on how it binds with the components.

Table 3 shows the combined calculated hydration values from Papers 11
and III. What was referred to as swelling power in Paper III was calculated
in the same manner as the water absorption index in Paper II. Using the raw
data from Paper IlI, the different hydration values were recalculated using
the same equations as in Paper II (equations 1 and 2). Although the hydration
analysis was performed using different solids contents and methodology, a
trend for improved water-binding ability with increasing temperature was
observed for all samples. Negative water-binding capacity of the protein was
observed at 20 °C, presumably because the protein dissolved in the water and
was decanted with the supernatant. At all temperatures, the water solubility
index of the protein was higher for starch than for fibre.

For starch, water binding/absorption was highest at 95 °C and lowest at
room temperature. The enhanced water absorption abilities of the starch at
higher temperatures could be because of starch gelatinisation, which started
at 67 °C. At 60 °C, fibre was the component that bound most water and would
presumably also have bound most water if heated to 95 °C as in Paper II.

The relatively high water-binding ability of faba bean fibre may be related
to the relatively high proportion of hydrophilic polysaccharides (28%)
(Johansson et al., 2022) in relation to the hydrophobic lignin fraction (1%)
(Johansson et al., 2022; Bell & Shires, 1982). Other factors improving the
water-binding abilities of legume fibres are high amounts of insoluble fibre
and increased surface area and pore size of the fibre (Tiwari & Cummins,
2020). The ability of fibres to trap, i.e. consequentially bind, water has been
correlated with an increase in particle size (Chaplin, 2003).
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Table 3. Calculated hydration values obtained in Papers Il and 111 for different faba bean
components at different temperatures

Temperature | 20 °C 60 °C 95°C

Paper 11 11T 1I

Measurement | WBC WAI WSI WAI WSI
(g/2)' (g/g)? (100g/2)* | (g/g)? (100g/g)?

Flour NA 2.3+0.0 31.8+0.1 NA NA

Starch 1.4+0.0 3.7+0.0 2.0£0.1 11.7£0.4 2.5+0.1

Protein -0.4+0.1 1.1£0.1 84.1£0.1 | 2.5+0.2 73.6+1.8

Fibre NA 12.1£1.2 0.5+0.1 NA NA

'Water-binding capacity, >water absorption index, *water solubility index.

5.2.2 Starch gelatinisation and granular swelling

During gelatinisation, starch goes from an ordered to a disordered state. In
Paper 1, it was observed that gelatinisation temperature, as determined by
DSC (Table 3 in Paper I) coincided well with granule swelling, as estimated
by hot-stage microscopy (Figure 7 in Paper I). Temperatures at which
gelatinisation started were as follows: cotyledon 67 °C, Hull 70 °C and wheat
58 °C. Figure 9 shows the progressive swelling of starch granules at 30 °C,
67 °C (onset of cotyledon starch gelatinisation), 73 °C (end-set of cotyledon
starch gelatinisation) and 90 °C. Figure 10 shows the length and width
population distribution of the starch granules at 30 °C and at temperatures
around the gelatinisation point of cotyledon starch (60, 65 and 70 °C). At
higher temperatures (>75 °C), the average size of granules could not be
calculated because of particles overlapping.

Hull starch, with the highest amylose content, was most heat-stable,
followed by cotyledon and finally wheat. There was a strong correlation
between gelatinisation temperature and amylose content (r = 0.99; p<0.01).
Amylose is known to have a stabilising effect on granules, which retards
swelling and thereby delays gelatinisation (Tester & Morrison, 1990).
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30°C 67°C 73°C 90°C

Hull Cotyledon

Wheat

S90P10

i i .—"i (g

S60P40

Figure 9. Starch granules at different temperatures in Paper I (cotyledon, hull, wheat)
and Paper II (S90P10, S60P40). In Paper I, hull starch had the lowest degree of
swelling, associated with the amylose content and long starch chains. In Paper II,
samples with higher protein content (S60P40) showed tendencies for retarded
swelling and more iodine discolouration. Scale bar = 100 pum.

A high prevalence of short-chain amylopectin was negatively correlated
with gelatinisation temperature (r = -0.97; p<0.01). The high abundance of
very short-chain amylopectin in the wheat starch may have lowered the
gelatinisation temperature, as this type of amylopectin causes crystalline
defects. Crystallite quality is reflected in the gelatinisation temperature of
starch (Cai et al., 2014; Tester & Morrison, 1990). In addition, the narrower
temperature and enthalpy range for the faba bean starches (see table 3, Paper
I) in comparison with wheat starch could have been due to the more
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homogenous size distribution of the faba bean starch granules (Singh et al.,
2003).

Comparison of granular swelling of the different starch/protein mixtures
in Paper II indicated a reduced rate of swelling of the starch granules in the
more protein-rich samples (Figure 10). More pronounced colour loss was
observed for the sample with a higher protein content (S60P40, see
micrographs in Figure 9). Possible explanations for the discolouration of the
starch mixtures in Paper II are that the protein prevented the iodine from re-
forming iodine-starch complexes after gelatinisation, either by binding to the
iodine, making it unavailable, or by physically blocking the iodine from
forming complexes with the starch. The discolouration observed for the
wheat starch in Paper I at 90 °C was likely not caused by competition for
iodine, as no protein was added to the mixture and the protein content of the
wheat was 0.2%. It is possible that the colour loss was caused by the iodine-
starch complex decomposing at higher temperatures (Fonslick & Khan,
1989).

Water mobility

In Paper II, water mobility and hydration of starch at 25 °C before heating,
at 85 °C, and at 25 °C after heating were compared using *C CPMAS NMR.
The gelatinisation values of the starch and granular swelling curve had
already indicated that structural and morphological changes occurred in the
starch during heating in excess water. The NMR data showed that hydration
was slightly less efficient in the higher-protein samples (S60P40 vs S90P10)
(see Figure 3 in Paper II). Less efficient hydration of the samples with higher
protein content could perhaps explain why there was reduced granular
swelling and iodine affinity for these samples. In Paper I, the higher presence
of protein in the hull starch (2.8%) compared with cotyledon starch (0.6%)
could be an additional factor that delayed gelatinisation and granular
swelling.
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Figure 10. Density diagrams of starch granular swelling at different temperatures 30, 60,
65 and 70 °C, where the x-axis shows measured length/width and the y-axis the
population distribution of the granules. The cotyledon, hull and wheat samples are from
Paper I, samples S90P10 and S60P40 are from Paper II. For all samples, granules
increased in length and width as the temperature increased.
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5.2.3 Pasting

Pasting at 95 °C

The results of pasting (Papers I and II) showed that heating the samples to
95 °C was not sufficient to achieve peak viscosity (Figure 11). In Paper I
(Figure 11a) cotyledon starch had the highest final viscosity, followed by
hull starch, and wheat starch had the lowest final viscosity. Factors
influencing pasting properties were the size of the granules, amylose/
amylopectin ratio, degree of polymerisation, heating rate and temperature
range. The higher viscosity of the faba bean starch compared with the
botanically different wheat can be attributed to the longer amylose and
amylopectin chains present in the faba bean starches ( Li et al., 2020). High
abundance of very short amylopectin chains (DP <6) was negatively
correlated with relative viscosity (r = -0.97; p<0.01). Higher degree of
polymerisation has been found to increase aggregation viscosity because of
increased interaction between the chains (Li et al., 2020).
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Figure 11. Pasting graph (measured by rheometer) from Paper I (a) and Paper II (b). Note
that the slightly different temperature ranges and concentrations may have influenced the
pasting curves. Cotyledon and S100P0 are pure cotyledon starch pastes with 8% solids
content (final viscosity 0.27 PaS) and 12% solids content (final viscosity 7.3 PaS),
respectively (pink line). Peak viscosity was not detected for any sample.
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The larger average size of the swollen faba bean granules compared with
wheat (see Figure 9) was another factor which could partly explain the higher
viscosity, showing a strong correlation (r = 0.73; p<0.03) (Bajaj et al., 2018;
Cornejo-Ramirez et al., 2018; Sandeep et al., 2010). Heating the same starch
type at 12 °C/min in the RVA produced granules that were on average 1.3
times larger than when the heating rate was 1.5 °C/min (see Figure 9 in Paper
I). The final viscosity with high-temperature heating was on average 2.2
times greater than with low-temperature heating in the RVA and 5.9 times
greater than with low-temperature heating in the rheometer (see Figure 8 in
Paper I).

The overall higher starch content in the fraction extracted from the
cotyledon (96%) compared with the hull (94%) could be another reason for
the higher viscosity. In Paper II, samples with a higher starch content were
the most viscous (see Figure 11b). Samples with a higher starch content
started to thicken at lower temperatures than samples with a higher protein
content. The pure starch sample in Paper II had a pasting temperature of 73
°C. When the starch:protein ratio was 90:10, the pasting temperature
increased to 78 °C and for samples with a ratio of 60:40 the pasting
temperature was 90 °C. Higher protein content in starch:protein gels has
previously been associated with augmented pasting temperature and reduced
gel firmness (Bravo-Nufiez et al., 2019; Joshi et al., 2014; Nunez-Santiago
et al., 2004; Onate Narciso & Brennan, 2018; Onwulata et al., 2014; Ribotta
et al., 2007; Yang et al., 2004). In lentil starch:protein mixtures, delayed
pasting associated with protein incorporation has been related to the overall
higher denaturation temperature of the protein, which is essential for heat-
induced gelation (Joshi ef al., 2014). For the pure protein samples in Paper
I, no pasting temperature was detected (during heating and stirring), which
may have been because the solids content (12%) was below the minimum
gelling concentration of faba bean protein (14%) (Fernandez-Quintela et al.,
1997). In addition, the constant stirring may have disrupted the protein
network required for gel formation.

Interestingly, the solids content of pure starch samples also influenced the
initial pasting temperature. In Paper I, when the solids content was 8%
pasting of the cotyledon starch was initiated at 77 °C, while in Paper II the
equivalent pure starch mixture with a higher solids content of 12% had a
lower pasting temperature of 73 °C (see pink line in Figure 11).
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The initial increase in viscosity during pasting is mainly caused by starch
granules swelling, resulting in close packing of the granules (Dhillon &
Seetharaman, 2011; Eliasson, 1986). At a higher solids content, the swollen
granules come in contact earlier, increasing the viscosity and thereby
effectively decreasing the pasting temperature.

5.2.4 High temperature pasting

Figure 12 shows the high-temperature pasting curves for the three different
starches studied in Paper I (a) and the starch protein mixtures studied in Paper
IT (b). In Paper I, cotyledon starch had the highest peak viscosity, which was
achieved at 119 °C. Peak viscosity of the slightly less pure hull starch was
somewhat lower, but was attained at a slightly higher temperature (121 °C).
There were two peaks for the wheat starch, with the first at 104 °C, reflecting
melting of the amylopectin, and the second at 132 °C, reflecting melting of
the amylose-lipid complex (Ahuja et al., 2020; Richardson et al., 2004).
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Figure 12. High-temperature pasting curves from Paper I (a) and Paper II (b). Note that
the slightly different temperature ranges, heating rates and concentrations may have
influenced the pasting curves. Pink line is cotyledon and S100PO are essentially both
pure cotyledon starch pastes, with 8% and 12% solids content, respectively. Peak
viscosity was achieved for all samples.

56

=
@
=]

i
«
o

=
B
o

=
W
o

.
N}
o

-
ey
o

=
o
S

S VRN
80 9 & 06 A %
£ v/ \ 1 80
® g [ \
70 £ g vl " ]
g 204 . \! ' 70
60 E - " ]
] ! / W , 60
N v r
50 1 B ;7 50
0.2 I | v ¢
40 1 S\ R4 40
[ \ )
30 1] PN ,’, £ 30
0 - et \\\\‘ ol =z 20
20 Y < - — —_ .._T_:_‘,_‘ —— —
120 140 160 0 ~10 20 30— — 40— 50 60 ~
10
Time (min) 0 0.2 Time (min) 0
— —Cotyledon et Hull  —-- Wheat Temperature - = =S100P0 — - -S90P10 S60P40 — —SOP100 Temperature

Temperature ("C)



In Paper II, the mixtures containing more starch had a higher peak
viscosity, achieved at lower temperatures. In Paper I, the peak viscosity for
the cotyledon starch was 0.27 PaS and in Paper II the peak viscosity for the
equivalent pure starch mixture was 1.11 PaS. Both the higher solids content
(12% vs. 8%) and the slightly higher heating rate (5 °C/min vs. 1.5 °C/min)
in the analysis in Paper II could be the reason for the higher peak viscosity.

During pasting, peak viscosity reflects maximum granular swelling and
viscosity decreases as the granules rupture. The difference between
maximum viscosity and minimum peak viscosity is called viscosity
breakdown. In Paper II (Figure 12b), minimum viscosity was similar for the
samples, regardless of starch:protein ratio, resulting in breakdown viscosity
being higher overall for samples with the highest peak viscosity values. In
contrast, in Paper I (Figure 12a), minimum viscosity occurred at a slightly
higher value (i.e. at a higher viscosity) for the cotyledon starch compared
with the hull and wheat starch. Better maintained viscosity during heating
and cooling may suggest more molecular entanglements of the paste
(Onwulata et al., 2014). Another possible explanation for the somewhat
higher minimum viscosity of the cotyledon starch in Paper I compared with
Paper Il could be the lower solids content, and therefore less granular contact,
which may have reduced the prevalence of the granules rupturing. The
slightly lower maximum temperature (140 °C vs. 150 °C) in Paper I might
also have caused less granular rupture. Better-maintained starch granules in
the cotyledon starch in Paper I could potentially explain why the final
viscosity for the two pure starch samples was similar (0.48 PaS vs. 0.5 PaS
for the pure starch paste in Papers I and II, respectively) despite different
starch concentrations (8% and 12%, respectively).

5.2.5 Rheological properties of systems

Small deformations: gelation and frequency sweep

For the starch protein composite gels examined in Paper II, viscosity of the
system increased in line with the starch content (Figure 7a in Paper II). The
softening effect of the protein on the starch system could be due to changes
in gel microstructure and differing hydration properties, as discussed earlier.
The mixtures with a higher ratio of protein were also more frequency-
dependent, indicating a weakened gel structure with more viscous properties
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(Figure 8 in Paper II). Similar behaviour was observed by Joshi ef al. (2014)
for lentil starch:protein gels.

Amplitude sweep

The gels studied in Paper II and the inks studied in Paper III can both be
classed as soft solids. The results from the amplitude sweeps in both studies
are shown in Figure 13.
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Figure 13. Amplitude sweeps of the different starch:protein mixtures in Paper II (green
lines) and the inks in Paper III (blue lines).

By measuring the length of the linear viscoelastic region (LVR),
amplitude sweeps show the robustness of a material. The overall higher
solids content of the inks in Paper III (23-38%) compared with the gels in
Paper II (12%) is a likely reason for the higher storage modulus. For solutions
with xanthan gum and scleroglucan, increasing hydrocolloid concentration
also increases both moduli in amplitude and frequency sweeps (Li ef al.,
2022). During ink production in Paper 111, the samples were heated to 60 °C,
which is a temperature below that of both starch gelatinisation and pasting
and protein gelation. The G’ of the samples might have been even higher if
the inks had been heated to 95 °C during production, as this could induce gel
formation of the starch, fibre and protein fractions. Johansson et al. (2022)
found that mixed faba bean protein continuous gels only started to gel at
temperatures above 75-80 °C.
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In both Papers II and III, the samples with the highest starch content in
relation to other samples within the same study had the highest G’, indicating
that they were most solid-like. The abrupt endpoint for the LVR in the pure
starch gels in Paper II indicates that the starch formed a stable but brittle gel
(see Figure 13) and observations during the printing in the lab. Despite the
pure protein gels having the lowest G’°, the LVR was relatively long and
narrow, which could indicate more stable gel (Hodder, 2021). This long LVR
may be the result of the more homogenous particle size distribution within
pure protein composite gels (Hodder, 2021). If the solids content of the gels
had been higher, the viscosity would presumably have been higher and the
LVR even longer, because of a more close-knit network (Dhillon &
Seetharaman, 2011).

In Paper 111, the ink without any fibre (protein- & starch-rich) was the
most viscous-like, with the highest tan & values (see Table 3 in Paper III).
The sloping LVR curve of the protein- & starch-rich samples further supports
the suggestion that protein may have a softening effect that weakened the
overall viscoelastic structure. The protein-rich ink contained a similar
amount of protein, but the carbohydrate portion comprised a mixture of
starch and fibre. Compared with the protein- & starch-rich ink, the protein-
rich ink was more solid-like, with higher G* and lower tan & value, showing
the important stabilising effect of fibre on the inks. The protein-rich ink had
a lower yield stress with a more abrupt ending, indicating a more brittle gel.
It is possible that incorporation of fibre in the starch:protein gels studied in
Paper II could also have increased gel stability in gels with a higher protein
content.

5.2.6 Large deformation: Compression testing

The structure stability of faba bean products was evaluated using
compression tests (see Figure 14). Large deformation compression tests
using a texture analyser were performed in Papers II (Figure 14a) and III
(Figure 14b). The samples studied in Paper II were gels, classed as soft
solids, while those in Paper III were much harder, as they had been freeze-
dried.
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Figure 14. Peak force required in compression testing of soft solids gels in Paper II (a)
(green bars) and hard solids 3D-printed cubes in Paper III (b) (blue bars). Due to sample
discrepancies measurement data is missing in both graphs; in Paper II no free standing
gel was created for sample SOP100 and in Paper III the cubes Protein & starch rich had
concaved walls so samples were not compressed on the side because of compression
surface not being flat.

The gels followed the rheological pattern of more starch inducing a more
stable and harder gel (Figure 14a). This stabilising effect of the starch could
be because of the more closely packed starch system, as observed in light
micrographs, and a more developed and fibrous network, as seen in scanning
electron micrographs (SEM) (Figure 15). In the light microscopy images, the
starch appeared to be the continuous phase for all gels. However, when the
protein content was 30-40%, areas within the gels appear to contain clusters
of amylose and/or protein aggregation, creating inhomogeneities within the
gel (Figure 15). Thus, it is possible that the higher content of protein
perturbed gel network development of the starch. Because of incompatibility,
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polysaccharide-protein mixtures are known to create water-in-water
emulsions (Wolf, 2013). The immiscibility of the components may increase
due to factors such as increased molecular weight, ordering/ aggregation,
increased ionic strength, cooling and/or pH (Wolf, 2013).

Proteins have previously been suggested to interfere with network
development and limit the hydrogen bonding between starch chains, which
could result in a less fibrous and more compact network (Ribotta et al., 2007;
Tanger et al., 2022). In SEM images, the fibrous starch network appeared
less developed with increasing protein content. Johansson et al. (2022) found
that for faba bean gels with protein as the continuous phase, addition of starch
and/or fibre to the system weakened the gel, presumably because of more
structural inhomogeneity.

SO0P100

Figure 15. Light microscopy (LM) and scanning electron microscopy (SEM) images of
starch:protein gels in Paper II. Examples of regions with porous and dense network
structures are highlighted with arrows.

Interestingly, for the freeze-dried samples in Paper IlI, samples with a
higher protein content were the hardest, indicated by compression testing
(Figure 14b). During amplitude sweeps of the corresponding inks, those with
higher protein content appeared to be less stable indicated by the LVR
(Figure 13). The porous and more fibrous network of the carbohydrate-rich
samples when dried (Figure 16) may be the reason for the lighter, airier
texture, requiring less force during compression (see Figure 14b). Similarly,
Lille et al. (2018) observed that the hardness of 3D-printed crackers
decreased when some of the semi-skimmed milk powder used was replaced
with cellulose nano-fibres.
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Another indication that sample porosity influences perceived hardness is
that compressing samples from the side required less force than when
samples were compressed from the top (Figure 14b). During top
compression, the different layers were directly stacked on top, further
indicating that a more compact structure for hard solids results in a harder
texture.

Fibre rich Starch rich Protein rich Protein & starch rich

Figure 16. Scanning electron micrographs of the fracture surface of the freeze-dried
cubes in Paper III. The fibre-rich and starch-rich samples appeared to have a more
perforated irregular structure compared with the protein and protein- & starch-rich
samples.

5.3 Food model products

In Papers Il and IV, two potential food products were developed; a 3D-
printed freeze-dried cracker-like product and an edible protein film.
However, it can be argued that in all four papers in this thesis, the use of the
faba bean-rich component fractions in potential food products was
investigated. Depending on the end-product, different product properties will
be desirable and prioritised.

5.3.1 Faba bean starch

Faba bean starch formed very viscous pastes with a much higher final
viscosity than wheat starch pastes. The higher prevalence of long starch
chains, larger granules and relatively high amylose content were contributing
factors to the higher viscosity shown by the faba bean starch. Gelatinisation
for faba bean starch occurred at slightly higher temperatures than in wheat
starch, due to the higher amylose content. These results show that faba bean
starch has good potential for use as a thickener. If faba bean replaces cereal
starch in a product, the amount of starch and temperature during processing
may need to be adjusted to minimise textural differences because of the
higher thickening power of legume starch.
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5.3.2  Starch:protein faba bean gels

Gels with a higher ratio of starch were firmer and more brittle. According to
Yang et al. (2004), the softening effect of protein in mixed gels could be
reduced by increasing the overall solids content. Much of the stability of faba
bean starch-rich gels is believed to come from the closely packed granules
and amylose layers between the granules, both of which are perturbed by
aggregating pockets of protein.

The desirable properties of a gel are dependent on the type of food into
which they are incorporated and the texture consumers expect. If a product
requires a firm, stable gel, then a starch-rich gel may be desirable. However,
if the gelled product should be pourable, thus having lower yield stress, more
protein in the gel may be preferred.

5.3.3 3D-food products

The different cracker prototypes (cubes) created in Paper III were easily
distinguishable depending on product composition (Figure 17). In terms of
appearance, the carbohydrate-rich cubes were lighter in colour, more
uniform and had distinct layers. The carbohydrate-rich cubes required less
force to compress (Figure 14b) than the cubes with a higher protein content,
which could be attributed to the more porous network seen in the
micrographs (Figure 16). A finding further supporting this structure-texture
relationship is that compressing the cubes with the infill pattern facing the
side (i.e. along the porous pattern) required less force than compressing the
cubes with the pattern infill pattern facing the top, so the printing layers were
directly stacked (see Figure 14b and Figure 17).

The samples without fibre (protein- & starch-rich cubes) were the most
challenging to print, with around 25% of the printed cubes having to be
discarded due to faults. In contrast, the fibre-rich cubes were the easiest to
print, as none needed to be discarded. For the other two sample types
(protein-rich cubes and starch-rich cubes), 5% of the cubes needed to be
discarded due to faults. Therefore, fibre appeared to impart structural
stability to the cubes, facilitating 3D-printing. Having high wastage because
of inconsistencies in products would be inefficient and costly for a food
product developer.

In taste tests on the 3D-printed cubes in the laboratory, the carbohydrate-
rich cubes were preferred because of their more neutral flavour and lighter

63



texture. A more structured and rigorous sensory and consumer study
evaluating the different cubes would be needed to determine which cube type
is most liked and which attributes are the greatest contributing factors.

It could be argued that the protein- & starch-rich cubes had the smallest
potential to be a successful food product, due to inconsistencies in printing
and the overall less preferred texture and flavour of the cubes with higher
protein. The positive nutritional effects of legume fibre, such as improving
glycaemic index, lowering blood lipids and improving gut health (Tiwari &
Cummins, 2020) can further strengthen the argument for fibre incorporation
into food products.

Through 3D-printing, a range of products tailored to specific consumer
groups can be achieved. However, the relatively high price and slow
production of 3D-printed foods may hinder the development and production
process. In addition, freeze-drying is one of the costliest methods to
dehydrate products, so investigating the effect of alternative dehydration
methods on product texture could be interesting. However, if good quality,
nutritious, tailor-made, well-liked products with minimal production waste
can be produced, 3D-printing of food is definitely a production method for
the future.

Honeycomb Grid

Fiber-rich

Starch-rich

Protein-rich

Protein- &
starch-rich

Figure 17. Different types of 3D-printed cubes obtained in Paper III, cubes are
shown from different directions. The first column of each pattern type shows
infill pattern facing the side and the second column with infill pattern faingt the
top of the cube. The cube placements correspond to the placement-direction of
the cubes in the texture analyzer for the compression testing, i.e. side and top
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5.3.4 Protein films

In Paper 1V, edible faba bean protein-based films reinforced with different
amounts of pine cone cellulose nanocrystals (CNC) were produced (Figure
18). The spectra obtained in FTRI analysis (Figure 3 in Paper [V) suggested
that films with a higher content of CNC added had more intramolecular
interactions, consisting mainly of hydrogen bonds between the amino and
carboxyl groups of the protein and the hydroxyl groups of the CNCs. This
resulted in more compact films, with reduced chain mobility (Shabanpour et
al., 2018). The increase in hydrogen bonding within the film matrix can also
be attributable to higher thermal stability (Osorio-Ruiz et al., 2019) of the
CNC-rich films (Qazanfarzadeh & Kadivar, 2016), which effectively
reduced the water solubility.
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Figure 18. Macroscopic aspects of edible faba bean protein-based films with different
amounts of pinecone cellulose nanocrystals (CNC).

As the CNC concentration increased in the films, the cross-sectional
roughness also increased (Figure 4 in Paper IV). In addition, the size and
number of surface pores declined with CNC incorporation, providing further
evidence of a higher number of intramolecular bonds (Osorio-Ruiz et al.,
2019). The formation of CNC aggregates within the films led to a reduction
in lightness and slight increase in brown colour. Both the transparency and
the transmittance also declined with increasing CNC incorporation,
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presumably as a result of formation of CNC aggregates (Qazanfarzadeh &
Kadivar, 2016; Shabanpour et al., 2018).

Higher structural density of the high-CNC film matrix could partly
explain the improved barrier properties (oxygen and water transmission) of
the films with higher incorporation of CNC, as the permeability decreased.
The control film was the most ductile, and even at only 1% and 3% CNC
incorporation the ductility of the films decreased. The higher stiffness in the
CNC film could be explained by increased hydrogen bonding, as reported by
others (Gonzalez & Igarzabal, 2015; Shabanpour et al., 2018; Sukyai et al.,
2018). The tensile strength of the films improved when 5% or 7% CNC was
incorporated.

The films produced in Paper IV were intended as prototypes for food
packaging. The main task of food packaging is to protect and preserve the
food encased by the packaging material. Plastic made from fossil fuels is a
commonly used food packaging material, thanks to its good barrier
properties to oxygen and aroma compounds and high tensile strength and tear
strength (Jabeen et al., 2015). Drawbacks of plastic packaging include very
low water vapour transmission rate and the major disadvantage that it is non-
biodegradable. When using renewable resources to produce biodegradable
packaging material, it is important that the protective and preservative
properties are maintained. The results in Paper IV showed that reinforcing
faba bean films with CNC can successfully produce a film or coating that
could be used as a biodegradable packaging material. Higher incorporation
rates of CNC, of around 7%, would be most desirable because of the
increased barrier properties and tensile strength and reduction in UV-
transmittance. To adhere to government incentives, meet consumer demands
and reduce climate impacts, Swedish food companies are already choosing
to replace transparent plastic with paper packaging with a picture of the
product instead (Jari Kotiaho, personal communication, May 6, 2022). Thus,
with consumer attitude shifting towards prioritising biodegradability over
packaging transparency, the drawbacks of the darker, more opaque and
browner colour of the CNC-rich films may be overlooked.
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6. Conclusions

This thesis examined the functionality of faba bean components (starch,
proteins and fibre) and their effect on texture in different types of food
matrices, as a critical step in the development of novel plant-based foods.
The key findings were that:

e Higher starch purity, amylose content, degree of polymerisation, granule
size and concentration appeared to increase overall pasting viscosity and
lower associated pasting temperature.

e Higher protein content in continuous starch gels caused the amylose and
protein to aggregate into separate clusters. Higher heterogeneity of gels
with a higher protein content seemed to be a weakening factor.

e Fibre appeared to have a stabilising effect in mixed faba bean paste-like
systems, most likely due to the water retention properties of fibre.

e The structural role of faba bean components and their effect on texture
depended on the water content of the products. The components
influence on perceived hardness differed between soft and hard solids.

e Faba bean fractions can be combined to produce bio-inks suitable for
3D-printing. Equal amounts of the starch, protein and fibre components
produced the most stable inks with the most successful printability.

e Addition of CNC to edible protein films created from faba bean made
the films stronger, less ductile, more thermally resistant, better barrier
properties and more opaque.

These results show that texture of faba bean products can be tailored by
controlling the amount of specific components in the food system,
emphasising the importance of knowledge of the functionality and synergetic
properties of faba bean components when seeking to develop texturised food
products.
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7. Future perspectives

This thesis showed that faba bean components have different functionalities
which change depending on the structure and composition of the food matrix.
To use faba bean as a textural ingredient and develop novel faba bean-based
products, more knowledge on the structure-texture relationship is required.

In the work described in this thesis, the extraction sequence protein,
starch, fibre was chosen, because this gave the highest yield of the
components without causing apparent alterations to isolates. When protein
was the last component isolated in multicomponent extractions, it turned
black. Future studies should investigate the reasons why faba bean protein
turns black during certain isolation methods and how the fractionation
methods used for components influence their functionality. To increase the
efficiency of the bio-refinery process, the effects of fractionation methods on
component yield and purity should also be investigated

A surprising finding in this thesis was that addition of protein increased
the discolouration of starch dyed with iodine upon heating. Further research
into how protein affects the iodine-starch complex could perhaps help
describe the interaction between starch and protein in mixed systems. It
could be interesting to study whether fibre has an effect on the iodine affinity
of faba bean starch.

Compression test results showed that proteins had a softening effect in
soft solids and a hardening effect in hard dried 3D-cubes. Better knowledge
of the structural and textural role of components depending on the water
content of the system is needed for the development of novel food products
with specific textures. The effect of the drying process, i.e. hot-air drying and
freeze-drying, on product texture could also be compared, as the dry products
would have a similar moisture content, but a different structure.
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Flavour and nutrition are two very important parameters of food, and thus
investigating on the correlation between product structure/texture and
flavour release and nutrient bioavailability could be interesting. Off-flavours
and anti-nutrients are limiting factors for the development of faba bean
products, so tracking these undesirable components throughout the
development/production of a faba bean product could be useful in identifying
processing procedures and structures that promote or mitigate the
undesirable components.

In Paper IV in this thesis, cellulose nanocrystals were extracted from pine
cones, but faba bean hull is also rich in cellulose. Therefore, it could be
interesting to isolate CNC from the hull and incorporate it into faba bean
products. This could add value to the hull fraction and reduce waste, as more
of the faba bean would be used.

Only one variety of faba bean (var. ‘Gloria’) was investigated in this
thesis. A comparison of the composition and functional properties of the
components in common varieties of faba bean could be useful for developing
a better overview of use of this crop as a texturising ingredient.

There are multitude of directions that future research could choose
mirroring the complexity of multicomponent systems.
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8. What is a sustainable faba bean product?

The UN definition of sustainability is “meeting the needs of the present
without compromising the ability of future generations to meet their own
needs” (Keeble, 1988).

Faba bean, a rotational cool-climate protein crop, is often proposed as a
sustainable alternative to both soybean and animal-based products.
Throughout this thesis work, I found myself considering characteristics that
faba bean food products themselves should possess in order to be sustainable.
Sustainability is usually categorised into three dimensions (environmental,
economic and social). With food being of both emotional and cultural
(social) significance, implementing change can be challenging. According to
the food ethnologist Richard Tellstrom (personal communication August 31,
2022), changes in dietary habits and in food systems are driven by changes
in economic, political and societal values.

For a product to be sustainable, it should be produced with minimal
environmental impact, but it should also be commercially successful. Figure
19 summarises some of the properties that may be most important when
developing a sustainable food product. For any food product to be
sustainable, it should be both tasty and healthy. Taste is the primary factor
determining whether a consumer likes a product or not, and is also the main
re-purchase driver (International Food Information Council, 2020). Inferior
sensory quality of plant-based products has been identified as a barrier to
consumer acceptance and preference (Giacalone et al., 2022). Animal-based
products are often rich in umami, salty and fatty tastes, for which humans
have a preference. In contrast pulses and pulse-derived ingredients have been
described as having off-flavours, which is a major barrier to consumption
(Roland et al., 2017), however, different processing techniques and
additional ingredients may reduce or mask the off-flavours. For faba beans,
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the presence of free phenolics, vicine, and convicine has been linked to
strong taste and aftertaste, bitterness, and a drying sensation of the mouth,
while lipid oxidation products were related to pea, cereal, and off-odours and
flavours (Tuccillo et al., 2022). Texture attributes such as “juiciness”
associated with meat are caused by the water-holding capacity of meat
protein and its ability to encapsulate fat (Giacalone et al., 2022).

Green Cheap
11 \
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Local / \
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Price
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Figure 19. Important properties to consider for a product based on faba bean to be
sustainable.

For a faba bean product to be deemed sustainable, it should also be
healthy. Faba bean has a higher protein content than many other legumes,
but also contains anti-nutritional factors which can reduce the bioavailability
of nutrients and protein uptake (Dhull et al., 2021; Martineau-Co6té et al.,
2022). Various processing techniques, such as cooking, drying and
fermenting, have been shown to lower the anti-nutrient content (Crépon et
al., 2010; Martineau-Coété ef al., 2022). By combining faba bean and cereal
flour, products with superior nutritional quality can be achieved, because of
an overall improved amino-acid profile. The relatively high fibre and
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resistant starch concentrations in faba bean are an additional benefit, as they
can reduce the glycaemic index of products. In Sweden, around 50% of
adults are overweight (Nyman, 2018), so there is a need for nutritious food
product alternatives. Faba bean products should be developed in such a way
that nutrients are promoted and anti-nutrients are suppressed.

Faba bean products must also achieve market success. After taste, product
price is the second most important factor determining whether a consumer
will buy a product or not (International Food Information Council, 2020).
High product costs have been identified as a major barrier to transition
towards a more plant-based diet, as 50% of flexitarians perceive plant-based
alternatives to be too expensive (European Union, 2021). It is probable that
consumers may become more price-sensitive in the near future, as food
prices increased by 21% for an average Swedish family between December
2021 and December 2022 (Matpriskollen, 2022). The price of products can
be kept low if the production costs remain relatively low through the use of
affordable ingredients, cheap production processes and access to a large
consumer base (ProVeg International, 2020). The methods applied in this
thesis, such as freeze drying and 3D-printing, are relatively expensive and
for commercialisation of products less costly methods are required. The need
to add stabilisers and preservatives could also be avoided by having more
knowledge on the structure-processing relationship and by developing
effective packaging materials.

Between 2019 and 2021, legume-based snacks were the legume product
category that increased most, with e.g. an increase of 169% on the Australian
market, emphasising the interest in convenience (Bielefeld et al., 2021). The
difficulty and time required for preparing legumes have resulted in declining
intake over the past century (Cusworth ef al., 2021; Messina, 1999). Sweden
is the European country with the highest intake of ultra-processed foods
(Mertens et al., 2022). Ultra-processed foods are often designed to have
extended shelf-life and be profitable, palatable, attractive and easy to
consume. However, to achieve these desirable traits ingredients that make
the foods sub-optimal in nutritional quality may be added. Ideally, newly
developed faba bean products should be convenient, i.e. easy to prepare and
eat.

Finally, production of faba bean products should be local, ideally at
minimal cost with minimal environmental impact. Side-streams from the
production of the faba bean product should be utilised and, if unfit for human
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consumption, perhaps transformed into packaging material or animal feed.
Recent events such as the Covid-19 pandemic and the war in Ukraine have
highlighted how heavily affected the food system is by external factors. In
Sweden, there has been great discussion recently on the need for the
country’s food system to become more self-sustaining and resilient. On
average, transport of legumes contributes half of their CO, emissions in
climate impact calculations, so keeping the whole production chain local
could minimise the climate impact (Tidaker et al., 2021). However, food
trade is also positive and when conditions are stable it could be an effective
measure for global cooperation towards a more sustainable future.

To summarise, a sustainable faba bean food product needs to be appealing
to the consumer by having the right sensory properties, and it should also be
healthy. Textural analysis should be performed in combination with sensory
and consumer evaluations to deepen knowledge of how different processes
affect sensory perceptions. For consumers to choose a faba bean product at
the point of sale, it should be priced appropriately and fulfil consumer
expectations. Through effective marketing and clear instructions on how the
novel faba bean product can be used and consumed, it can hopefully become
a staple household food item.
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Popular science summary

Increased consumption of locally produced legumes has both dietary and
environmental benefits. The carbon footprint of 1 kg of legumes is 0.8 kg

CO»-equivalent compared with 28 kg CO,~-equivalent food for beef. It has
been suggested that the environmental impact of the Swedish diet could be
reduced by 20% if 50% of meat consumed were replaced with locally
sourced legumes, such as faba bean.

Faba bean and other legumes have excellent nutritive qualities, as they
are low in fat, relatively high in protein and dietary fibre and contain a variety
of micronutrients and phytochemicals.

In Sweden, the range of plant-based products available on the market has
increased by 16% in recent years. However, the proportion of products
containing Swedish-sourced ingredients is still small and imported soybean
dominates, with long transport distances contributing considerably to energy
use and climate impact. Faba bean is a cool-climate crop with a good nutrient
profile that could be used as a locally-sourced texturising ingredient for
plant-based food products on the Swedish market.

Creating an appealing texture is one of the main challenges when
developing plant-based foods, and poor sensory quality is one of the main
aversion factors for such foods. To achieve desirable textures, plant-based
products often require extensive processing and addition of stabilising
ingredients, contravening consumer demand for minimally processed and
clean-label products.

This thesis investigated the functionalities of faba bean components
(starch, protein and fibre) in different types of food systems. First, faba bean
starch was characterised in terms of composition, structure and behaviour.
Next, faba starch and protein were combined to produce gels, a common
structure found in many foods from yogurts to sausages. The mixed gel
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results were correlated with the results of analysis of the single-system
starch. Finally, two food models were designed; a 3D-printed cracker-like
product consisting of faba bean starch, protein and fibre, and edible faba bean
protein films, aimed for bio-degradable packaging, reinforced with pine cone
cellulose.

The faba bean starch formed firm pastes, thanks to long molecular chains
and a well-developed paste network. Addition of protein weakened the
rigidity of the starch network and produced a denser gel. However, in the
3D-printed crackers, addition of fibre resulted in a more stable product with
an airier and lighter texture. Addition of cellulose to the faba bean films
improved film strength, barrier properties and heat resistance, but
unfortunately the reinforced films also became stiffer and more opaque.

The functionality of faba bean ingredients depended on the food matrix.
By controlling the amount and processing of the components, faba bean
products with specific texture can be developed, which could avoid the need
for stabilisers and enable production of more desirable textures.

Faba bean, Sweden’s oldest bean crop, may be the solution to a very
topical problem. Faba bean and other bean types should perhaps no longer
be referred to as the “poor man’s meat”, but instead as the “prosperous man’s
meal”, as a future with faba bean may indeed be green.
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Popularvetenskaplig sammanfattning

Att 6ka konsumtionen av lokalt producerade baljvixter har bade kost- och
miljofordelar. Koldioxidavtrycket for 1 kg baljvixter dr 0,8 kg CO»-
ekvivalenter kontra 28 kg COs-ekvivalenter for notkétt. Den svenska
kostens miljopéverkan skulle minska med 20 procent om hélften av
kottkonsumtionen ersattes av lokala baljvixter, sésom akerbonor.

Akerbonor har utmirkta niringsegenskaper eftersom de #r l4ga i fetthalt
och har ett relativt hogt proteininnehall, kostfiber och olika
mikrondringsdmnen

I Sverige har kategorin vixtbaserade produkter de senaste dren 6kat med
16%. Men andelen av produkter som innehéller svenska ravaror &r liten pa
marknaden. Istillet dominerar importerad soja, dir de langa transport-
strickorna bidrar till en avsevérd energianvindning och klimatpaverkan.
Akerbona #r en groda anpassad for det svenska klimatet med en bra
ndringsprofil som potentiellt skulle kunna anvéndas som en lokalt framstélld
texturerande ingrediens for den svenska marknaden.

Att skapa en tilltalande konsistens dr en av de stdrsta utmaningarna nar
man utvecklar véxtbaserade livsmedel och dr ett av skilen till att
konsumenten véljer bort dem. For att uppnd Onskvérda texturer kriver
vixtbaserade produkter ofta omfattande bearbetning och tillsats av
stabiliserande ingredienser, vilket strider mot konsumenternas efterfragan pa
minimalt bearbetade och “kravmarkta” etikettprodukter.

I detta projekt undersoktes funktionerna for &kerbonfraktionerna
stirkelse, protein och fiber i olika typer av livsmedelssystem. For det forsta
karaktiriserades akerbonstirkelsen med avseende pa sammanséttning,
struktur och beteende. Déarefter kombinerades stérkelse och protein for att
producera geler. Det &r en vanlig struktur som finns i manga livsmedel allt i
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frén yoghurt till korv. De blandade gelresultaten korrelerades med analysen
av det enklare stirkelsen-systemet. Slutligen designades tva
livsmedelsmodeller; 3D-printad kexprodukt bestaende av stirkelse, protein
och fibrer fran &kerbona och é&tbara proteinfilmer, forstirkta med
tallkottecellulosa, avsedda for biologiskt nedbrytbara forpackningar. Vidare
har akerbdnskomponentens paverkan i de olika studierna analyserats.

Akerbonstirkelsen bildar fasta geler tack vare ldnga molekylkedjor och
ett vilutvecklat gelnitverk. Tillsatsen av protein forsvagade gelens styvhet
och gav den mer 16s konsistens med ett gelndtverk som strukturellt var mera
kompakt. I de 3D-printade kexen sdg man dock att genom tillsats av fiber
bildades en stabilare produkt med en luftigare och mer utvecklat nitverk med
lattare textur. Tillsatsen av cellulosa i akerbonfilmerna resulterade i en
forbéttring av filmstyrka, barridregenskaper och virmebestindighet, men
tyvérr pé bekostnad av att filmerna blev mer bréckliga och ogenomskinliga.
Funktionsdugligheten hos &kerbonans komponenter beror pd matmatrisen.
Genom att kontrollera méngden och bearbetningen av komponenterna kan
akerbonprodukter med specifik textur utvecklas i framtiden, vilket kan
minska behovet av stabiliseringsmedel och mojliggdra produktion av mer
Onskvirda texturer.

Akerbdnan, Sveriges dldsta bonsort, kan vara I6sningen pa ett hogaktuellt
problem. Kanske borde dkerbdnan eller bonor inte ldngre kallas "den fattigas
kott " utan i stéllet som "den vilmaende mannens maltid" eftersom de genom
sina egenskaper brett kan berika en gron framtid.

92



Acknowledgements

Late autumn 2022 I had my first baby Xerxes. My thesis late spring 2023,
feels like my second baby. I would not have been able to fulfil this PhD
project without the support and encouragement from my colleagues, friends
and family.

The first person I would like to thank is my main supervisor Maud, thank
you for selecting me to do this PhD, I have learnt incredibly much and met
amazing people through the project. Being a member of your research group
has been really enjoyable. Big thanks to my co-supervisors, thank you
Corine for your help with NMR and all you kind supporting words, Mikael
thank you for support in both tricky scientific questions and writing of
manuscripts and Rosana thank you for your help at the start and end om my
PhD.

My pre-evaluator of this thesis was Kati , thank you for reading my thesis
and all the comments. Thank you Mary for doing the language corrections.

There are many people at SLU I would like to thank, starting with the
members of my research group STEG. Mathias, the co-author of two of my
papers, thank you so much for your help and guidance in the lab and support
when writing the manuscripts. I would not be graduating if I had not had you
collaboration. Next to my other office mates Anja and Solja, than you for
your friendships, laughter, stories and advice on various topics. You two
have made coming to work such an enjoyable experience. To my fellow
foodie Jaqueline thanks you for your funny compilations and life queries.
To Johanna and Alejandra thank you for reviewing my thesis and best of
luck with your studies! Hanna, although you are no longer a PhD I include
you in this category, thank you for your kind word that you especially need
to hear whilst writing a thesis! Galia, my co-course leader in the introduction
course, thank you for making an amazing course with me, for making our

93



research available to the public and LiFT. Finally thank you Henrik for
sharing you beer and enthusiasm, Jing for all the baby clothes and
encouragement during my studies and Saeid for genuine interest in my
research.

Next [ would like to thank everyone who also spent much of their break
time in the small fika room of the D-corridor. Thank you Elin, Yan , Troy,
Marijana, Bjorn, Filip , Oksana and Ani, the small lunch room was at
times very crowded but full of interesting discussions. To the few who have
left SLU but are missed Johnny, Fredric, Christina, Frida, Maria, Daniel,
Lena and Mathilde. To Vadim and Gaulime, thank you for the different
celebrations that you organised for us in the corridor, thank you Anders for
help on teaching questions. Thank you PhD co-ordinator Monika, thank you
for standing up for us, supporting me through different issues at SLU. I
would also like to thank all my fellow PhD students for being there.

I did not do any of the projects in these thesis on my own and would like
to thank all my co-authors. Thank you Fran and Ozmatin for your help with
the structural characterisation of the starch. Fanny for developing the 3D
print inks. Daniel for your few months at SLU, showing me how to make the
films and Jon for showing me around the KTH lab. During my time at SLU
I was involved in a lot of teaching which I thoroughly enjoyed, I would like
to thank all the students I met through the introduction course and the food
technology course for giving my PhD another meaning.

Thank you to all my friends for supporting and rooting for me.

Till mamma och pappa, tack s mycket for ert stdd, att ni hejat pa mig
och latit mig ta mina egna beslut. Ni har alltid funnits dir for mig och stéllt
upp i vatt och torrt och uppmanat mig att f6ljamin drémmar. Tack Adam {or
att jag fick l&na kontoret, jag hade aldrig hunnit bli klar annars och tack Nisse
for att var den sotast taxen som finns. Tack Pia for hjdlpen med Xerxes, det
var tur att farmor bodde sa néra.

Sist men definitivt inte minst Douglas. Utan din humor, kérlek, tdlamod
och stod hade detta aldrig varit mojligt. Ett sarskilt tack for ditt stod de
senaste manaderna da du passat Xerxes sd att jag kan bli klar med min
avhandling trots att du sjdlv ocksa pluggar, jag vet inte vad jag skulle ha gjort
utan dig.

94









Journal of Food Measurement and Characterization
https://doi.org/10.1007/511694-022-01543-7

ORIGINAL PAPER ,')

Check for
updates

Physiochemical and thermal characterisation of faba bean starch

Klara Nilsson'® - Corine Sandstrom' - Hiisamettin Deniz Ozeren?3® . Francisco Vilaplana3
Mikael Hedenqvist?® - Maud Langton’

Received: 26 April 2022 / Accepted: 14 July 2022
© The Author(s) 2022

Abstract

The structure and physicochemical properties of starch isolated from the cotyledon and hull of faba beans and from wheat
(as reference) were examined using 16 different methods. The amylose content in faba bean cotyledon and hull starch was
32% and 36%, respectively, and that in wheat starch was 21%. The faba bean cotyledon and hull starch were structurally
alike both displaying C-polymorphic pattern, a similar degree of branching and similar branch chain length distributions.
Wheat starch had a significantly greater prevalence of short amylopectin chains (DP < 12) and a higher degree of branching.
Granules in both faba bean starches exhibited surface cracks and were more homogenous in size than the smoother wheat
starch granules. Gelatinisation temperature was higher for the faba bean starches, likely as an effect of high amylose content
and longer starch chains delaying granular swelling. Cotyledon starch produced pastes with the highest viscosities in all
rheological measurements, probably owing to larger granules. Higher prevalence of lipids and resistant starch reduced the
viscosity values for hull starch. For all starches, viscosity increased at faster heating rates. During the rheological analyses,
the samples were exposed to different instruments, heating rates and temperatures ranges, differing from standard rheological
procedures, which could help predict how different processing techniques effect the final starch textures.
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Introduction

The food sector accounts for approximately 30% of the
54 Klara Nilsson world’s total energy consumption and 22% of total green-
klara.nilsson @slu.se house gas emissions [1]. To sustain the growing global
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population while combating climate change, a shift towards
plant-based dietary patterns is required [2, 3].

Wheat is Sweden’s most cultivated crop and [4] has a
relatively high soil nutrient requirement thereby increasing
demand for mineral fertiliser. Correlation between years
with high yields of wheat and sales of mineral fertilisers
exists [5]. Negative environmental impact of mineral ferti-
liser are associated with nutrient leaching which can cause
eutrophication and greenhouse gas emissions. In contrast
faba beans (Vicia faba L.) a cool climate legume that is
cultivated in several countries including Sweden [4], con-
tributes to sustainable crop rotations because they can bio-
logically fix atmospheric nitrogen (N,), thereby diversitying
production systems [6]. In Sweden faba beans are currently
primarily used as animal feed but the excellent nutritive
qualities [7, 8] render them suitable for human consump-
tion. Globally, faba bean is one of the leading crops used for
producing pulse protein isolate [9], where starch represents
a major side-stream component [3, 8]. To minimise the cli-
mate impact of faba bean production, all components of the
beans should be utilised.

The physicochemical properties influencing food appli-
cations of starch are determined by chemical composition,
molecular structure, crystallinity and granular morphology
[10-12]. Starch, a glucose polymer, is composed of two
types of polysaccharides, almost linear chain amylose and
hyperbranched amylopectin [13]. The amylose content in
faba bean starch ranges from 29 to 40% [14-16]. The rela-
tively high amylose content gives legume starches character-
istic thermal properties such as restricted swelling capacity,
high gelation temperature, more prominent aggregation and
high final viscosity of gels [10, 12, 17]. Functional and phys-
icochemical properties of pulse starches have been further
explained by Singh [12].

The numerous chains in amylopectin are much smaller
than the major chains found in amylose [18]. For faba bean
amylose the degree of polymerisation (DP) is in the region of
1400 [17] and for amylopectin DP is 20.4 [16]. The amylose
forms the amorphous and the amylopectin semi-crystalline
granular regions. The radial arrangement of the crystalline
amylopectin is believed to cause the birefringence patterns
of starch under polarised light. The birefringence pattern
for faba bean starch has been reported to be both strong
and weak indicating disorganised amylopectin within the
crystalline lamella [14, 15]. To further support this theory,
scanning electron microscopy (SEM) imaging studies have
revealed that faba bean starches are prone to cracking [14,
15] due to sub-optimal packing of starch chains, resulting in
more fragile granules [14, 19].

Starch granules swell when heated in excess water
because water molecules become linked by hydrogen bond-
ing to the exposed hydroxyl groups of amylose and amylo-
pectin and the crystalline structure is disrupted [12]. The
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reported swelling patterns of faba bean starch are somewhat
contradicting. Zhang, Tian, Wang, Jiang and Li [15] found
that the swelling capacity of faba bean starches increased
dramatically at temperatures surpassing 70 °C and progres-
sively increased with temperature, likely due to increased
molecular mobility. In another study swelling factor of faba
bean starches progressively increased between 60 and 80 °C
before declining beyond 85 °C [14]. Initially the presence of
granular cracks facilitated the entry of water and increased
amylose leaching. However, at temperatures beyond 85 °C
the cracks reduced granular integrity therefore retarding
the swelling. Compared to other pulse starches, solubility
of faba bean starch was comparatively lower at 90 °C, also
attributed to the granular integrity where restricted swelling
and solubility were present [15].

The presence of granular cracks does not seem to have
influenced the measured relative crystallinity of the faba
bean starch (18-22%) [12, 13], which is within the reported
crystallinity range (17-34%) of pulse starches [17]. Faba
bean starches are classified to having the C-type polymor-
phic pattern; a combination of the more compact A-type
pattern and more loosely packed B-type [20], which causes
the the B-type polymorphs melt at lower temperature than
the A-type [21].

During gelatinisation, starch undergoes from order to dis-
order phase transitions [17]. An observation from multiple
studies [14—16] was that the enthalpy of gelatinisation (AH)
for faba bean starch was in the lower end of the spectrum
compared to other legumes. The gelatinisation temperatures
ranged from 59 to 75 °C [11, 14-16] which was within the
temperature gelatinisation spans reported for other legumes
[17]. Li et al. [16] found that starches with a C-polymorphic
pattern had lower AH than A-type polymorphs. In the study
by Ambigaipalan et al. [14] comparing C-type starches, the
proportion of B-polymorphic content was not considered a
factor influencing the gelatinisation properties. Instead, they
[14] ratiocinated that the weakened crystalline structure of
faba bean starch lowered the required AH. Haase and Shi
[22] who compared two varieties Chinese faba bean starches
to a German one and found that the smaller German variety
had a lower gelatinisation enthalpy.

For pasting to commence, starch granules need to be com-
pletely gelatinised [23]. During pasting the starch granules
continue to swell with polysaccharides leaching out from
the granules resulting in an increase of viscosity occurring
during the shearing [12, 24]. Faba bean starch is reported
to have high setback and final viscosity [11, 15, 16]. It is
hypothesised that aggregation of leached amylose contrib-
utes to a strong-gelled network, which can reduce granular
breakdown and maintain viscous gels. It is important to note
that in each study [10, 13, 14] the heating profile of the rheo-
logical measurements was limited to heating the samples to
the standard 95 °C. The shape of the obtained pasting curves
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indicate that peak viscosity was not attained which could be
contributing reason for the high setback and final viscosity.
Amylose leaching has been reported to be much higher in
faba beans (22%) compared to other bean sorts (black bean
(15.5%) and pinto bean (16%)) [25]. The stability of starches
is reflected in changes in viscosity during the heating pro-
cess, while the changes occurring during cooling can predict
the texture of the final products [11, 26]. Faba bean starches
forming significantly stronger gels than other pulse starches
lead Li et al. [16] to suggest that faba bean starch should be
used for firm starch gel products such as glass noodles and
jello-desserts.

In comparison to cereal starches, pulse starches tend to
have a lower GI (glycaemic index) which can be beneficial
when moderating insulin response and regulating the glu-
cose metabolism [12]. The higher amylose content, C-type
crystalline structure, resistant starch content and absence of
pores on granular surfaces in pulse starches are associated
with slower digestion rates, thereby improving the satiation
effects of the foods [12, 27].

The aims of this study were to determine the chemical
and structural composition of starches from Swedish faba
bean cotyledon, faba bean hull, and to assess the influence
of composition on the thermal properties. Wheat starch was
used as a well-known Swedish sourced reference. Molecu-
lar size and structure were analysed by a combination of
size exclusion chromatography (SEC) and nuclear magnetic
resonance spectroscopy (NMR), while the polymorphic con-
figuration of the lamella was measured using X-ray diffrac-
tion (XRD) and NMR. The granular swelling profile was
visualised using microscopy and results were correlated with
differential scanning calorimetry (DSC) measurements. The
rheological profile was assessed using different heating pro-
files, up to 140 °C, and heating rates in a rapid viscosity
analyser (RVA) and a rheometer. By comparing how the
different heating parameters influence the measured viscosi-
ties, processes can be optimised to achieve desired products.

Materials and methods
Materials

Faba beans (Vicia faba minor) of the variety Gloria grown
in central Sweden in 2016 were kindly provided by RISE in
Uppsala, Sweden. The cultivar Gloria was chosen because
it currently cultivated as a food crop due to lower tannin
content [28]. The beans were dried until further use.

Prior to starch extraction, the beans were dehulled (Lu
Cao Hi-tech Machinery, China). The hull and cotyledon frac-
tions were then separately milled in a rotary mill (Barbender
880803, Duisburg, Germany) with mesh size 0.7 mm.

Starch from wheat, was used as a reference material and
was kindly supplied by Lantménnen Reppe AB, Linkoping
W, Sweden. The reason for choosing wheat starch was
because wheat is the most cultivated crop in Sweden [4],
wheat starch can therefore be found in an abundance of
products and has been widely studied.

Hand-peeling: real ratio of cotyledon to hull in faba
beans

To compare the ratio cotyledon to hull produced by the
dehulling machine to the true ratio of the fractions, trip-
licate batches of 100 individual whole faba beans were
immersed in distilled water at room temperature for 1 h.
The beans were then peeled by hand. The cotyledon and
hull fractions were dried separately at 105 °C and their
relative proportions in total bean mass were calculated.

Starch extraction

Starch extraction was based upon the extraction proce-
dure of Lee [29] with some minor modifications. In brief,
200 g+ 1 g milled faba fractions cotyledons or hull were
steeped in 1 L sodium hydroxide (NaOH) solution (0.02%
w/v) for 24 h under continuous stirring at room tempera-
ture, and thereafter for a further 24 h without agitation at
4 °C. The bean matter was then separated from the NaOH
solution by centrifugation (Thermo Scientific, Sorvall
Lynx 4000, Waltham, MA, USA) at 3700xg for 5 min.
The supernatant was removed and replaced with distilled
water and the centrifugation process was repeated until
pH 7 was reached.

After the final wash, the pellet was collected and mixed
in a kitchen blender. The homogenised solution was fil-
tered through a Biichner filter with a 70 pm nylon filter.
To maximise starch extraction, these mixing and filter-
ing steps were repeated. For starch recovery, the filtrate
was left to stand without agitation overnight at 4 °C. The
brown top layer of the starch was scraped off and the
remaining starch was recovered and dried at 40 °C for
48 h. The dried starch was weighed and gently ground
using a pestle and mortar. The starch samples were col-
lected and stored in individual plastic bags for each extrac-
tion in a dry room until further analysis. In SEC and XRD
measurements, starch from the early and late washing step
were compared. However, due to scarcity of the material
from the late washing, the extracted starch from each raw
material was pooled for the remaining analyses.

All analysis were made in triplicate unless otherwise
stated.
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Chemical composition analysis of starch
Moisture content

To determine moisture content, 100 mg of samples was
dried overnight at 105 °C (Heraeus UT12, Germany). The
moisture content was calculated from the difference in mass
before and after oven drying.

Total starch and resistant starch

Total starch and resistant starch content were determined
using the commercially available resistant starch kit
(K-RSTAR 05/19, Megazyme International Ireland Ltd)
according to AOAC Official Method 2002.02 [30].

Amylose content

For determining the amylose content, the commercially
available AM/AP assay kit (K-AMYL 06/18 by Megazyme
International Ireland Ltd) was used with a method modified
from Yun and Matheson [31].

Ash content

For determining ash content, the AOAC Official Method
942.05 was followed.

Protein content

Protein content was calculated from the nitrogen content
(N'%x6.25) measured by the Kjeldahl method [32], using a
2520 digestor, Kjeltec 8400 analyser unit and 8460 sampler
unit (all from Foss, Denmark).

Fat content

Fat content was determined according to Commission Direc-
tive 152/2009 EC (2009) [33] using Hydrotec 8000 and Sox-
tec 8000 extraction units, both from Foss, Denmark.

Both the measured protein content and crude fat content
for the wheat starch were calculated from single measure-
ments, the standard deviation from the experiment control
were 0.07 from raw protein and 0.14 from crude fat.

Degree of branching

Degree of branching (DB) [34-36] was determined using 'H
NMR spectroscopy. Starch samples (~ 10 mg) were placed in
5 mm NMR tubes, deuterated dimethyl sulfoxide (DMSO-
dg, 0.6 mL) was added and the mixture was kept at 80 °C
overnight. To avoid spectral disturbance from hydroxyl pro-
ton signals, TFA-d, (10 uL) was added to the mixture just
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before the NMR measurements [36]. The 'H spectra were
recorded on a Bruker Avance I1I 600 MHz NMR spectrom-
eter, using a 5 mm broadband observe detection smart probe
equipped with z-gradient. The 'H spectra were acquired at
60 or 80 °C, using 128 scans with an acquisition time of
2.7 s and a relaxation delay of 12 s. The anomeric proton
at the a(1 — 6)-linkage of the branching point, which has a
different chemical shift than other anomeric protons, was
used for quantification of DB. DB was calculated as the ratio
I1-6/(11 — 6411 —4), where 11 — 6 is the integrated signal
at 4.8 ppm and I1 —4 is the integrated signal between 5.0
and 5.2 ppm, corresponding to H1 of glucose at the a(1 — 6)
and a(1 —4)-linkages, respectively.

Size exclusion chromatography (SEC)

Prior to the SEC analyses, intact branched starch sam-
ples were gelatinised and dissolved directly in SEC eluent
consisting of dimethyl sulfoxide (DMSO, HPLC grade,
Scharlab, Sweden) with 0.5% w/w LiBr (ReagentPlus) in a
thermo-mixer at 80 °C with agitation. Enzymatic debranch-
ing of the starch molecules was performed with isoamylase
(Megazyme, Ireland) in a 0.1 M acetate buffer (pH 3.5) at
37 °C for 4 h. After incubation, the samples were neutralised
to pH 6.5-7.0, boiled to deactivate the enzyme, freeze-dried
and redissolved in SEC eluent (DMSO with 0.5% w/w LiBr)
for subsequent SEC analysis.

Separation of the intact starch samples and the
debranched samples was performed in a SECcurity 1260
system (Polymer Standard Services, Mainz, Germany)
coupled to a multiple-angle laser light scattering detector
(MALLS; BIC-MwA7000, Brookhaven Instrument Corp.,
New York) and a refractive index detector (SECcurity 1260,
Polymer Standard Services, Mainz, Germany) thermostatted
at 45 °C, using a GRAM PreColumn, 30 and 3000 analytical
columns (Polymer Standards Services, Mainz, Germany),
with a flow rate of 0.5 mL min~" at 60 °C.

Calibration of the SEC separation was performed using
the Mark-Houwink relation by injection of pullulan stand-
ards provided by Polymer Standards Services (PSS, Mainz,
Germany). The Mark-Houwink parameters for pullulan in
DMSO/LiBr (0.5 wt%) at 80 °C are K=2.427x 107 dL
g’] and a=0.6804 [37]. Data treatment and collection were
performed using WinGPC software (Polymer Standards Ser-
vices, Mainz, Germany) and the data were further analysed
by additional mathematical procedures presented elsewhere
[37]. The differential index of refraction (dn/dc) for starch
in DMSO/LiBr 0.5% was taken to be 0.0544 mL g~! [37].
Different molecular parameters and distributions, including
SEC weight distribution (w(log V,)), branch chain-length
distribution (w(log X)) and size dependence of the weight-
average molecular weight (M,,(V,)), were thus obtained. The
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macromolecular size distributions are presented in terms of
hydrodynamic radius (Ry), with V|, = 4/3 t R,>.

X-ray diffraction (XRD)

The XRD measurements were performed using a Panalyti-
cal X'pert Pro operating at 45 kV and 44 mA, with Cu Ka
radiation. Diffraction patterns were recorded using a radia-
tion wavelength of 1.54 A. The runs were duplicated for
each sample. The crystallinity ratio was determined by the
Rietveld method [38]. The crystalline peaks were resolved
from the amorphous halo and the relative crystallinity was
obtained as the area of the crystalline peaks divided by the
total intensity area within 20 of 3°-40° [39, 40].

13C CPMAS NMR

13C cross-polarisation (CP) magic angle spinning (MAS)
NMR spectra were obtained on a Bruker Avance III
600 MHz spectrometer using a double-resonance 4 mm
('H&F)/("’N-3'P) CP-MAS probe. Starch samples
(~80 mg) were packed into 4 mm ZrO, rotors and the
CPMAS spectra were recorded at 25 °C, using a spinning
frequency of 12 kHz, a contact time of 1-2 ms and a repeti-
tion delay of 2.5-5 s. The amount of water in the dried starch
samples was: cotyledon 7.5%, hull 8.6% and wheat 9.5%.

Light microscopy

Starch granules were suspended in 50% (v/v) glycerol/
water and aliquots of the starch slurry were pipetted onto
a glass slide. To emphasise contrast and granular structure
for brightfield microscopy, granules were stained with dilute
Logulus/water solution (50% v/v) prior to sealing with a
cover slip. Samples were examined under polarized light and
differential interface contrast (DIC) was prepared in the same
manner as for brightfield microscopy, with the exemption of
the Logulus staining. All observations were performed using
a light microscope (Nikon Eclipse Ni-SSR 930151, Tokyo,
Japan) with objective PlanApo 20 X (0.75 N.A.) and Plan-
Apo 40%(0.95 N.A.). Images were recorded with a Nikon
Digital Sight DS-Fi2 camera (Nikon, Tokyo, Japan) with
resolution of 2560 X 1920 pixels.

For image analysis, the micrographs were thresholded in
Fiji/ImagelJ. To reduce noise, the limitation settings for the
images were minimal size 2 um? and circularity 0.2. The
programme was set to exclude granules on the micrograph
edges.

To calculate average length and width, an ellipse was fit-
ted for each individual granule.

Hot-stage microscopy

A 1 mg sample of starch was suspended with 1 mL distilled
water using a vortex mixer, 80 pL of the starch—water slurry
were pipetted onto a cover slip and 15 pL of diluted Logulus
stock solution were added to dye the starch. The specimen
was then observed using brightfield microscopy. A smaller
cover slip was placed on top and the sample was sealed with
nail polish. For birefringence analysis using polarised light,
samples were not stained with Logulus solution.

A tensile-stage Linkam (model TST350, Linkam Scien-
tific Instruments, Surrey, UK) with heating capacity was
attached to the light microscope (Nikon Eclipse Ni-SSR
930151, Tokyo, Japan). Samples were observed under both
polarized and brightfield light, using objective Plan Fluoro
10X (0.30 N.A.). Because of the working distance of objec-
tives, higher magnifications were not possible.

The heating rate was 5 °C/min within the range 25-95 °C.
A sequence of images (2560 x 1920 pixels) was captured
with a microscope camera (Nikon, DS-Fi2, Tokyo, Japan)
every 12 s, i.e. at each 1 °C temperature interval.

All the acquired images were visually analysed and com-
pared, to pinpoint the temperature at which major granular
changes were observed. From 40 to 75 °C at 5 °C intervals,
the images were analysed as previously described for light
microscopy, using Fiji/Imagel.

Scanning electron microscopy (SEM)

The starch granules were also analysed by SEM (Hitachi
TM-1000, Tokyo, Japan) at an accelerating voltage 15 kW,
with an image size of 2560 X 1920 pixels. Carbon tape with
the evenly dispersed starch samples was mounted on an
SEM stub and sputter coated with Au (Cressington Scientific
Instruments, Sputter coater-108 auto, Watford, UK).

Differential scanning calorimetry (DSC)

Gelatinisation characteristics of starch thermal proper-
ties were measured using a Mettler Toledo DSC1. Starch
samples 3+ 1 mg and 12+ 1 pL distilled water were
placed in aluminium pans and sealed hermetically (MT no.
51119872). The sealed pans were allowed to stand overnight
at room temperature in order to achieve uniform distribution
of water before DSC analysis. The samples were scanned
from 30 to 200 °C at a rate of 10 °C/min. A thermogram was
recorded with an empty aluminium pan as reference and the
blank pan value was subtracted from all measurements. The
sample chamber was flushed with inert gas (nitrogen, purge
rate 50 mL/min) during the scan.
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Rheological measurements

A Rapid Visco Analyzer (RVA, Newport Scientific, Warrie-
wood, NSW, Australia) and a rheometer (HR-3, Discovery
Hybrid Rheometer, New Castle, DE, USA) were used to
analyse, measure and compare the rheological properties of
the different starches depending on heating rate, temperature
ranges and which instrument was used.

Rapid Visco Analyzer (RVA)

In the RVA the pasting properties were determined at two
different heating rates, 12 °C/min and 1.5 °C/min. For both
experimental set-ups, 2 g starch were mixed with 25 mL
distilled water. The paddle rotation was 960 rpm for the
first 10 s, then constant at 160 rpm for the remainder of
the experiment. The samples were equilibrated at 50 °C for
1 min before heating to 95 °C. With heating rate 12 °C/min,
the samples were kept at maximum temperature (95 °C) for
2.5 min before cooling at 12 °C/min to 50 °C and held at the
final temperature for 2 min. With heating rate 1.5 °C/min,
the heated starch mixtures were kept at maximum (95 °C)
temperature for 5 min and final (50 °C) temperature 2 min.
The interval between viscosity and temperature readings was
4 s. For microscopy analysis, smears of the pastes were made
on microscope slides immediately after each run.

Rheometer

Rheology data were obtained using the rheometer equipped
with a Peltier pressure cell and steel starch paddle. Two
different heating cycles, 50-95-50 °C and 30-140-30 °C,
both with a heating rate of 1.5 °C/min, were applied in
triplicate to each starch type. Before cooling at the same
rate (1.5 °C/min), the samples were held at maximum tem-
perature for 5 min. The rotational speed for the initial 20 s
was the device’s maximum, i.e. 50 rad/s (477.5 rpm), and
then for the remainder of the experiment it was 16.75 rad/s
(160 rpm). To mimic the concentration of the starch slurry
in the RVA measurements, 2.08 g of starch were mixed with
26 mL distilled water. For microscopy analysis, smears of
the pastes were made on glass slips immediately after each
run.

Statistical analyses

Statistical analyses were carried out in Excel and Rstudio
(Version 1.2.5033, RStudio Inc., MA, USA). One-way and
two-way ANOVA with Pearson correlation coefficients and
density plots using ggplot2 were created in R.
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Results and discussion
Chemical composition

The ratio of cotyledon to hull and the starch content of
the hull fraction differed depending on the method used
for fraction separation. When the beans were peeled by
hand, the cotyledon fraction represented 88.4 +0.2% and
the hull fraction 11.6 +0.2% of the whole faba bean mass,
and the measured starch content of the hull was negligible
(0.004 +0.00%). However, when the beans were peeled by
machine, the ratio of cotyledon to hull was estimated to be
78 to 22, and the measured starch content of the hull was
19.1+0.6% [41]. Therefore, it is likely that part of the hull
starch analysed in this study was actually starch from the
outer layers of the cotyledon. During the machine-dehulling
the embryo location was not taken into consideration.

The chemical composition of starch from the cotyledon,
hull and wheat samples is summarised in Table 1, the com-
position of the cotyledon starch was in accordance with
literature values [11, 14-16, 22, 29]. The starch extracted
from faba bean hull contained significantly more protein and
ash as well as more fat, than the other two starches, pos-
sible due to the presence of the embryos. The wheat starch
contained significantly lower amounts of amylose (21%)
compared with the faba bean starches (hull 36%, cotyledon
32%) (Table 3).

The quantity of resistant starch was greatest in the hull
(13.1%), followed by the cotyledon (6.7%), while wheat
starch contained negligible amounts of resistant starch
(0.5%). Resistant starch is defined as the starch that can resist
a-amylase hydrolysis in the small intestine and is therefore
available for fermentation in the large intestine [42, 43].

Degree of branching

To our knowledge, measuring the degree of branching (DB)
in faba bean starch using 'H NMR is a new feature where
comparable values could not be found in literature. Based
on the "H NMR spectra (Fig. 1), DB of cotyledon, hull and
wheat starch was determined to be 4.1, 4.2 and 4.7%, respec-
tively. The slightly higher DB of wheat starch correlates well
with its lower amount of amylose. Previous studies have
shown that wheat starch has a low level of branching, with
a-(1,4)/a-(1-6) ratio of around 21. Signals from lipids were
clearly observed in the '"H-NMR spectra of, hull, cotyledon
and wheat starch samples (Fig. 1), with the profile being
slightly different in wheat starch compared with the hull and
cotyledon starches.
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Fig.1 '"H NMR spectra of
starch from wheat starch and
from faba bean cotyledon

and hull. Glucose H1 at the

(1 —4)-linkage (H1) and at the
(1 — 6)-linkage (H1’) is indi- |
cated, as is H4 of non-reducing
end terminal residues (H4-t). /1
Beside the H1 and H4 signals
from glucose in starch, (L) [
signals corresponding to lipidic i
protons are also indicated.

*Deuterated dimethyl sulfoxide |
(DMSO) *

Molecular size and degree of polymerisation (DP)

Figure 2 shows the size distributions, w(log V) and absolute
molecular weight (M,,) of intact branched starch molecules
as a function of their hydrodynamic radius (R;). A typical
bimodal distribution was observed for all starch types, cor-
responding to the amylose (R;, 10-100 nm) and amylopectin
(R}, 100-1000 nm) populations. The absolute molar mass
values from light scattering (MALLS) detection were com-
parable, with average values for the amylose and amylopec-
tin populations in the faba bean cotyledon and hull starches
of 10-20 MDa and 60-100 MDa, respectively. These were
slightly lower molar masses than in the reference wheat
starch. There were no significant differences between the
early and late washing faba bean samples.

In the branch chain length distributions as a function of
the degree of polymerisation (DP) after enzymatic debranch-
ing (Fig. 3), there were two evident peaks for all starches,
with a cut-off at around DP 100 in the SEC graphs. Others
have identified DP 100 as the cut-off point for amylopectin
and amylose [44].

Wheat starch contained proportionately more short-chain
amylopectin (DP 6—12) and very-short-chain amylopectin
(DP < 6). The branch-chain length distribution was similar
for the faba bean cotyledon and hull starches, but the DP
distribution for the faba bean starches differed from pre-
viously reported values [14, 16] in that they contained a
smaller proportion of DP <24. Correlation between degree
of branching and high prevalence of short chain amylopec-
tin was strong, respectively DP <6 (r=0.99; p<0.001), DP
6-12 (r=1.00; p<0.001) and DP>37 (r=- 1; p<0.001).
No statistically significant correlation was found between

(a)
10°
108 Cotyledon Early
@ Cotyledon Late
Hull Early
§107 @ Hull Late
2; Wheat
106 1
108 4
(b)

wilogViyYarb. units

1 10 100 1000 10000

Rphm

Fig.2 Distribution of (a) absolute molecular weight [M,/Da] and (b)
size exclusion chromatography (SEC) weight [w(log V,)] of intact
branched starch molecules as a function of the hydrodynamic radius
[Ry/nm]. Amylose <[R;/nm 100] <amylopectin. ‘Early’ and ‘Late’
refer to washing steps

@ Springer



K. Nilsson et al.

Table 1 Chemical composition

Samples Chemical composition, %
(dry weight basis) of starch P ! posit ’
extracted from faba bean Total starch  Amylose *  Resistant starch*  Protein Fat Ash
cotyledon and hull and from
wheat grain (mean + standard Cotyledon  955°+03 322°+0.8 6.7°+0.3 0.55%+0.08 0.32%+0.03 0.18%+0.01
deviation) Hull 93.6°+08 36.0°+09 13.1°%1.1 28°+06  0.53°+£0.04 0.46°+0.01
Wheat 99.0°+03  21.2°+0.8 0.50 *+0.07 0.2%+NA 0.40" +NA 0.15%+0.01

NA not applicable (the SD from the experiment control were; +0.07 raw protein and +0.14 crude fat)

The superscript lower-case letters signify statistical significant difference compared in each column

*Percentage of total starch

amylopectin molecular weight or hydrodynamic radius with
either degree of branching or prevalence of a specific DP.
The most interesting difference between the faba bean
starches and the reference wheat starch was in terms of amyl-
ose branches. Both faba bean starches showed a bimodal
branch chain length distribution for amylose, with two popu-
lations centred around DP 700 and DP 2500. In all faba bean
samples, the larger branch population (centred around DP
2500) in amylose was more abundant than the smaller (cen-
tred around DP 700). On the contrary, wheat starch showed a
larger abundance of the shorter amylose branches (centred at
DP 1100) than of the longer branches (centred at DP 2500).

X-ray diffraction (XRD)

In the X-ray diffraction spectra of the different starches
(Fig. 4), the faba bean cotyledon and hull starches both dis-
played spectra typical for C-type starches, whilst the spectra
for wheat starch resembled the A-type pattern. The hull and
wheat starches, but not the cotyledon starch, exhibited low
intensity peak at 20 =20° (Fig. 4), indicating the presence
of V-type amylose lipid complex [45].

2 Cotyledon Early
c @ Cotyledon Late
3_ Hull Early

2 @ Hull Late
K Wheat

—_

S

oo

2

3

1 10 100 1000 10000 100000
DP

Fig.3 Branch chain length of the starch i.e. SEC molecular weight
[w(logM)] as a function of degree of polymerisation (DP) distribution
amylopectin < [DP 100] < amylose
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The relative crystallinity was highest for wheat starch
(18.6%). In both faba bean starches, the relative crystallinity
was lower in samples extracted in the late washing (cotyle-
don 16.4%, hull 16.7%) than in the early washing (cotyledon
17.6%, hull 17.5%). For all samples the relative crystallinity
was comparatively lower than previous reports i.e. for wheat
(27-36%) [46] and faba 20-22% [14, 15]. Amylose content
was negatively correlated (r= — 0.747; r<0.05) with rela-
tive crystallinity, which could be attributed to the fact that
amylopectin makes up the semi-crystalline region, whereas
amylose is present in the amorphous form [16, 18, 47, 48].
A negative correlation between relative crystallinity and
amylose content has been reported previously for a range of
legume starches [50].

13C CPMAS NMR

The '*C CPMAS NMR spectra for the cotyledon, hull and
wheat starches are shown in Fig. 5, with the assignment of
the C1 to C6 resonances of the glucose-repeating unit indi-
cated at the top of the spectra. The C1 region commonly
used to analyse the structure of different types of starch

T T T T T T T

Hull Late 4

Hull Early

Cotyledon Early

Cotyledon Late -

Relative Intensity

5 10 15 20 25 30 35 40

Fig.4 Wide-angle X-ray powder diffraction spectra of hull starch,
cotyledon starch and wheat starch. Strong singlet peaks at 17° and
23° 20 indicate C-type polymorph for the faba bean starches; hull and
cotyledon. Doublet peak at 17-18° 20 and strong peaks at 15° and
23° 20 in wheat indicates A-type polymorph [49, 50]
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C2,C3,C5

Fig.5 '*C CP/MAS NMR spectra of wheat, faba bean cotyledon
and faba bean hull starches with resolution-enhanced apodization
(GB=0.1,LB=— 100)

[51-55] exhibits signals from amorphous and crystalline
starch with chemical shifts between 93.9 and 105.2 ppm.
The C1 signal in wheat starch showed the distinct three-peak
pattern characteristic of crystalline A-type starch. For B-type
starch, the C1 signal is a doublet, while for C-type starch it
is a mixed pattern of both A- and B-types. In general, the
C1 signal appears as a triplet if the A-crystalline structure is
predominant and as a doublet if the B-type is predominant.
Thus, the cotyledon starch had a pattern more similar to
that of C-type starch with a predominance of A-type, for the
hull starch the triplet pattern was even more nuanced. An
interpretation of both the XRD and NMR-spectra of the hull
starch could be that the hulls starch also displays the poly-
morphic-pattern C,_ type (closer to A type), as previously
observed by Cai, Cai, Man, Zhou and Wei [55]. The broad
resonances in the C1 region together with the broad C-4 sig-
nal around 80—84 ppm represent amorphous starch (Fig. 4).
The signal at 93.9 ppm was present in all CPMAS spectra
and was not much broader than the signals from crystalline
starch. This signal has been observed in CPMAS NMR spec-
tra of many different types of starch, and has recently been
tentatively attributed to constrained conformations [56].

Granular morphology

The size range of the different starch granules at room tem-
perature is shown in Table 2. Mean length and mean width
of the cotyledon starch were both larger than for the hull
starch, the cotyledon starches were also more uniform in
size, with a smaller standard deviation.

Table2 Granule length and width (mean+standard deviation) of
faba bean cotyledon starch, faba bean hull starch and wheat starch as
measured by light microscopy

Sample Length pm Width pm

Cotyledon  22.8%+6.7 17.1%+43

Hull 21.3°+6.7 15.8°+4.7

Wheat A B A B
19.8°+6.1  7.0°+1.5 152°+51 6.7°%1.6

The superscript lower-case letters signify statistical significant differ-
ence

In both the cotyledon (a2—a5 in Fig. 6) and hull (b2-b5)
starches, granule shape varied between ellipsoidal and irreg-
ular. In the SEM micrographs, evident cracks were present
on granule surfaces for both faba bean starches. The wheat
starch (panels c2—5 in Fig. 6) was composed of both larger
A (> 10 pm) and smaller B (< 10 pm) granules. The wheat
starch granules were either round or ellipsoidal, with vis-
ible pits or craters on the surface (indicated by chevrons in
Fig. 6¢). These type of structures are reported to be caused
presumably by enzymatic reactions [57].

Panels a3, b3 and c3 in Fig. 6 show the birefringence of
starch granules in faba bean cotyledon, faba bean hull and
wheat starch, respectively. The birefringence patterns of faba
bean granules was both strong and weak, which is consistent
with literature values [14]. A less defined Maltese cross was
seen for the faba bean samples, presumably due to subopti-
mal packing of the amylopectin owing to weak interactions
between the chains [11, 19] caused by large deviations in
amylopectin DP preventing optimal packing of double heli-
cal segments [58]. Interestingly, granules displaying weak
birefringence patterns had cracks on the surfaces (see arrows
in panels a3—a5 & b3-b5 in Fig. 6).

Thermal transitions-granular swelling

Figure 7 shows the size distribution of starch granules at dif-
ferent temperature intervals between 30 and 70 °C measured
during the hot-stage microscopy. The microscopy images
were separately analysed at 1 °C intervals in order to see
more precisely at which temperatures major changes were
observed. The size of cotyledon starches (Fig. 7a) started
to increase at 61 °C and the greatest increase in size was
between 65 and 66 °C, followed by the granules becoming
more translucent and merging.

The hull starch (Fig. 7b) was the most heat-tolerant of
the three starches, as the granules retained their shape and
resisted swelling. For the hull, the most dramatic increment
in size was observed between 71 and 72 °C. At 73 °C, the
granules became more translucent with jagged edges.
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Cotyledon

Brightfield

Polarized

DIC

Fig.6 (a) cotyledon starch; (b) hull starch; (c) wheat starch; (1)
Normal photograph; (2) light microscope micrograph; (3) polarized
light micrograph; scale bar=100 um; (4) differential interface con-

The wheat starch (Fig. 7c) was the least heat-tolerant of
the three starches. Swelling initiated at 53-54 °C, while a
dramatic increase in size was observed at 57 °C.

Loss of birefringence can be considered as an indica-
tor that the starch has fully gelatinised. Birefringence was
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trast (DIC) micrograph); scale bar=50 pm (5) and scanning electron
micrograph; scale bar=50 um. Arrows indicate cracked granules;
chevrons indicate surface pitting

completely lost at 71 °C for the hull, 62 °C for the cotyledon
and 58 °C for the wheat.
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Fig.7 Density diagrams showing along the x-axis the starch granular
length and along the y-axis the distribution of granules within popu-
lation at different temperatures. a Faba bean cotyledon starch; b faba
bean hull starch and ¢ wheat starch during progressive heating from
the hot-stage microscopy

Thermal transitions- gelatinisation temperatures

Thermal transition temperatures recorded during the DSC
ranked the starches in the order hull > cotyledon > wheat
(Table 3). The temperatures recorded for the phase tran-
sitions in DSC were in accordance with the changes in

Table 3 Thermal transition temperatures (mean =+ standard deviation)
recorded by differential scanning calorimetry (DSC)

Sample T, (°C)! T, (°C)* T, (°C)} AH (J/g)*
Cotyledon  67.2°+0.1  69.4°+0.1 72.7°+03 7.4°+03
Hull 70.0°+£0.1  724°+02  755'%02 7.6°+02
Wheat 576402  61.1°£0.1  649°+0.1 95%+02

The superscript lower-case letters signify statistical significant differ-
ence.

!Onset temperature
2Peak temperature
3Endset or conclusion temperature

“Enthalpy change

granular structure observed by hot-stage microscopy
(Fig. 7). The onset gelatinisation temperature for both
faba bean starch samples was higher than in previous
reported studies (range 57-65 °C), but the endset tem-
perature was more similar to that reported previously
(72-75 °C) [14-16, 29]. Despite the narrower gelatinisa-
tion temperature range for the faba bean samples in this
study, the enthalpy of gelatinisation for the hull and coty-
ledon starches was within the reported range [14-16, 29].

Correlation between gelatinisation temperature and
amylose content was strong(r=0.99; p<0.001). The hull
starch, with the highest amylose content, had the most
restricted swelling pattern and highest gelatinisation tem-
perature, while the wheat starch, with the lowest amylose
content, displayed the lowest gelatinisation temperature.
Amylose retards initial swelling by imposing a stabilising
effect on the granular structure [59].

The peak temperature during gelatinisation reflects the
crystallite quality, while the gelatinisation enthalpy is a
reflection of the overall crystallinity and an indicator of the
loss of molecular order within the granule [55]. There was
a strong negative correlation between gelatinisation tem-
perature and abundance of very short amylopectin chains,
(r=—0.97; p=0.006). It is possible that the higher preva-
lence of short-chain amylopectin in the wheat reduced the
gelatinisation temperature, as the so-called “fingerprint”
amylopectin chains (DP 6-8, see Fig. 3) are too short to
form double helices and instead cause crystalline defects,
which could facilitate the entry of water [19, 20].

The DSC curve (available in supplementary material)
of wheat starch exhibited a wider peak than that of the
bean samples. This coincided with a wider gelatinisation
temperature range (7.3 °C) for wheat starch compared
with both faba bean starches (5.5 °C). The enthalpy of
gelatinisation was higher for wheat starch (9.5 J/g) than
for cotyledon starch (7.4 J/g) and hull starch (7.6 J/g). The
wheat starch contained two distinct granule populations
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(see Table 2 and Fig. 6), which could be the reason for the
broader gelatinisation range [60].

Pasting

Figure 8 shows pasting curves for heating profile
50-95-50 °C in: RVA with heating rate 12 °C/min (a),
RVA with heating rate 1.5 °C/min (b) and rheometer
with heating rate 1.5 °C/min (c) and heating profile
30-140-30 °C in rheometer with heating rate 1.5 °C/min
(d). It was the striking difference between the shape of
the pasting curves and viscosities values of the 12 °C/min

(a) RVA 50-95-50 °C at 12 °C /min
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14 90
12 80
70
1
3 6 2
£ o8 @
Zz 5
3 0 &
2 06 3
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0.4
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0.2 Time (min) 0
(c) Rheometer 50-95-50 at at 1.5 °C/min
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& g
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Fig.8 Pasting curves of faba bean cotyledon starch, faba bean hull
starch and wheat starch; a Rapid viscosity analysis (RVA) heating
profile 50-95-50 at heating rate 12 °C/min; b RVA heating profile
50-95-50 at heating rate 1.5 °C/min; ¢ rheometer heating profile
50-95-50 at heating rate 1.5 °C/min; d Rheometer heating cycle
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RVA pasting curve (Fig. 8 a) and rheometer pasting curve
with heating profile 30-140-30 °C (Fig. 8d), that sparked
the investigation to compare the RVA (Fig. 8b) with the
rheometer (Fig. 8c) using the same parameters.

The general shape of the pasting curves with the heating
profile 50-95-50 °C (Fig. 8; a-c) was similar, with cotyle-
don starch forming pastes with the highest viscosity, hull
starch the second highest viscosity and wheat starch the
lowest viscosity. The pasting curves in Fig. 8b and ¢ had
the same heating rate of 1.5 °C/min whilst the pasting curve
in (Fig. 8a) was the fastest with 12 °C/min. The cotyledon
starch began to paste first, at around 77 °C, followed by

(b) RVA 50-95-50 “C at 1.5 °C /min
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(d) Rheometer 30-140-30 at at 1.5 °C/min
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30-140-30 °C at heating rate 1.5 °C/min. Please note the different
viscosity ranges (Pa S) for each pasting graph. In the supplementary
material pasting graphs of the same data can be found, only differ-
ence is that the Viscosity ranges (Pa S) are the same for all graphs
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hull starch (85 °C) and wheat starch (94 °C). The cotyledon
and hull starches both displayed the common characteristics
of legume starches, i.e. high pasting temperature, absence
of peak viscosity, increasing viscosity during the holding
period and high set-back (Fig. 8a—c). This in agreement with
previous findings for pulse starches [17].

Higher prevalence of longer amylopectin chains and
amylose chains was correlated with higher pasting viscosity
(r=0.99; p=0.001). The abundance of amylopectin chain
with DP < 6 in the wheat starch may have further lowered the
relative viscosity (r= — 0.97; p=0.008). The theory is that
longer amylopectin chains have the ability to interact with
the amylose chains, increasing the aggregation viscosity [44]

The final viscosity for the RVA with a heating rate at
12 °C/min was on average 2.2 times higher than the final
viscosity for the same starch when the heating rate was
1.5 °C/min in the RVA and 5.9 times higher than the val-
ues measured with the rheometer. A correlation between
swollen granular size and peak viscosity after heating cycle
50-95-50 °C was observed (r=0.73; p<0.025). The swol-
len starch granules in the smear micrographs (see Fig. 9)
with heating rate 12 °C/min (Fig. 9al—c1) were on aver-
age 1.3 times larger than when the heating rate was 1.5 °C/
min for both the RVA (Fig. 9a2—c2) and the rheometer
(Fig. 9a3—c3). Suspensions with larger starch granules have

Cotyledon Hull

RVA
50-95-50°C
at 12 °C/min

RVA
50-95-50°C
at 1.5 °C/min

Rheometer

50-95-50°C
at 1.5 °C/min

30-140-30°C
at 1.5 °C/min

Rheometer

Fig.9 Smears of starch pastes at the end of rheological heating
cycles. The blue areas are amylose and the pink/brown amylopectin.
a Faba bean cotyledon starch; b faba bean hull starch; ¢ wheat starch;
(1) Rapid viscosity analysis (RVA) heating profile 50-95-50 at heat-
ing rate 12 °C/min; (2) RVA heating profile 50-95-50 at heating rate
1.5 °C/min; (3) rheometer heating profile 50-95-50 at heating rate
1.5 °C/min; (4) Rheometer heating cycle 30-140-30 °C at heating
rate 1.5 °C/min; Scale bar= 100 pm

previously been reported to exhibit higher viscosities [45,
61, 62].

As the RVA consistently measured higher viscosities than
the rheometer, possibly due to water evaporation because the
RVA is not a fully sealed system, shows that the instruments
are not interchangeable.

‘When using instruments for estimating rheological prop-
erties of different food products produced at an industrial
scale, an important consideration will be how much material
is heated, at what pace and how sealed the heating vessels
are.

Heating the samples to 140 °C, which is a much higher
temperature than the standard 95 °C, was sufficient for the
faba bean starches to achieve peak viscosity, at 119 °C for
cotyledon starch and 121 °C for hull starch, followed by an
evident viscosity break-down (Fig. 8d). For the wheat starch
there appeared to be two peaks, a first smaller peak at 104 °C
and a second more pronounced peak at 132 °C, with the
first peak presumably reflecting amylopectin melting and the
second peak reflecting melting of amylose lipid complexes
[63, 64]. Peak viscosity reflects the swelling intensity [65].
Breakdown viscosity occurs because of granule rupture,
which induces loss of paste viscosity [66]. In terms of final
viscosity, the cotyledon paste was significantly more vis-
cous (p=0.003) than the hull and the wheat starch pastes,
while the hull paste was slightly less viscous than the wheat
paste, possibly because of disintegration of the granules
(Fig. 9a4—c4).

Interestingly, at lower heating temperatures, the hull
starch appeared most heat-stable but at very high temper-
atures, the hull starch produced the softest gels. Compar-
ing the smears from all heating cycles (Fig. 9) the starch
granules heated to 95 °C (al-c3) appear much more intact
with low leakage of amylose compared to the smears after
heating samples to 140 °C (ad4—c4). A negative correlation
was found between the pasting set-back after heating the
samples to 140 °C and proportion of other components
(lipids r=—0.96; p=0.024, ash r=— 0.98; p=0.002). The
hull starch was the least pure starch and produced the weak-
est gels. In the presence of amylose, addition of lipids has
been found to reduce paste viscosities because of formation
of short pastes [67]. Richardson et al. [63, 68] have also
shown that amylose gels with emulsifiers produce weaker
gels because the amylose aggregates into clusters, not into
networks. For some starches these types of aggregates are
only induced after high temperatures, possibly because of
the amylose melting [63].When heating starch to 140 °C,
increasing amylose content had a significant effect in
increasing the breakdown viscosity (r=0.97; p=0.013). In
previous studies [13, 14, 66,] when heating of samples was
just to 95 °C, a negative correlation has been observed. A
correlation between higher amylose molecular weight (mw)
and higher pasting temperature was also observed (r = 0.97;
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p=0.016) whist negative correlation was found with amyl-
ose molecular weight (mw) and breakdown viscosity after
heating the samples to 140 °C (r = -0.96; p= 0.04). These
correlations indicate that larger amylose molecules required
more energy to melt and are more difficult to breakdown;
however, more research is necessary to validate this theory.

To our knowledge, this is the first time faba bean starch
has studied at temperatures up to 140 °C by using rheometry
and microscopy. The research results revealed that by alter-
ing the heating rate, temperature ranges and instruments,
different starch paste textures can be achieved. This research
is relevant for many food processes.

Conclusions

In comparison to wheat, faba bean starch produced more
viscous pastes attributed to the larger granules and a higher
degree of polymerization. The significantly higher amylose
content of the faba bean starch to wheat starch, augmented
the gelatinisation temperatures. The cotyledon and hull
starch from the same botanical origin were more similar
to each other, than to the wheat, however, some differences
were noted. Compared with the cotyledon starch, the hull
starch displayed higher gelatinisation temperature and lower
pasting viscosity, possibly due to a higher lipid and resistant
starch content creating short pastes.

For all starches, the apparent viscosity was higher when
the heating rate was higher (12 °C/min compared to 1.5 °C/
min) because of increased granular swelling. Paste viscosi-
ties were higher in the RVA than in the fully sealed rheome-
ter, presumably because of a higher water evaporation during
the heating. Peak viscosity and breakdown viscosity were
achieved at a high temperature cycle (30-140-30 °C), caus-
ing substantial breakdown of the swollen granules, which
reduced the final viscosities of the starch gels after cooling.

From the results, it can be speculated that food products
containing faba bean starch will gelatinise at higher tempera-
ture and be more viscous, both during and after heating, than
products with wheat starch. Firmness of the food products
can also be tailored by controlling heating rate, type of heat-
ing vessel and temperature ranges.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11694-022-01543-7.
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ARTICLE INFO ABSTRACT

Keywords: Starch and protein are major components in many foods, contributing to nutritional and textural properties.
Faba .bean Understanding how the behaviour and interactions of these components contribute to different textures is
Protein important. In this study, mixed gel systems were created with different ratios of starch to protein (constant solid
it;r:uhre content 12%) extracted from faba bean, a promising crop for locally produced plant-based foods in cold climate
Microstructure regions. The mixed starch-protein gels were characterised in terms of pasting, texture and microstructure. Starch-
Gelation rich mixtures showed higher water binding and water absorption than samples with higher protein content. A

tendency for more efficient hydration in starch-rich samples was confirmed by NMR. Iodine affinity appeared to
be lower for high-protein samples, particularly at higher temperatures. Mixtures with high starch content also
showed higher viscosity during pasting, higher storage modulus throughout gelation, lower tan & and lower
frequency dependence of the final gel. Characterisation by compression tests showed stronger and more elastic
gels with increasing starch content. Light microscopy revealed that starch granules were tightly packed, espe-
cially at higher starch content, with protein filling the spaces between starch granules. SEM micrographs
revealed a network structure with larger pores and thicker strands in samples with higher starch content. Overall,
increasing protein content reduced viscosity during pasting and caused softer gels, likely owing to different
gelation and hydration properties of starch and protein.

1. Introduction bean protein can both act as a gelling agent, but with different gelling

abilities and properties. In real food matrices, starch and protein are

Transitioning to more plant-based diets is suggested to have nutri-
tional and environmental benefits (Roos et al., 2020; Willett et al.,
2019). Across Europe, a trend for greater interest in plant-based foods is
emerging (Aschemann-Witzel, Gantriis, & Fraga, 2021). There are many
reasons why consumers opt for plant-based foods, including health,
sustainability and animal welfare (Aschemann-Witzel et al., 2021).
Consumers are now demanding a greater array of plant-based products
using simple ingredients with good organoleptic properties. Faba bean
already has an established market for animal feed and an emerging
market for human consumption, and is a high-protein crop that can be
grown in Northern Europe. With increased research and technological
innovation, faba bean has the potential to be used in locally produced
and sustainable plant-based foods (Multari, Stewart, & Russell, 2015).

Under appropriate processing conditions, faba bean starch and faba

* Corresponding author.
** Corresponding author.

likely to be blended and interactions between the biopolymers will in-
fluence the formation and texture of the final gel. Depending on the final
food product, different gel textures and structures will be acceptable.
The gelling properties and mixability of starch and protein are among
the most important features in food formulation (Onwulata, Tunick, &
Thomas-Gahring, 2014; Schorsch, Wilkins, Jones, & Norton, 2001).
Gelatinisation is a process whereby starch granules swell and leach
out amylose during heating in excess water. According to Walstra
(2002), as the system cools a gel can develop through the formation of
microcrystallites between the amylose chains and/or as a closely packed
system of granules, with the amylose layer acting as glue between the
granules. Faba bean starch gels are reported to be strong and firm (Li
et al.,, 2019). Faba bean also has high final viscosity during pasting,
which has been attributed to the relatively high amylose content
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(Ambigaipalan et al., 2011; Li et al., 2019; Punia, Dhull, Sandhu, & Kaur,
2019; Zhang, Tian, Wang, Jiang, & Li, 2019) that aggregates to form a
gel network upon cooling. High amylose content has also been related to
retarded swelling of starch granules (Nilsson et al., 2022; Sasaki &
Matsuki, 1998; Tester & Morrison, 1990; Vamadevan & Bertoft, 2020).
Faba bean starch has been found to leach out more amylose than other
bean varieties with similar amylose content, contributing to a rise in
viscosity (Ambigaipalan et al., 2011; Ambigaipalan, Hoover, Donner, &
Liu, 2013). Two other factors that result in faba bean starch gels having
higher viscosity than e.g. wheat starch gels are larger size of the swollen
granules and higher prevalence of larger polymer chains (Nilsson et al.,
2022). Amylose and amylopectin molecular weight in faba bean starch is
reported to be 10-20 MDa and 60-100 MDa, respectively, and heating
the starch at a higher rate (12 °C/min vs 1.5 °C/min) to temperatures
below peak viscosity (119 °C for faba bean) has been found to produce
the most viscous gels (Nilsson et al., 2022). The temperature range for
gelatinisation of faba bean starch has been shown to be 59-75 °C
(Ambigaipalan et al., 2011; Li et al., 2019; Nilsson et al., 2022; Punia
et al.,, 2019; Zhang et al., 2019), with pasting commencing at around
77 °C.

Similarly to starch gelatinisation, protein gelation is an essential
process in the production of many foods. Most legumes, including faba
bean, contain mainly globular proteins (Kimura et al., 2008; Nicolai &
Chassenieux, 2019). The globular proteins in faba bean can be divided
into two major fractions, hexameric legumin-type (11S) and trimeric
vicilin-type (7S) globulins, with an approximate size of 330 and 150
kDa, respectively (Sharan et al., 2021; Warsame, O’Sullivan, & Tosi,
2018). Gelation of globular proteins occurs by complete or partial
denaturation of the protein, exposing hydrophobic residues and other
interaction sites (Zha, Rao, & Chen, 2021). The newly exposed parts of
the protein interact and aggregate to form a network if the protein
concentration is sufficiently high (Zha et al., 2021). The gelation process
and gel properties of proteins are affected by multiple factors, such as
pH, presence of salt, extraction method and protein source (Langton
et al., 2020; Ma et al., 2022; Nicolai & Chassenieux, 2019). A denatur-
ation point within the range 75-95 °C, depending on the ionic strength
of the environment, has been reported for the 7S and 118 fractions in
faba bean protein (Kimura et al., 2008). Gelation of faba bean protein
and the effects of salt, pH and extraction method have been studied
previously (Langton et al., 2020). The effect of partly replacing faba
bean protein with starch and/or fibre has been investigated previously,
resulting in an increased storage modulus of gels whilst the fracture
stress was simultaneously reduced (Johansson, Johansson, et al., 2022).

In brief, concentrated starch gels can be described as a composite
system consisting of swollen granules embedded in a three-dimensional
network of aggregated amylose chains (Yang, Irudayaraj, Otgonchimeg,
& Walsh, 2004), while globular proteins form fine-stranded gel net-
works at high repulsion or a coarse-stranded network of colloidal par-
ticles as the isoelectric point is approached (Langton et al., 2020;
Langton & Hermansson, 1992). Depending on the ratio of starch to
protein, gel formation and properties may differ, with e.g. higher protein
content in starch-protein composite gels being associated with
augmented pasting temperature and reduced gel firmness (Bravo-Niinez,
Garzon, Rosell, & Gomez, 2019; Joshi, Aldred, Panozzo, Kasapis, &
Adhikari, 2014; Ntinez-Santiago, Bello-Pérez, & Tecante, 2004; Onate
Narciso & Brennan, 2018; Onwulata et al., 2014; Ribotta, Colombo,
Leon, & Anon, 2007; Yang et al., 2004). According to Eliasson (1983),
higher protein content alters the water retention capacity of the system
because the proteins compete with starch for available water, thereby
causing an increase in pasting temperature. Protein adsorption to
granule surfaces during pasting could explain both the reduced pasting
viscosity and increased pasting temperature, as the adsorbed proteins
would restrict water diffusion and thus reduce and delay granule
swelling (Bravo-Nunez et al., 2019; Bravo-Nunez & Gomez, 2019; Onate
Narciso & Brennan, 2018). Joshi et al. (2014) found that the pasting
temperature increased from 73.5 °C in 100% starch systems to 82.4 °Cin
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50:50 lentil starch/lentil protein systems, and attributed this to the
characteristically high denaturation temperature (118 °C) of lentil
protein isolate. The decrease in pasting viscosity with increasing protein
content may also be partly due to an overall reduction in the starch
fraction, as starch tends to form more viscous pastes. However, the
apparent viscosities of blends were reported to be higher in the corre-
sponding diluted starch systems, indicating that protein-starch in-
teractions also alter the gelatinisation and gelling properties
(Bravo-Nunez et al., 2019; Bravo-Nunez & Gémez, 2019).

Breakdown viscosity has also been found to be lower for starch-
protein mixtures compared to that of the corresponding sample con-
taining only starch (Onate Narciso & Brennan, 2018; Onwulata et al.,
2014). In a study adding 10% extra protein, breakdown of starch-protein
mixed pastes was no longer detected, suggesting that the protein gel
network increased the resistance to mechanical shearing (Joshi et al.,
2014). During cooling of starch dispersions, gelation occurs as amylose
and amylopectin aggregate to form a gel network, but higher protein
content has been found to correlate with a reduction in final viscosity
(Bravo-Ntnez et al., 2019; Bravo-Ntnez & Gomez, 2019; Joshi et al.,
2014; Onate Narciso & Brennan, 2018; Onwulata et al., 2014; Ribotta
etal., 2007). The amylose:amylopectin ratio in starch has been shown to
have an effect on the viscosity and gel strength of composite gels, with
the reduced viscosities associated with incorporation of protein being
more pronounced for high-amylose starches (Joshi et al., 2014; Onate
Narciso & Brennan, 2018). Studies by Onate Narciso and Brennan
(2018) and Onwulata et al. (2014) revealed that proteins appeared to
prevent molecular rearrangement of amylose, resulting in weaker gels.
In contrast, the rigidity of high-amylopectin starch gel has been shown
to increase with additional protein, as the protein acts as a filler
(Onwulata et al., 2014).

Gels with higher solids content tend to be firmer and stronger, e.g.
Yang et al. (2004) found that the reducing effect of protein on gel
firmness became less marked as the solids content increased. Shim and
Mulvaney (2001) observed a similar effect in gels with 15% solids
content, where addition of whey protein isolate had a diluting effect on
corn starch (Shim & Mulvaney, 2001). As the solids content increased to
30% in that study, separate phases in the mixtures were still present but
the complex modulus (G*) increased, suggesting that the gel structure
was maintained by the higher solids content.

The aim of the present study was to evaluate gel formation and
pasting properties of different faba bean starch-protein gel mixtures. Gel
microstructures were evaluated and continuous and discrete phases in
the gels were identified. The gel structures observed were then
compared against physical and textural attributes of the gels. By un-
derstanding the role of protein and starch in composite gel systems,
products with tailored textures and functionality can be developed.

2. Materials and methods

To assess gel formation and properties, different analytical tech-
niques were applied at different stages of gel production. The key steps
in gel production are summarised, together with the analytical tech-
niques applied during the different steps of gel formation, in Fig. S1 in
Supplementary Information (SI).

2.1. Materials

The protein and starch fractions used in this study were isolated from
dehulled and finely milled faba beans (Vicia faba var. Gloria) grown in
central Sweden, harvested and dried in 2016. The beans were kindly
provided by RISE (Research Institutes of Sweden). Based on previous
characterisations by Johansson, Johansson, et al. (2022), the composi-
tion of the protein fraction was: protein 77.3%, starch 0.3%, fibre 1.0%,
fat 3.4% and ash 8%, while that of the starch fraction was: protein 0.5%,
starch 94.5%, fibre 2.2%, fat 0.3% and ash 0.2%.

Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were
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purchased from Merck, ethanol from Solveco, osmium tetroxide and
glutaraldehyde from Ted Pella, ruthenium red and light green from
Sigma-Aldrich, Technovit 7100 from Kulzer and iodine from Fluka.

2.2. Extraction

Extraction of the protein and starch fractions was performed using
methodology described previously (Johansson, Nilsson, Knab, & Lang-
ton, 2022). In brief, dehulled and milled faba beans were dispersed in
de-ionised water with pH adjusted to 9. Protein was separated from
starch and fibre by centrifugation and precipitated from the supernatant
by adjusting the pH to 4. The mixture was further centrifuged and
washed once before adjusting the pH back to 7 and freeze-drying. The
pellet from the initial centrifugation was used to extract starch. First, the
pellet was re-dispersed in de-ionised water and the pH was adjusted to
9.5. The mixture was then stirred for 24 h at room temperature and left
to stand without agitation for an additional 24 h at 4 °C, followed by
centrifugation and washing until pH 7 was reached. Finally, the starch
was separated by filtering through a 70 pm nylon filter and dried at
40 °C.

2.3. Gel formation

Starch and protein flours were mixed well and then dispersed in
distilled water to obtain a final concentration of 12% (g flour/g sample)
The following starch:protein (S%P%) ratios were produced (values in
brackets are percentage starch or protein in the total sample):

S100PO: Starch 100% (12%), protein 0% (0%)
S90P10: Starch 90% (10.8%), protein 10% (1.2%)
S80P20: Starch 80% (9.6%), protein 20% (2.4%)
S70P30: Starch 70% (8.4%), protein 30% (3.6%)
S60P40: Starch 60% (7.2%), protein 40% (4.8%)
SOP100: Starch 0% (0%), protein 100% (12%)

Initial trials conducted to identify the ideal solids content for the gels
revealed that 12% solids content was a good intermediate concentra-
tion, as S60P40 samples were able to form freestanding gels and S90P10
samples did not form too viscous pastes for handling during the gel-
making process.

To make the gels, the dispersions were stirred at 500 rpm at room
temperature for 40 min and then stirred in a water bath at 65 °C for an
additional 20 min, with the aim of avoiding sedimentation of the starch
and maintaining a homogenous mixture for gelation. To produce gels of
suitable size for compression tests and microscopy, 3-mL samples were
loaded into hollow glass tubes with inner diameter 12 mm. The bottom
of each glass tube was closed with a rubber lid and the top with thread
tape punctured with a small hole to prevent pressure build-up. The
samples were heated in a water bath (DYNEO DD-1000F Refrigerated/
heating circulator, Julabo, Seelbach, Germany) from 65 to 95 °C at a rate
of 1.5 °C/min. After a 30-min holding time at 95 °C, the samples were
cooled to 25 °C at a rate of 1.5 °C/min. The gels were then left at room
temperature for approximately 30 min before being stored at 4 °C
overnight.

2.4. Hydration and water binding properties by centrifugation

Hydration and water binding properties were analysed before and
after heat treatment, following the methodology of Bravo-Ntnez and
Gomez (2019) with some slight modifications. The hydration properties
were assessed by measuring water binding capacity (WBC), i.e. the
amount of water retained by samples before heating, which was deter-
mined by making 12% (w/v) flour mixture-water solutions. To ensure
complete dispersion, the samples were quickly vortexed before being
magnetically stirred for 40 min at 500 rpm. The samples were then
centrifuged at 580xg for 10 min, the excess water was removed and the
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remaining hydrated solids were weighed. WBC was calculated as grams
of water retained per gram of dry sample.

For further assessment of the water binding properties after heat
treatment, water absorption index (WAI), swelling power (SP) and water
solubility index (WSI) were determined (Bravo-Ntnez & Gomez, 2019).
For analysis, 120 mg of sample (Wi) were dispersed in 1 mL of de-ionised
water and the samples were prepared in the same manner as described in
section 2.3 until cooling to 25 °C. The samples were then left to stand
overnight at 4 °C, prior to being centrifuged at 3000xg at 4 °C for 10
min. The supernatant was decanted and dried at 105 °C for 8 h, giving
the dry solids weight (Ws). The remaining pellet was also weighed (Wr).
WAL, WSI and SP were calculated using the following equations:

Wi
Water Absorption Index (E) :—’j (€]

g Wi

. g Ws
1 . P 2
Water Solubility Index (100g> Wi * 100 (2)
5 F4 Wr

Swelling Power | =) = 3
welling Power (g) Wiz ws 3)

2.5. NMR spectroscopy

Sample preparation for nuclear magnetic resonance (NMR) spec-
troscopy followed the method described by Larsen et al. (2013) with
slight modification. For this, 50 pg of flour or flour mixtures with starch:
protein ratio 60:40 and 90:10 were weighed out and packed into 4 mm
ZrOy rotors. The moisture content in the flours was 4.0% (starch) and
6.4% (protein). Then 50 pL of DO were inserted into the rotor using a
Hamilton Microliter® #810 syringe. To equilibrate the D0 within the
rotor, the samples were left to stand for 1 h prior to spinning at 9 kHz for
1 h to ensure proper mixing of flour and D50.

NMR spectra (carbon-13 (13C) cross-polarisation magic angle spin-
ning (CPMAS) and single-pulse excitation magic angle spinning
(SPMAS) were obtained using a Bruker Avance III 600 MHz spectrom-
eter equipped with a double-resonance 4 mm (1H&19F)/(15N-31P)
CPMAS probe. The CPMAS spectra were recorded with a contact time of
1-2 ms and a repetition delay of 2.5-5 s. The NMR measurements were
performed at a spinning frequency of 8 kHz and at three different tem-
peratures; first at 25 °C before heating, then at 85 °C and finally at 25 °C
after cooling. The maximum temperature was set to 85 °C, due to the
limits of the instrument. All samples were analysed in triplicate.

2.6. Hot-stage microscopy

Swelling of the starch granules was visualised following the method
described by Nilsson et al. (2022). Suspensions with starch-protein
mixtures of 10 mg/mL were mixed for 40 min and then 80 pL of sam-
ple were pipetted onto a cover slip and 15 pL of diluted Lugol’s stock
solution were added to dye the starch. The samples were covered with a
slightly smaller coverslip and sealed using nail polish. A tensile strength
test stage (model TST350, Linkam Scientific Instruments, Surrey, UK)
with heating capacity was attached to the light microscope (Nikon
Eclipse Ni-U microscope, Tokyo, Japan) for temperature control. The
heating rate was 5 °C/min within the range 30-95 °C. Samples were
observed under bright-field light using a Plan Fluor 10 x (0.30 N.A.)
objective. For observations under polarised light, samples were prepared
in the same manner, with the exception of iodine staining. Micrographs
were captured with a Nikon Digital Sight DS-Fi2 camera (Nikon, Tokyo,
Japan) every 12 s. Captured micrographs had a pixel size of 1.21 pm
(data size: 2560 x 1920 pixels). All micrographs acquired were analysed
and compared visually, to pinpoint the temperature at which major
changes in granules occurred.
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2.7. Effect of heating on iodine dyeing of starch

To test the effect of heating on iodine dyeing, 200 mg flour were
dispersed in 20 mL distilled water in capped heat-proof glass test tubes,
2 mL of Lugol’s solution were added to each sample and the samples
were heated in a water bath from 20 to 95 °C at 1.5 °C/min. Starting at
20 °C and at 10 °C intervals up to the final temperature (90-95 °C), the
test tubes were shaken to ensure that flour and iodine were dispersed in
the mixtures and 1-mL aliquots of each solution were collected in
separate Eppendorf tubes and immediately placed on ice to cool.
Duplicate 200 pL aliquots were then pipetted onto a 96-well plate. The
samples were shaken for 2 min and absorbance was measured at 510 nm.
Distilled water with iodine subjected to the same heat treatment was
used as a control. All samples were analysed in duplicate.

2.8. Rheology

2.8.1. Pasting (95 °C)

Pasting data were obtained using a Discovery HR-3 rheometer (TA
Instruments, New Castle, DE, USA) equipped with a Peltier pressure cell
and steel starch paddle. Starch-protein mixtures with a solids content of
12% in solution were mixed at 20 °C for 40 min at the instrument
maximum of 50 rad/s. For the remainder of the experiment the stirring
rate was set to 16.75 rad/s, which is equivalent to the standard rota-
tional rate of 160 rpm used in the rapid visco-analyser. As in the gelation
process, samples were heated to 95 °C at a heating rate of 1.5 °C/min
and kept at 95 °C for 30 min under constant stirring. Samples were
cooled to 25 °C at a cooling rate of 1.5 °C/min and then kept for 30 min
at 25 °C under constant stirring. All samples were analysed in duplicate.

2.8.2. High-temperature pasting (150 °C)

To investigate how the starch:protein ratio influenced peak viscosity,
high-temperature pasting measurements were performed. Previous
work has reported that peak viscosity of (pure) faba bean starch occurs
at 119 °C (Nilsson et al., 2022). However, initial high-temperature
pasting trials on the starch-protein mixtures in the present study
revealed that the samples needed to be heated to 150 °C to guarantee
that peak viscosity was achieved for all samples.

As in the lower-temperature pasting experiments (section 2.8.1), the
flour solutions were mixed in the instrument for 40 min at 50 rad/s at
20 °C. During the pasting analysis, the heating cycle used was 20-150-
25 °C with a heating and cooling rate of 5 °C/min and a constant stirring
rate of 16.75 rad/s. The samples were kept for 5 min at the maximum
temperature (150 °C) and 5 min at the end-set (25 °C) temperature. The
main aim of the high-temperature pasting analysis was to determine
how peak viscosity differed between the samples and identify any
behavioural pattern present depending on the starch:protein ratio. The
higher heating/cooling rate was applied to improve experimental effi-
ciency, by reducing the time required for each trial, as overall relative
pasting behaviour of the samples did not appear to change. Samples
were analysed in duplicate.

2.8.3. Oscillatory rheology

The gelation process and viscoelastic properties of the gels were
evaluated using a Discovery HR-3 rheometer (TA Instruments, New
Castle, DE, USA) equipped with a 40-mm aluminium plate. Samples
were prepared as described in section 2.3, excluding the final gelation
step in the glass tubes. Paraffin oil, covering the exposed parts of the
sample, was combined with a custom-made solvent trap to limit evap-
oration. The gelation process was monitored at 0.5% strain during a
temperature ramp consisting of heating from 65 °C to 95 °C at a rate of
1.5 °C/min and 30 min holding time at 95 °C before cooling at 1.5 °C/
min to 25 °C, followed by an additional holding time of 30 min. After the
temperature ramp, a frequency sweep was run from 0.628 to 100 rad/s
at 0.5% strain and 25 °C. Finally, an amplitude sweep was performed
from 0.01 to 100% at 1 Hz and 25 °C to determine the linear viscoelastic
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region (LVR) and ensure that all measurements were performed within
this region. The LVR was defined as the strain at which a 5% loss in
storage modulus was observed. All oscillatory rheology measurements
were performed in triplicate.

2.9. Compression tests

Gels prepared as described in section 2.3 were allowed to equilibrate
to room temperature for 1 h before being cut into cylindrical pieces with
height 14 mm and diameter 12 mm. The samples were compressed to
70% of their original height at a rate of 1 mm/s using a texture analyser
(Stable Micro Systems, TA-HDi, Surrey, UK) equipped with a 500 N load
cell and a 36 mm cylindrical aluminium probe. A trigger force of 0.05 N
was used to initiate measurement and data collection. Due to the weak
nature of the 60:40 gels, a trigger force of 0.01 N was used to reduce the
compression of these gels occurring before data collection started. To
account for changes in cross-section during compression, true stress and
true strain were calculated as described previously (Munialo, van der
Linden, & de Jongh, 2014). True fracture stress and true fracture strain
(hereafter referred to simply as fracture stress and fracture strain) were
defined as the maximum true stress and corresponding true strain at the
first clear peak before fracture. Young’s modulus was calculated as the
slope of the true stress-true strain curve during the initial 1-5% of
deformation. This specific region (1-5%) was chosen to be within the
initial linear region of the curve without including the potentially noisy
first few measurements. Compression tests were performed for each
sample, in three batches of 4-8 gels each. Statistical analysis was per-
formed on the mean value obtained for each batch.

2.10. Microstructural characterisation of gels

Gels for microscopy were prepared as described in section 2.3.
Samples for both light microscopy and scanning electron microscopy
(SEM) were prepared similarly as described previously (Johansson,
Johansson, et al., 2022).

2.10.1. Light microscopy

Gels were cut into approximately 2 x 2 x 2 mm® cubes and fixated
overnight in 2.5% glutaraldehyde and 0.1% ruthenium red. The gels
were then further fixated in 1% osmium tetroxide for 2 h, followed by
dehydration in a series of solutions with increasing ethanol concentra-
tion. Thereafter, the gels were embedded using Technovit 7100 and
sectioned (Leica Microsystems GmbH, Leica EM UC6, Wetzlar, Ger-
many) into 1 pm thick sections. The light microscope (Nikon, Eclipse
Ni-U microscope, Tokyo, Japan) was equipped with a 60 x (1.4 N.A.)
plan apochromatic objective and micrographs were captured using a
Nikon Digital Sight DS-Fi2 camera (Nikon, Tokyo, Japan) with 0.08 pm/
pixel (data size: 2560 x 1920 pixels).

2.10.2. Scanning electron microscopy

For SEM, samples were prepared as for light microscopy up to
dehydration in ethanol. After dehydration, the samples were critical
point-dried (Quorum Technologies Ltd, K850 Critical Point Dryer, East
Sussex, UK), fractured and sputter-coated with gold (Cressington Sci-
entific Instruments, Sputtercoater-108 auto, Watford, UK). Samples
were then examined in the SEM device (Hitachi, FlexSEM 100011, Tokyo,
Japan) at 5 kV and micrographs were digitally recorded at two different
magnifications (9.92 and 4.96 nm/pixel, data size: 2560 x 1920 pixels).

2.11. Statistical analyses

Data on hydration and water binding properties, rheological mea-
surements and results of compression tests were analysed by analysis of
variance (ANOVA) and pairwise comparison (Tukey) with a significance
level of 95% (p < 0.05), using R studio (Version 1.2.5033, RStudio Inc.,
MA, USA). After evaluation of the residuals, G/, end of LVR, n-values and
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fracture stress values were log-transformed to obtain normally distrib-
uted residuals before statistical analysis (ANOVA and pairwise com-
parison (Tukey)). Similarly, the inverse of tan & values was used in
statistical analysis. Pearson correlation coefficients were calculated to
gain an overall understanding of parameters affected by the starch:
protein ratio and to determine whether correlations between the pa-
rameters were significant.

3. Results and discussion
3.1. Hydration and water binding properties

The water binding capacity (WBC) increased with increasing starch
content (Table 1). A negative WBC was observed for the sample con-
taining only protein (SOP100), presumably because the protein dis-
solved in the water and was decanted with the supernatant.

The water absorption index (WAI) values of all samples increased
dramatically after heat treatment but the gels with higher starch content
still had higher water absorption, indicating that starch had a higher
affinity for water than protein. The swelling power (SP) value also
increased with increasing starch content and the correlation between
WAI and SP was high (r = 0.86; p = 0.002). The swelling power of starch
granules has previously been found to correlate with amylopectin con-
tent and faster heating rate (Nilsson et al., 2022; Tester & Morrison,
1990).

The WSI value of the samples increased with increasing protein
content. The supernatant from both the hydration and gelation analysis
was much clearer for the composite mixtures with higher starch content,
corresponding to lower WSL

3.2. NMR results

The '3C-CPMAS NMR spectra at 25 °C of powder of starch, protein
and a 50:50 starch-protein mixture are shown in Fig. 1, with assignments
of the C1 to C6 resonances of the glucose-repeating unit in the starch
indicated on top of the spectra. Assignments of the major protein signals
are also shown.

Hydration often leads to large changes in the molecular mobility of
starch. 13C solid-state NMR has been used in a number of studies to
follow hydration of the polysaccharide (Garbow & Schaefer, 1991;
Larsen, Blennow, & Engelsen, 2008; Larsen et al., 2013; Morgan, Fur-
neaux, & Larsen, 1995; Tang & Hills, 2003; Zhu, 2017). Two types of 3¢
NMR spectroscopy, CPMAS and SPMAS, were used to monitor hydration
in this study. Cross-polarisation (CP) depends on heteronuclear dipolar
couplings between the 'H and '°C nuclei and if these couplings are
averaged because of rapid molecular motion due to hydration, then CP
will not occur. NMR signals from mobile components can be observed
instead by a single pulse NMR experiment as performed in the
solution-state. The CPMAS signals are interpreted as “rigid” carbons and
SPMAS signals as “mobile” carbons. Thus, in CPMAS spectra, resonances

Table 1

Hydration and water binding properties of the starch-protein (S%P%) mixtures.
Values shown are mean + 1 st.dev. Different superscript letters indicate signif-
icant differences (p < 0.05).

Water binding Water absorption ~ Water Swelling
capacity (WBC) index (WAI) solubility index power (SP)
(WSD
S100P0 1.4 + 0.0° 11.7 + 0.4° 25+ 0.1f 12.0 + 0.4°
S90P10 1.2 +0.0° 10.3 + 0.2° 5.7 +0.4° 10.9 + 0.2°
S80P20 1.1 +0.0° 9.5+ 0.0° 12.5 + 0.5¢ 10.8 +
0.03°
S70P30 0.9 +0.1¢ 81+0.1¢ 20.0 + 0.6° 10.2 +0.1™
¢
S60P40 0.8 % 0.0° 7.0 +0.3° 29.7 + 2.6" 9.9+0.1°
SOP100  —0.4 + 0.1 2.5+ 0.2 73.6 + 1.8 9.6 + 0.4°
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Fig. 1. Nuclear magnetic resonance 13C.CPMAS spectra of powder of (top)
50:50 (w/w) starch-protein mixture, (middle) protein and (bottom) starch.

from carbons originating from immobile regions are enhanced, while in
SPMAS spectra carbon resonances from immobile and mobile regions
are enhanced.

Addition of water to starch resulted in attenuation of signal in-
tensities in the amorphous region. After addition of water, the signals
around 80-84 ppm, corresponding to C4, almost completely dis-
appeared (Figs. 1 and 2). This is consistent with previous findings and
derives from hydration-induced mobilisation of the amorphous starch,
leading to reduced cross-polarisation efficiency. Hydration also resulted
in an increase in spectral resolution for the ordered polysaccharide, due
to reduced conformational distribution and substantial decreases in the
signals from the amorphous region. The signals in the SPMAS spectra
were sharp and the spectra were similar, although with broader reso-
nances, to the solution-state spectra of soluble starch (Fig. 2). The in-
crease in temperature to 85 °C led to a strong decrease in signal to noise
ratio in the CPMAS spectra, but to a significant increase in spectral
resolution in the SPMAS spectra. This indicates, as shown previously by
others, that gelatinisation reduced the amount of immobile fraction of
starch. Lowering the temperature back to 25 °C led to NMR spectra
similar to those obtained before the temperature increase.

Addition of water to the S90P10 and S60P40 samples gave CPMAS
and SPMAS spectra for starch that were similar to those obtained for
starch alone (Figs. 2 and 3). However, closer inspection showed some
small differences between the S90P10 and S60P40 samples, e.g. the C4
resonances at 80-84 ppm were not completely eliminated in the CPMAS
spectra of the S60P40 samples at 25 °C. Narrower lines in the SPMAS
NMR spectra are indicative of more efficient hydration and higher
mobility. Thus, the narrower line width of the resonance in the SPMAS
spectra of the S90P10 samples (60-90 Hz) compared with the S60P40
samples (130-140 Hz) suggests that hydration of starch was slightly
more efficient in the S90P10 samples at 25 °C.

The differences between the S90P10 and S60P40 samples became
more clear upon heating to 85 °C. The S90P10 samples showed results
similar to that of pure starch, with a clear decrease in the signal to noise
ratio in the CPMAS spectra and a significant increase in spectral reso-
lution in the SPMAS spectra (Fig. 3). In contrast, only a slight decrease in
the signal to noise ratio in the CPMAS spectra was observed for the
S60P40 samples upon heating. Furthermore, the increase in spectral
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Fig. 2. Nuclear magnetic resonance 1>C CPMAS spectra (left) and SPMAS spectra (right) of hydrated starch (top) at 25 °C after heating to and cooling from 85 °C,
(middle) at 85 °C and (bottom) at 25 °C. CPMAS signals interpreted as “rigid” carbons and SPMAS signals as “mobile” carbons.
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Fig. 3. Nuclear magnetic resonance '*C CPMAS spectra (left) and '3C SPMAS spectra (right) of (top to bottom) the samples S60P40 at 85 °C, S90P10 at 85 °C, 60S40P

at 25 °C and 90S10P at 25 °C. *Background signal.

resolution was less pronounced for the S60P40 samples compared to the
S90P10 samples. This indicates that the amount of immobile fraction
was reduced less upon heating when more protein was present in the
system. Le. the hydration of starch seemed to be hampered by the
addition of protein, which in turn could potentially influence the
physiochemical properties of the starch. It is possible that, due to the
relatively high solid to liquid ratio used for NMR experiments, the
observed difference is simply a result of the protein absorbing water and
reducing the water availability for the starch. However, further studies
would be needed to clarify the mechanism behind this effect.

The assessments of water binding properties (Table 1) showed that
WBC, WAI and SP of the mixtures increased as starch content increased,
which may be because of increased starch content but also, as indicated

by the NMR results, because of differences in hydration efficiency be-
tween the starch and protein. Addition of gluten (Eliasson, 1983), soy
(Ribotta et al., 2007) and whey (Onate Narciso & Brennan, 2018) pro-
tein has been shown to delay diffusion of water into starch due to its
presence on the surface of starch granules. The decrease in hydration
efficiency with increasing content of faba bean protein may have been
the result of limited water diffusion.

3.3. Hot stage microscopy

Micrographs of the different starch-protein samples at 30, 67, 73 and
90 °Care shown in Fig. 4. At 30 °C, the colour intensity, size and shape of
the starch granules were similar for all samples. As the temperature
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Fig. 4. Micrographs of samples S100P0 (A-D), S90P10 (E-H), S80P20 (I-L), S70P30 (M-P), S60P40 (Q-T) and SOP100 (U-X) under hot-stage microscopy at a
temperature of 30 °C (first column A-U), 67 °C (second column B-V), 73 °C (third column C-W) and 90 °C (fourth column D-X). Scale bar = 100 pm. The starch
granules were stained purple/blue by iodine, with the colour intensity decreasing for each sample as the temperature increased. The yellow circles for samples
S60P40 and SOP100 indicate areas where starch granules had completely lost their colour. The grey circle, as seen in figure X, indicate air bubbles.

increased the starch granules began to swell, with swelling initiating at
around 63 °C and the most pronounced swelling at 70 °C. There was a
gradual increase in granule size as the temperature increased to 67 °C,
73 °C and 90 °C (Fig. 4). The gradual increase in the size of the starch
granules during heating is also evident in Fig. S2 in SI. From the granule
size distribution, the protein-rich sample S60P40 appeared to have the
smallest granules at both 30 and 67 °C, which may tie in with the NMR
observation that mixture S60P40 showed slightly less efficient starch
hydration. There was a tendency for the largest starch granules to be
found in samples S90P10 and S80P20, indicating that addition of pro-
tein may have had a small effect in delaying granule swelling. However,
this tendency was very weak overall, with no distinct difference between
the populations, making it challenging to draw any direct conclusions on

whether starch swelling was delayed by the presence of protein.
Furthermore, faba bean starch has a relatively high amylose content
compared to mony other starches (Nilsson et al., 2022). High amylose
content has previously been related to retarded swelling of starch
granules (Nilsson et al., 2022; Sasaki & Matsuki, 1998; Vamadevan &
Bertoft, 2020). It is possible that the effect of amylose on granule
swelling was affected by the presence of protein and difference in starch
content between samples.

Examination under polarised light revealed that samples with starch
content >60% completely lost their birefringence at temperatures
similar to that at which swelling occurred (around 70 °C). In the sample
with no added protein (SOP100), birefringence was completely lost
already at around 63 °C. Starch birefringence under polarised light is
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caused by radial alignment of the crystalline amylopectin and is lost as
the granules swell and lose their crystalline structure (Ambigaipalan
etal, 2011; Li et al., 2019).

As the granules swelled, they became lighter and less intensely col-
oured. The loss of colour under progressive heating was more noticeable
for the samples with higher protein content, indicating that the protein
somehow interfered with or altered iodine dyeing of the starch, or that it
interacted with the starch, inhibiting the formation of starch-iodine
complexes. A possible explanation is that iodine formerly bound to
and staining the starch granules bound to the protein instead at higher
temperatures. At 95 °C, the S60P40 sample had completely lost its
colour, with some of the starch granules in this sample losing their
colour already at 90 °C (Fig. 4T). Areas where the starch granules in
samples SOP100 and S60P40 lost their colour completely are indicated
with yellow circles in the micrographs in Fig. 4. For the samples with
starch content >70%, complete loss of colour of all granules was not
observed. Samples SI00PO and S90P10 retained their colour relatively
well throughout the heating (Fig. 4D and H). For sample SOP100
(Fig. 4U-X), where no starch was added to the mixture, any starch
present was residual starch from protein isolation, which started to lose
colour at 57 °C and lost its colour completely at around 60 °C in all
micrographs.

3.4. Iodine binding capacity during heating

Fig. 5A shows the colouration of iodine staining in the different
samples at different temperature intervals from 20 to 95 °C, while
Fig. 5B shows the corresponding absorbance measured at 510 nm. For
samples S90P10, S80P20, S70P30 and S60P40, the absorbance and
observed colour intensity of the iodine staining decreased as the tem-
perature of the mixture increased. As already observed in the hot-stage
micrographs, the loss of colour was more prominent in the samples with
higher protein content, with complete loss of colouration occurring at
lower temperatures (50 °C for S60P40, 60 °C for S70P30, 70 °C for
S80P20 and 80 °C for S90P10). For the pure starch sample S100P0, the
measured absorbance remained constant up to and including 60 °C,
while at 70 °C the absorbance peaked before decreasing. In a previous
study, we found that gelatinisation of faba bean starch extracted from
the same batch of raw beans occurred between 67 and 73 °C (Nilsson
et al., 2022), so increased granule size might explain the observed peak
in absorbance. As the temperature continued to increase measured
absorbance decreased but, unlike in the other samples, there was no
complete loss of colour for sample S100P0.

To verify that the loss in colour in the protein-rich samples was not
due solely to the lower concentration of starch, a new sample S60P0 was
prepared containing the same quantity of starch as the S60P40 sample
but without any added protein (i.e. the overall solids content was lower).
Sample S60PO showed similar behaviour to the pure starch sample
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S100P0, with iodine colouration better maintained and not completely
lost at higher temperatures. Hence, the loss in colour was not simply a
consequence of the reduced starch content in the mixed samples.

Unheated starch in contact with iodine turns into a characteristic
blue-black colour, as the iodine forms complexes inside the long helical
chains of linear amylose. The highly branched amylopectin, with much
shorter but more numerous chains, turns into a reddish-brown colour
upon contact with iodine (Hollo & Szejtli, 1958; Huber & Bemiller,
2017). Loss of colour of starch-iodine mixtures upon heating is a
well-known phenomenon believed to be caused by the complex
decomposing at elevated temperatures (Fonslick & Khan, 1989). The
starch-iodine reaction has an exothermic equilibrium, with the iodine
colouration recovering upon cooling. However, for the starch-protein
mixtures in this study, the discolouration caused by heating did not
recover after the samples were cooled, indicating that some interaction
between protein-iodine and/or protein-starch prevented the reaction
from returning to its original equilibrium. There was also no recovery of
colour for the pure starch sample when tested at a lower iodine con-
centration (200 pL Lugol’s solution instead of 2 mL) (Fig. S3 in SI). On
adding iodine to the cooled samples, the mixtures turned blue-black
again.

One possible explanation for the observed loss of colour is that the
protein in the samples had a higher affinity for iodine than the starch,
resulting in less iodine binding to starch in the presence of protein. The
lower iodine concentration tested here resulted in loss of colour upon
heating that was relatively similar to that seen for S60P40 (Fig. S3).
Other possible explanations are complex formation between the starch
and protein or protein adsorption on the surface of starch granules,
preventing the iodine from binding to amylose. Encapsulation of corn
starch granules by whey protein has been reported (Yang, Zhong, Goff,
& Li, 2019). The iodine dyeing intensity may also be reduced if the
amylose spiral cavity is occupied by guest molecules, thus hindering
amylose-iodine complex formation. Further tests involving mixing the
starch and Lugol’s solution before addition of protein, compared with
mixing the starch and protein before addition of Lugol’s solution,
resulted in a delay in observed colour loss as the temperature increased
(Fig. S3). This indicates that competition for iodine is the more likely
explanation for the observed loss of colour, with iodine previously
complexed with starch instead bonding with the protein as the complex
decomposed because of heating, and remaining bound to protein and no
longer available to form a complex with starch again after cooling,
resulting in the cooled mixture remaining discoloured. However, further
studies are needed to fully identify the mechanism behind the observed
loss in colour.

3.5. Pasting

Fig. 6 shows the pasting curves of the starch-protein mixtures during
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Fig. 5. (A) Image of iodine-stained starch-protein (S%:P%) mixtures at different temperatures and (B) corresponding absorbance measured at 510 nm.
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Fig. 6. Pasting curves of the starch-protein (S%P%) mixtures on heating to (A) maximum temperature 95 °C and (B) maximum temperature 150 °C.

heating to 95 °C and 150 °C. Although the shape of the curves differed,
both graphs show that apparent pasting viscosities increased with higher
starch content. This was observed from the thickness of the pastes
already during analysis in the laboratory. At both temperatures, the
SOP100 sample had the lowest final viscosity and did not form a gel in
the pressure cell. Samples S60P40 and S70P30 formed viscous soft gels,
while samples with starch content >80% formed cohesive gels. Another
observation from the pasting analyses was that pasting was initiated at
lower temperatures when the sample contained more starch.

In the pasting curves for heating to 95 °C (Fig. 6A), pasting
commenced at around 73.2 °C for sample S100P0. For sample S90P10,
the pasting temperature increased to 78.3 °C and for sample S60P40 it
was 89.9 °C. For the pure protein sample SOP100, the pasting temper-
ature could not be determined, as no pasting occurred. An absence of
peak viscosity was observed during pasting experiments with heating to
95 °C. This is in line with previous results on faba bean starch and could
possibly be related to the high amylose content which could help
maintain the granular integrity (Hoover, Hughes, Chung, & Liu, 2010;
Nilsson et al., 2022). Samples with a starch content of >70% showed a
plateau during the holding time after the initial viscosity increase in the
cooling phase (Fig. 6, Fig. S4 in SI). For sample S60P40, the viscosity
increased steadily throughout the experiment. Increased protein content
in the samples delayed the onset time for the second increase in viscosity
in the samples. The second onset temperature, when the viscosity
increased again during the cooling phase in the pasting analysis, was
31.6 °C for sample S70P30 and 42.1 °C for sample S100P0. From these
results, it is not possible to conclude whether the difference in pasting
temperature between the starch-rich and protein-rich samples was a
result of the two components interacting or an effect of the starch-rich
gels having overall higher viscosity.

Heating the samples to 150 °C was sufficient to achieve peak vis-
cosity, followed by breakdown of the paste (Fig. 6B). The final viscosities
in the 150 °C measurements were much lower than those in the 95 °C
measurements (Table S1 in SI). The lower final viscosities in the high-
temperature pasting analysis were presumably because of substantial
granule breakdown on heating to 150 °C compared with 95 °C (Nilsson
et al., 2022). However, the difference in heating/cooling rates and
holding time at 25 °C limited comparison of the results of the different
pasting experiments.

As the protein content increased, the temperature at which peak
viscosity occurred also increased and the peak viscosity decreased
(Fig. 6B, Table S1). The peak viscosity was highest (1.11 Pa s) for the
pure starch sample S100P0 and was reached at 121 °C, while for sample
S60P40 peak viscosity was 0.11 Pa s and was reached at 145 °C.
Moreover, the breakdown viscosity of the samples increased with
increasing starch content, most likely due to the higher peak viscosities
of the more starch-rich samples. However, well-maintained viscosity

during the heating and cooling may also suggest molecular entangle-
ment between starch and/or protein molecules in the paste (Onwulata
et al., 2014).

3.6. Oscillatory rheology

Storage modulus (G') was monitored during gel formation (Fig. 7).
The increase in G’ seen during initial heating seemed to occur earlier as
the starch content increased. At a starch content of 80% (of total flour
added) or higher, the gels showed a peak in G’ during heating and
changes during cooling more similar to those in the pure starch gels. At
lower starch contents, the peak observed during heating was not visible,
and the changes in G’ were more similar to those in the pure protein gels.

The loss modulus (G’) showed a similar pattern to G’ (Fig. S5 in SI).
Except in the pure protein gels, G* was lower than G’ throughout the
whole gelation process. In the pure protein gels, G** exceeded G’ during
the initial part of the measurement, before gelation of the sample
occurred. G/, G, tan & and end of LVR of the final gels are summarised in
Fig. 7B-E and Table S2 in SI.

Both G’ and G’ decreased with increasing protein content. Tan & of
the final gels increased with increasing protein content, indicating less
solid-like behaviour of the gels. Except for the pure protein gels, the
amplitude sweep showed a decrease in LVR with increasing protein
content. Large deformation properties, such as the structural breakdown
occurring at high amplitudes during an amplitude sweep, may be
affected by inhomogeneities and structural defects (Dille, Draget, &
Hattrem, 2015; Munialo et al., 2014). Hence, the reduced LVR for the
mixed systems could be related to inhomogeneities in the gel network
created by either the starch, the protein or both. The amplitude sweep
also showed a more distinct breaking point at the end of LVR with
increasing starch content (Fig. S6 in SI), indicating more clear and brittle
fracturing of the starch-rich gels. In contrast, the samples with higher
protein content showed a more gradual decay in G’ as the strain
increased, indicating more creamy behaviour.

The changes in G’ during gelation showed a relatively similar pattern
to those of the pasting curves at 95 °C. However, the peak observed
during heating of the starch-rich samples in the oscillatory measure-
ments (highlighted with arrows in Fig. 7A) was not observed during
pasting at 95 °C, which may be attributable to the continuous shearing
occurring for the pasting measurements potentially being more disrup-
tive for gel formation. The differences between pasting and oscillatory
rheology data observed in the initial part of the measurements, as well as
any potential differences between the pure protein gels, should be
interpreted with caution, due to the erratic data obtained at low torques.

The changes in G’ observed for the pure protein gel were similar, but
lower in absolute terms, to those previously reported for faba bean
protein at higher protein concentrations (Johansson, Johansson, et al.,
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2022; Langton et al., 2020). As the starch content in the mixtures here
increased, G’ also increased and a gradual shift towards the behaviour of
the pure starch sample was observed (Fig. 7A). A similar increase in G/
throughout the gelation process has been observed previously for faba
bean starch-protein systems, although at higher total solids content and
lower proportions of starch (Johanssonet al., 2022a).

An increase in G’ with increasing starch:protein ratio has previously
been reported for lentil starch:lentil protein gels (Joshi et al., 2014).
However, the opposite has been observed for potato protein:potato
starch gels, with an increase in the proportion of starch reducing the G/
value of the gels (Zhang, Mu, & Sun, 2017). These results indicate that
the properties and behaviour of starch-protein gel systems depend on
the source and properties of the starch and protein used.

A study by Muhrbeck and Eliasson (1991) on the rheological prop-
erties of starch-protein mixtures from different sources revealed that the
transition temperature and gelation rate of the two components were
critical for the behaviour of the mixed system. In brief, it was shown
here, that if the starch gelled before the protein, the rheological prop-
erties of the mixed gel system could be predicted by simple addition of
the modulus values of its individual components. If the protein gelled
before the starch, the system showed higher modulus values than pre-
dicted by simple addition of its components. The faba bean starch used
in the present study has a gelatinisation temperature below the dena-
turation temperature of the protein (75-95 °C) (Kimura et al., 2008),
and can be assumed to gel first. This assumption was supported by
laboratory observations that gels with a higher fraction of starch were
noticeably more viscous after the pre-heating step at 65 °C. Hence, the
decrease in G’ in the gels as the starch content decreased seems to be in
line with observations by Muhrbeck and Eliasson (1991), i.e. that
increased protein concentration leads to lower G’ of the mixed system,
since protein forms weaker gels than starch, and that G’ of the mixed
system can be predicted by adding together the modulus values for its
individual components.

The gels were further characterised by a frequency sweep (Fig. 8).
The dependence of G’ on frequency was evaluated by calculating the
relaxation exponent (n) after fitting the data to a power law equation, G
= S", where S and n are constants and  is the angular frequency
(Chambon & Winter 1987; Tanger, Miiller, Andlinger, & Kulozik, 2022;
Winter & Chambon, 1986). A purely elastic material is
frequency-independent, with n = 0 (Alting, Hamer, De Kruif, &
Visschers, 2003), and gel networks formed by mainly chemical cross-
links will have a relaxation exponent close to zero (Tanger et al., 2022).
A gel network formed by mainly secondary bonds (e.g. hydrogen
bonding and hydrophobic interactions) will have a slightly higher fre-
quency dependence (Tanger et al., 2022). A small contribution from the
viscous component (G”’) is typical for food gels. This contribution results
in a frequency dependence of G’ reflecting relaxation of the viscous
components (Alting et al., 2003).
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In this study, G’ was higher than G” for all samples over the full
frequency range analysed (Fig. 8A and B), indicating mainly elastic
deformations (Zhang et al., 2017). The n-values of the gels indicated that
interactions within the gel network were mainly of a physical nature.
The n-values increased with increasing protein content. This increased
frequency dependence is in agreement with the increase in tan §,
reflecting the more viscous behaviour of the protein-rich gels, indicating
weaker gel structure (Vogelsang-O’Dwyer et al., 2020).

The G values indicated stronger frequency dependence compared
with G/, as evidenced by the higher n-values (Table 2). Overall, similar
trends were observed for n-values calculated for both G’ and G™’. As
found for G/, both similar and opposing trends in n-values with
increasing starch:protein ratio have been observed for other starch-
protein sources (Gui et al., 2022; Joshi et al., 2014; Zhang et al.,
2017). However, it could be noted that for all these cases, the gels with
the highest G’ gave the lowest n-values. This is in line with the lower
frequency dependence typically observed for stronger and less fluid like
gels (Vogelsang-O’Dwyer et al., 2020).

3.7. Compression tests

Compression tests were used to investigate the textural properties of
the gels. All characteristics evaluated (fracture stress, fracture strain,
Young’s modulus) showed a decrease with increasing protein content
(Fig. 9, Table S3). The gels with 60% starch and 40% protein (S60P40)
were not completely homogenous, with more solid-like behaviour to-
wards the lower part of the gel due to partial sedimentation of the starch,
so the middle part of these gels was used for compression tests. The gels
containing only protein were not self-standing and could therefore not
be analysed by compression tests.

Fracture stress, fracture strain and Young’s modulus decreased with
increasing protein content. The fracture and fracture point were more
distinct for the gels with higher starch content, showing a clear drop in
force as the gels fractured (Fig. S7 in SI). The gels with higher protein

Table 2

n-values (mean + 1 st.dev.) for the different starch-protein (S%P%) gels. Values
obtained after fitting frequency sweep data (storage (G') and loss modulus (G*))
to the equation: Storage/loss modulus = S*®", where S and n are constants and ®
is the angular frequency. Different superscript letters indicate significant dif-
ferences within columns (p < 0.05).

Sample n(G) n(G”)
S100P0O 0.016 + 0.000* 0.197 + 0.004"
S90P10 0.019 + 0.001* 0.198 + 0.003*
S80P20 0.024 + 0.001° 0.200 + 0.005*
S70P30 0.038 + 0.001¢ 0.234 + 0.023*
S60P40 0.069 + 0.002¢ 0.249 + 0.032*
SOP100 0.134 + 0.022° 0.291 + 0.054"
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Fig. 8. (A) Storage modulus and (B) loss modulus as a function of frequency for the different starch-protein (S%P%) gels.
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Fig. 9. (A) Fracture stress, (B) fracture strain and (C) Young’s modulus of the different starch-protein (S%P%) gels analysed by compression tests. Error bars
represent +1 st.dev. *Sample did not form self-standing gels and could not be measured.

content showed more ductile behaviour and less clear fracture. The starch did not break into separate pieces and showed more paste-like
more distinct fracture of the starch-rich gels was also observed visually behaviour upon fracture.

during compression tests, where starch-rich samples (>80% starch) As expected, the Young’s modulus and fracture strain values from
fractured into well-defined/separate pieces, whereas gels with <70% compression tests showed similar trends to those observed for G’ and

Fig. 10. Light microscopy micrographs of the starch-protein (S%P%) gels. (A) S100PO, (B) S90P10, (C) S80P20, (D) S70P30, (E) S60P40 and (F) SOP100. Scale bar =
50 pm.
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LVR during oscillatory rheology measurements. The more clear and
distinct fracture observed during compression of starch-rich gels
(Fig. S7) was in agreement with the clearer drop in G’ at higher strains
observed in the strain sweep (Fig. S6).

Previous studies on faba bean starch-protein gels have reported
lower fracture stress and fracture strain with increasing starch content
(Johansson, Johansson, et al., 2022). However, those gels contained
mainly protein, with a maximum starch:protein ratio of 35:65, and had a
higher solids content (20%) than in this study (12%). Firmer gel con-
sistency with increasing starch:protein ratio has previously been re-
ported for lentil starch:lentil protein gels (Joshi et al., 2014).

3.8. Microstructural characterisation of gels

3.8.1. Light microscopy

Gel microstructure was characterised by light microscopy with pro-
tein stained in blue/green and starch in brown/purple (Fig. 10). The
micrographs indicated that starch-rich gels were more densely packed
with starch, which could explain the observed firmness of starch-rich
gels during compression tests, higher elastic modulus in oscillatory
rheology and higher viscosity development in pasting analysis. The
protein fraction was more evident in gels with higher protein content.
The starch granules appeared to be the continuous phase for all gels with
starch content >70%. For the S60P40 gel samples, the continuous phase
was more difficult to define (Fig. 10E), with the starch and protein
potentially forming two separate bicontinuous networks.

For the gels with higher protein content, the leaked amylose seemed
to aggregate into more amylose-dense regions (darker blue spots) within
the protein network (Fig. 11). Amylose aggregates within a continuous
protein network have been observed previously in mixed faba bean
protein:starch gels with higher protein content (protein >65%) and
solids content (20%) (Johansson, Johansson, et al., 2022). For the gels
with starch content >90%, the amylose seemed to form a gradually finer
network, rather than the larger aggregates observed in the gels with
higher protein content (Fig. 11). This amylose aggregation into clusters
rather than a network could relate to the observed reduction in storage
modulus, fracture stress and fracture strain with increasing protein
content. Aggregation of amylose has been shown to occur in other mixed
systems (starch-emulsifier), indicating that it is due to phase separation
rather than amylose-protein complex formation (Richardson, Kidman,
Langton, & Hermansson, 2004). The phase separation occurring

Food Hydrocolloids 138 (2023) 108494

between the amylose and protein might be related to differences in their
hydrophobicity. Most plant proteins, including the majority of faba bean
proteins, are globular proteins and tend to become more hydrophobic
upon denaturation (Kim, Wang, & Selomulya, 2020). However, upon
denaturation, the protein gel network will also start to form and mobility
within the system will be reduced. Hence, any phase separation occur-
ring before gelation might be permanently captured within the gelled
structure (Yang, Liu, Ashton, Gorczyca, & Kasapis, 2013).

Previous studies have suggested that protein in mixture gels may
perturb starch network formation, thereby weakening the gel (Bravo--
Ntnez et al., 2019; Bravo-Nunez & Goémez, 2019; Joshi et al., 2014;
Onate Narciso & Brennan, 2018; Onwulata et al., 2014). The compres-
sion test results here showed a strong correlation between high starch
content and increased firmness, which could be explained by higher
protein content disrupting the starch gel network and producing a het-
erogeneous and weaker gel. The sequence of gel formation has been
found to influence the microstructure of lentil starch-protein mixed gels,
with the starch becoming more viscous than the protein at lower tem-
peratures (Joshi et al., 2014). Similar behaviour could be expected for
faba bean gels, as faba bean starch has a lower gelatinisation tempera-
ture than the denaturation temperature of faba bean protein.

3.8.2. SEM

Gel microstructure characterisation by SEM revealed that gels with
>80% starch had regions with a more porous network structure than
gels with less starch (Fig. 12, Fig. S8 in SI). In general, the continuous
network of these gels showed a structure more similar to the pure starch
gels, while the network of gels with <70% starch showed a denser
structure more similar to that of the pure protein gels. Examples of re-
gions with porous and dense network structures are highlighted with
arrows in Fig. 12. For gels containing starch, starch granules and cavities
where starch granules had been present were evident throughout the
structure. In general, a denser and finer network structure was observed
around these cavities.

In the LM micrographs, starch was the most visible and dominant
component of all samples except the pure protein gels. Despite this, the
microstructure of S70P30 and S60P40 gels showed a greater resem-
blance to the pure protein gels when observed by SEM. The gels with
>30% protein largely lacked the less dense and more fibrous and
stranded structure observed in the starch-rich gels. This was possibly
due to the fracturing of samples performed before analysis to expose the

Fig. 11. Magnified views of the micrographs in Fig. 10. (A) SI00PO, (B) S90P10, (C) S80P20, (D) S70P30, (E) S60P40 and (F) SOP100. Scale bar = 25 pm. Data size:

975 x 731 pixels.
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Fig. 12. Scanning electron microscopy (SEM) micrographs of the starch-protein (S%P%) gels. Examples of regions with porous or dense network structures are
highlighted with arrows. (A) S100P0, (B) S90P10, (C) S80P20, (D) S70P30, (E) S60P40 and (F) SOP100. Scale bar: 10 pm.

inner part of the fixed gel, with fractures propagating mainly through
the weakest regions of the structure. Since the protein-rich regions were
likely to be weaker than the network formed by the starch, fracturing
was more likely to occur through these regions. This could explain why
the samples with >30% protein showed such high similarity to the pure
protein gels despite their high starch content and why the starch was
clearly evident in the LM micrographs of corresponding gel samples.

3.9. Overdll trends and correlations

Overall, the results showed that gel morphology/structure and
properties were highly dependent on the starch:protein ratio in the
mixture. A comprehensive overview of the relationships between
morphology/structure and properties of starch-protein mixtures is pro-
vided by Zhang et al. (2021). To summarise, higher protein content in
the faba bean starch-protein samples resulted in lower pasting viscos-
ities, less firm gels and a more compact and less fibrous gel structure,
with the starch appearing to aggregate into clusters. Hydration was also
less efficient for the high-protein mixtures. These effects became more
pronounced as the protein content of the samples increased.

Apparent viscosity and firmness were strongly positively correlated
for high-starch samples, e.g. there was a strong correlation (r = 0.98, p
< 0.001) between peak pasting viscosity and elastic modulus in the
rheological temperature ramp. Gels with a higher proportion of protein
were also more frequency-dependent, which indicates a weakened gel
structure (Joshi et al., 2014).

More efficient hydration and higher iodine absorbance were also
positively correlated with higher paste viscosity and firmer gel (r = 0.97;
p < 0.001 for the correlation between WAI and peak viscosity, r = 0.85;
p = 0.003 for that between WAI and elastic modulus). The less efficient
hydration properties of the gels containing protein could have affected
the distribution of water within the starch-protein matrix and affected
molecular interactions. A lower water holding capacity, as observed for
the gels containing protein, can lead to lower textural stability (Boye,
Zare, & Pletch, 2010). Proteins competing with starch for water may
limit granule swelling by restricting water absorption, thereby reducing
apparent viscosity (Eliasson, 1983; Onate Narciso & Brennan, 2018;
Ribotta et al., 2007). As indicated by the hot-stage microscopy micro-
graphs (see Fig. 4 and Fig. S2), there was a tendency for slightly less
intense swelling in the high-protein samples. The NMR results (Fig. 3)
confirmed that hydration was slightly less efficient for sample S60P40
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compared with S90P10. Slower absorption of water may also lead to
delayed pasting because of retarded swelling of the starch granules
causing less granule contact.

The more prevalent iodine colour loss associated with higher protein
content (see Figs. 4 and 5) indicates that the protein formed a complex
with the starch or bound the iodine, rendering it unavailable to form
complexes with the starch. If protein-starch complexes are formed,
consequences could be delayed granule hydration and swelling and a
reduction or perturbation in starch-starch network development.

Another plausible explanation for higher protein content resulting in
reduced paste viscosity (Fig. 6) and less firm gels (Fig. 9) is dilution of
the starch by the protein, as starch often has better gelling properties,
forming stronger gels, than protein (Bravo-Ntnez et al., 2019; Bravo--
Ntnez & Gomez, 2019). The LM micrographs (Figs. 10 and 11) showed
that starch granules were more tightly packed in the high-starch gels.
However, viscosity differences exceeded actual starch dilution, sug-
gesting that the protein somehow interfered with viscosity development
of the starch.

In the SEM micrographs (Fig. 12), the starch-rich gels displayed re-
gions with a more porous and fibrous network. The oscillating frequency
results, with higher calculated n-value for samples with higher protein
content, indicated greater presence of secondary bonds (Tanger et al.,
2022), which in turn could lead to denser network structure because of
less bonding between the starch chains. Starch gel matrices consist of
swollen granules, entangled polymer chains and non-covalent in-
teractions (Larrea-Wachtendorff, Del Grosso, & Ferrari, 2022; Walstra,
2002). Ribotta et al. (2007) concluded that soy protein can interact
readily with amylose and exposed branches of amylopectin through
non-covalent bonding, especially hydrogen bonds, causing further gel
matrix weakening.

Proteins may act as an inert filler, hindering realignment of the
starch chains during gelation. An effect of protein addition in altering
microstructure and reducing viscosity and/or gel strength has been re-
ported for numerous starch-protein mixtures, such as wheat starch-soy
protein (Ribotta et al., 2007), starch-dairy (Yang et al., 2004) and
various starch-plant/animal-based proteins (Bravo-Ntnez et al., 2019;
Bravo-Ntnez & Gomez, 2019). A previous study analysing the same
starch as used in this study revealed that the amylose content was 32.2%
(Nilsson et al., 2022). The effect of protein in decreasing viscosity and
gel strength has been shown to be greater for amylose-rich starches, as
the proteins are more likely to interfere with re-ordering of the amylose
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(Bravo-Ntnez et al., 2019; Joshi et al., 2014; Onate Narciso & Brennan,
2018). Amylose re-ordering into clusters, rather than developing into a
network, in the presence of emulsifiers has also been found to have a
weakening effect (Richardson, Kidman, et al., 2004; Richardson, Sun,
Langton, & Hermansson, 2004). As observed from the LM micrographs
(Figs. 10 and 11), similar re-ordering into clusters rather than a network
seemed to occur for the gels in this study as the protein content
increased.

The overall effect on pasting and gel structure matrix is also
dependent on the type of protein incorporated (Zhang et al., 2021). The
pure protein mixtures (SOP100) in this study formed very weak gels, as
indicated by the rheological results (Figs. 6 and 7), compression results
(Fig. 9) and LM micrographs (Figs. 10 and 11), so the protein in the
mixed systems likely did not create any strong network contributing to
the overall strength of the mixed systems. The lowest gelling concen-
tration of faba bean protein is reported to be around 13-14% (Fernan-
dez-Quintela, Macarulla, del Barrio, & Martinez, 1997; Langton et al.,
2020), which is higher than in the mixtures here (12% solids).

4. Conclusions

A decrease in the proportion of starch in faba bean starch-gel mix-
tures, while keeping the solids content (starch + protein) constant,
resulted in lower measured viscosities during pasting. Gels with
decreased starch content (and increasing protein content) also showed a
decrease in storage modulus, fracture stress, fracture strain and Young’s
modulus. The water binding and hydration properties of the starch-
protein mixtures improved with higher starch content, suggesting that
water binding and gel rheological values may be related. Changes in
textural and rheological properties appeared to occur gradually over the
starch:protein ratios tested. Light microscopy indicated that starch was
the continuous phase, consisting of swollen granules, for gels with starch
content >70% of total solids and that starch and protein potentially
formed two bicontinuous networks at a starch content of 60%. Scanning
electron microscopy revealed a more porous starch network, with
thicker strands than in the protein network. In general terms, it can be
stated that the textural properties, and in turn also the mouthfeel and
perception, of starch-protein gels depend largely on the starch to protein
ratio in the system. To produce a stable and brittle gel a higher starch
content may be desirable, while to produce a softer and perhaps pour-
able gel a higher proportion of protein may be preferred. However, if the
solids content in the gels (12%) had exceeded the lowest gelling con-
centration of faba bean protein (14%), their properties may have been
different.
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Abstract: Food 3D printing allows for the production of personalised foods in terms of shape and
nutrition. In this study, we examined whether protein-, starch- and fibre-rich fractions extracted
from faba beans can be combined to produce fibre- and protein-rich printable food inks for extrusion-
based 3D printing. Small amplitude oscillatory shear measurements were used to characterise
the inks while compression tests and scanning electron microscopy were used to characterise the
freeze-dried samples. We found that rheological parameters such as storage modulus, loss tangent
and yield stress were related to ink printability and shape stability. Investigations on the effect
of ink composition, infill pattern (honeycomb/grid) and direction of compression on textural and
microstructural properties of freeze-dried 3D-printed objects revealed no clear effect of infill pattern,
but a strong effect of direction of compression. Microstructure heterogeneity seemed to be correlated
with the textural properties of the printed objects.

Keywords: 3D printing; faba bean; starch; protein; fibre; rheology; texture; microstructure; infill
pattern

1. Introduction

There are multiple advantages and possible applications of food 3D printing. Beyond
the possibility of creating complex structures, the technique can also be used to supply
personalised nutrition and food formulations for consumers with different preferences
and needs [1]. It can be used to enhance children’s curiosity towards vegetable-based
foods, supply more appealing foods for the elderly and people with swallowing difficulties
and produce delivery systems for the controllable release of nutrients and medication [2].
One example of a nutritious and healthy 3D-printed food that has been studied is fibre-
and/or protein-rich snacks [3]. The 3D printing technique could also be used to create
novel textures, such as plant-based steaks with textural properties resembling those of
meat [4].

One of the greatest challenges in food 3D printing is finding inks that have good
printing precision and shape stability [5,6]. Inks used for extrusion-based 3D printing
must be able to flow through a nozzle and retain their shape after printing. Rheological
characterisation of inks for 3D printing has been used in efforts to predict the printability of
a material and its dimensional stability after printing [3,7,8]. Examples of parameters inves-
tigated include storage modulus (G), loss modulus (G”), tan (§) and yield stress. Storage
modulus is a measure of the elasticity of a material and its ability to store deformational
energy and can be seen as a measure of the structural strength and mechanical rigidity of a
material at rest [9]. Loss modulus represents the viscous response of the material and is a
measure of the energy dissipated as heat during deformation [9]. Tan(5), or loss tangent,
is the ratio between G” and G/, i.e., the ratio of energy lost to energy stored during cyclic
deformation. Yield stress relates to the force that can be applied before the structure of the
material starts to break and flow is initiated [3].
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A correlation between shear modulus and the deformation behaviour of methylcel-
lulose gels has been reported [10], indicating that this parameter can be used to predict
printability. Multiple studies have observed a correlation between storage modulus and/or
yield stress of the ink with the degree of deformation after printing [5,11,12]. Furthermore,
it has been shown that the loss modulus value can supply additional information important
for predicting the dimensional stability of 3D-printed food structures [8].

One advantage of 3D food printing compared with the use of moulds or forms is the
possibility of using different infill patterns for the interior of the printed object in order
to alter its textural properties. The effect of the infill pattern of 3D-printed foods such as
air-fried potato snacks and chocolate has been investigated in two previous studies, both of
which showed that the infill pattern can influence the texture of printed foods [13,14].

Few studies have so far investigated the possibility of using plant-based materials for
food printing without the inclusion of thickeners such as sodium alginate, xanthan gum or
methylcellulose. Chen et al. [15] found that not including thickeners for samples 3D-printed
using soy protein isolates reduced the objects’ shape stability and hardness. Another study
showed that 3D printing quality was satisfactory, although the samples tended to swell,
when using either oat or faba bean protein concentrates without additional thickeners
at solid contents of 45% and 35%, respectively [5]. In the same study, 3D objects were
produced from rye bran inks with a solid content of 30%. The starch present in the plant
materials was assumed to act as a natural thickening agent through gelatinisation. Other
factors affecting the viscosity and printability of the inks include composition, size and
shape of insoluble particles and response to heating and shear between the materials [5].

In this study, the following two current trends—3D printing and plant-based foods—
are combined. The objective was to produce 100% faba bean-based 3D-printed food
prototypes. Edible inks composed of different fractions (faba bean fractions rich in protein,
starch or fibre) will be compared on rheological properties and printability. The influence
of the composition and infill pattern on the texture and microstructure of the 3D-printed
samples will also be investigated. This study provides new insight into how the proportion
of faba bean fractions influences the properties of 3D-printed foods.

2. Materials and Methods

The protein-, starch- and fibre-rich fractions used in this study were extracted from
dehulled and milled faba beans (Vicia faba var. Gloria) kindly provided by RISE (Research
Institutes of Sweden). A complete characterisation of the fractions can be found in [16]. A
brief summary of the composition of the fractions are the following protein-(protein 77.3%;
starch 0.3%; fibre 2.3%; fat 3.4%; ash 8%), starch-(protein 0.5%; starch 94.5%; fibre 3.6%; fat
0.3%; ash 0.2%), and fibre-rich (protein 5.3%; starch 22.5%; fibre 73.1%; fat 0.4%; ash 3.5%).
The beans were grown in central Sweden, harvested and dried in 2016. Sodium hydroxide
(NaOH) and hydrochloric acid (HCl), purchased from Merck KGaA (Darmstadt, Germany),
were used for extraction.

2.1. Extraction

To separate the cotyledon and hull, the faba beans were dehulled (Hi-Tech Machinery
Manufacturing Co. Ltd., Heze, Shandong, China) and then milled (Ultra-Centrifugal Mill
ZM-1, Retsch, Haan, Germany) into flours with a mesh size of 0.5 mm. Only the cotyledon
flour was used for further extraction. The extraction was performed as described previously,
with some slight modifications [16]. In brief, faba bean flour was dispersed at a distilled
water:flour ratio of 10:1 (v/w) and the pH was adjusted to 9.0 using 2 M NaOH. The protein
was separated by centrifugation (Thermo Scientific, Sorvall Lynx 4000, Waltham, MA, USA)
at 3700x g (20 °C, 30 min) and precipitated at pH 4 using 1 M HCL. The protein was then
washed once, the pH adjusted to 7 and the protein freeze-dried (Martin Christ, Epsilon
2-6D LSC Plus, Osterode am Harz, Germany). For starch and fibre extraction, the pellet
from the first centrifugation step was re-dispersed in distilled water, the pH adjusted to
9.5 and the mixture stirred at room temperature for 24 h. Thereafter, the mixture was
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left to stand without stirring at 4 °C for 24 h before being centrifuged (3700x g, 20 °C,
5 min). The supernatant was discarded and the pellet re-dispersed in distilled water. This
centrifugation step was repeated until pH 7 was reached. To separate the starch from the
fibre, the final pellet was dispersed in distilled water and filtered through a 70 um nylon
filter. This filtration step was repeated 12 times, followed by drying of the starch-rich filtrate
at 40 °C for 48 h and freeze-drying of the fibre-rich filter cake. After drying, all fractions
were sieved (Retsch, AS200 basic, Haan, Germany) through a 150 pm (protein and starch)
or 250 pum (fibre) mesh (Retsch, Testsieve, Haan, Germany).

2.2. Swelling Power and Water Soluble Index

The swelling power (SP) of the samples was determined in triplicate following a
modified version of existing methods by Mufioz et al. and Schoch [17,18]. In brief, 0.5 g of
sample was weighed into a 15 mL centrifuge tube with a screw cap and 10 mL of distilled
water was added. The tubes were placed in a shaking water bath at 60 °C for 10 min.
The tubes were removed and left to cool to room temperature in an ice water bath before
centrifugation at 7000 g for 20 min. The supernatant was decanted and left to dry at 105 °C
overnight. The dried sample was used to calculate the water soluble index (WSI) and the
mass of the sediment was used to determine the swelling power. These were calculated
using the following equations:

Mass dried supernatant
1(%) = 1 1
WSI(%) Mass of dry fraction x 100 @

_ Mass sediment
" Mass of dry fraction

sp(8 2
(g) (2

2.3. Preparation of Inks

The composition of the different inks (fibre-rich, protein-rich, starch-rich, protein-
and starch-rich; see Table 1) were chosen based on a pre-study, providing printable inks
covering a relatively wide range of composition. The mixture of flours to water ratio was
adjusted for each ink. The criteria for the inks were that they should be printable and
produce a standing object. The pastes used for 3D printing and stress sweep measurements
were prepared by first mixing the starch with 70% of the total amount of diH,O used. The
starch dispersion was then heated in a water bath at 60 °C for 10 min. Thereafter, the
mixture was removed from the water bath, the fibre and protein added and the mixture
mixed thoroughly by hand using a spatula. For rheological characterisation, the fibre was
added and the sample mixed before addition of the protein and additional mixing. After
the addition of fibre and protein, the final 30% of diH,O was added before mixing to a
homogenous paste. To further homogenise the sample and eliminate larger air bubbles, the
paste was extruded three times through a 5-mL Luer syringe without a needle before being
added to the 3-mL cartridges used for printing. The cartridges were sealed and left at room
temperature for 1 h before printing and rheological measurements.

Table 1. Composition of the different inks used for 3D printing.

Protein Fraction  Starch Fraction Fibre Fraction
Ink W: %
n %) (%) %) ater (%)
Fibre-rich 7.8 7.8 7.8 76.7
Starch-rich 45 18.2 4.5 72.8
Protein-rich 21.7 54 54 67.5
Protein- & 25.0 125 0 625

starch-rich
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2.4. Rheological Characterisation of Inks

The viscoelastic properties of the inks were analysed by stress sweep measurements
using a Discovery HR-3 rheometer (TA Instruments, New Castle, DE, USA) equipped with
a 40 mm aluminium plate. The stress was increased logarithmically from 0.001 to 10,000 Pa
at a frequency of 0.1 Hz and a temperature of 22 °C. The edges of the sample were covered
with paraffin oil to limit evaporation and a 300 s resting time was applied before starting
the measurements. The yield stress was defined as the stress at which 5% loss of the original
storage modulus was observed. The analysis was performed in duplicate.

2.5. 3-D Printing

The model of the cube (14 x 14 x 14 mm) used for printing was created using the
digital design tool Tinkercad (Autodesk Inc., San Rafael, CA, USA) and exported as an STL
file to the bioprinter. The cubes were printed at room temperature using two different infill
patterns (honeycomb, grid). For the cubes with a honeycomb pattern, the pattern available
in the bioprinter software was used. The grid pattern was created using Cellink Heartware
(Version 2.1.6, Cellink, Gothenburg, Sweden, 2021) combined with the open source slicing
software Slic3r (Version 1.3.0, 2021).

Samples were printed on petri dishes using a BIO X bioprinter (Cellink, Gothenburg,
Sweden). Pressure and pre-flow were adjusted for each ink individually. The number of
layers was 24, the infill density was 25% and the tip diameter of the nozzle was 580 um.
After printing, the samples were left for 5 min at room temperature and then stored at
—18 °C until freeze-drying.

2.6. Freeze Drying

Frozen 3D-printed objects were further frozen at —50 °C for 48 h, followed by freeze-
drying (Martin Christ, Epsilon 2-6D LSC Plus, Osterode am Harz, Germany).

2.7. Visual Inspection

The freeze-dried cubes were evaluated and compared using six criteria; colour, infill
pattern, wall straightness, wall texture, layer distinction and uniformity.

2.8. Colour Measurements

Cube colour was measured with L*a*b colour space using a colorimeter (CR-300,
Minolta, Japan). The built-in light source was carefully placed on the wall of the cube, on
the side without the infill pattern, until the end of measurements.

2.9. Texture Analysis

Compression tests were performed on the freeze-dried samples using a texture anal-
yser (Stable Micro Systems, TA-HDi, Surrey, UK) equipped with a 500 N load cell and
a 36 mm cylindrical aluminium probe. The samples were compressed to 60% at a rate
of 1 mm/s. The compression tests were performed in two directions, from the top (infill
pattern facing the direction of compression) and from the side (infill pattern facing 90° from
the direction of compression). The compression tests were performed in triplicate.

2.10. Image Analysis for Particle Size after Compression

Compressed matter collected from the texture analysis was spread out on a black
background to emphasise contrast and images (1800 x 4000 pixels) of the compressed cube
particles were taken at a height of 30 cm. Fiji-Image ] was used for image analysis. Using
the software, the individual crushed pieces were counted and measured in terms of length,
width and area. A ruler was used to standardise the scale bar (0.095 mm per pixel).

2.11. Scanning Electron Microscopy

Freeze-dried samples were fractured, sputter-coated with gold (Au) (Cressington Scien-
tific Instruments, Sputter coater-108 auto, Watford, UK) and examined using a scanning elec-
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tron microscope (Hitachi, FlexSEM 10001I, Tokyo, Japan) at 5 kV. Images (1280 x 960 pixels)
were recorded digitally at two different magnifications, giving a pixel size of 0.992 um/pixel
and 0.198 um/pixel.

2.12. Statistical Analysis

Results from the rheology and texture analysis were analysed by analysis of variance
(ANOVA) and pairwise comparison (Tukey) using R studio (Version 1.2.5033, RStudio Inc.,
MA, USA). The size distribution of the fragments after compression in the texture analysis
was visualised with ggplot2, with geometry density and log scale, using R studio (Version
1.2.5033, RStudio Inc., Boston, MA, USA). Principal component analysis (PCA), loading
and score plot, were created using Simcal7, Satorious Stedim Data Analytics AB.

3. Results
3.1. Characterisation of Isolated Fractions

The extraction method and raw material have been used in a previous study. Hence,
the composition of the extracted fractions (starch, protein and fibre) and original flour was
assumed to be similar to that reported in that study [16]. Starch displayed the highest yield
in terms of both quantity and proportion obtained, meaning that starch was the fraction
with the smallest losses during extraction (Table 2). The swelling power was negatively
correlated with WSI. Under heating, fibre swelled the most, followed by starch, original
flour and protein (Table 2).

Table 2. Properties of faba bean cotyledon flour and isolated fractions; starch, protein and fibre.

Extracted Yield Moisture Water Soluble  Swelling Power
(%) * Content (%) Index (%) (g/g)
Original flour NA 109+ 024 31.6+£0.1°¢ 24+002P
Protein 555+ 3.7b 6.440.1b 8414044 114012
Starch 82.6+0.1° 40+032 2040.1P 37400P
Fibre 301+132 74401°¢ 05+012 1214+0.8¢

* Proportion of fraction isolated from the original flour. NA—not applicable. Different letters (a, b, ¢, d) within
columns indicate significant differences (p < 0.05).

3.2. Rheological Characterisation of Inks

The inks used for 3D printing were characterised by stress sweeps (Table 3). The G’
value in the linear viscoelastic region ranged between 2 and 30 kPa. It was highest for the
starch-rich sample and lowest for the protein- and starch-rich sample containing no fibre.
The G” value was lowest for the protein- and starch-rich sample, whereas no significant
difference was observed between the other samples. All samples showed tan (8) << 1,
indicating elasticity-dominating behaviour. The lowest loss tangent value was observed for
the starch-rich sample and the highest for the protein- and starch-rich sample. Yield stress
was highest for the starch-rich sample while all the other samples showed significantly
lower values. The air pressure used for printing the different inks was highest for the
starch-rich sample.

3.3. Printability

Twenty-five percent of the cubes printed using the protein and starch rich inks had
to be discarded because of ‘ink-fail’, i.e., unstable flow resulting in poor infill pattern or
low shape stability. The other inks produced more stable and uniform cubes, and ink-fails
occurred at similar frequency (fibre-rich 0%, starch-rich 5.9%, protein-rich 5.3%). Around
80% of the printer fails caused by the ink were with the honeycomb infill pattern. The
protein- and starch-rich cubes were the most troublesome to print and only produced
“satisfactory” cubes.
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Table 3. Results of stress sweep measurements and printing pressure for each ink. The storage
modulus (G'), loss modulus (G”) and tan(5) values were calculated as averages over the linear
viscoelastic region. The apparent yield stress was defined as the stress at 5% loss in G'.

Apparent Yield Stress Printing Pressure

! "
Sample G’ (kPa) G" (kPa) Tan (8) (Pa) (kPa)
Fibre-rich 17.37 +0.81° 1.48 +£0.062 0.085 4 0.000 © 276 +29P 69+2¢
Starch-rich 29.48 +1.032 1.68 +0.082  0.057 4 0.001 4 130.2 4522 183 +94
Protein-rich 7.51 4+ 0.47°¢ 1.63+0.08  0.218 +0.001° 17.9 £ 24P 85+ 7P
Protein- & starch-rich 212 +0.214 0.61+£0.04">  0.284 +0.008 2 18.6 + 3.2 86+ 11P

Different letters (a, b, ¢, d) within columns indicate significant differences (p < 0.05).

3.4. Visual Inspection of 3D-Printed Samples

The 3D-printed samples were examined visually after freeze-drying (Figure 1). For
texture analysis, a requirement was that all samples retained their shape and infill pattern
after printing and drying. The different recipes produced different looking cubes that could
be distinguished from each other. The cubes produced with the fibre-rich and starch-rich
inks were light in colour, with very straight cube walls, distinct layers and a very sharp
and defined infill pattern. The cubes from the protein-rich and protein- & starch-rich inks
were darker in colour, with wall surfaces that were smooth and glossy. The printed layers
were more distinct for the cubes with lower protein content and higher starch and/or fibre,
indicating the structural role of fibre and starch. The protein- and starch-rich cubes (no fibre)
showed a slight tendency to collapse due to gravitational forces and the stress build-up
from deposition of additional layers on top of the lower ink filaments. This resulted in
slightly curved walls of the cube. Samples containing fibre showed better shape stability,
which was reflected in the sharpness of the infill pattern. The infill pattern was least sharp
for the protein- & starch-rich cubes, followed by the protein-rich cubes, where swelling
of the filaments was evident. The holes in the infill pattern, particularly at the corners
and along the edges, were much smaller in the protein- & starch-rich and protein-rich
prototypes than in the fibre-rich and starch-rich prototypes.

Honeycomb Grid

Fiber-rich

Starch-rich

Protein-rich

Protein- &
starch-rich

Figure 1. 3D printed cubes (14 x 14 x 14 mm) after freeze-drying.

3.5. Colour Measurements

The colorimeter measurements confirmed the findings of the visual inspections that
increased proportion of starch and decreased protein content caused a lighter cube (higher
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L), whereas higher protein content caused the cubes to be more yellow (higher b value)

(Table 4).

Table 4. L*a*b* colour values of cubes made from the different inks (L: lightness; a: red/green value;

b: blue/yellow value).

Sample L a B
Fibre-rich 83.940.5¢ —94+01°b 422+03b
Starch-rich 85.1+05¢ —1054 022 40.0+022

Protein-rich 791+ 0.6P —72403¢ 46.1+03°
Protein- & starch-rich 754+1.12 —6.1+044 479+ 034

Different letters (a, b, ¢, d) within columns indicate significant differences (p < 0.05).

3.6. Texture Analysis

Differences in peak force and peak strain based on recipe, infill pattern and direction
of compression were analysed (Figure 2). The freeze-dried cubes were compressed from
above, either with the infill pattern facing upwards towards the probe (from the top) or with
the infill pattern facing towards the side (from the side). The peak force was significantly
larger (3-5 times larger) when compressing from the top compared with from the side.

Compression from the top

25

aa a
J g 20
b c ab
b £5 be Y be
I b c I
cc c VR (1: c ©
H c 8 I
7 a s
o
in- ) ) " Protein- &
Fiber-rich Starch-rich  Protein-rich :l?::’:?rii Fiber-rich Starch-rich  Protein-rich Str:rs,‘r,‘nc},
& Honeycomb  # Grid m Honeycomb = Grid
Compression from the side
9 a a
a 8 a a
7 a
S
e a I
=}
ab e
=
4
b ab b l Z
© 3
I b o]
=]
1
N.A. 0 N.A.
- L ; ) Protein- &
Fiberrich  Starchrich  Proteinrich oS- & Fiber-rich Starch-rich  Protein-rich [ O™
 Honeycomb  # Grid m Honeycomb = Grid

Figure 2. Peak force and corresponding strain (peak strain) from compression tests on 3D-printed
samples (a) compressed from above with the infill pattern facing upwards and (b) compressed
from above with the infill pattern facing sideways. Different letters (a, b, c) within panels indicate
significant differences (p < 0.05). N.A.—not applicable.
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The general shape of the force vs. strain curve for most samples was similar to that of
crispy foods (See Supplementary Materials, Figures S1 and S2) [19]. A clear peak with an
abrupt drop in force was observed for all recipes of cubes compressed from the side. When
compressed from the top, the starch-rich and fibre-rich cubes had a broader peak, with a
less abrupt decrease in force during fracture. Because of the infill pattern and the resulting
porous cell structure, most samples compressed from the side showed multiple peaks, with
the first peak being the largest. These multiple peaks were a result of the cube breaking
layer by layer, rather than in one large fracture as when compressed from the top. When
compressed from the top, the peak force was highest for the protein-rich sample, followed
by the protein- and starch-rich, fibre-rich and starch-rich samples, respectively. A similar
trend was observed for cubes compressed from the side. Due to the curvature of the side of
the cubes, the protein- and starch-rich samples were compressed only from the top. No
clear differences in peak force were observed between infill patterns (honeycomb /grid).

When compressed from the top, the highest peak strain was observed for the starch-
rich samples. No significant differences in peak strain were observed for cubes compressed
from the side.

From ANOVA analysis of the compression test data, it was found that the infill pattern
did not have a significant effect (p > 0.05) on peak force or peak strain, regardless of the
direction of compression (Table 5). Recipe was significant for all variables except for the
strain of samples compressed from the side. A significant interaction effect (infill X recipe)
for peak force and peak strain was found for samples compressed from the top.

Table 5. p-values from ANOVA analysis of compression tests investigating the effect of recipe, infill
pattern and their interaction. Significant values (p < 0.05) are highlighted in bold.

Peak Force Peak Strain
Top Side Top Side
Infill 0.96 0.41 0.080 0.18
Recipe <0.0001 0.0019 <0.0001 0.57
Infill x Recipe 0.032 0.14 0.021 0.48

3.7. Analysis of Fragments after Compression

Compressing the cubes from the side produced noticeably fewer and larger fragments
than compressing the cubes from the top. When compression was from the side, there
were gaps between the layers because of the infill pattern, which caused fragments to
break off into larger pieces. Figure 3 shows the size distribution of the fragments after
compressing the cube from either the top or the side, which confirmed the observation
that top compression produced smaller fragments than side compression. The size of the
fragments compressed from the top followed a general trend with three peaks. At fragment
size >0.1 mm?, a general decrease in the proportion of fragments was seen as the curve
approached zero at particle size >10 mm?. For top compression, the distibution of fragments
with area >100 mm? was close to zero, while for side compression the geometry density
for fragments >100 mm? was between 0.03-0.08. Compression from the side produced
larger variation in the size of the particles between the different recipes (see Figure 3b),
where it appears that the average fragment size was the largest for the starch rich samples.
For fibre-rich samples there were two peaks in the size distribution, a stronger peak at
0.05 mm? and a second weaker peak at 30 mm?, showing a tendency for the absolute largest
fragments. The higher force required for compression was negatively correlated with
particle size (r = —0.623; p = 0.002) and positively correlated with the number of particles
(r=0.716; p < 0.001).

Figure 4 shows the platform of the Textural analyser (TA) with the cubes requiring
the highest and the lowest force for compression, i.e., protein-rich samples with top com-
pression and starch-rich samples with side compression, respectively. Compression from
the top resulted in finer and more numerous particles that were evenly spread out on the
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platform, whereas compression from the side produced fewer and larger particles that were
spread out in a linear fashion on the platform (Figure 4).
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Figure 3. Density diagrams showing size distribution of areal size of fragments after Textural analyser
(TA) (a) from the top and (b) from the side. F Fibre-rich, P Protein-rich, S Starch-rich, PS protein- and
starch-rich, G Grid, H honeycomb, T Top, S side.

Figure 4. Images of the two samples that differed most after compression: (a) protein-rich recipe with
grid infill pattern compressed from the top (PGT) and (b) starch-rich recipe with honeycomb infill
pattern compressed from the side (SHS).

3.8. Scanning Electron Microscopy

The scanning electron microscopy (SEM) micrographs revealed that for all samples,
the microstructure was strongly affected by freezing and freeze-drying. This could be
seen from the porous structure created by ice crystals formed during freezing. At low
magnification (Figure 5a), the microstructure was relatively similar between recipes. At
higher magnification (Figure 5b), the protein-rich samples showed smoother surfaces and
rounded shapes/edges of the pores and cavities in the microstructure. In samples with
more carbohydrates (fibre-rich, starch-rich), the structure became more irregular and the
almost perforated-like structure observed for the protein-rich samples was less distinct.
Starch granules were visible on and inside the surfaces of the samples containing starch.
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Fiber-rich

The walls around the air bubbles seemed potentially thicker for the protein- and starch-rich
and protein-rich recipes than for the fibre-rich and starch-rich recipes.

Starch-rich Protein-rich Protein- & starch-rich

Figure 5. SEM micrographs of the fracture surface of freeze-dried printed samples at different
magnification (a,b). Scale bar (a): 500 um (0.992 pum/pixel), (b): 100 um (0.198 pum/pixel).

3.9. Principal Component Analysis (PCA)

Figure 6 shows the first two principal components (PC), which together explained
74.5% of the total variance (PC1 53%, PC2 21.5%). Protein content and variables directly
associated with protein content were correlated with PC1, while variables associated with
fibre and starch content were correlated with PC2. The PCA results confirmed some of the
observations and correlations seen in the empirical results. In Figure 6b, the samples are
grouped by their recipe and divided further within the groupings by compression direction
(side or top). Higher protein content was correlated with increased compression force
and loss factor (tan d). The protein-rich and protein- and starch-rich samples represented
one side of the PC1, and the fibre-rich and starch-rich samples represented the other side.
The fibre-rich and starch-rich samples were associated with higher water content in ink,
lighter colour, more distinct layers, straight walls and higher G'. At higher force, a greater
number of fragments was observed, which was inversely correlated to the area of particles.
Fibre content was correlated with larger fragments, very well-defined and uniform cubes
and increased G”. Thus, higher elastic modulus may be a determining factor for wall
straightness and 3D printed cube stability.

Higher strain and higher yield stress were both associated with higher starch content.
As already mentioned, the starch-rich inks required the highest pressure to flow during
printing.
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Figure 6. Principal component (PC) analysis (a) component plot and (b) samples in PC plot. F
Fibre-rich, P Protein-rich, S Starch-rich, PS protein- and starch-rich, G Grid, H honeycomb, T Top, S
side.

4. Discussion

The different compositions of inks were adjusted to create printable inks with good
flow and shape stability properties. The water content of the inks was increased with fibre
and starch content, which correlated well with the swelling power of the fractions. Based
on visual inspection, the infill pattern was least distinct for the protein- and starch-rich
samples, with irregular size and shape of the holes within the pattern. The protein- and
starch-rich sample also had the highest percentage of ink-failure due to unstable flow and
low shape stability. This suggests that the fibre might have a stabilising effect, contributing
to the shape stability of the cubes. During ink production, the starch is heated to 60 °C,
which is below the gelatinisation temperature of faba bean starch (67-72 °C [20]). Heating
the starch to gelatinisation has been found to enhance the structural function of starch
in cookie systems [21]. Structure and shape instability, particularly for the protein- and
starch-rich cubes (with no fibre), may have been caused by the starch not fully gelatinising
because of insufficient heating temperature during the production of the bio-inks.

Due to difficulties such as wall slip and material escaping the gap during viscosity
measurements of highly viscous or semi-solid materials, oscillatory tests at small deforma-
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tions were used rather than a rotational rheometer [22]. All inks showed predominantly
solid-like behaviour (G’ > G”), with G’ values in the approximate range 2-30 kPa. A similar
range of G values has previously been reported for printable pastes, and significantly lower
G’ values (down to 10 Pa) for pastes forming self-standing cylinders [5,8]. The filaments
of the samples with the lowest G’ (protein- and starch-rich, protein-rich) seemed to swell
more and showed a slight tendency to collapse. These two samples also had the highest
loss tangent values, which could potentially explain their lower dimensional stability. The
starch-rich samples showed higher yield stress than the other inks. Similarly, the pressure
needed to print the starch-rich cubes was significantly higher than for the other inks. A
correlation between high yield stress and high printing pressure has been observed by
others [5].

High yield stress or high storage modulus alone is not always sufficient to create a
good ink, e.g., a previous study found that two inks with similar G’ and phase angles
showed different shape stability after printing [5]. Hence, G’ and phase angle alone are
not always sufficient to determine the suitability of a material for 3D printing. Combining
these results with the rheological characterisation of our inks, it appears that a combination
of high G/, high yield stress and low phase angle is required to provide an ink with good
shape stability after printing.

After printing and freeze-drying, the texture of the cubes was analysed by compres-
sion tests performed along two different axes of the cubes. The effect of orientation was
investigated on the cubes standing, with the infill pattern facing upwards (compressed
from the top), and lying on their side, with the infill pattern facing 90° from the axis of
compression (compressed from the side). A significantly higher peak force (3- to 7-fold
higher) was recorded as the cubes were compressed from the top compared with from the
side. The higher force required for top compression is likely due to the wall layers being
stacked directly on top of each other, creating a denser wall structure that requires more
force to compress. For compression from the side, there are gaps between the layers because
of the infill pattern, which will reduce the force required for compression until fracture.
The multiple peaks observed from the force vs. strain graphs for samples compressed from
the side, but not the top, was a result of the infill pattern. The multiple peaks also related
to the size and spreading of pieces after compression, as seen in Figure 3. The samples
compressed from the side spread out in a linear fashion as multiple larger pieces that likely
relate to the multiple peaks observed in the force vs. strain graphs (Figures S1 and S2).

Scanning electron microscopy of the freeze-dried samples revealed that microstructure
was strongly affected by the freezing and freeze-drying. The microstructure consisted of
cavities with an approximate diameter of 30-70 um. A similar microstructure in freeze-
dried gelatin products has been observed by others [23]. The porous structure was more
irregular for the samples with more fibre and less protein and these samples also had less
smooth surfaces. The more irregular structure could potentially explain the lower peak
force seen for the starch-rich and fibre-rich samples. Fracture is generally believed to occur
by the propagation of cracks, which form at or close to defects and weak spots acting as
stress concentrators during deformation [19,24]. Hence, it could be hypothesised that the
increased heterogeneity of the starch-rich and fibre-rich samples contributed to their lower
peak force.

The SEM micrographs also indicated that pore walls were thicker for the protein-rich
and protein- and starch-rich samples than for the starch-rich and fibre-rich samples. Further
studies, e.g., by X-ray tomography, would have been needed to confirm this. Nonetheless,
increased cell diameter and cell wall thickness have previously been correlated to reduced
crushing/breaking stress and compression modulus of cellular corn starch and corn-based
extrudates [25-27].

Crispiness and crunchiness are textural properties directly related to microstructure
and macrostructure that influence the mechanical and fracture properties of solid food [19].
A higher force was required for compression from the top in this study, indicating that the
cubes would be perceived as harder. A previous combination of sensory evaluation and



Processes 2022, 10, 466

13 of 14

References

texture analysis of almonds showed that almonds perceived as more brittle and less hard
by sensory evaluation required less force for compression and displayed more deformation
peaks in the textural analysis [28]. In this study, the cubes compressed from the side
required less force, with more deformation peaks present, indicating that side compression
of the cube may enhance the perceived crispness and brittleness of the products and
perhaps be a preferred characteristic in a future food product.

In a laboratory taste test on the cubes of the four different recipes, the fibre-rich and
starch-rich samples were perceived as more neutral in flavour and with a crispier texture.
The protein-rich and protein- and starch-rich samples were rated similar to each other
and were less preferred than the other samples, both in terms of flavour and texture. The
protein-rich cubes were perceived by the tasters to have a hard texture that became clayey
after chewing. None of the different recipes produced cubes that were perceived as beany
in flavour.

5. Conclusions

This study showed that protein-, starch- and fibre-rich fractions extracted from faba
beans can be successfully combined to create nutritious printable inks for extrusion-based
3D printing. Inks with lower loss tangent values showed higher shape stability. Ink compo-
sition had a clear effect on textural properties of the freeze-dried 3D-printed objects, while
infill pattern (honeycomb/grid) had no effect. Increased heterogeneity of microstructure
seemed to be associated with decreased peak force during compression. Further research
is needed to evaluate the shape stability during other post-treatment steps, such as oven
baking or frying. Sensory and consumer testing will also be necessary to optimise the
product.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr10030466/s1, Figure S1: Force vs. Strain graphs from compression tests on freeze-dried
samples compressed from the top, Figure S2: Force vs. Strain graphs from compression tests on
freeze-dried samples compressed from the side.
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In the present work, transparent films were obtained by the solution casting method from faba bean protein
isolate (FBP), reinforced with different cellulose nanocrystals (CNCs) content (1, 3, 5 and 7 wt%), obtained by
acid hydrolysis of pine cone, and using glycerol as plasticizer. The influence of different CNCs loadings on the
mechanical, thermal, barrier, optical, and morphological properties was discussed. Microstructurally, the FTIR
and FESEM results corroborated the formation of intramolecular interactions between the CNCs and proteins that
lead to more compact and homogeneous films. These interactions had a positive influence on the mechanical
strength properties, which is reflected in higher tensile strength and Young’s modulus in reinforced films with
respect to the control film, resulting in stiffer films as the CNCs content increases. Thermal stability of the FBP
films was also improved with the presence of CNCs, by increasing the characteristic onset degradation tem-
perature. In addition, the linkages formed between the CNCs, and proteins reduced the water affinity of the
reinforced films, leading to a reduction in their moisture content and water solubility, and an increase in their
water contact angle, obtaining more hydrophobic films as the CNCs content in the matrix increased. The addition
of CNCs in the FBP film also considerably improved its barrier properties, reducing its water vapour transmission
rate (WVTR) and oxygen transmission rate (OTR). The present work shows the possibility of obtaining biobased
and biodegradable films of CNC-reinforced FBP with improved mechanical, thermal and barrier properties, and
low water susceptibility, which can be of great interest in the food packaging sector as edible food packaging
material.

1. Introduction

friendly materials capable of replacing traditional synthetic plastics
(Liminana, Garcia-Sanoguera, Quiles-Carrillo, Balart, & Montanes,

In recent years, the worldwide consumption of plastics has increased
in a remarkable way, mainly due to its high versatility and low price.
Only in Europe there was a total production of 57.9 million tonnes in
2019, with the packaging industry being the main consumer with a
39.6% of the total (Plastics Europe, 2020). The high consumption of
plastics generates a large amount of waste that causes serious environ-
mental problems, especially when used as single-use packaging mate-
rials. This has led to an increase in environmental concern in society
which, together with petroleum depletion, has led to a considerable
increase in the research and development of new, more environmentally

* Corresponding author.
E-mail address: dagarga4@epsa.upv.es (D. Garcia-Garcia).
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j.foodhyd.2021.107019

2018). Among the sustainable materials that have received the most
attention, biodegradable polymeric films from renewable sources that
are abundant in nature such as proteins, lipids and polysaccharides,
have positioned as an actual alternative to synthetic polymer films, and
are characterized by their biodegradability, wide availability, and low
cost (Zhang et al., 2016). Protein films are characterized by their
non-toxicity, biodegradability and good barrier properties to oxygen,
lipids and flavourings (Reddy, Jiang, & Yang, 2012). However, they
have a number of drawbacks compared to synthetic polymers that limit
their massive use in sectors such as packaging. Among these
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disadvantages, it is worthy to note their low mechanical strength, poor
water vapour barrier properties and high water sensitivity due to the
highly hydrophilic nature of the proteins (Bourtoom, 2009). Although
these properties highly depend on the protein structure and the method
of film preparation (Salgado, Ortiz, Petruccelli, & Mauri, 2010).

Legume seeds are a cheap source of protein with high nutritional
value, which makes them an interesting raw material for use in the
manufacture of bio-based materials for the packaging sector due to their
sustainability (Makri, Papalamprou, & Doxastakis, 2005). One of the
most consumed legumes worldwide is faba bean (Vicia Faba L.), which is
characterized by its low cost and high quality protein content, which can
contain up to 27.34% protein (dry weight), depending on the cultivation
conditions and the variety. (Samaei et al., 2020). Faba bean has long
been a basic food staple in Middle Eastern and Southeast Asian coun-
tries, however, its main use has been as a livestock feed, although it has
also been used as a cover crop to restore nitrogen content and prevent
soil erosion (Nivala, Nordlund, Kruus, & Ercili-Cura, 2020; Vioque,
Alaiz, & Giron-Calle, 2012). This makes it an excellent raw material for
protein extraction for use as films in the food packaging industry.
However, currently, the use of faba bean proteins to produce biode-
gradable films is still very limited. Some works such as those carried out
by Saremnezhad et al. (Saremnezhad, Azizi, Barzegar, Abbasi, &
Ahmadi, 2011) and Montalvo-Paquini et al. (Montalvo-Paquini,
Rangel-Marron, Palou, & Lopez-Malo, 2014) analyzed the effect of
different pH values, and plasticizer content of film forming solution on
the physical and chemical properties of faba bean protein films. On the
other hand, Hopkins et al. (Hopkins, Stone, Wang, Korber, & Nickerson,
2019) observed that faba bean protein films with 50% glycerol content,
had better tensile strength and opacity and lower water permeability
than protein films obtained from other legumes such as peas, lupins,
lentils, and soybeans.

On the other hand, the formulation of protein films requires the use
of plasticizers to reduce their brittleness and increase their functionality.
The plasticizer molecules interact by hydrogen bonding with amino-acid
groups in protein chains, thus reducing the intermolecular forces be-
tween them, resulting in an increase in their mobility, which translates
into an increase in the flexibility, toughness and tear strength of the
films (Aguirre, Borneo, & Ledn, 2013; Tian, Guo, Xiang, & Zhong, 2018).
Some of the most commonly used plasticizers for the manufacture of
protein films are sorbitol, polyethylene glycol and glycerol, being
glycerol one of the most effective for the production of stable, flexible
and less brittle films (Pérez, Piccirilli, Delorenzi, & Verdini, 2016;
Ramos et al., 2013). Glycerol is one of the most important by-products of
biodiesel production, which is generated in large amounts due to the
remarkable increase in biodiesel production, becoming a waste product
with an associated economic and environmental cost (Rosa et al., 2010;
Tong, Luo, & Li, 2015). Glycerol represents approximately 10 wt% of
total biodiesel production (Yang, Hanna, & Sun, 2012). Therefore, the
use of glycerol as plasticizers in protein films, in addition to increasing
the ductile mechanical properties of the films, can be an effective
alternative to convert a by-product of the biodiesel industry into a high
value-added product (Ye, Xiu, Shahbazi, & Zhu, 2012).

One of the approaches to overcome the above-mentioned drawbacks
of protein films is the use of nanoparticles. The use of small amounts of
nanoparticles has shown good potential to improve the mechanical and
barrier properties of protein films (Calva-Estrada, Jiménez-Fernandez, &
Lugo-Cervantes, 2019). Inorganic nanoparticles such as montmorillonite
(Azevedo et al., 2018; Azevedo, Silva, Pereira, da Costa, & Borges, 2015;
Kumar, Sandeep, Alavi, Truong, & Gorga, 2010; Pereira, Carneiro, Assis,
& Borges, 2017), TiOy (Fathi, Almasi, & Pirouzifard, 2019; Li et al.,
2011;Y.; Liu et al., 2019), halloysite nanotubes (Kang, Liu, Zhang, & Li,
2017; X.; Liu et al., 2017), or carbon nanotubes (Xiang, Guo, & Tian,
2017) have been successfully employed to reduce the drawbacks of
protein films. However, the use of renewable and biodegradable nano-
particles has gained relevance in recent years due to their greater
environmentally friendliness. In this way, cellulose nanocrystals (CNCs)
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obtained from agroforestry residues are considered one of the most
promising reinforcing agents due to their biodegradability, abundance,
variety, chemical modification capacity and price (Garcia-Garcia,
Lopez-Martinez, Balart, Stromberg, & Moriana, 2018). Cellulose nano-
crystals consist of highly crystalline rod-like particles, obtained from
biomass, usually by acid hydrolysis, with dimensions of around 10-20
nm in width and several hundred nanometers in length, giving rise to
high aspect ratios (Xu et al., 2013). CNCs are characterized by high
strength, high elastic modulus and low density (Moriana, Vilaplana, &
Ek, 2016), despite their physico-chemical properties depend on the
cellulose source, and on synthesis process conditions (Silvério, Neto,
Dantas, & Pasquini, 2013; Slavutsky & Bertuzzi, 2014). CNCs are also
characterized by good compatibility with hydrophilic polymers (Han,
Yu, & Wang, 2018). The effect of CNC incorporation has been previously
studied in soy (Gonzalez & Igarzabal, 2015; Han et al., 2018; Yu et al.,
2018; Zhang et al., 2016), whey (Qazanfarzadeh & Kadivar, 2016),
amaranth (Condés, Anon, Mauri, & Dufresne, 2015), or canola (Osor-
io-Ruiz, Avena-Bustillos, Chiou, Rodriguez-Gonzalez, & Martinez-Ayala,
2019) protein films, showing that the presence of nanoparticles in the
protein matrix leads to intramolecular interactions between both pha-
ses, resulting in more compact films with better mechanical properties
and better barrier properties.

The main objective of the present work is to evaluate the effect of the
incorporation of different CNC content extracted from pine cone (1, 3, 5
and 7 wt%) on the mechanical properties, thermal stability, barrier
properties, optical properties, water susceptibility (moisture content,
contact angle and water solubility) and the microstructure on glycerol-
plasticized faba bean protein-based biodegradable films.

2. Experimental
2.1. Materials

Faba beans used in this work (Gloria variety) were supplied by RISE
(Research Institutes of Sweden). Pine cones (Pinus Pinea) were collected
from a local pine forest in Alicante (Spain). Sodium hydroxide (NaOH,
99.0% purity) and hydrochloric acid (HCl, 36% purity) were supplied by
VWR (Darmstadt, Germany). Glycerol was purchased from POCH S.A.
(Gliwice, Poland).

2.2. Faba bean protein isolation

The faba bean protein (FBP) isolation was done following the method
described by Langton et al. (Langton et al., 2020) with some modifica-
tions. First, the faba beans were dehulled with a dehuller, and the beans
were milled in a rotary mill from Brabender (Duisburg, Germany) with a
1.5 mm mesh screen. Subsequently, faba bean flour was mixed in
distilled water at a ratio 1:10 (w/v) and the pH of the obtained solution
was adjusted to 9.0 using 2 M NaOH to increase solubility of the protein.
The suspension was stirred at room temperature for 1 h, and then was
centrifuged in a Sorvall Lynx 6000 centrifuge from Thermo Scientific
(Langenselbold, Germany) at 3700 G for 30 min and 18 °C. The pH of
supernatant was adjusted to 4.0 using 1 M HCl to precipitate the protein,
stirred at room temperature for 1.5 h and centrifuged at 3700 G for 30
min and 18 °C. The precipitates were collected and re-dispersed in
distilled water at a ratio 1:10 (w/v). The suspension was adjusted to pH
4 and centrifuged again with the same described conditions. Finally, the
precipitate protein was frozen and lyophilized to obtain FBP.

2.3. Preparation of pine cone nanocrystals

Pine cone nanocrystals were obtained by acid hydrolysis according
to our previous work (Garcia-Garcia, Balart, Lopez-Martinez, Ek, &
Moriana, 2018). Briefly, grinded pine cone particles were first subjected
to an alkaline treatment in a 4.5% NaOH solution for 2 h at 80 °C fol-
lowed by bleaching process using a solution made up of 1.7 wt%
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aqueous sodium hypochlorite, acetate buffer (0.2 M, pH 4.8) and water
(1:1:1) for 4 h at 80 °C, in order to remove extractives, hemicellulose and
lignin of the raw material. Subsequently, the bleached fibres were
hydrolysed with sulfuric acid (65 wt%) for 45 min at 45 °C. The excess
acid was then removed from the solution by washing with Milli-Q water
by repetitive centrifugation and finally by dialysis. The resulting sus-
pension was sonicated to promote CNCs dispersion and then centrifuged
to remove the remaining unhydrolyzed fibres. The collected suspension
was then stored in a refrigerator for further use.

2.4. Preparation of reinforced protein films

Preparation of FBP films was done by solution casting process.
Control protein films were prepared dissolving FBP (5% w/v), glycerol
(50% w/w based on the dry weight of FBP) and distilled water. The pH
of the solution was adjusted to 10.5 using a 1M NaOH solution and was
mechanically stirred for 1 h. After this, the solution was denatured by
heating at 85 °C for 30 min in a water bath and cooled down at room
temperature. For the CNCs-reinforced films, the same procedure was
followed as for the control film, however in this case the appropriate
amounts of CNCs were incorporated (1, 3, 5 and 7 wt% on the dry weight
of FBP) after the denaturation process, keeping the solution in a stirrer
for 30 min. The resulting solutions were casted into a polystyrene Petri
dish and dried at 40 °C for 24 h. Then, the dried films were peeled off
and conditioned at 52% relative humidity (RH) and 25 °C for 48 h prior
to testing. All films were prepared in triplicate. Table 1 summarizes the
composition of all the developed films.

2.5. Characterization techniques

2.5.1. Film thickness

The thickness of the FBP films was determined at ten random points
around each film sample using a manual micrometer Mitutoyo No.
2109S-10 (Tokyo, Japan) with 0.001 mm sensitivity. The average value
of each film was determined and used in calculations for mechanical
properties, oxygen transmission rate, water vapour transmission rate
and transparency.

2.5.2. Mechanical properties

The mechanical tensile properties, namely the tensile strength (TS),
the Young’s modulus (E) and the elongation at break (¢) of FBP films
were determined following the standard method ASTM D882-02, using a
Linkam TST-350 tensile stage (Linkam Scientific Instruments, Ltd., U.K.)
with a 20 N load cell. Preconditioned FBP films were cut into rectangular
strips (30 x 4 mm?) and placed between the tensile grips. The initial grip
distance was set at 15 mm and the crosshead speed at 5 mm min~!. At
least five specimens from each film were tested at room temperature and
the average results were obtained.

Table 1
Composition and codes for faba beans proteins (FBP) films with different pine
cone cellulose nanocrystals content.

Samples Content
Proteins Glycerol Water CNC (wt% on dry
(€3] ® ® proteins)
FBP 5 25 100 [
FBP_CNC- 5 2.5 100 1
1
FBP_CNC- 5 25 100 3
3
FBP_CNC- 5 2.5 100 5
5
FBP_CNC- 5 25 100 7

7
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2.5.3. Thermogravimetric analysis (TGA)

Thermal behaviour of different FBP films obtained was analyzed by
thermogravimetric analysis using a Mettler-Toledo TGA/DSC 1 ther-
mobalance (Schwerzenbach, Switzerland). Samples with a total weight
between 8 and 10 mg were placed in an alumina crucible (70 pL) and
heated from 30 to 800 °C at a constant heating rate of 10 °C min~! under
nitrogen atmosphere (flow rate 50 mL min !). All samples were
analyzed in triplicate to ensure reproducibility.

2.5.4. Moisture content

Moisture content of FBP films samples was determined gravimetri-
cally by measuring the weight loss of films, with a size of 1 x 1 cm?,
before and after drying in an oven at 105 °C for 24 h, to attain a constant
weight. The moisture content of each film was calculated according to

the following Equation (1):

Wiz W/] o

Moisture content (%) =100 x [T

i

where W; and Wr are the initial and dried weight of the samples
respectively. Three replications of each film were used for calculating
the moisture content average.

2.5.5. Solubility

The solubility of FBP films in water was determined according to the
method proposed by K. Masamba et al. (Masamba et al., 2016) with
minor modifications. Rectangular pieces of films (10 x 10 mm?) were
dried in an oven at 105 °C for 24 h, until constant weight. The weight of
the dried films was measured, and then the films were placed into a test
tube with 10 mL of distilled water. The tubes were slowly and periodi-
cally stirred for 24 h at 25 °C. After that period, the non-solubilized
fraction was dried in the oven at 105 °C for 24 h in order to deter-
mine the weight of dry matter not dissolved in water. The % solubility of
each film was determined using the following equation (2):

W; — W,
Solubility (%) =100 x {Tf} @)
where Wi is the initial weight of the sample and W is the sample weight
after drying. The measurements were made in triplicate.

2.5.6. Static contact angle measurements

The static contact angle () of each preconditioned FBP films was
measured by an optical goniometer model FM140 (110/220 V, 50/60
Hz) from KRUSS GmbH (Hamburg, Germany) at room temperature. This
goniometer is equipped with a video capture kit and analysis software
(Drop Shape Analysis SW21; DSA1). Five different water droplets, using
distilled water as contact liquid, were deposited onto the film surface
with a micro syringe and ten measurements were obtained for each drop
and averaged. The contact angle was measured 30 s after depositing the
drop to obtain stabilized values.

2.5.7. Transparency

FBP films transparency was determined using a UV-Vis spectro-
photometer Perkin Elmer model Lambda 2 (Massachusetts, EEUU) ac-
cording to ASTM D1746. Preconditioned film specimens were cut into
rectangle shape and directly placed in the spectrophotometer cell. The
percent transmittance of light at 600 nm in each film was measured by
triplicate, and the transparency value was calculated by the following
equation (3):

LogTeo
7} 3)

Transparency = [

where Tgo is the transmittance at 600 nm of each film and x is the film
thickness (mm).
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2.5.8. Colour of films

The effect of CNCs in the colour properties of FBP films was studied
in a colorimeter model KONICA CM-3600d COLORFLEX-DIFF2 from
Hunter Associates Laboratory (Virginia, EEUU) calibrated using a white
standard. The CIELAB colour space was used to measure the degree of L*
(lightness), a* (red-green) and b* (yellow-blue) of each film. Five mea-
surements were made at random positions over each film surface and
average values were calculated. Total colour difference (4E) was
calculated using the following equation (4):

AE=\/(AL') + (4a")* + (Ab*)’ (4)

where AL*, Aa* and Ab* are the differences between the corresponding
colour parameters of the samples and the colour parameter values of the
control film (L* = 66.6, a* = 5.5, b* = 37.0).

2.5.9. Oxygen transmission rate (OTR)

The oxygen transmission rate (OTR) of the FBP films was obtained
using an OTR Permeation Analyzer Mocon OX-TRAN model 2/20 from
Modern Controls Inc. (Minneapolis, USA) equipped with a coulometric
oxygen sensor in accordance with ASTM D3985-95. The area of mea-
surement of the samples was 5 cm? and the OTR measurements were
performed at 23 °C and 50% RH. Before the analysis, the samples were
conditioned for 2 days at 23 °C and 50% RH. At least two samples of
each film were tested.

2.5.10. Water vapour permeability (WVP)

The WVP test was conducted gravimetrically in triplicate following
ASTM E96-95. Conditioned circular films were sealed on permeability
cups TQC Sheen B.V. model VF2200 (Capelle aan den IJssel,
Netherlands) containing 2 g of CaCly (0% RH) with an exposed area of
10 cm?. Later, the cups were placed in a desiccator at 25 + 1 °C con-
taining a saturated Mg(NO3)-6H20 solution to reach a relative humidity
of 54% =+ 3%. The cups were weighed each hour for a total period of 8 h
using an analytical balance. The changes in cup weight were plotted as a
function of time and the slope was calculated by linear regression.
Finally, the WVTR was calculated according to the following equation
(5) (Trifol et al., 2016):

nxl

WVIR =
N

(5)

where n is the slope of the straight line, L is the thickness of the film and S
is the exposed area of the film.

2.5.11. Field emission scanning electron microscopy (FESEM)

The morphology of the cross section of nitrogen cryofractured films
was studied in a field emission scanning electron microscope (FESEM)
ZEISS model ULTRASS5 (Eindhoven, The Netherlands) with an operating
voltage of 1 kV. Prior to the morphological characterization, the cryo-
fracture surface of films were coated with a thin layer of platinum in a
high vacuum sputter coater EM MED20 from Leica Microsystems (Mil-
ton Keynes, United Kingdom).

2.5.12. Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy

The FBP films spectra were recorded by attenuated total reflection
method (ATR) in an infrared spectrometer Perkin-Elmer Spectrum BX
(Perkin-Elmer Spain S.L., Madrid, Spain). Each sample was subjected to
20 scans between 4000 and 600 cm ™! with a resolution of 4 cm ™. After
attenuation of total reflectance and baseline correction, spectra were
normalized with a limit ordinate of 1.5 absorbance units.
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3. Results and discussion
3.1. Mechanical properties

The mechanical properties of the control film (FBP) and films rein-
forced with different CNCs content are shown in Fig. 1. As can be seen,
the incorporation of low CNCs content (1 and 3 wt%) to the FBP film
hardly affects the strength and tensile modulus, obtaining values very
similar to those of the unreinforced FBP film. However, it is observed
that the addition of higher CNCs amounts (5 and 7 wt%) results in a
considerable increase in tensile strength, with values of 5.3 MPa and 6.5
MPa for the films reinforced with 5 and 7 wt% of CNCs respectively,
which represents a percentage increase of 22.3% and 50.5% respec-
tively, with respect to the unreinforced film (4.3 MPa). The tensile
strength values obtained with the film reinforced with 7 wt% CNCs are
higher than those obtained with other protein films reinforced with
similar or higher amounts of CNCs (Gonzalez et al., 2015; Osorio-Ruiz
et al., 2019; Sukyai et al., 2018). This tendency is also observed in
Young’s modulus, where it can be seen that the addition of 5 and 7 wt%
of CNCs into the FBP film resulted in an increase of 43.7% and 76.1%
respectively with respect to the unreinforced protein film (67.1 MPa).
Therefore, the incorporation of CNCs into the FBP film resulted in an
increase in its stiffness, which increases with the amount of reinforce-
ment in the matrix. This is due to the increased hydrogen bonds formed
between the protein matrix and the reinforcement as CNCs loading in-
creases, thus increasing the cohesion of the films and reducing their
flexibility (Gonzalez et al., 2015; Sukyai et al., 2018). This same trend
with respect to mechanical strength properties was observed by Sukyai
et al. (Sukyai et al., 2018) who studied the effect of different content of
cellulose nanocrystals from sugarcane bagasse (0, 2, 5 and 8 wt%) in
whey protein films. In this case, the authors observed that the addition
of 8 wt% CNCs to the whey protein film resulted in an increase in tensile
strength from 2.30 MPa to 4.93 MPa and Young’s modulus from 57.56
MPa to 187.42 MPa with respect to the unreinforced whey protein film.

With respect to the elongation at break, Fig. 1 shows how the addi-
tion of CNCs results in a decrease of ductile mechanical properties of the
FBP film. In this case, it is observed that the control film shows an
elongation at break of about 105%. This elongation at break is signifi-
cantly higher than the elongation at break obtained in other protein
films with similar plasticizer content, such as soy protein films
(Gonzalez, Gasteld, Barrera, Ribotta, & Igarzabal, 2019) or whey protein
films (Galus & Kadzinska, 2016). The addition of 1 wt% of CNCs
considerably reduces the elongation at break of the control film,
changing from 104.4% in FBP film to 63.9%. For higher amounts of
CNCs (3 and 5 wt%) the elongation at break decreases to around 54%,
while for films reinforced with 7 wt% CNCs the elongation decreases to
48.9%, which represents a decrease of around 53.1% with respect to the
elongation at break of the control film. This decrease in elongation at
break is typical of protein films reinforced with cellulose nanocrystals,
since the interactions of the CNCs with the proteins lead to a reduction in
the polymer chains’ mobility, thus reducing their ductility (Shabanpour,
Kazemi, Ojagh, & Pourashouri, 2018).

Comparing the mechanical properties of unreinforced FBP films and
films reinforced with different CNCs content with those of synthetic
films used in the food packaging sector, it can be observed that the
elongation at break obtained in the control film is higher than that of
widely used materials such as PET (70%) or HDPE (20-50%). However,
these materials have higher tensile strength values than FBP films. On
the other hand, it is observed that the tensile strength achieved by the
FBP film reinforced with 7 wt% CNCs has a tensile strength value similar
to that of LDPE (7-25 MPa) and EVA (6-19 MPa) (Bastarrachea, Dha-
wan, & Sablani, 2011).

3.2. Thermal properties

The thermal stability of unreinforced FBP film and films reinforced
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Fig. 1. Tensile properties of unreinforced (control) FBP film and FBP film reinforced with different CNCs content: a) stress-strain curves and b) tensile properties.

with different CNCs content was studied by thermogravimetric analysis.
Fig. 2 shows the mass loss curves of the FBP films with respect to tem-
perature and their corresponding first derivative curves (DTG). Addi-
tionally, Table 2 gathers the most relevant thermal degradation
properties, namely the onset degradation temperature of each film and
the maximum degradation temperatures in each of the different degra-
dation stages, as well as the percentage of mass loss obtained in each of
them. As can be seen in all the curves, three main stages can be identi-
fied. The weight loss that occurs at low temperatures (30-125 °C) is
related to the moisture loss absorbed by the films. The second degra-
dation stage (125-280 °C) is attributed to the loss of low molecular
weight protein fractions and glycerol evaporation. Finally, the third
stage (280-500 °C), is related to the protein and CNCs degradation
(Osorio-Ruiz et al., 2019). As shown in Table 2, the control film (FBP)
has a higher moisture content than the CNCs-reinforced films. This is a
clear evidence of the increased hydrophobicity of the film due to the
presence of the CNCs, as their interaction with the proteins reduces the
number of active sites capable of reacting with the water molecules, thus
reducing the moisture content of the film. It can also be observed that
the FBP film onset degradation temperature increases with the presence
of CNCs, with higher values as the CNCs content increases. In this case,
the highest onset degradation temperature is obtained for the film
reinforced with 7 wt% CNCs, with an increase of about 15 °C with
respect to the control film. On the other hand, if the third degradation
stage is observed, related to the degradation of the proteins and CNCs, it
can be seen that the reinforced films present higher thermal stability
with increasing CNCs content. This increase in degradation temperature
in reinforced films may be due to the higher thermal stability of CNCs

compared to proteins, as well as the formation of strong intermolecular
bonds between CNCs and the matrix phase resulting in improved ther-
mal stability compared to the control film (Chang, Jian, Zheng, Yu, &
Ma, 2010; Osorio-Ruiz et al., 2019). In this case, the highest degradation
temperature (Tmax3) Was obtained in the film reinforced with 7 wt% of
CNCs, with a value of 318.9 °C. This is due to the higher number of
interactions established between the proteins and CNCs, resulting in an
increase in their thermal stability.

3.3. Water susceptibility

Moisture content, water solubility and contact angle values of
different FBP films are shown in Table 3. As can be seen, the addition of
CNCs to the protein film results in a slight reduction in the moisture
content of the films, being this reduction greater for higher CNCs con-
tents (5 and 7%). This decrease in the moisture content of the reinforced
films may be due to the interactions formed between the hydroxyl
groups of the CNCs and the free functional groups of the proteins, which
reduce the number of available active sites capable of interacting with
the water molecules, resulting in an increase in the hydrophobicity
(Qazanfarzadeh et al., 2016). This reduction of hydrophilic groups in the
protein film due to interactions with CNCs also leads to an increase in
the surface hydrophobicity. As can be seen in Table 3, the contact angle
of the control film (56.7°) increases after the addition of CNCs, being
higher as the CNCs concentration in the film increases. In this case, the
maximum contact angle is obtained for the FBP film reinforced with 7 wt
% CNCs, with a contact angle of 66.7°, which represents an increase of
21.4% with respect to the control film (Condés et al., 2015). This
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Fig. 2. a) TGA curves and b) DTGA curves of unreinforced (control) FBP film and FBP film reinforced with different CNCs content.
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Table 2
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Thermal parameters of unreinforced (control) FBP film and FBP film reinforced with different CNCs content.

Samples To" (°C) Stage 1 Stage 2 Stage 3 Residue Mass (%)
30-125°C 125-280 °C 280-500 °C
Mass loss (%) Mass loss (%) Tmaxz (°C) Mass loss (%) Tmaxs (CC)
FBP 155.9 £ 0.1 2.8+0.2 34.2 +£29 2459 + 1.2 44.1 £33 3119+ 1.5 189 +0.3
FBP_CNC-1 165.4 + 1.9 2.1 +£0.0 45.6 + 1.6 2379+ 1.7 35.3+1.3 311.7 £ 0.7 17.1 £0.3
FBP_CNC-3 166.7 + 1.4 2.0+0.1 39.6 + 1.6 235.0 £ 2.7 40.0 £ 1.2 316.4 + 0.4 18.4 £ 0.3
FBP_CNC-5 167.1 £1.0 2.1+0.0 43.7 £1.2 2328+ 1.9 36.3+0.9 3185+ 0.5 17.9+£0.3
FBP_CNC-7 170.8 +£ 2.1 1.94+0.2 432+ 34 243.7 +£ 3.7 36.3 + 3.0 318.9 + 0.6 18.6 £ 0.1
# Ty is calculated at 5% weight loss.
Table 3
Moisture content, water solubility and contact angle for unreinforced (control)
FBP film and FBP film reinforced with different CNCs content. 7
Samples Sample 3 FBP
e
FBP FBP.CNC-  FBP.CNC-  FBPCNC-  FBP_CNC- 8
1 3 5 7 °
S FBP_CNC-1
Moisture 159+ 154406 153407 142+03 143409 b
content (%) 0.5 k-] -
Water 34.6 + 33.6+0.2 31.7+£0.5 31.1+£1.1 31.5+0.8 g FBP CNC-3
solubility 0.5 T =
%) E
Contact angle 56.7 + 57.4+21 61.6+1.4 64.6 £ 3.1 66.7 + 1.0 g
© 1.3 b FBP_CNC-5
increase in FBP film hydrophobicity after CNCs incorporation is of great FBP_CNC-7
interest for food packaging applications. However, the contact angle is

still lower than that of materials used as food packaging such as LDPE
(100.2°), HDPE (92.4°) or PP (90°), which is evidence of their hydro-
philic nature (Favaro, Rubira, Muniz, & Radovanovic, 2007; Karbowiak,
Debeaufort, Champion, & Voilley, 2006).

Table 3 shows the water solubility values of the different films. Water
solubility is an important property to be considered in food packaging
applications where the film has to be in contact with food that contains a
large amount of water. In this case it is observed that the unreinforced
FBP film shows a low water solubility compared to other protein films,
such as soy protein films (Gonzalez et al., 2019; Gonzdlez et al., 2015),
whey protein (Sukyai et al., 2018) or Amaranth protein films (Condés
et al., 2015). This low solubility of the films was evidenced by the good
structural integrity obtained after 24 h of immersion in water, which
showed that only small amounts of low molecular weight peptides and
plasticizer were dissolved in the water during the test (Wang et al.,
2017). In this case, it is observed that the incorporation of CNCs in the
FBP film decreases its water solubility, obtaining a reduction in solubi-
lity of around 10% for films with CNCs contents of 3, 5 and 7 wt%
compared to the control film. This reduction in solubility is due to the
strong hydrogen bonding interactions established between the hydroxyl
groups of CNCs and the carboxyl and amino groups of proteins, which
improve their cohesion and reduce their susceptibility to water mole-
cules (Abdollahi, Alboofetileh, Behrooz, Rezaei, & Miraki, 2013; Sha-
banpour et al., 2018). Some authors have reported that this reduction in
water solubility may also be influenced by the high crystallinity of the
CNCs (Deepa et al., 2016).

3.4. Chemical structural properties

The chemical interactions between CNCs and the proteins during
film production were assessed by ATR-FTIR. Fig. 3 shows the FTIR
spectra of the unreinforced FBP film and the films reinforced with
different CNCs content. As can be seen, the control film spectra (FBP)
shows the main absorption bands of the peptide linkage which are the
peak at 1630 cm ™! corresponding to the amide I band (C=0 stretching),
the peak at 1538 cm ™! attributed to the amide IT band (N-H bending and

T T T T T T T T
3600 3200 2800 2400 2000 1600 1200 800
Wavelength (cm™)

Fig. 3. FTIR spectra of unreinforced (control) FBP film and FBP film reinforced
with different CNCs content.

C-N stretching) and the peak at 1238 cm™! corresponding to the amide
III band (N-H bending and C-N stretching) (Montalvo-Paquini et al.,
2014). Other characteristic peaks appearing in the spectra are the peak
at 3272 cm ! related to the N-H and O-H groups of the proteins, and the
peak at 1038 cm ™! associated with G-C and C-O stretching vibrations.
On the other hand, the peaks located in the range between 800 and 1150
em™! are attributed to the glycerol used as a film plasticizer (Sha-
banpour et al., 2018; Sogut, 2020; Sukyai et al., 2018). After the
incorporation of CNCs, no significant changes in the spectra were
observed. However, it is observed that in the reinforced films a new peak
appears at 1158 cm ™! related to the saccharide structures of CNCs (Yu
et al., 2018), as well as a change in the intensity of the bands associated
to the amide I, II, and III compared to the control film. These differences
are most evident in the case of the film reinforced with 7 wt% CNCs. This
suggests the formation of interactions between the main polypeptide
chains of proteins and the CNCs, consisting mainly of hydrogen bonds
between the amino and carboxyl groups of the proteins and the hydroxyl
groups of the CNCs (Martelli-Tosi et al., 2018; Shabanpour et al., 2018).

3.5. Morphological properties

The FESEM images of the cryofractured cross section of the different
films are gathered in Fig. 4. As can be seen, the control film has a smooth
and homogeneous surface, with the presence of small microcracks and
numerous surface pores. After the CNCs incorporation, a modification of
the fracture surface is observed. In this case, CNCs-reinforced films have
a higher cross-section roughness, which increases as the CNCs content in
the film increases. Furthermore, it is observed that the CNCs incorpo-
ration in the film leads to a reduction in the size and pore number on the
surface, resulting in a more homogeneous and uniform surface. This is
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Fig. 4. Field emission scanning electron microscopy (FESEM) images at 5000 x of cryofractured cross section of FBP-based films: (a) FBP (control); (b) FBP_CNC-1;

(c) FBP_CNC-3; (d) FBP_CNC-5 and (e) FBP_CNC-7.

most noticeable in samples reinforced with small CNCs content (1% and
3%). This reduction in the size and number of pores on the surface ev-
idences the good interaction between the functional groups of the pro-
teins, the glycerol and the CNCs, which results in more compact and
resistant films, but with a lower molecular mobility, which is reflected in
the mechanical properties with an increase in the tensile strength and a
decrease in the elongation at break (Mirpoor et al., 2020; Osorio-Ruiz
et al,, 2019; Yu et al., 2018).
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Fig. 5. a) OTR and b) WVTR of unreinforcing (control) FBP film and FBP film reinforcing with different CNCs content.

3.6. Barrier properties

Fig. 5 shows the OTR and WVTR values of unreinforced FBP film
(control), and films reinforced with different CNCs content. As can be
seen in Fig. 5a, the CNCs addition to the control FBP film results in a
reduction of the OTR values, being this reduction greater as the CNCs
content in the film increases. In this case, the lowest OTR value was
obtained in the film with a CNCs content of 7 wt% (3.67 x 10° mL pm
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m~2 day 1), obtaining an OTR value 36.2% lower than the control film
(5.75 x 10° mL pm m~2 day ™). This OTR decrease is due to the for-
mation of a dense network structure by the interaction between proteins
and CNCs which results in an increase in the tortuosity of the diffusion
pathway of the oxygen molecules, hindering their transfer through the
film and thus increasing its oxygen barrier property (Xie et al., 2020).
This reduction of oxygen permeability is of great importance in the food
packaging sector, as it allows to increase the product’s shelf life.

In the same way, it can be seen in Fig. 5b that the WVTR is also
reduced by the presence of CNCs, improving the water barrier property
of the FBP films. In this case, the addition of 1 wt% CNCs hardly affects
the water vapour permeability. However, higher CNCs content results in
a decrease in WVTR with respect to the control film, leading to a greater
decrease as the CNC content in the film increases. The WVTR of the
control film was 2.93 x 10* g pm m~2 day ™, reducing to 2.27 x 10* g
um m~2 day ™! after incorporating 7 wt% CNCs, a decrease of about
22.7%. This improvement of the water vapour barrier property of the
reinforced films can be influenced by several aspects, such as the
decrease of the films’ hydrophilicity due to the presence of CNCs, or the
increase of the tortuosity of the diffusion path of water molecules due to
the presence of highly crystalline CNCs. In addition, the restricted
polymer chain mobility and the higher matrix structure density obtained
due to the strong interactions of the functional groups of proteins and
CNCs also contribute to the reduction of the water vapour permeability
of CNC-reinforced films. (Azevedo et al., 2020; Rafieian, Shahedi, Ker-
amat, & Simonsen, 2014).

a)
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3.7. Colour and transparency properties

Fig. 6 shows the light transmission in the UV and visible ranges and
the transparency of unreinforced FBP film and films reinforced with
different CNCs content. As can be seen, all films show a good ability to
absorb UV light at wavelengths between 250 and 300 nm, while for
wavelengths between 300 and 400 nm, the CNCs addition to the FBP
film reduces the UV light absorption, which is of interest in the food
preservation packaging sector. In the visible range region (400-700
nm), the FBP film shows a high transmittance percentage, which is
reduced after the CNCs incorporation. As can be seen in Fig. 6a, the
transmittance decreases as the CNC content of the film increases.

The films’ transparency is one of the most important properties to be
considered for their use in the food packaging industry. Fig. 6b shows
that the control film has a high transparency, however, after CNCs
addition, this transparency is slightly reduced, obtaining a higher
opacity as the CNCs content in the film increases. The decrease in
transparency of the reinforced films may be related to light scattering
caused by the dispersed CNCs in the matrix which leads to a reduction of
light passing through the film. The increased opacity of reinforced films
may also be due to the formation of CNCs aggregates during film
fabrication, which cause a slight darkening and make it difficult for light
to pass through the matrix (Qazanfarzadeh et al., 2016; Shabanpour
et al., 2018). This loss of transparency in CNCs-reinforced protein films
has also been observed by several authors such a Sukya et al. (Sukyai
etal., 2018), Han et al. (Han et al., 2018) or Huang et al. (Huang, Tao,
Ismail, & Wang, 2020). In this case, FBP films are less transparent than

b)

704 —— FBP
B FBP_CNC-1

60 - - FBP_CNC-3 _Z
7 -
- == FBP_CNCS —~
& - _
50 —— FBP_CNC7 A <
o
-

Transmitance (%)
a
&

Transparency

450 500 550 600 650 700
Wavelength (nm)

250 300 350 400

FBP_CNC-5

FBP_CNC-3

FBP_CNC-7

Fig. 6. a) transmittance, b) transparency and ¢) macroscopic aspect of unreinforced (control) FBP film and FBP film reinforced with different CNCs content.
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other CNCs-reinforced films, such as CNCs-reinforced whey protein
films from sugar cane bagasse. (Sukyai et al., 2018). However, it is worth
noting that the control film and the FBP film reinforced with 1 wt% of
CNCs show higher transparency than the commercial LDPE film used for
food packaging, 4.26 A/mm, being this very similar to that obtained in
the FBP films reinforced with 3, 5 and 7 wt% of CNCs (Guerrero, Hanani,
Kerry, & De La Caba, 2011).

Table 4 shows the surface colour values of unreinforced film and
films reinforced with different CNCs content. As can be seen, the
incorporation of CNCs into the FBP films results in a slight increase in L*
and a decrease in the a* and b* coordinate values, which is represen-
tative for a slight increase of the brown colour in the samples, probably
due to the formation of CNC aggregates in the film. However, the AE
values of the CNC-reinforced films show that the reinforcement addition
into the FBP film hardly alters its colour properties.

4. Conclusions

In the present work, the effect of the incorporation of different CNCs
content (1, 3, 5 and 7 wt%) synthesized from pine cone on the me-
chanical, thermal, barrier, water susceptibility, optical and morpho-
logical properties of faba bean protein (FBP) films has been evaluated.
The CNCs addition to the FBP film resulted in the formation of intra-
molecular interactions between the hydroxyl groups of the CNCs and the
amino and carboxyl groups of the proteins, mainly through hydrogen
bonds. This chemical affinity resulted in more compact films with lower
chain mobility, which was reflected in the mechanical properties of the
reinforced films through an increase in tensile strength and Young’s
modulus and a decrease in the elongation at break compared to the
unreinforced FBP film. In this case, the incorporation of 7 wt% CNC in
the FBP film resulted in an increase in tensile strength and Young's
modulus of 50.5 and 76.1% respectively with respect to the control film,
as well as a decrease in elongation at break of about 53.1%. The thermal
stability of the FBP film was also affected by the presence of CNCs,
increasing the onset degradation temperature as the CNC content in the
film increases. In this case, an increase of 15 °C was obtained in the onset
degradation temperature of the film reinforced with 7 wt% of CNCs
compared to the control film. A slight increase in the maximum degra-
dation temperature was also observed in the reinforced films with
respect to the FBP film. The interactions formed between the CNCs and
the proteins also reduced the amount of active sites able to react with the
water molecules in the proteins, which resulted in an increase in the
hydrophobicity of the CNC-reinforced films, as evidenced by a reduction
in moisture content and water solubility and an increase in their contact
angles. The CNCs addition to the FBP film also significantly improved its
barrier properties, reducing its WVTR and OTR as the CNC content in the
matrix increased. In this case, the film reinforced with 7 wt% CNC ob-
tained 36.2 and 22.7% lower OTR and WVTR values, respectively,
compared to the unreinforced FBP film. Finally, it was observed that the
presence of CNCs in the FBP film led to an increase in its opacity as the
CNCs content increases. This work has shown that CNCs obtained from
pine cone are of great interest to improve some physical and mechanical
properties of FBP films, obtaining biobased and biodegradable materials
that could present attracting potential for use in the food packaging
sector as edible food packaging material. These films could be a po-
tential solution to reduce the amount of non-degradable food packaging
waste of petrochemical origin.
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