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Abstract

Cereal production generates large quantities of by-products every year, which still remain underutilized.
The hemicellulose fractions from cereal by-products are anticipated to play an important role in
tomorrow’s sustainable and bio-based circular economy. This thesis addresses the valorization of
hemicelluloses from cereal bran into films and hydrogels, starting from their isolation and expanding to
the evaluation of material properties and potential use in future applications.

Initial isolation of arabinoxylans (AX) from wheat bran was achieved by a lab-scale subcritical water
extraction (SWE) maintaining their functional groups (i.e. ferulic acid) and the effect of prior protein
isolation on AX extraction was studied. The protein isolation resulted in a looser structure of wheat bran,
which increased the polysaccharide yields in subsequent SWE. The polymeric structure and ferulic acid
groups were preserved to a large extent after both protein isolation and SWE. The extracted AX fractions
had considerable antioxidant activity, rendering them potential sources for further material development.

Further isolation of larger quantities of wheat bran AX was achieved by pilot scale SWE and alkaline
extraction, resulting in feruloylated and non-feruloylated AX fractions, respectively. The film formation
and properties of these AXs were investigated in comparison with a wheat endosperm AX. The three AX
were also chemically modified by acetylation and applied in films. Higher purity, molecular weight, and
degree of substitution of the AX extracts led to better thermal and mechanical properties of their films.
The thermal stability of the films was significantly improved after chemical acetylation however, the
mechanical performance and permeability properties did not change. Bound ferulic acid in feruloylated
AX films was found to have considerably higher antioxidant activity than external incorporation of free
ferulic acid.

Hydrogels were produced by enzymatic crosslinking of feruloylated AX from both wheat and corn bran,
which show distinct molecular structure and ferulic acid content. For wheat bran AX, hydrogels were
obtained by laccase crosslinking and the following regeneration process, and their biochemical and
biophysical properties were studied. The rheological properties of feruloylated AX were enhanced by
enzymatic crosslinking and further improved by the regeneration, proving that their mechanical strength
can be modulated by chemical and physical adjustments. For corn bran AX, crosslinking was applied by
laccase and peroxidase to compare the properties of the resulting hydrogels. Laccase formed a more
elastic hydrogel network whereas peroxidase crosslinking resulted in hydrogels with larger covalent
polymer networks. As a result of these differences between the two enzymes, the hydrogel obtained by
peroxidase crosslinking contained larger aggregates with higher clustering strength. The crosslinking was
followed by a cell application of the AX hydrogels, where their protective effect against chemically induced
oxidative stress was demonstrated. Both corn bran AX hydrogels provided adequate scavenging against
reactive oxygen species produced by human colon cells. It was shown that the gelation of wheat bran AX
is governed by physical interactions between the xylan backbones of adjacent chains and interactions
between larger scale aggregates in addition to the covalent crosslinks. The gelation mechanism of highly
substituted corn bran AX was instead hypothesized to proceed by interactions between side chains
together covalent crosslinks. This thesis demonstrated that AX-based hydrogels could find potential use
in food and biomedical applications. The outputs of this thesis will contribute to the bioeconomy and
sustainable development by valorizing food side fractions into new high-value materials.
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acetylation, films, hydrogels, crosslinking, regeneration, antioxidant activity



Sammanfattning

Spannmalsproduktion genererar varje ar biprodukter i stora mangder som fortfarande ar outnyttjade.
Hemicellulosor frén spannmaélbiprodukter forviantas spela en viktig roll i framtidens héallbara och
biobaserade cirkuldra ekonomi. Denna avhandling omfattar valorisering av hemicellulosor fran
spannmalskli till filmer och hydrogeler, vilken startar med isolering och utvidgas till utvdrdering av
materialegenskaper och eventuell anvindning vid vidare applikationer.

Arabinoxylaner (AX) extraherades initialt genom att anvdnda en subkritisk vattenextraktion (SWE) i
laboratorieskala under vilken de funktionella grupperna (ferulsyra) behoélls intakta och effekten av
tidigare proteinisolering i AX extraktion studerades. Proteinisoleringen resulterade i en l6sare struktur
hos vetekliet, vilket 6kade utbytet av polysackarid i efterféljande SWE. Polymerstrukturen och ferulsyra
grupperna bibeholls i stor utstrdackning efter béde proteinisolering och SWE. De extraherade AX
fraktionerna uppvisade avsevidrd antioxidantisk aktivitet, vilket gor dem till potentiella killor for
ytterligare materialutveckling.

Ytterligare isolering av vetekli AX i storre mangder uppnéddes genom pilotskala SWE och alkalisk
extraktion, vilket resulterade i feruloylerade och icke-feruloylerade AX-fraktioner. Filmbildningen och
egenskaperna hos dessa AX undersoktes och jamféredes med en veteendosperm AX. De tre AX
modifierades ocksa kemiskt genom acetylering och applicerades i filmer. Hogre renhet, molekylvikt och
substitutionsgrad hos AX extrakten ledde till battre termiska och mekaniska egenskaper hos dessa filmer.
Filmernas termiska stabilitet forbattrades avsevirt efter kemisk acetylering, men de mekaniska prestanda
och permeabilitetsegenskaperna fordndrades inte. Bunden ferulsyra i AX filmerna uppvisade betydligt
hogre antioxidantisk aktivitet &n extern inforlivning av fri ferulsyra.

Hydrogeler producerades genom enzymatisk tvarbindning av feruloylerad AX fran bade vete och majskli,
som béda uppvisar distinkt molekylstruktur och ferulsyrahalt. Hydrogeler producerades fran vetekli AX
genom lackas tviarbindning och den foljande regenereringsprocessen samt deras biokemiska och
biofysikaliska egenskaper studerades. De reologiska egenskaperna hos feruloylerad AX forstiarktes genom
enzymatisk tvarbindning och forbattrades vidare genom regenereringen, vilket bevisar att deras
mekaniska héllfasthet kan moduleras genom kemiska och fysiska justeringar. For majskli AX
applicerades tvarbindning med lackas och peroxidas for att jamfora egenskaperna hos de resulterande
hydrogelerna. Lackas bildade ett mer elastisk hydrogelnétverk medan peroxidas tvirbindning resulterade
i hydrogeler med storre kovalenta polymernatverk. Som ett resultat av dessa skillnader mellan de tva
enzymerna uppvisade hydrogelerna fran peroxidas tvarbindning storre aggregat med hogre klusterstyrka.
Tvarbindningen foljdes av en cellapplicering av AX hydrogelerna, dar deras skyddande effekt mot kemiskt
inducerad oxidativ stress pavisades. Bdda majskli AX hydrogelerna uppvisade god avldgsningsforméga
gemtemot reaktiva syreforeningar som produceras av humana kolonceller. Det visades att gelningen av
vetekli AX styrs av fysikaliska interaktioner mellan xylan skelettet i angransande AX kedjor och
interaktioner mellan aggregat i storre skala i tilligg till de kovalenta tvarbindningarna.
Geleringsmekanismen for starkt substituerad majskli AX antogs istéllet g& vidare genom interaktioner
mellan sidokedjor tillsammans kovalenta tvarbindningar. Denna avhandling visade att AX-baserade
hydrogeler kan hitta potentiell anvandning inom livsmedel och biomedicinska tillimpningar. Resultatet
av denna avhandling kommer att bidra till bioekonomi och héllbar utveckling genom att valorisera
livsmedelsfraktioner till nya hogvardiga material.

Nyckelord

Vetekli, majskli, hemicellulosa, arabinoxylan, ferulsyra, subkritisk vattenextraktion, acetylering, filmer,
hydrogeler, tvarbindning, regeneration, antioxidant aktivitet
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1 PURPOSE OF THE STUDY

Our society is currently experiencing a transition to a bio-based economy that requires
innovative and efficient use of bio-based resources to generate future’s functional and
sustainable materials. Cereal by-products accommodate hemicelluloses that have been widely
recognized for their great potential for use in food and biomedical applications as polymeric
matrices. Effective exploitation of cereal by-products is fundamental for the efficient
implementation of their hemicelluloses in subsequent materials. The purpose of this study was
therefore to design and develop a range of different polymeric materials while using efficient
extraction strategies for the biomolecules from cereal by-products. The specific aims of this

thesis were:

e Evaluating how the isolation of wheat bran proteins influenced the extraction of
arabinoxylans in a cascade process.

e Developing free-standing films from wheat bran arabinoxylans and unveiling the
relationship between the molecular properties of arabinoxylans and film properties.

e Assessing the potential of chemical acetylation to introduce internal plasticization,
hydrophobicity, and thermal stability to arabinoxylan-based films.

¢ Enzymatically and physically tailoring arabinoxylans to develop hydrogels from wheat
and corn bran with enhanced gel properties and elucidate their gelation mechanism.

¢ Investigating the impact of crosslinking by different enzymes on the characteristics of
arabinoxylan-based hydrogels.

e Demonstrating the proof of concept for the biomedical application of arabinoxylan-

based hydrogels.
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2 INTRODUCTION

2.1 CEREALS

Agricultural crops are interesting and versatile in many aspects, not only providing food to
humankind and animals but also representing valuable sources for industrial product making.
Cereal grains are the main components of the human diet and animal feeding, which were the
earliest plants that were cultivated by humankind in ancient times. Nowadays, the most grown

cereals in the world are wheat, rye, oats, barley, corn, and rice.

Cereal production takes an important place in Sweden’s agriculture, and cereal products
represent one-third of the increase in the country’s export (Jordbruksverket, 2009). In 2019,
the total production of cereal grains in Sweden reached 6.0 M tons (FAOSTAT, 2019). The
processing of grains to produce cereal products generates significant amounts of by-products
such as bran, husk, and straw. The majority of these by-products find their main use in animal
feeding as low-cost ingredients. Cereal by-products are, however, renewable resources
composed of valuable components and hence, can be used as feedstocks for advanced chemical,

nutritional and material applications.

2.2 CEREAL BRAN AND ITS COMPONENTS

Cereal grain is constituted by three main parts: endosperm, germ (embryo) and bran, which are
separated during the milling process. The starchy endosperm is mainly used for flour
production whereas the germ contains high levels of lipids and is used in animal feeding. Bran
layers of cereal grains are separated as by-products during milling operations and represent a
rich source of fiber polysaccharides, vitamins and minerals. The morphology and composition
of cereal bran vary depending on the source, variety of the grain, cultivation conditions and

harvest time. In this thesis, bran layers from wheat and corn kernels have been used.

The bran of wheat accounts for 14-16 % of the whole kernel and is composed of
arabinoxylans (AX) (20-40 %), mixed linkage B-glucans (MLBG) (2.5 %), cellulose (9-
11 %), protein (14-20 %), lignin (9 %), phenolic compounds (0.2-1.0 %), fat (3-4 %),
vitamins and minerals (3-4 %), water and phytochemicals (flavonoids, alkylresorcinols)

(Apprich et al., 2014; Marta S. Izydorczyk & Biliaderis, 1995; Rosa-Sibakov, Poutanen,



INTRODUCTION | 3

& Micard, 2015). Wheat bran is constituted by several different layers, namely the pericarp,
testa, hyaline and aleurone (Hemery, Rouau, Lullien-Pellerin, Barron, & Abecassis, 2007). The
inner and outer pericarp are rich in highly substituted AX, MLBG, cellulose, lignin and phenolic
acids (Parker, Ng, & Waldron, 2005), the testa layer consists of lignin and the hyaline layer is
rich in AX and phenolic compounds (Barron, Surget, & Rouau, 2007). The aleurone layer is
made of less substituted AX, MLBG, phenolic compounds and proteins (Barron et al., 2007;
Jerkovic et al., 2010; Rhodes & Stone, 2002).

The bran of corn accounts for 5 % of the kernel and contains AX (30-50 %), $-glucans (MLBG
and cellulose) (15-20 %), protein (4-12 %), fat (2 %), lignin (0.7-2.6 %) and phenolic compounds
(4 %) (Géspar, Juhész, Szengyel, & Réczey, 2005; Gwirtz & Garcia-Casal, 2014; Huisman,
Schols, & Voragen, 2000; D. J. Rose, Patterson, & Hamaker, 2010; L. Saulnier, Vigouroux, &
Thibault, 1995).

2.2.1 Arabinoxylans

AXis found in the cell walls of cereal grains and other plants such as psyllium and bamboo (Cui,
Wu, & Ding, 2013). In cereal grains, AX locates in the cell walls of the endosperm, the aleurone
layer and mostly in the bran layers, where their abundance and structure show tissue-specific
characteristics. The endosperm of wheat grain contains 2-4 % AX whereas the bran layers
consist of 20-40 % AX (Barron et al., 2007). Among the different layers of wheat bran, the testa
layer contains the highest AX content with 80-85 %. This is followed by the pericarp (50-75 %),
aleurone (60-70 %) and hyaline (50-60 %) (Jerkovic et al., 2010; Parker et al., 2005). The total
count of AX in corn bran is 30-50 % (Gaspar et al., 2005) however, the composition of individual

corn bran layers has not been fully studied.

Structurally, AX is composed of a backbone of (124) linked B-D-xylopyranosyl (Xylp)
substituted by a-L-arabinofuranose (Araf) units at C(O)-2 and/or C(O)-3 positions. a-D-
glucuronic acid (D-GlcA) or its 4-O-methyl derivative (4-O-MeGlcA) can be present at the C(O)-
2 position of Xylp (Ebringerova, 2005; Huisman et al., 2000) (Figure 1a). AX of corn bran is
substituted by D-GlcA or 4-O-MeGlcA to a higher extent, and therefore it can be named
glucuronoarabinoxylan (GAX). Corn bran AX has a highly complex structure, with oligomeric
side chains composed of additional sugar units including xylose and galactose. The complexity

of the corn bran AX is further increased by the ester-linked acetyl groups (Figure 1b).
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Figure 1. (a-d) Major polysaccharides of cereal bran, (e) Structural organization of cereal
cell wall components.

The molecular weight (Mw) of AX varies depending on their plant origin as well as the extraction
method. The Mw profiles of AX from cereal bran indicate very broad distributions that have
been reported between 140 and 670 kDa (Aguedo, Fougnies, Dermience, & Richel, 2014; Marta
S. Izydorczyk & Biliaderis, 1995; Merali et al., 2015; Vinkx & Delcour, 1996; Y. Zhang et al.,

2011). An important characteristic of AX in terms of its solubility and applications is the degree



INTRODUCTION | 5

of substitution (DS). DS of AX is usually expressed as A/X ratio inferring the proportion of Araf
units to Xylp units, which varies between different plant tissues. In general, the A/X ratio of
cereal grains increases from aleurone to the outer layers. The A/X ratio of AX from the wheat
endosperm, aleurone and pericarp varies between 0.5-0.7, 0.3-0.4, and 0.8-1.1, respectively
(Antoine et al., 2003; Gartaula, Dhital, Pleming, & Gidley, 2017; C. Maes & J. A. Delcour, 2002).
Corn bran AX has relatively higher A/X compared to other cereal grains due to its highly
substituted structure. Similar to wheat, AX from corn bran has more DS than that of the
endosperm (Yadav, Johnston, Hotchkiss, & Hicks, 2007). Furthermore, the oligomeric side

chains in corn bran AX increase its DS.

The most interesting feature of cereal AX is their phenolic acid substitutions, which are ester-
linked to the arabinose moieties at the C(O)-5 position. The abundant phenolic compounds in
cereal bran are ferulic acid (FA), sinapic acid and para-coumaric acid. FA is the most
predominant phenolic acid in cereal grains, which can be found in monomeric, dimeric
(dehydrodimers, di-FAs), or trimeric (dehydrotrimers, tri-FAs) forms. Wheat bran contains 0.2-
1.7 % (of DW) phenolic acids, of which 90-95 % is FA (Rosa-Sibakov et al., 2015). The FA content
of corn bran is notably higher than that of other cereal grains (3.3-4.0 % of DW) (Chateigner-
Boutin et al., 2016; Schendel, Meyer, & Bunzel, 2015). The distribution of monomeric FA, di-
FAs and tri-FAs in different bran layers may vary depending on the source. For example,
monomeric FA in wheat bran is centered in the aleurone layer and the di-FAs are mostly

localized in the outer pericarp (Barron et al., 2007; Parker et al., 2005).

FA is composed of a phenolic nucleus, on which methoxy and hydroxy substituents are present
at positions 3 and 4, respectively (Figure 2). Its phenolic nucleus and unsaturated side chain
allow it to easily form a resonance stabilized phenoxy radical by abstracting a hydrogen atom in
the event of colliding with a reactive radical. This resonance stabilization of FA accounts for its
antioxidant activity. Apart from its antioxidant activity, many studies have reported various
therapeutic effects of FA such as anti-diabetic, anti-inflammatory and anti-aging actions

(Srinivasan, Sudheer, & Menon, 2007).
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Figure 2. Chemical structure of ferulic acid.

2.2.2 Mixed linkage B-glucans and cellulose

MLBG is found in most cereal grains, foremost barley and oats are rich in MLBG. MLBG is
concentrated in the endosperm and the aleurone layer of cereal grains (Fincher & Stone, 2004).
Structurally, MLBG is made up of linear 3-D-glucopyranosyl monomers linked by irregularly
arranged (1=3) and (1>4) linkages (Figure 1c¢). MLBG has been shown to interact with AX
strongly and spontaneously by hydrogen bonds, which occur between the unsubstituted regions
of AX chains and -(1=4)-linked fragments of MLBG (M. S. Izydorczyk & MacGregor, 2000).

Cellulose is another component of the cereal cell wall, which may occur in a minor concentration
in endosperm and aleurone but with a higher amount in the bran layers. Cellulose is a linear
polysaccharide composed of (1=>4) linked 3-D-glucopyranosyl (Figure 1d) that may reach 10
000-15 000 units. Cellulose exists in the form of microfibrils that are formed by parallel packing
of the chains by hydrogen bonding, van der Waals forces and hydrophobic forces (Fincher &
Stone, 2004). These microfibrils consist of both crystalline and amorphous regions. The
association of cellulose microfibrils with AX and MLBG occurs through hydrogen bonding and

non-specific surface interactions (Mikkelsen, Flanagan, Wilson, Bacic, & Gidley, 2015).

2.2.3 Proteins

Proteins constitute a considerable portion of the composition of cereal bran. The protein content
of wheat bran and corn bran have been reported between 13.2-20.2 % (Apprich et al., 2014;
Ruthes, Martinez-Abad, Tan, Bulone, & Vilaplana, 2017) and 4.8-12.0 % (D. J. Rose et al., 2010;
Luc Saulnier, Marot, Chanliaud, & Thibault, 1995), respectively. Wheat bran proteins are
prevalently localized in the aleurone layer and include structural, storage and defense-related

proteins (Jerkovic et al., 2010), mostly albumins and globulins that consist of a greater amino
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acid range compared to the endosperm proteins (Apprich et al., 2014; Rhodes & Stone, 2002).
Corn bran proteins are richer in leucine amino acids as compared to the corn endosperm
proteins (Kelzer et al., 2010). This substantiality of cereal bran proteins renders superior
nutritional and functional properties and represent inexpensive and rich protein sources as

potential ingredients of functional foods or special animal feed.

2.2.4 Lignin and other components

Lignin is an aromatic compound made up of several monolignols, mostly p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol. Lignin is one of the major components of woody plants
contributing to the woody characteristics of the cell wall and may also be found in the outer
pericarp layers of cereal tissues to a lesser extent (Antoine et al., 2003; Fincher & Stone, 2004).
The lignin content of wheat bran and corn bran is 5.6-9.0 % (Rosa-Sibakov et al., 2015; Ruthes

et al., 2017) and about 2.6 % (D. J. Rose et al., 2010), respectively.

Nutritionally, vitamins and minerals are also important components of the outer layers of cereal
grains. Wheat bran contains almost all B-group vitamins (1.0-4.5 mg/100 g) and vitamin E (0.1-
9.5 mg/100 g) (Onipe, Jideani, & Beswa, 2015). Wheat bran minerals include phosphorus,
magnesium, zinc, iron manganese and copper (1.4-2.5 g/100 g), which may promote health
benefits. However, most of these minerals are present as complexes with phytic acid, an anti-
nutrient that is found with high amounts in wheat bran (3.1-5.8 % of DW). Therefore, the
bioavailability of wheat bran minerals is considered to be low (Stevenson, Phillips, O'Sullivan,
& Walton, 2012). Similarly, corn bran is rich in B-group vitamins (8.0 mg/100 g). The mineral
content of corn bran is richer with calcium, iron, magnesium, phosphorus, potassium, sodium,
zine, copper, manganese and selenium (234.0 mg/100 g). The bioavailability of corn bran
minerals is also higher as more than 80 % of phytic acid is concentrated in the germ of the corn

grain (Zitterman, 2003).

2.2.5 Cell wall recalcitrance

The abovementioned components are placed in an entangled structure in the cell wall (Figure
1e) and associated with each other through intra- and intermolecular interactions. AX and
MLBG interact with cellulose through extensive hydrogen bonding or non-specific surface
interactions (Ebringerova & Heinze, 2000; Mikkelsen et al., 2015). Proteins not only covalently
link to each other through tyrosine-tyrosine bridges (Rhodes & Stone, 2002) but also form

covalent bridges between their tyrosine units and the phenolic acid substitutions of the AX
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(Ebringerova, Hromadkova, & Berth, 1994; Piber & Koehler, 2005). Furthermore, FA moieties
dimerize and crosslink adjacent AX (Marta S. Izydorczyk & Biliaderis, 1995) and lignin (Kenji
liyama, Lam, & Stone, 1990). Lignin plays an important role in the recalcitrance of the cereal
cell wall as it is covalently linked to polysaccharides by ester and ether linkages. FA, both in
monomeric and dimeric form, acts as a bridging unit between polysaccharides and lignin
through ether linkages (Ebringerova & Heinze, 2000; K. liyama, Lam, & Stone, 1994). From a
technological point of view, the localization of the cell wall components of cereals and
interactions are of great importance as they affect the industrial processing of cereal grains and

the isolation of individual components.

2.3 EXTRACTION OF ARABINOXYLANS AND CHALLENGES

To exploit the antioxidant and prebiotic properties of AXs and to use them as feedstock for
nutritional and material applications, they have to be isolated from other cell wall components.
However, the extraction of AX from cereal bran is challenging due to the supramolecular
interactions in the cell wall and the highly cross-linked structure of the cell wall. The extraction
of AX is restricted by the presence of covalent and non-covalent linkages between cell wall
components, hence they cannot be extracted using water alone and requires more rigorous and
usually multi-staged treatments. Extraction of AX from cereal by-products is typically achieved
by acidic (Xu et al., 2006), neutral (C. Maes & J. Delcour, 2002) or alkaline (Doner, Chau,
Fishman, & Hicks, 1998; Ragaee et al., 2008; Y. Zhang et al., 2011) solvents, mechanical-
chemical techniques (i.e. ultrasound, microwave, extrusion) (Hollmann, Elbegzaya, Pawelzik, &
Lindhauer, 2009; Devin J. Rose & Inglett, 2010; Zeitoun, Pontalier, Marechal, & Rigal, 2010),
or enzyme-aided treatments (Figueroa-Espinoza, Poulsen, Borch Soe, Zargahi, & Rouau, 2004;

Swennen, Courtin, Lindemans, & Delcour, 2006; Zhou et al., 2010).

Alkaline extraction is the most common technique used to extract AX with high efficiency from
cereal biomass. Monovalent hydroxides such as sodium hydroxide (NaOH) (Thuvander, Arkell,
& Jonsson, 2014) and divalent hydroxides such as calcium hydroxide (Ca(OH).) (Schooneveld-
Bergmans, Hopman, Beldman, & Voragen, 1998) or barium hydroxide (Ba(OH).) (Nilsson,
1996) are usually employed for the alkaline extraction of AX. The hydroxyl ions of alkaline
solvents break the hydrogen bonds and disrupt the ester linkages between cell wall components

within the network. Alkaline conditions may cause the release of some other polysaccharides
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and lignin, interfering with the AX extraction (Egues et al., 2014). Besides, the disruption of

ester linkages between AX and phenolic acids results in the loss of valuable moieties such as FA.

The use of water for the extraction of AX has drawn interest as an abundant, inexpensive and
environmentally friendly solvent. The properties of water need to be manipulated by means of
high temperature and high pressure to make it capable of penetrating the recalcitrant structure
of the cereal cell wall and extracting AX. Water in subcritical conditions is defined as liquid
water that does not exceed the critical temperature (374 °C) and/or pressure (22.1 MPa)
(Rabemanolontsoa & Saka, 2016) and represents an efficient means for the extraction of AX. In
the subcritical state, the hydrolytic degradation capacity of water increases due to its ionic
products and thus fractionation of the biomass can be achieved (Cocero et al., 2018). The most
favorable feature of subcritical water extraction (SWE) is the preservation of phenolic
substitutions of AX together with the polymeric structure (Rudjito, Ruthes, Jiménez-Quero, &

Vilaplana, 2019; Ruthes et al., 2017).

2.4 FUNCTIONALITY AND UTILIZATION OF ARABINOXYLANS

AX, as an abundant constituent of cereal tissues, exerts many potential health benefits.
Numerous studies have shown the antioxidant activity of cereal AX originating from their
phenolic acid content (Adom & Liu, 2002; Fabiola E. Ayala-Soto, Serna-Saldivar, Garcia-Lara,
& Pérez-Carrillo, 2014; Hromadkova, Paulsen, Polovka, Kostalova, & Ebringerova, 2013;
Verma, Hucl, & Chibbar, 2009). Under oxidative conditions, FA undergoes radical chain
reaction and confer radical scavenging activity, hence provides an exceptional functionality to
cereal AX. Feruloylated AX (F-AX), therefore, represents a valuable source for the development

of multifunctional materials such as films or hydrogels.

Another potential application area of AX is its use in nutritional supplements. As a part of the
dietary fiber content of cereals, AX also exerts potential beneficial effects on human health. The
non-digestible AX oligosaccharides may alter the activity of the microbial flora in the gut by
affecting their enzymatic activity and enhance the end products of the bacterial metabolism. The
prebiotic effect of the xylooligosaccharides of cereal AX is well-accepted as many studies have
shown their stimulating effect on the growth and/or activity of potentially health-promoting
bacteria in the colon (Gong et al.,, 2019; Rogowski et al., 2015; D. J. Rose et al., 2010;

Rumpagaporn et al., 2015).
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2.4.1 Modification tools of arabinoxylans

The utilization of AX as ingredients or building blocks for novel products can be expanded by
several modification strategies thanks to their chemical structure. The reactive hydroxyl groups
of AX in each repeating unit make them suitable for chemical and enzymatic modification.
Chemical modification has been studied to introduce new functional groups and new properties
to cereal AX, such as altered solubility or thermoplasticity. Chemical or enzymatic covalent
cross-linking is another modification approach to establish functional derivatives of AX and to

broaden their application area.

2.4.1.1 Esterification

Among different chemical reactions, esterification has been the most common reaction applied
for the modification of AX (e.g. acetate, propionate or laurate esters) (Buchanan et al., 2003;
Stepan, Hoije, Schols, de Waard, & Gatenholm, 2012). Esterification of acetyl groups
(acetylation) is based on the replacement of the hydroxyl groups of AX by acetate groups
(Figure 3), with the principal aim of increasing the degree of acetylation (DA) and hence,
improving the hydrophobicity of AX. DA indicates the average number of substituted hydroxyl
groups of AX and a fully acetylated AX has a DA of 2.0 as each unsubstituted xylose and
arabinose contains two free hydroxyl groups. Generally, acetylation of xylans improves their
thermal stability and solubility in organic solvents and the DA substantially determines the
characteristics of the acetylated AX (Egues et al., 2014; Morais de Carvalho et al., 2019; Xueqin
Zhang, Zhang, Liu, & Ren, 2016). Acetylation of AX can be carried out in different reaction
media, such as N,N-dimethylformamide/lithium chloride (Fang, Sun, Fowler, Tomkinson, &
Hill, 1999) or formamide/pyridine (Egues et al., 2014), but the main acetylating agent used
remains acetic anhydride. Recently, dimethyl sulfoxide (DMSO) in combination with N-
methylimidazole (NMI) as a catalyst has been explored as a potent reaction medium for the
derivatization of xylan-type hemicelluloses under relatively mild conditions at room

temperature (Xueqin Zhang et al., 2016).
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Figure 3. Acetylation reaction of AX with acetic anhydride and potential acetylated groups.
2.4.1.2 Etherification and oxidation

Etherification is another common modification strategy for AXs to improve their
hydrophobicity and thermoplasticity by replacing the hydroxyl groups with alkoxy moieties.
Among different etherification tools, AX have been etherified by methylation (Nylander,
Svensson, Josefson, Larsson, & Westman, 2019), carboxymethylation (Velkova et al., 2015) and
butyl glycidyl etherification (P. K. Deralia et al., 2021). Recently oxidation has been applied to
modify AXs (Borjesson, Larsson, Westman, & Strom, 2018), which has been further combined
with etherification (Borjesson, Westman, Larsson, & Strom, 2019; Parveen Kumar Deralia et

al., 2021).

2.4.1.3 Covalent cross-linking

As another modification tool, covalent crosslinking of AX is accomplished using chemical agents
or enzymes. The enzymatic crosslinking potential is a feature of cereal AX arising from the
dimerization mechanism of FA under oxidative conditions. F-AX solutions are capable of
forming hydrogels in a system containing a free radical-generating agent and an oxidative
enzyme such as O./laccase or hydrogen peroxide (H.0.)/peroxidase (Nino-Medina et al., 2010)
(Figure 4). When oxidatively crosslinked, FA dimerizes into five main dimers, namely 5-5', 8-
5', 8-0-4', 8-8' and 8-5' benzofuran di-FAs (Carvajal-Millan, Landillon, et al., 2005; Ng,
Greenshields, & Waldron, 1997), which are also found in the cell wall (Buanafina, 2009)
(Figure 5). Furthermore, some studies have identified the 4-O-8', 5-5" trimer of FA in small
amounts in crosslinked AX (Carvajal-Millan, Guigliarelli, Belle, Rouau, & Micard, 2005;

Marquez-Escalante et al., 2018).
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Figure 4. Covalent coupling of feruloylated arabinoxylan chains by O./laccase or hydrogen

peroxide (H.0.)/peroxidase.
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Figure 5. Dehydrodimers of ferulic acid.

2.4.2 Material applications of arabinoxylans

The abovementioned functional properties of AX, together with their polymeric structure and
renewability, make them excellent resources for materials to replace fossil-based materials and
contribute to a circular bio-based economy as the underutilized side streams of cereal
processing are used. In this direction, film and gel preparations have been the most studied
applications of AX, which targeted various uses in the food and biomedical fields. (Mendez-
Encinas, Carvajal-Millan, Rascon-Chu, Astiazaran-Garcia, & Valencia-Rivera, 2018; Mikkonen

& Tenkanen, 2012).

2.4.2.1 Films from arabinoxylans

The film-forming properties of AX are essentially determined by their molecular structure,
which includes the A/X ratio, substitution pattern and molar mass. The Araf substitution is the
key factor that influences the solubility of AX in water, ultimately affecting the film properties.
Many studies have shown that AX with a higher A/X ratio form more stable films in terms of

mechanical and thermal properties (S. L. Heikkinen et al., 2013; Hoije, Sternemalm, Heikkinen,
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Tenkanen, & Gatenholm, 2008; Sternemalm, Hoije, & Gatenholm, 2008). The lack of Araf
substitutions promotes the unsubstituted Xylp units to interact with each other and hence,
results in the formation of insoluble aggregates in an aqueous solution. These, in turn, may act
as stress concentration points in AX films and lead to weak mechanical properties. On the other
hand, a higher Arafsubstitution may bind more water that acts as a plasticizer in a film, yielding
less brittle films but negatively affecting the water and oxygen barrier properties of the films.
Film properties are also affected by the molar mass of AX, whereby higher molar masses have

been correlated with good film properties (Susanna L. Heikkinen et al., 2014).

AX-based films are especially of interest due to their excellent oxygen barrier properties. The
oxygen permeability (OP) values of AX films from different cereal sources have been reported
between 0.2-0.9 cm3 um m= day* kPa? (Grondahl & Gatenholm, 2007; Hoije et al., 2008;
Mikkonen et al., 2009; Sarossy, Tenkanen, Pitkéinen, Bjerre, & Plackett, 2013). These values are
in the same range as the OP values of the synthetic polymer ethylene vinyl alcohol (EVOH)
(0.01-0.98 cm3 um/m?2 day kPa) (McKeen, 2017), which is often used in packaging applications

as a good oxygen barrier.

A challenge of AX, in terms of film applications, is the abundance of hydroxyl groups in their
structure, which may cause moisture sensitivity. The moisture barrier properties of films are
usually expressed in terms of water vapor permeability (WVP). The WVP of cereal AX films
varies between 2.5 and 21.0 g mm m day* kPa (Susanna L. Heikkinen et al., 2014; Sarossy et
al., 2012; Sarossy et al., 2013; P. Zhang & Whistler, 2004), depending on the AX source and

plasticization.

Mechanical properties of AX films are important as they indicate their integrity and durability
over a time period and hence, their applicability in certain applications. Among many defined
mechanical properties of polymeric materials, tensile properties, i.e. tensile strength, Young’s
modulus, elongation at yield and break, are the most commonly considered and measured. The
tensile strength, elongation at break and Young’s modulus values of films from cereal AX have
been reported between 15-60 MPa, 2-7 % and 550-2930 MPa, respectively (Borjesson et al.,
2019; Egues et al., 2014; Hoije, Grondahl, Temmeraas, & Gatenholm, 2005; Sarossy et al., 2013;
Stevanic et al., 2011; Stoklosa, Latona, Bonnaillie, & Yadav, 2019). AX films have been
recognized in many studies to show high brittleness due to their chain stiffness and low Mw,

therefore plasticization has been a common tool to improve their mechanical performance.
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Glycerol, sorbitol and propylene glycol have been used for the plasticization of the films of cereal
AX (Anderson & Simsek, 2019; S. Heikkinen et al., 2016; Susanna L. Heikkinen et al., 2014;
Mikkonen et al., 2009; P. Zhang & Whistler, 2004). Mikkonen et al. (2009) have reported that
the mechanical properties of AX films change depending on the concentration of glycerol and
sorbitol in film preparations. Accordingly, when glycerol was used at 10 % (w/w) the tensile
strength and stiffness of AX films was higher than those plasticized with the same amount of
sorbitol, whereas 40 % plasticized content resulted in opposite findings (Mikkonen et al., 2009).
Plasticization has been reported to affect not only the mechanical and thermal properties but
also the water vapor and gas permeability of AX films. Several studies have shown that sorbitol
has a reducing effect on the WVP due to less plasticization compared to glycerol and propylene
glycol (Susanna L. Heikkinen et al., 2014; Mikkonen et al., 2009; P. Zhang & Whistler, 2004).
The mentioned studies have also revealed that the oxygen permeability of AX films is not
significantly affected by the presence or the type of plasticizer. Several other means have been
suggested to improve the mechanical strength and permeability properties of AX films,
including blending with lipids (Peroval, Debeaufort, Despre, & Voilley, 2002), reinforcement
with other natural polymers such as cellulose (Saxena, Elder, Pan, & Ragauskas, 2009; Stevanic
et al., 2011) or inorganic compounds (Sarossy et al., 2012), and crosslinking (Azeredo et al.,

2015; Pereira et al., 2017).

Films from cereal AX confer functional properties due to their feruloylation that enables
developing materials bearing antioxidant activity. This offers an advantage to avoid additional
functionalization treatments of films such as the external addition of natural compounds to
develop bioactive materials (Silva-Weiss, Thl, Sobral, Gomez-Guillen, & Bifani, 2013). In
addition to their antioxidant activity, the feruloylation of AX has recently been shown to

administer antimicrobial and UV barrier properties to their films (Moreirinha et al., 2020).

2.4.2.2 Hydrogels from arabinoxylans

Hydrogels are three-dimensional polymeric materials, which have water absorption capacity
that may reach up to thousands of times their dry weight. The integrity of hydrogels is governed
by molecular interactions, secondary forces (i.e. ionic, hydrogen bonding and hydrophobic
forces) and covalent crosslinks (Hoffman, 2012). Covalent crosslinking using oxidative
enzymes, e.g. laccase or peroxidase, has been the main method to develop hydrogels from F-AX.

Hydrogen bonding has been reported to play an additional role in the stability of enzymatically
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crosslinked AX hydrogels (Carvajal-Millan, Guilbert, Morel, & Micard, 2005; Vansteenkiste,
Babot, Rouau, & Micard, 2004; Xiaowei Zhang et al., 2019).

The morphology of AX hydrogels has been characterized by a porous and heterogeneous
structure, usually with a honeycomb-like shape (Iravani, Fitchett, & Georget, 2011; Marquez-

Escalante et al., 2018; Wang et al., 2019).

Rheological measurements are used to monitor the gelation ability of AX and the mechanical
spectra of their gels. Viscosity measurements of AX hydrogels have shown that the apparent
viscosity of AX hydrogels, as well as AX solutions, is concentration and shear rate dependent
(M. S. Izydorczyk & Biliaderis, 2007; Wang et al., 2019; Xiaowei Zhang et al., 2019). Viscoelastic
properties of AX hydrogels are usually studied by small amplitude oscillatory shear rheology.
Studies have shown that the enzymatically crosslinked AX hydrogels exhibit strong gel
characteristics where the storage modulus (G") is independent of frequency and greater than the
loss modulus (G") (Carvajal-Millan, Guigliarelli, et al., 2005; Kale, Hamaker, & Campanella,
2013; Marquez-Escalante et al., 2018; Vansteenkiste et al., 2004; Xiaowei Zhang et al., 2019).
On the other hand, the rheological properties of AX hydrogels show a significant dependency

on the FA content of AX, A/X ratio and concentration.

FA substitutions of AX are the junction points for the enzymatic crosslinking to occur, therefore
the gelation ability and the rheological properties of AX hydrogels are largely related to the FA
content. Many studies have reported that higher FA content led to the formation of stronger
hydrogels (F. E. Ayala-Soto, Serna-Saldivar, Perez-Carrillo, & Garcia-Lara, 2014; F. E. Ayala-
Soto, Serna-Saldivar, & Welti-Chanes, 2016; Carvajal-Millan, Guilbert, et al., 2005; Xiaowei
Zhang et al., 2019). Kale et al. (2013) have shown that a 3-times higher FA content resulted in a

10-20-fold increase in the G' of a corn bran AX hydrogel (Kale et al., 2013).

A/X ratio may be another factor affecting the rheological properties of AX hydrogels. Marquez-
Escalante et al. (2018) have shown that when the A/X ratio of wheat AX decreased from 0.68 to
0.51, the G' of its hydrogels increased by 60 Pa, which was due to the facilitated interaction
between AX chains leading to the formation of di-FAs and tri-FAs (Marquez-Escalante et al.,
2018).

The AX concentration also influences the properties of their hydrogels. Beyond a simple

increase in the viscosity, an increase in the AX concentration has been reported to significantly
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increase the G' and G" of the hydrogels, independently from the FA content (Carvajal-Millan,
Guilbert, et al., 2005; Martinez-Lopez et al., 2016).

Furthermore, the use of enzymes of different types (i.e. laccase or peroxidase) and different
origin (e.g. laccase from Myceliophthora thermophila or Pleurotus ostreatus) has been shown

to influence the gel characteristics (Martinez-Lopez et al., 2019; Munk et al., 2020).

In the past two decades, great research efforts have been focused on the development of
hydrogels from F-AX to use in food and biomedical applications. Xylans are accepted as
promising substrates for hydrogel applications owing to their intrinsic properties such as
hydrophilicity, biodegradability and biocompatibility. Furthermore, reactive hydroxyl groups of
xylans render them available for enzymatic (Parikka et al., 2010) and chemical (Gabrielii &
Gatenholm, 1998; Kuzmenko, Hagg, Toriz, & Gatenholm, 2014) modifications. The hydrogels
derived from corn and wheat AX have been successfully applied in various studies including
encapsulation of biomolecules and pharmaceuticals, drug delivery and stabilization of blood
glucose response (Iravani et al., 2011; Vansteenkiste et al., 2004; Vogel, Gallaher, & Bunzel,
2012). On the other hand, the use of xylan hydrogels as biological scaffolds for cell applications
is still limited as these hydrogels are usually mechanically weak (Calvert, 2009). Consequently,
the use of xylan hydrogels in such studies remains limited to their chemically modified forms
(Kong et al., 2017). Hence, exploring alternative ways to produce strong hydrogel networks from

native AX could open new possibilities for the design of biological scaffolds.
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3 EXPERIMENTAL

3.1 MATERIALS AND CHEMICALS
3.1.1 Wheat bran

Fine granulometry wheat bran (WB) with 0.1 mm particle size was kindly provided by
Lantminnen (Stockholm, Sweden) and stored in dark until use (used in the AX extraction,
Paper I, IT and III).

3.1.2 Corn bran

Corn bran was kindly provided by Cargill Deutschland GmbH (Krefeld, Germany) and stored in
the dark until use (Paper IV).

3.1.3 Wheat endosperm arabinoxylan (WAX)

The arabinoxylan from wheat endosperm was purchased from Megazyme (Wicklow, Ireland)

and used as a reference material in Paper IT (Megazyme, Lot 160419b).
3.1.3 Chemicals and Kkits

Tap water was used for all the extractions. Total starch assay kit was purchased from Megazyme
(Wicklow, Ireland). Dye reagent for the Bradford protein assay was purchased from Bio-Rad
Laboratories (Sweden). The 5-5" and 8-8  dehydrodimers of ferulic acid were gifted by Prof.
Florent Allais and Amandine Léa Flourat (AgroParisTech, Pomacle, France). The cellular ROS
assay kit was purchased from Abcam B.V. (Amsterdam, Netherlands). Dialysis membranes were
purchased from Spectrumlabs (Breda, Netherlands). All other chemicals, reagents and enzymes

were purchased from Sigma-Aldrich (Stockholm, Sweden).

3.2 ARABINOXYLAN EXTRACTION (Paper I, II, 11, IV)

Subcritical Water Extraction (SWE) of AX from wheat bran and corn bran was performed after
a destarching step as pretreatment. Two different scales of SWE were used for the isolation of
F-AX from destarched bran: laboratory scale and pilot scale. Alkaline extraction was employed

for the extraction of AX without FA substitution and used for comparison with the F-AX.
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3.2.1 Destarching of wheat and corn bran (Paper I-IV)

Starch present in cereal bran originates from the endosperm that adheres to the bran layers
during the milling process (Apprich et al., 2014), and influences the yield of extraction and
purity of AX. Therefore, both wheat and corn bran were pretreated before the AX extraction to
remove starch from the starting biomass. Untreated wheat bran (WB) and low protein wheat
bran (LP) were pretreated by porcine a-amylase to remove starch after gelatinization. The bran
was gelatinized in 50 mM sodium phosphate buffer at pH 7.0 (1:10, w/v) for 8 min at 9o °C. a-
amylase (16 U/mg starch) was then added to the mixture after equilibrating at 37 °C. The slurry
was incubated at 37 °C for an initial 5 h and then the second dose of a-amylase was added
followed by overnight incubation. Destarched bran was centrifuged (11,325 g, 30 min, 4 °C) and
washed twice with cold ethanol (95 %) to recover the destarched wheat bran (DWB and DLP).

Corn bran was destarched by suspending in hot water at 80 °C for 4 h followed by filtration

through a 25 pum sieve and manual pressing of the solid residue.
3.2.2 Laboratory scale subcritical water extraction (Paper I)

The laboratory-scale extraction of F-AX from DWB was carried out using an accelerated solvent
extractor (ASE) at 160 °C and 180 °C that applies 10-11 MPa pressure (Ruthes et al., 2017). In
short, DWB was placed in extraction cells and four sequential cycles of extractions were applied
to the same cell (5, 15, 30 and 60 min). The extracted fractions and resulting insoluble residues
were freeze-dried and stored at room temperature until analysis. The yields of the extraction

were determined gravimetrically.
3.2.3 Pilot scale subcritical water extraction (Paper II-1V)

The pilot scale extraction of F-AX from wheat bran was performed using a rotary autoclave
submerged in polyethylene glycol (PEG). In short, wheat bran was suspended in tap water in
autoclave vessels (1:10 w/v) that were then placed in the rotary apparatus. The extraction was
performed at 160 °C for 30 min after a temperature ramp for 10 min. The resulting slurry was
filtered, the filtrate was precipitated with 95 % ethanol (1:4, v/v) at 4 °C overnight and
centrifuged (11,325 g, 15 min, 4 °C) to purify the extracted F-AX. The recovered fraction was

resuspended in water and freeze-dried.

The pilot scale extraction of F-AX from corn bran was carried out in the pilot plant by Celabor

(Chaineux, Belgium). The destarched corn bran cake was mixed with tap water (~1:15) and the
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extraction was performed at 160 °C for four sequences (10, 30, 60 and 90 min). All the time
fractions were combined and then freeze-dried to give the corn bran AX (CAX) used in Paper

IV. The yields of the extractions were determined gravimetrically.
3.2.4 Alkaline extraction (Paper Il)

For the alkaline extraction of AX, destarched wheat bran was suspended in 0.5 M NaOH (1:8,
w/v) and incubated at 80 °C for 16 h under constant stirring. The resulting slurry was
centrifuged (11,325 g, 30 min, 4 °C) and dialyzed for 72 h through a 20 kDa MWCO dialysis
membrane. The recovered extract (NAX) was then freeze-dried and stored at room temperature

until further use.

3.3 ACETYLATION OF ARABINOXYLANS (Paper II)

The acetylation of AX from the pilot scale subcritical water extraction (F-AX), alkaline
extraction (NAX) and wheat endosperm (WAX) was performed by the per-O-acetylation
method (Xueqin Zhang et al., 2016). In short, AXs were mixed with DMSO and N-
methylimidazole (NMI) (22:2:1) at 100 °C for 5 h followed by cooling down to room temperature
and further mixing for 19 h. As the acetylating agent, acetic anhydride (Aa) (0.99:1 Aa/AX) was
added to the mixture and the reaction was allowed for 24 h at room temperature. The acetylated
AXs were then purified by precipitation for 24 h using cold ethanol (80 %) at 4 °C. The purified
fractions were recovered by centrifugation and then freeze-dried. Second acetylation was done
on the freeze-dried fractions following the same protocol to improve the efficiency of the
acetylation. The acetylation of FAX, NAX and WAX resulted in AcFAX, AcNAX and AcWAX,

respectively.

3.4 FILM FORMATION (Paper II)
All films from the native and acetylated AX were produced by the solvent casting method.

3.4.1 Native arabinoxylan films

Films from the native AX were first prepared without plasticization. In short, FAX, NAX and
WAX were suspended in distilled water (10 g/L) and mixed for 3 h at 50 °C. The film
suspensions were then ultrasonicated for 5 min to remove air bubbles and then casted on Teflon
plates followed by drying at 30 °C. However, the FAX film showed poor film-forming ability

therefore plasticization by sorbitol was used for all the native AX. 30 % (w/w of AX) sorbitol was
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mixed with the film suspensions that were then casted and dried as described above. The
sorbitol plasticization yielded FAXSor, NAXSor and WAXSor films. Here, two more films were
prepared with the external incorporation of FA into WAX. Pure FA was mixed with WAX (8
mg/g) corresponding to the content of covalently bound FA in FAX. The solutions were casted
with and without sorbitol plasticization and dried as described above resulting in WAX+FA and
WAXSor+FA films, respectively.

3.4.2 Acetylated arabinoxylan films

The films from AcFAX, AcNAX and AcWAX were also prepared with and without plasticization.
However, these samples did not form continuous films without plasticization therefore only
plasticized films of AcFAX, AcNAX and AcWAX were included in this work. Briefly, the
acetylated AXs were suspended in acetylacetone as a nonpolar solvent (10 g/L) and then mixed
with 30 % (v/w) triacetin as a nonpolar plasticizer. The solution casting was performed as

described above.

3.5 PREPARATION OF HYDROGELS (Paper llI, 1V)

The preparation of hydrogels from AX extracted from wheat bran and corn bran was carried out
by enzymatic crosslinking using laccase and horseradish peroxidase (HRP). Laccase
crosslinking was performed for both wheat bran AX (FAX) and corn bran AX (CAX), while HRP
crosslinking was only applied for CAX.

The laccase crosslinking of FAX included two different procedures. In the first procedure, FAX
was solubilized in ultrapure water at 5 % (w/v) and then mixed with laccase from Trametes
versicolor (0.1 U/mg AX). The reaction was allowed for 24 h at 30 °C with constant stirring,
resulting in FAX-CL hydrogel. Here, O. in the air acted as the free radical generating agent. In
the second procedure, the same crosslinking steps were followed by freeze-drying of FAX-CL.
The freeze-dried fractions were then resuspended in citrate phosphate buffer at pH 2.0, 5.0 and
7.0. This process was called the regeneration of the hydrogels and resulted in FAX-CL-pHz2,
FAX-CL-pHj5, and FAX-CL-pH?7, respectively.

The laccase crosslinking of CAX was performed as described above using the same AX
concentration (5 %) without including the regeneration, resulting in CAX-L hydrogel. The HRP
crosslinking was performed by mixing the CAX solution with HRP solution at 0.03 U/mg AX.
30 % H,0, (33 puL/mL CAX solution) was then added to the mixture as the free radical
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generating agent. The HRP crosslinked hydrogel was formed instantly and named CAX-H
hydrogel.

3.6 INSTRUMENTATION AND CHARACTERIZATION

3.6.1 Determination of starch content

The efficiency of the destarching was determined by measuring the starch content before and
after the enzymatic pretreatment. The starch content was measured using the total starch assay
kit by Megazyme (Wicklow, Ireland) (Paper I and II).

3.6.2. Determination of protein content

Proteins are another big constituent of cereal bran, which may affect the composition of the
extracted fractions (Paper I), thus it is important to determine the protein content of the starting
biomass as well as the resulting extracts. The protein content of the starting wheat bran was
provided by the supplier as 14 %. The protein content of the low protein wheat bran and the
destarched brans (DWB and DLP, Paper I) as well as the residues of the laboratory scale
extraction (Paper I) was determined by the Dumas combustion method (AACC, 2003). The
soluble protein content of the extracted fractions (Paper I and IT) was measured by the Bradford

assay (Bradford, 1976).
3.6.3 Radical scavenging activity

The radical scavenging activity of the extracted AX (Paper I and II) and the films produced from
AX (Paper II) was determined according to the method of Brand-Williams, Cuvelier, and Berset
(1995) with minor modifications. In short, 100 uM methanolic solution of 1,1-diphenyl-2-
picrylhydrazyl (DPPH') radical was mixed with different concentrations of the aqueous
solutions (3 — 6 mg/mL) of the extracts or films. The reactions were allowed for 30 min at room
temperature in the dark and the resulting absorbances were recorded using a microplate reader
(Clariostar Plus, BMG LABTECH, Ortenberg, Germany). The radical scavenging activity was
expressed as half-maximal effective concentration (ECso). A more detailed description of the

DPPH assay is available in Paper I and II.
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3.6.4 High-performance Anion Exchange Chromatography with Pulsed
Amperometric Detection (HPAEC-PAD)

The monosaccharide composition of the starting brans, the reference wheat endosperm AX, and
the AX fractions obtained after SWE, alkaline extraction and acetylation was analyzed by
HPAEC-PAD. As these fractions were in the polymeric structure, hydrolysis was needed to be
performed to degrade these to monomeric sugars. Different acidic hydrolysis methods can be
used for the degradation of polysaccharides, which involve the use of sulfuric acid,
trifluoroacetic acid (TFA) and two-step methanolysis. By sulfuric hydrolysis complex
polysaccharides, including crystalline cellulose, can be hydrolyzed (Saeman, Moore, Mitchell, &
Millett, 1954). Therefore, it was used to determine the monosaccharide composition of the
starting brans (Paper I) in this work. However, sulfuric hydrolysis causes the degradation of
uronic acids therefore TFA hydrolysis (Paper I) and two-step methanolysis (Paper II and IV)
were used for the extracted and acetylated AX (Albersheim, Nevins, English, & Karr, 1967;
Appeldoorn, Kabel, Van Eylen, Gruppen, & Schols, 2010).

The HPAEC-PAD system (Dionex ICS 3000, Sunnyvale, CA, USA) was equipped with a
CarboPac PA1 (4 X 250 mm) column maintained at 30 °C with a flow rate of 1 mL min-.
Monosaccharides were quantified using the calibration performed with neutral sugars and

uronic acid standards (0.005-0.1 g/L).
3.6.5 High-Performance Liquid Chromatography (HPLC)

In this work, HPLC was used to determine the phenolic acid content and the degree of
acetylation (DA) of AX.

The phenolic acid content was determined after saponification of the samples with NaOH (2 M)
and extraction with ethyl acetate (Paper I-IV). The analysis was performed using an HPLC
system (Waters 2695 separation module, Waters 2996 photodiode array detector) coupled to a
UV/Vis detector and equipped with an SB-C18 separation column (Zorbax SB-C18 5 um particle
size, 4.6 x 250 mm, Agilent, Santa Clara, CA, USA) with a gradient of 2 % acetic acid and
absolute methanol as the mobile phase (Szydlowska-Czerniak, Trokowski, & Szlyk, 2011). The
phenolic acid content was calculated based on the standard calibration with caffeic, p-coumaric,

ferulic, sinapic and cinnamic acid, and 5-5' and 8-8' di-FAs.
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The DA was determined after saponification with NaOH (0.8 M) (Bi, Berglund, Vilaplana,
McKee, & Henriksson, 2016) using an Ultimate-3000 HPLC system (Dionex, Sunnyvale, CA,
USA) coupled to a UV/Vis detector (210 nm) and equipped with a Phenomenex Rezex ROA-
Organic acid column (300 X 7.8 mm, Phenomenex, Torrance, CA, USA) with sulfuric acid (2.5
mM) as the mobile phase (Paper II). The DA was calculated based on the concentration of AX

in the samples and the measured acetic acid concentration.
3.6.6 Size Exclusion Chromatography (SEC)

The size distribution of AX was determined by SEC (SECcurity 1260, Polymer Standard
Services, Mainz, Germany) equipped with a GRAM pre-column, 100 A and 10,000 A analytical
columns (Polymer Standard Services, Mainz, Germany) with DMSO + 0.5 % LiBr as the mobile
phase. Detection was performed by refractive index (RI) detector to obtain the apparent molar
mass distribution of AX (Paper I and II) using pullulan with a molecular weight of 342 to
708,000 Da as a standard. For the crosslinked samples (Paper III and IV), multi-angle laser
light scattering (MALLS) detection was used to obtain the absolute molecular weight of the
polysaccharides. In the case of MALLS detection, pullulan standards were used to relate the
elution volume (Vg) to the hydrodynamic radius (Rn) using the Mark-Houwink equation
(Vilaplana & Gilbert, 2010). The Mark-Houwink parameters for pullulan in DMSO-LiBr are K
=2.427 x 104 dL g and a = 0.6804.

3.6.7 High-Performance Liquid Chromatography-Electrospray lonization-Mass
Spectrometry (HPLC-ESI-MS)

The dehydrodimers of ferulic acid (di-FAs) were analyzed using an HPLC-ESI-MS system after
the saponification of AX by NaOH (2 M) (Paper III and IV). The HPLC was equipped with an
Eclipse Plus C18 column (Agilent Technologies, Santa Clara, CA, USA) and the mobile phase
consisted of 0.1 % formic acid in water and 0.1 % formic acid in acetonitrile. The MS (Synapt
G2, Waters, Milford, MA, USA) was used in positive mode with ion collision induced
dissociation (CID) by nitrogen. The di-FAs were determined based on the fragmentation of the

369.1 m/z ion subjected to a collision of 20 eV.
3.6.8 Fourier Transform Infrared Spectrometry (FTIR)

An FTIR instrument (FTIR 100, Perkin Elmer, Norwalk, CT, USA) with an attenuated total
reflection (ATR) unit (Golden Gate, Graseby Speac Ltd, Kent, England) was used to verify the
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presence of FA and acetyl groups in the extracted and acetylated AX (Paper II). Spectra was
recorded between 600 and 4000 cm™ with 16 scans, and normalized using the Spectrum
software (Perkin Elmer, Norwalk, CT, USA).

3.6.9 Field-Emission Scanning Electron Microscopy (FE-SEM)

The microstructure of the cross-sections of AX films was analyzed using FE-SEM (Hitachi TM-
1000, Tokyo, Japan) operating at 1 — 5 kV (Paper II) after coating with Pt/Pd by a sputter coater
(Cressington, Watford, UK).

3.6.10 Tensile testing

Tensile properties of the films were analyzed on a universal testing machine (Instron 5944,
Norwood, MA, USA) after conditioning for a week at 23 °C and 50 % relative humidity. The films
were cut into specimens with 5 mm width and ~20 mm length and tested at a stretching rate of
10 mm/min. Stress-strain curves were obtained for 5 specimens for each film and Young’s

modulus values were calculated using the linear region of the curves (Paper II).
3.6.11 Thermogravimetric Analysis (TGA)

The thermal stability of the AX films was analyzed using a TGA instrument (TGA/DSC1, Mettler
Toledo, Columbus, OH, USA) operated from 25 °C to 750 °C under the nitrogen flow of 50
mL/min and with a heating rate of 10 °C/min (Paper II). The mass loss (%) and the initial
decomposition temperature (Tonset) were determined from the thermogravimetric (TG) and the

first derivative thermogravimetric (DTG) curves, respectively.
3.6.12 Differential Scanning Calorimetry (DSC)

The thermal behavior of the AX films was characterized by a DSC instrument (DSC1, Mettler
Toledo, Greifensee, Switzerland) operated under the nitrogen flow of 50 mL/min and with a
heating rate of 10 °C/min (Paper II). A temperature program was employed with 15t heating (25
— 125 °C), cooling (125 — (-25 °C)) and 2" heating (-25 — 450 °C). The glass transition

temperature (Ty) was determined from the 27 heating cycle.
3.6.13 Oxygen Permeability (OP)

Polysaccharide-based films are well known to provide remarkably low permeability towards

oxygen due to their hydrogen bonding network. To confirm this, the oxygen transmission rate
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(OTR) of AX films was measured using an Ox-Tran instrument (MOCON 2/20, MN, USA) and
the OP was calculated based on the average thickness of the films (Paper II).

3.6.14 Water Vapor Permeability (WVP)

The water vapor transmission rate (WVTR) of AX films was determined using the cup method
(ASTM, 2016) at room temperature (Paper II). The WVP was calculated by considering the
average thickness of the films and the vapor pressure difference between the inside and outside
of the measuring cup. The calculated WVP values were corrected according to Gennadios,

Weller, and Gooding (1994).
3.6.15 Rheological properties and gelation kinetics

The rheological properties (viscosity and viscoelasticity) of solutions and hydrogels produced
from wheat bran F-AX were analyzed using a strain-controlled rheometer (ARES G2, TA
Instruments, New Castle, DE, USA) equipped with a @ 20.0 mm parallel plate (Paper III). Shear
viscosity was measured with a gap of 0.5 mm at a shear rate of 1 — 100 s*. Dynamic storage
modulus (G') and loss modulus (G") were measured by subjecting the samples to a frequency

sweep test over an angular frequency range of 0.6 to 125 s with a 0.5 % oscillation strain.

The rheological properties and gelation kinetics of the hydrogels produced from corn bran AX
were studied using a strain-controlled rheometer (Discovery HR3, TA Instruments, New Castle,
DE, USA) (Paper IV). The viscoelasticity measurements were carried out by a frequency sweep
between 0.1 and 100 rad s on a 25.0 mm parallel plate at 25 °C. The oscillation strain was 1 %
and the gap was 1 mm. The time course of the gelation of corn bran AX by two different enzymes
(laccase and HRP) was monitored on the same rheometer by a time sweep at 25 °C with a
constant frequency of 6.3 rad s*. The AX solution was loaded on the parallel plate and then the
respective enzyme was added to the solution. The measurement was immediately started, and

the reaction was followed for 2-5 h.
3.6.16 Cryogenic Scanning Electron Microscopy (Cryo-SEM)

Cryo-SEM is a powerful tool to characterize the microstructure of high water-containing
materials such as hydrogels. An FE-SEM (Merlin, Carl Zeiss GmBH, Germany) fitted with a
PP3000T cryo-SEM preparation system (Quorum Technologies, UK) was employed to analyze
the surface morphology of the hydrogels produced from wheat bran F-AX (Paper III) and corn
bran AX (Paper IV). Sample preparation is of critical importance for the cryo-SEM as different
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techniques can result in artifacts such as ice-crystal damage. In this study, hydrogel samples
were prepared using high pressure freezing (HPF) on an HPM100 system (Leica, Microsystems,
Wetzlar, Germany) as this method is preferable to avoid cryofixation artifacts (Aston, Sewell,
Klein, Lawrie, & Grondahl, 2016). The analysis of the cryo-SEM images was performed using
the open-source CellProfiler™ software. The porosity (%) was calculated as the ratio of the area

of pores to the total image area.
3.6.17 Wide Angle (WAXS) and Small Angle X-ray Scattering (SAXS)

The degree of crystallinity of hemicelluloses is dependent on their degree of substitution and
WAXS provides broad information for the crystal structure of materials. On the other hand,
important information regarding macromolecular interactions in AX networks, which result in

the hydrogel formation by enzymatic crosslinking, can be obtained using SAXS.

In this study, WAXS and SAXS measurements were performed using a laboratory-based X-ray
source (Rigaku 003+ high brilliance microfocus Cu-radiation source, Rigaku Corp., Tokyo,

Japan) at Chalmers University Materials Analysis Laboratory.

WAXS experiments were recorded on a Pilatus 100 K detector (Dectris, USA) with a sample-
detector distance of ~134 mm (q range: 0.07 - 2.7 A1). WAXS profiles were used to determine
the crystal peak positions and the degree of crystallinity (X.) of wheat bran native and
crosslinked F-AX (Paper III). Corn bran AX was also analyzed by WAXS however did not exhibit
crystallinity (Paper IV).

SAXS measurements were performed using a 300 K detector (Dectris, USA) with a q range from
0.003 A1 to 0.25 At. The modeling of the SAXS data was carried out using the SasView 4.2.2

software package.
3.6.18 Scavenging of reactive oxygen species by hydrogels

Cellular stress, resulting from endo- or exogeneous reactive oxygen species (ROS) production,
may result in the death of cells (cytotoxicity). AX-based hydrogels may provide a scavenging
against ROS due to their intrinsic functional groups. In this study, firstly the response of the
HT29-MTX human colon cell line to the corn bran AX hydrogels was assessed as a model for
epithelial transporter cells. Secondly, the antioxidative potential of the AX hydrogels was
evaluated using a cellular ROS assay kit. Tert-butyl hydroperoxide (TBHP) solution was diffused
into the hydrogels and then the cells were seeded on the hydrogels in 96-well plates. After the
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incubation at 37 °C for 20 min, the ROS production was monitored by measuring the
fluorescence intensity every 30 min for 3 h (Paper IV). A more detailed description of the

cytotoxicity and oxidative stress measurements is available in Paper IV.
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4 RESULTS AND DISCUSSION

4.1 Sequential extraction of wheat bran proteins and arabinoxylans

(Paper I)

For the utilization of F-AX and protein components of wheat bran, the implementation of
efficient extraction and purification processes is fundamental. In this work, the effect of prior
protein isolation on the SWE of wheat bran F-AX was investigated in a cascade process. WB was
treated by Arte, Huang, Nordlund, and Katina (2019) to isolate the proteins in a two-step
process combining fermentation and cold alkaline extraction (Arte et al., 2019). The residual
wheat bran after the protein isolation was used as the low-protein counterpart (LP) in this thesis
(Paper I).

The untreated (WB) and its low protein counterpart (LP) were subjected to sequential SWE
(cumulative 5, 15, 30 and 60 min) at 160 °C and 180 °C for the extraction of F-AX. To study the
effect of proteins on the subsequent F-AX extraction, a process without the initial protein
isolation step was applied. For this study, SWE was applied using a laboratory-scale instrument.
Prior to SWE, the two initial brans (WB and LP) were pretreated to remove starch and eliminate

its possible hindrance to the extraction of F-AX.

The initial protein isolation step had considerable effects on the composition of wheat bran
(Table 1). Firstly, the protein content was reduced from 14.0 % to 8.5 % by protein isolation.
The reason for isolating only half of the initial proteins was likely the inaccessibility of the
insoluble proteins in the aleurone layer by fermentation and cold alkaline extraction. The
protein isolates were mostly composed of globulins, chitinases and B-amylase, which eliminated
the presence of endogenous enzymes of the lactic acid bacteria used in the fermentation step.
Secondly, the protein isolation did not substantially affect the AX content of LP and caused only
a slight decrease in the FA content. This was unexpected as alkaline conditions are known to
result in the cleavage of phenolic compounds. This result was due to the cold temperature of the

alkaline extraction, which prevented the excessive loss of FA moieties.

By destarching, the starch content was reduced to below 2.0 % and 3 % in DWB and DLP,
respectively. The destarching enriched the AX content of both brans and did not influence the

A/X ratio or protein content. The reduction in the FA content of LP after destarching resulted
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from the removal of free FA residues during the washing steps, which were cleaved during the

alkaline treatment in the protein isolation.

Table 1. Chemical composition of untreated and pretreated wheat bran

Composition Untreated | Low protein | Destarched Destal:ched low
(WB) (LP) (DWB) protein (DLP)
Moisture (%)" 8.2+ 0.0 7.8 + 0.0 2.6 + 0.2 2.3 + 0.0
Sg;?:lﬁy((:;agt;l DW) 531.0 £ 28.0 | 683.0 £ 31.0. | 633.0 £ 21.0 678.0 £ 21.0
Gle (%) 45.0 £ 0.3 58.0 £ 0.6 28.0 + 0.8 33.0 £ 2.1
Ara (%) 14.1 £ 0.2 12.1+ 0.3 17.4 + 1.0 18.4 £ 0.3
Xyl (%) 384104 28.3+0.5 52.0 £ 0.6 45.0 £ 1.9
Gal (%) 2.0 £ 0.0 1.4 + 0.0 1.8 £ 0.1 2.2+ 0.1
AX (%) 52.6 £ 0.4 40.5 + 0.5 69.0 + 0.7 63.0 £ 2.2
A/X 0.4 0.4 0.3 0.4
Starch (%) 13.0 £ 0.3 32.0 £ 0.5 1.7 + 0.1 2.4+ 0.5
Protein Content (%) 14.0 8.5 12.8 8.1
f;guélfg&()l content 2.9+ 0.0 2.3+ 0.3 3.7+ 0.5 1.9 £ 0.1

* Moisture content was determined gravimetrically after freeze-drying for 48 h.
DW: Dry weight

4.1.1 Effect of extraction conditions on the yields and molecular characteristics
of F-AX

The total yields obtained from SWE of DWB and DLP at 160 °C and 180 °C were compared at
respective extraction times. The protein isolation step did not substantially influence the
extraction yields, and similar yields were obtained in the hydrothermal extracts of WB and LP
(DWB-H and DLP-H) at respective temperatures. On the other hand, higher extraction
temperature (180 °C) resulted in higher yield in both extracts as in agreement with previous

observations (Ruthes et al., 2017).

As for the monosaccharide composition of the extracted fractions, a prominent content of
arabinose and xylose was observed in the extracts of both DWB and DLP (Figure 6a). By
implementing sequential extraction times, the mass transfer was enhanced with a fresh supply
of water and hence, higher AX yields were obtained as the extraction extended. Starch was not
detected in the extracts therefore, the measured glucose content was attributed to MLBG. The
occurrence of glucose was especially higher in the 5-min extracts, which indicated the easier
extractability of MLBG (Reisinger et al., 2013; Rudjito et al., 2019). The glucose measured in the
residues (RWB and RLP) was attributed to insoluble cellulose that is resistant to hot water. With
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regards to the protein isolation, higher AX content was obtained in the extracts of DLP, which
was interesting as the AX content of the starting DLP was somewhat lower than that of DWB.
This implied that the initial protein isolation loosened the cell wall network and hence,

improved the extractability of AX.
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Figure 6. (a) Comparison of the monosaccharide composition of residues and extracts of
DWB and DLP. (b) Comparison of the ferulic acid content of residues and extracts of DWB and
DLP. (c) Comparison of antioxidant activity of extracts of DWB and DLP.
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Regarding the effect of the extraction temperature, the total AX yields at 180 °C were slightly
lower than those at 160 °C, despite the total solid yields were higher at the higher temperature.
This was ascribed to the co-extraction of other crosslinked components of the cell wall (i.e.
proteins and lignin). The extraction of AX occurred more rapidly at 180 °C and thus, lower AX
was obtained as SWE prolonged to 60 min. The A/X ratio of the extracts of both DWB and DLP
at 160 °C generally increased with time, corresponding to the progression of SWE from
aleurone, containing AX with less Araf, to outer pericarp, containing AX with richer Araf units.
Contrarily, a marked decrease was observed in the A/X ratio of the extracts at 180 °C, indicating
both the tissue-specific characteristics of AX and the susceptibility of Araf residues to
degradation at the higher temperature. Seemingly, the Araf substitutions were cleaved more
easily at 180 °C as compared to 160 °C, yielding lower A/X ratios (Raisanen, Pitkanen,
Halttunen, & Hurtta, 2003).

The influence of the protein isolation and SWE conditions on the FA content of all the extracts
is presented in Figure 6b. Firstly, the protein isolation resulted in lower FA in the extracts of
DLP as compared to those of DWB. This was purely due to the lower FA content of the starting
DLP, which was a consequence of the alkaline treatment step. Secondly, the SWE temperature
did not influence the FA content of the extracts and similar FA content was measured in
respective extracts (DWB-H-160 to DWB-H-180 and DLP-H-160 to DLP-H-180). This was
ascribed to the thermal stability of the phenolic compounds as in agreement with previous
studies (Santos et al., 2012). Finally, the FA content of the extracts did not correlate with their
AX content, which was due to the presence of free and bound FA moieties as the extracts were
not dialyzed. The feruloylated extracts of both DWB and DLP showed significant antioxidant
activity (Figure 6¢) however, this activity did not show a correlation with their FA content.
Interestingly, the DLP extracts exhibited higher antioxidant activity despite their lower FA
content as compared to the DWB extracts. This suggested that the radical scavenging activity
cannot be only due to the feruloylation but possibly a result of the presence of other bioactive
compounds present in the extracts (such as phytosterols) (Mateo Anson, Hemery, Bast, &

Haenen, 2012).

The SEC analysis showed that the extracts of both DWB and DLP at 160 °C had bimodal
distributions corresponding to the presence of low and high molar mass populations. In the 5-
min fractions of these extracts, the presence of MLBG confirmed by the high molar mass peak

observed at approximately 105 Da. The molar mass distributions evolved to monomodal as the
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extraction progressed, verifying the presence of polymeric AX populations. On the other hand,
longer extraction times resulted in a decrease in the molar mass of the AX populations.
Regarding the effect of the protein isolation, the looser structure of the starting DLP resulted in
a faster decrease in the molar mass of its extracts. As for the extracts at 180 °C, a substantial
decrease was observed in the extracts of both DWB and DLP. This was related to the progressive
hydrolysis of the polymeric AX at higher temperatures as observed by previous studies (Merali
et al., 2015).

4.2 Arabinoxylan films (Paper II)

4.2.1 Upscaled SWE and alkaline extraction of arabinoxylans

Free standing films were prepared from wheat bran AX extracted by two different techniques
and their film formation, material properties and antioxidant activity were compared to a
reference film prepared from a commercially available wheat endosperm AX (WAX). The
chemical composition and molecular structural parameters of these starting AX are shown in
Table 2.

SWE was scaled up (33 times) for the extraction of feruloylated wheat bran AX (FAX), which
has been proven to produce larger quantities of AX with sufficient yields (Rudjito et al., 2019).
The monosaccharide analysis of FAX confirmed the dominating presence of AX (80 % of the
total carbohydrates) however with a lower A/X ratio (0.2) than the AX from small scale SWE.
Similar to the small scale SWE, this low DS of FAX was attributed to the susceptibility of Araf
to high temperature. The phenolic acid content of FAX was measured as 10.3 mg/g DW, with
79.0 % FA, 19.9 % sinapic acid and 1.1 % 5-5" di-FA. Such high phenolic content of FAX, in turn,
resulted in a high radical scavenging activity (Ecso: 17.7 mg/mg DPPH), implying the strong
antioxidant properties of this extract. The polymeric characteristics of FAX were confirmed by

the SEC analysis (Mw centered at 8 x 104 g/mol).

Alkaline extraction targeted the extraction of non-feruloylated AX (NAX). Alkaline extraction is
a commonly used technique to isolate xylans from biomass and proceeds by cleaving the
covalent and non-covalent bonds between cell wall components. Therefore, it is capable of
extracting AX with high DS and with high yields. Thus, the yield of the alkaline extraction in this
work was higher than that of SWE (31.1 % vs 7.5 %) and the AX content of NAX was 89.8 % (of
the total carbohydrates) with an A/X ratio of 0.7. Phenolic acids were not detected in NAX and
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hence, its radical scavenging activity was significantly lower (Ecso: 53.2 mg/mg DPPH). The Mw

of NAX was higher (1-2 x 105 g/mol) with an additional presence of low molar mass populations.

The reference AX (WAX) was nearly completely pure (99.2 % AX) with an A/X ratio of 0.6 and

did not contain any phenolic acids.

The effect of the A/X ratio, Mw and feruloylation of FAX, NAX and WAX on the material and
radical scavenging properties of the films casted from their aqueous solutions were

comprehensively investigated.

Table 2. Chemical composition and molecular parameters of the native AX extracted by SWE
(FAX), alkaline extraction (NAX) and reference endosperm AX (WAX)

FAX NAX WAX
Carbohydrate content 944.0 + 51.0 822.0 + 35.0 992.0 + 96.0
(mg/g DW)
Ara (%) 15.0 £ 0.1 36.6 + 0.3 38.0+0.1
Xyl (%) 65.7 + 0.5 53.0 + 0.6 61.0 + 0.2
Gle (%) 18.0 £ 0.3 7.8 £1.0 0.3 + 0.1
Gal (%) 1.3 £ 0.1 2.5+ 0.1 0.6 £ 0.2
AX (%) 81.0 + 0.4 90.0 + 1.0 99.0 + 0.2
Ara/Xyl 0.2 0.7 0.6
Starch content (%) 2.0 + 0.1 3.3+ 0.3 n.d.c
M, (103 g/mol) 13.4 5.1 54.2
M., (103 g/mol) 126.3 262.9 312.4
Dispersity index 9.4 51.3 5.8
Phenolic acid content 10.3 £ 0.3 n.d. n.d.
(mg g* DW)
Ferulic acid (%) 79.0 + 0.4 n.d. n.d.
Sinapic acid (%) 20.0 + 0.4 n.d. n.d.
5-5AcFE (%) 1.0 £ 0.2 n.d. n.d.

n.d. Not detected

4.2.2 Acetylation as a tool to improve the material properties of AX films

The polysaccharides extracted by different techniques; FAX, NAX and WAX, were chemically
acetylated to different DA in order to reduce their hydrophilicity. The AX purity of the extracts
influenced the acetylation process and DA of 1.2, 1.4 and 1.7 were measured for AcFAX, AcNAX
and AcWAX, respectively. The acetylation was further confirmed by FTIR as presented in
Figure 7. The spectral bands seen at 1735, 1360 and 1215 cm™ in the spectra of the acetylated
AX corresponded to carbonyl, C-CH; and carboxyl stretching, respectively, which indicated the

presence of acetyl groups (Bi et al., 2016). Furthermore, the peak at 3300 cm™, showing the
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hydroxyl stretching, decreased after acetylation due to the replacement of hydroxyl groups by

acetyl groups.

3300 2900 1735 1360 1215

AcWAX

3700 3200 2700 2200 1700 1200 700
Wavenumber (cm”)

Figure 7. FTIR spectra of native and acetylated AX.

The total carbohydrate content decreased after acetylation as acetyl groups substituted for
sugars (33-36 %). On the other hand, the AX content of the acetylated AX was slightly higher
due to the loss of galactose and glucose units during purification steps after acetylation. The FA
content of AcFAX decreased by half, which was attributed to hydrolysis. Similarly, the molar
mass slightly decreased after acetylation, confirming the hydrolysis of polysaccharides due to

the use of harsh chemicals in the acetylation reaction.

4.2.3 Material properties and bioactivity of native and acetylated AX films

The films from both native and acetylated AX were firstly casted without additional plasticizers.
However, FAX did not form a continuous film, which was due to its lower molar mass and A/X
ratio. The A/X ratio played a crucial role in the film-forming properties of AX as in agreement
with previous studies (S. L. Heikkinen et al., 2013). Besides, the acetylated AX showed poor
film-forming ability without plasticization, indicating the lack of adequate internal
plasticization effect of the introduced acetyl groups, unlike in previous observations (Egues et
al., 2014). Therefore, sorbitol and triacetin were employed as plasticizers for film casting from

the native and acetylated AX, respectively. The plasticized films were homogeneous and smooth
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(Figure 8) and suitable for evaluating their thermal, mechanical, permeability properties, and

antioxidant activity. Additionally, external FA was incorporated into the WAXSor film to

evaluate the impact of external FA addition on the radical scavenging activity as compared to
bound FA in the FAXSor film.

FAXSor WAXSor+FA

Figure 8. Plasticized and casted films of native (FAXSor, NAXSor, WAXSor, WAXSor+FA)
and acetylated (AcFAX, AcNAX, AcWAX) AX.

The thermal properties of the plasticized films were analyzed by DSC as presented in Figure
9a. T; of the films was determined and discussed as the indication of their thermal behavior.
The T, of FAXSor and WAXSor was similar however, NAXSor had a higher T,, which was
attributed to the low molar mass populations that hindered the chain mobility. Interestingly,
the external FA in WAXSor+FA acted as a plasticizer and reduced the T; by 10 °C. Regarding
the acetylated films, a decrease in the Ty was observed after acetylation, suggesting the induction
of internal plasticization by the introduced acetyl groups. Furthermore, the external

plasticization by triacetin contributed to the decrease in the T, by promoting polymer mobility.

As an important feature for the processing and applications of materials, the thermal stability
of the films was evaluated as shown in Figure gb. Two thermal decomposition regions were
determined for the sorbitol plasticized films of the native AX, the first (25-150 °C) being due to

the moisture loss and the second (180-600 °C) corresponding to the main thermal degradation
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of the AX chains. The onset temperature of the decomposition (Tonset) in the second mass loss
region was of interest to compare the thermal stability of the different films. Accordingly,
FAXSor showed a lower Tonset than those of NAXSor and WAXSor, which was ascribed to the
lower molar mass and purity of the FAX extract. As for the acetylated AX films, three thermal
decomposition regions were defined: 100-160 °C, 160-250 °C and 300-600 °C. The first two
regions were composed of two overlapping peaks and corresponded to the evaporation of the
solvent (acetylacetone) and the decomposition of the plasticizer (triacetin), respectively. The
third region showed the main decomposition of the acetylated AX chains, where all three films
(AcFAX, AcNAX and AcWAX) exhibited similar Tonset values. After acetylation, Tonset
significantly improved (by 80-100 °C), which indicated that the acetylation process limited the
intramolecular dehydration of AX due to replacement of the hydroxyl groups and hence, delayed
the thermal decomposition (Aburto et al., 1999; Fundador, Enomoto-Rogers, Takemura, &
Iwata, 2012). This observation is in line with previous studies on acetylated xylans from
different sources (Egues et al., 2014; Morais de Carvalho et al., 2019). In summary, the chemical

acetylation of AX can be an efficient way of increasing their thermal stability.

The mechanical properties are another important aspect for the application of films therefore,
the tensile strength, elongation at break and Young’s modulus of the plasticized films were
evaluated. The stress-strain curves of the films are presented in Figure 9c¢. Comparing the films
from the native AX, FAXSor had the lowest tensile strength, elongation at break and Young’s
modulus values, which was attributed to its lower molar mass and A/X ratio. A/X ratio appeared
to have a significant impact on the mechanical properties of the films, where the low A/X ratio
of FAX promoted the intermolecular interaction between polysaccharide chains and thus,
caused agglomeration. This, in turn, created stress concentration points that resulted in poorer
mechanical properties, which is in agreement with previous studies (S. L. Heikkinen et al., 2013;
Hoije et al., 2008). On the contrary, the combined effect of higher A/X ratio and higher molar
mass of NAX and WAX yielded higher tensile strength and Young’s modulus of their films. As
for WAXSor+FA, a decrease was observed in the tensile properties by the addition of the
external FA, which was explained by the low compatibility between FA and WAX (as also
observed from the FE-SEM micrographs).

With regards to the acetylated AX films, all three films had similar tensile strength, elongation
at break and Young’s modulus values to each other. This indicated that the differences between

the acetylated AX in terms of molar mass and the A/X ratio do not significantly influence the
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tensile properties, and DA is the main factor determining the mechanical performance. Contrary
to the expectations and previous observations (Egues et al., 2014; Stepan et al., 2012),
acetylation did not improve the mechanical properties as compared to the native AX. This could

be partly explained by the decreased molar mass of AX after acetylation.
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Figure 9. (a) DSC curves of AX films, (b) TGA curves of AX films, and (c) Stress-strain curves
of AX films.
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Hemicellulose films can be excellent barrier materials to oxygen due to the extensive hydrogen
bonding between the chains. The oxygen permeability (OP) of the films was therefore evaluated
and presented in Table 3. The plasticized films of the native AX had similar OP to each other
between 0.7-1.0 cm3 um/m?2 d kPa, regardless of the intrinsic differences between the native AX
(i.e. molar mass, A/X ratio, external FA). The OP measurement of the native AX films confirmed
that these films would be excellent barriers, as a good oxygen barrier film is characterized with
OP between 1-10 cm3 um/m2 d kPa (Krochta & DeMulder-Johnston, 1997). As for the acetylated
AX films, the OP values of AcFAX, AcNAX and AcWAX were significantly higher, which was
merely due to the lack of hydroxyl groups disrupting the hydrogen bonding network.

Table 3. Barrier properties and radical scavenging activity AX films

or
WVP EC;o
(cm3 pym/m2d
(g mm/kPa m2d) | (mg film/mg DPPH)
kPa)

FAXSor 1.0 £ 0.22 0.9 £ 0.22 13.3 £ 0.52
NAXSor 0.8 £ 0.12 0.7 £ 0.32 43.8 £ 4.1P
WAXSor 0.9 £ 0.22 1.4 £ 0.12 n.a.
WAXSor+FA 0.7" 1.6 + 0.22 n.a.
FAX film n.a. n.a. 15.8 £ 0.12
NAX film n.d. 3.0 £ 0.6¢%¢ 45.0 + 5.0P
WAX film n.d. 5.7 + 0.5%f n.a.
WAX+FA film n.d. 4.5 + 0.88f n.a.
AcFAX 79.0" 4.2 + 1.0P n.d.
AcNAX 155.0" 2.0 + 0.4 n.d.
AcWAX 101.5 + 24.0P 2.8 £ 0.2P n.d.

n.a. Not applicable; n.d. Not determined; * Only one successful measurement;

Superscript letters: Results with different letters have statistical differences (t-test, p < 0.05)

Water vapor permeability (WVP) of the films was assessed as an indication of their barrier
properties against moisture in potential packaging applications. The WVP values of all the films
are presented in Table 3. The plasticized films of the native AX had WVP between 0.7-1.6 g
mm/kPa m2 d, demonstrating a moderate moisture barrier (Krochta & DeMulder-Johnston,
1997). The WVP of the non-plasticized films of NAX, WAX, and WAX+FA was also measured to

evaluate the effect of plasticization. Accordingly, the sorbitol-plasticized films showed
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significantly lower water vapor affinity, which was due to the formation of hydrogen bonds
between AX and sorbitol. Regarding the WVP of the acetylated AX films, these films had
significantly lower WVP than that of the non-plasticized films. This was expected as the hydroxyl
groups were replaced by acetyl groups, which reduced the affinity towards moisture. On the
other hand, the WVP values of the acetylated AX films were lower than those of the sorbitol-
plasticized films of the native AX. This strongly suggested that plasticization by sorbitol is a
more powerful tool for developing AX films with good barrier properties, which also represents

a simple strategy.

The radical scavenging activity of the films was evaluated against the DPPH radical (Table 3).
The effect of the external addition of FA on the radical scavenging activity of the WAXSor film
was compared to FAXSor that contained ester-bound FA. The acetylated AX films did not
dissolve in the solvents of the DPPH assay (methanol/water) therefore their radical scavenging
activity was not determined. The radical scavenging activity was expressed as ECs, (mg film/mg
DPPH) which corresponds to the concentration of film required to decrease the initial
concentration of the DPPH radical by 50 %, meaning a higher radical scavenging activity when
the ECs, is lower. FAXSor showed a lower ECs, than NAXSor, and WAXSor did not show any
activity. This indicated that the purest nature of WAX prevented any antioxidant effect of
phytochemicals. The incorporation of external FA (WAXSor+FA) brought about DPPH
scavenging activity however, this film did not achieve a 50 % reduction. This verified that free
FA cannot confer as much radical scavenging activity as the ester-bound FA in the FAXSor film.
Therefore, it can be concluded that the dominant contribution to the radical scavenging activity
of cereals originates from covalently linked phenolic compounds as in agreement with previous
work (Liyana-Pathirana & Shahidi, 2006; Pang et al., 2018; Yang, Dang, & Fan, 2018). It is
worth noting that sorbitol plasticization did not influence radical scavenging activities. These
results are important to show the strong antioxidant potential of the bio-based films derived
from subcritical water extracted AX, which can build a promising feedstock for packaging films.
These future packaging films would be especially useful in applications targeting the protection

of food-stuff that are prone to oxidation.
4.3 Arabinoxylan hydrogels (Paper Il and 1V)

Laccase is often used for the crosslinking of F-AX and this renders hydrogels with various

properties depending on the molecular characteristics (DS, FA content, Mw) of the source AX.
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In this work, a series of hydrogels were prepared from feruloylated wheat bran AX by laccase
crosslinking and a subsequent regeneration process involving freeze-drying of the crosslinked
F-AX and resuspension in different pH buffers. Peroxidase is another enzyme employed for the
crosslinking of AX, which may generate hydrogels with different structural properties compared
to laccase-crosslinked hydrogels. Therefore, the laccase and peroxidase crosslinking were
performed to produce hydrogels from highly feruloylated corn bran AX and the properties of
the resulting hydrogels were compared. The hydrogels developed from both wheat bran F-AX
and corn bran AX were characterized in terms of chemical and structural changes upon
crosslinking using biochemical, rheological and biophysical techniques to elucidate the

multiscale assembly mechanism of AX hydrogels.

4.3.1 Properties of crosslinked AX from wheat bran

Different forms of dehydrodimers of FA (di-FAs), namely 5-5’, 8-5’, 8-8’ and 8-0-4’ di-FAs, may
be present in F-AX and these are expected to change in form and quantity with crosslinking as
monomeric FA is converted into di-FAs. To identify the di-FAs before (FAX) and after laccase
crosslinking (FAX-CL), HPLC-ESI-MS2 was performed as presented in Figures 10a and 10b.
6 different di-FAs were identified in both FAX and FAX-CL, corresponding to 8-8’-cyclic, 8-8’-
noncyclic (NC), two different forms of the 5-5’ di-FA (Ac-Am 5-5" and Di-Am 5-5), 8-O-4" and
8-5" di-FAs. The peak intensity of the 8-8-NC, 5-5-Di-Am, and 8-5" di-FAs increased after
crosslinking whereas the 5-5-Ac-Am decreased. The former of these changes implied that the
monomeric FA was converted into these di-FAs and the latter suggested that the 5-5"-Ac-Am di-
FA was likely converted to the 5-5-Di-Am di-FA.

The changes in the phenolic acid content following the crosslinking were further determined by
HPLC and presented in Figure 10c¢. The predominant phenolic acid in FAX before crosslinking
was found as FA and minor contents of p-coumaric acid, 8-8’ di-FA and 5-5” di-FA were also
observed. Some small peaks eluting after the 8-8 and 5-5" di-FAs were detected, which were
defined as putative di-FAs and quantified using the response factors of the 8-8’ and 5-5’ di-FAs.
After crosslinking, a depletion in the monomeric FA content of FAX by 45 % was observed,
which corresponded to the total increase in the amount of the di-FAs (8-8’ di-FA, 5-5’ di-FA and
putative di-FAs). This demonstrated that the oxidation of FA in the F-AX from wheat bran was
achieved using laccase. The profile of di-FAs detected in the crosslinked F-AX in this study were
different from those previously observed (Khalighi, Berger, & Ersoy, 2019; Martinez-Lopez et
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al., 2019; Xiaowei Zhang et al., 2019). This was expected as the oxidative coupling of FA

proceeds with the formation of phenoxy radicals, the position of which varies due to resonance

stabilization. The phenoxy radicals may be located in different sites of the FA molecule and thus

create different forms of dehydrodimers.
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Figure 10. (a) Phenolic acid profile of FAX before enzymatic crosslinking, (b) Phenolic acid

profile of FAX-CL after enzymatic crosslinking, (c) Changes in the phenolic acid content of
FAX following enzymatic crosslinking, and (d) Changes in the SEC profiles of FAX following

enzymatic crosslinking.

The molar mass distributions of AX before (FAX) and after crosslinking (FAX-CL) were

analyzed by SEC as an indication of their macromolecular structure. The number-average

molecular weight (My) and weight-average molecular weight (M) of FAX and FAX-CL was
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determined by light scattering detection. The SEC weight distribution (w(logV1)) and the size
dependence of the weight-average molecular weight (M.(Vyn)) were defined as a function of
hydrodynamic radius (Ry) as shown in Figure 10d. FAX showed a monomodal molar mass
distribution with an M,, of 977.1 kDa. After crosslinking, a shift in the w(logVy) to lower sizes was
observed together with a higher absolute molar mass (M(Vh)) at a certain Ry. It was evidenced
with these two effects that the covalent crosslinking of FAX chains increased the absolute
molecular weight and resulted in macromolecular structures with more compact hydrodynamic

conformations.

The gelation after the laccase crosslinking of FAX, and the changes in the viscosity and
viscoelasticity occurred after the regeneration process were monitored by rheological
measurements. Shear viscosity measurements were performed to determine the viscosity
behavior at a shear rate of 10 s. The viscosity of the FAX solution before and after crosslinking
and the results are presented in Figure 11a. FAX showed the lowest viscosity among the
samples with a shear thinning behavior. After crosslinking, the viscosity increased by
approximately one order of magnitude, confirming the formation of a covalently-bound AX

hydrogel. After regeneration at different pHs (2.0-7.0), the samples displayed significantly

higher viscosity.
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Figure 11. Rheological properties native and regenerated hydrogels from wheat bran F-AX.
(a) Viscosity at the shear rate of 10 s* and (b) Viscoelasticity of FAX, FAX-CL, FAX-CL-pHz2,
FAX-CL-pH5 and FAX-CL-pH7 (all samples at 5 %). Full symbols show storage modulus (G')

and open symbols show loss modulus (G").
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To further understand the rheological behavior of the hydrogels, G’ and G” were measured as
shown in Figure 11b. The FAX solution showed a typical solution behavior with fluctuating G’
and G” values. When crosslinked (FAX-CL), gel characteristics were observed, where G’ was
higher than G” and the G’ was independent of frequency. The regeneration process substantially
increased the G’ and G” values, which indicated the formation of mechanically stronger
hydrogels. The pH of the regeneration, on the other hand, did not influence the viscoelasticity.
The boosting effect of the regeneration on the rheological properties of the FAX hydrogels was
attributed to the chain re-arrangement of AX in the freeze-drying step during the regeneration
process, which likely arose from backbone interactions between the unsubstituted regions of
AX. Freeze-drying was hypothesized to increase the hydrogen bonding between AX, resulting in

closer polysaccharide chains with higher viscosity/viscoelasticity.

The morphology of the FAX hydrogels was characterized by cryo-SEM as shown in Figure 12.
The differences between the hydrogels were discussed in terms of pore sizes and porosity.
Among the hydrogels, FAX-CL had the highest porosity, confirming a typical characteristic of
polysaccharide gels. After regeneration, all the hydrogels showed less porosity compared to
FAX-CL, which indicated the formation of a more compact microstructure by the regeneration
process. Among the regenerated hydrogels, FAX-CL-pH2 had the lowest porosity and the
porosity increased with increased regeneration pH. As for the pore sizes of the hydrogels, FAX-
CL-pH2 had the smallest pores and the pore sizes increased as the regeneration pH was
increased, similar to the trend in the porosity values. The lower porosity of the regenerated
hydrogels was attributed to the restricted chain mobility of the polysaccharides as a result of the
freeze-drying step. This was also correlated with higher G’ and G” values of the regenerated
hydrogels, which likely resulted from their stiffer network. The differences in the porosity of the
hydrogels suggested that physical interactions between the AX chains increased at low pH and

thus, created tighter domains.
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a)FAX-CL b) FAX-CL-pH2
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Figure 12. Cryo-SEM images of native and regenerated hydrogels from wheat bran F-AX.
(a) FAX-CL, (b) FAX-CL-pHz2, (c) FAX-CL-pH35, and (d) FAX-CL-pH7.

The crystalline behavior of the FAX solution, the crosslinked FAX-CL and the regenerated FAX-
CL-pH2 was determined by WAXS and presented in Figure 13a. Five common crystalline
peaks and a wide amorphous peak at 260=21° were observed in the three samples. The d-spacing
values of the samples were calculated using Bragg’s law (A = 2d X sin8). The crystalline and
amorphous peaks were fitted to determine the degree of crystallinity (X.). The d-spacing values
for the common crystalline peaks were determined as d,= 8.34 A, d.=7.30 4, d;= 4.8 Aand d,=
4.0 A and ds= 3.6 A (Figure 13b), which was in agreement with previous observations
(Nieduszynski & Marchessault, 1972). The FAX solution was found to be semi-crystalline with

an X, of 15.86 %, which was a consequence of the low DS of the source AX. Hemicelluloses are
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widely accepted as amorphous materials (Werner, Pommer, & Brostrom, 2014); however,
xylans may be semi-crystalline (X. = 12-20 %) when they have low DS (Hoije et al., 2008;
Stevanic et al., 2011; Y. Zhang et al., 2011). Considering the low DS of the feruloylated AX from
wheat bran in this work (A/X = 0.2), the crystalline behavior of the FAX solution was in
agreement with previous studies (S. L. Heikkinen et al., 2013; Nieduszynski & Marchessault,
1972). The X. doubled following the laccase crosslinking, indicating a higher level of
organization in FAX-CL. On the other hand, the regeneration did not significantly affect the
crystalline behavior and a similar X. of FAX-CL-pH2 was measured to that of FAX-CL. The
changes that occurred in the crystalline behavior of the F-AX after crosslinking inferred a couple
of aspects. Firstly, the enzymatic crosslinking created a more compact structure in the hydrogels
compared to the FAX solution by increasing the proximity of AX chains. Secondly, the increased
X after crosslinking suggests the presence of secondary interactions in the hydrogel networks,
likely hydrogen bonding. WAXS measurements revealed that the gelation mechanism of
moderately branched F-AX is partly related to their large-scale order (i.e. crystallinity).
Interestingly, the crystallinity cannot explain alone the structural changes that occurred by

regeneration as the same crystalline behavior was observed in FAX-CL-pH2.

To understand the overall gelation mechanism of F-AX from wheat bran and particularly the
structural changes that occurred after the regeneration process, SAXS of FAX-CL and FAX-CL-
pH2 was performed. The correlation length model, described by Equation 1, was used to fit the
SAXS data. This model has a first term describing the power-law function from clusters in the
low g region and a second term describing the Lorentzian function of scattering from polymer

chains in the high g region.

1@ = 5+

qm - 1+(gH™ +B &)

where n is the power-law exponent, A is the power-law coefficient, m is the Lorentz exponent,
C is the Lorentz coefficient, ¢ is the correlation length for the polymer chains and B is the
background. The correlation length, &, is related to the size of the growing aggregates in the
hydrogels (Bode et al., 2013). The fitted scattering curves and the fitting parameters are
presented in Figures 13c and 13d, respectively. Both hydrogels (FAX-CL and FAX-CL-pH2)
were found to be mass fractals as their power-law exponents were in the range of 1<n<3. The n
value of FAX-CL-pH2 was higher than that of FAX-CL, indicating a higher density of the
crosslinked AX clusters in FAX-CL-pH2. In the high g range, the Lorentz exponents (m) of FAX-
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CL and FAX-CL-pH2 were similar, which indicated similar compactness of these hydrogels. On
the other hand, the correlation length, &of the two hydrogels was different, FAX-CL-pH2 having
a higher value. This indicated that the regeneration process leads to the formation of larger
aggregates. This difference between the hydrogels suggested that auxiliary physical interactions
between AX chains may be contributing to the network formation in the case of regeneration.
As observed by the rheological measurements, hydrogen bonding is promoted during the freeze-
drying step in regeneration and thus, leading to larger aggregates. The density of the crosslinked
aggregates is partly increased by the physical interactions during regeneration, which results in

remarkably higher viscoelasticity of the regenerated hydrogels.
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Degree of crystallinity (X.) and d-spacing, (c) SAXS curves with fittings, and (d) Fitting
parameters of the correlation length model of SAXS data.
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4.3.2 Comparison of laccase and peroxidase crosslinking of corn bran AX

AX with high DS and high FA content readily forms hydrogels with high viscosity and
mechanical strength, differently from AX with low FA content and DS such as wheat bran AX.
As a complex polysaccharide with high feruloylation, the crosslinking of corn bran AX may
result in structurally different hydrogels. Therefore, enzymatic crosslinking of corn bran AX was
performed using laccase and peroxidase and the properties of the resulting hydrogels were
investigated. Moreover, to study the potential of AX hydrogels in biomedical applications, the
oxidative response of human colon cell line to exposed to AX hydrogels with oxidative stress

was explored as proof of concept.

The differences between laccase and peroxidase crosslinking were analyzed in terms of the
conversion of monomeric FA into its dimeric forms. Firstly, the time evolution of the
crosslinking reaction by both enzymes was determined by monitoring the decrease in the FA
content together with the increase in the di-FA content by HPLC. The reaction by laccase (CAX-
L) lasted approximately 24 h to reach the constant FA and di-FA content (Figure 14a). For the
reaction by HRP (CAX-H), the plateau was reached almost instantly after 5 min (Figure 14b).
This large difference indicated that the peroxidase enzyme catalyzed the crosslinking reaction
faster as the coupling of FA occurs through direct interaction with H.O.. The coupling reaction
by laccase, on the other hand, takes place rather indirectly where the electron transfer occurs in
the copper cluster of laccase and thus, requires more time to reach the maximum conversion of
FA.

Secondly, the phenolic acid content of CAX-L and CAX-H was measured at 48 hours of the
reaction to evaluate the efficiency of the crosslinking and compared to that of uncrosslinked
CAX. The phenolic acid content of CAX, CAX-L and CAX-H is presented in Figure 14¢c. CAX
was strikingly rich in monomeric FA as in agreement with previous observations (Fabiola E.
Ayala-Soto et al., 2014; Rudjito, Jiménez-Quero, Hamzaoui, Kohnen, & Vilaplana, 2020), which
particularly emphasized the efficiency of SWE in maintaining the functional groups of
hemicelluloses. Other phenolic acids as p-coumaric acid, sinapic acid, 5-5’ di-FA and 8-8’ di-FA
were also observed in CAX. As occurred in the crosslinking of wheat bran AX, small peaks
eluting after the 8-8’ and 5-5” di-FAs were also detected in CAX. These were considered to be
other forms of di-FAs, namely the 8-0O-4’ and 8-5’ di-FAs and quantified as putative di-FAs using
the response factors of the 8-8’ and 5-5’ di-FAs.
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Figure 14. Decrease in FA content and increase in di-FA content by time of (a) CAX-L and (b)

CAX-H, (c) Changes in the phenolic acid content of CAX after enzymatic crosslinking by
laccase (CAX-L) and horseradish peroxidase (CAX-H), and (d-f) Ion extracted HPLC-ESI-MS
chromatograms of CAX, CAX-L and CAX-H, respectively.



RESULTS AND DISCUSSION | 50

CAX contained a considerably high amount of putative di-FAs as in agreement with previous
studies (Munk et al., 2020). After crosslinking by both laccase and HRP, monomeric FA content
significantly decreased, and the putative di-FAs increased, verifying the successful covalent
crosslinking. Comparing CAX-L and CAX-H, 62 % and 67 % of the initial FA were converted by
the two enzymes, respectively. This difference could be explained by the formation of higher
amounts of tri-FAs by HRP, as similar di-FA contents were measured in CAX-L and CAX-H.
The results of the HPLC analysis revealed that laccase and peroxidase catalyze the oxidative
coupling reaction of FA by oxidizing different positions of the molecule and hence, lead to the

formation of different amounts of di-FAs and tri-FAs.

Thirdly, the different forms of di-FAs in CAX, CAX-L and CAX-H were further identified by
HPLC-ESI-MS? as shown in Figure 14d-f. The presence of the 5-5’ and 8-8’ di-FAs in CAX was
confirmed with two forms of each di-FA (cyclic and non-cyclic forms of the 8-8’ di-FA and Ac-
Am and Di-Am forms of the 5-5’ di-FA). The 8-0-4’ and 8-5’ di-FAs were also identified in CAX,
which corresponded to the assigned putative di-FAs in the HPLC chromatograms. After
crosslinking, identical changes were observed in CAX-L and CAX-H in terms of the presence
and intensity of the di-FA peaks. The peak eluting at 9.7 min in CAX was not detected in CAX-
L and CAX-H and the intensity of the peaks at 11.9 and 12.9 min decreased. This showed that
the 5-5’ and 8-8’-C di-FAs were converted to other forms of di-FAs. The peaks corresponding to
the 8-8’ and 8-0-4 di-FAs intensified after crosslinking, as in correlation with the increase in
the putative di-FAs observed in the HPLC results. The results of the HPLC-ESI-MS? analysis
demonstrated that both laccase and HRP produce the same forms of di-FAs by oxidatively

coupling the FA molecules.

4.3.3 Physicochemical properties and antioxidative potential of hydrogels from

corn bran AX

The time evolution of G’ and G” of CAX-L and CAX-H was monitored using small amplitude
oscillatory shear as presented in Figure 15a. Prior to the enzymatic crosslinking, the G’ and G”
of the initial CAX solution were 0.2 Pa and 0.03 Pa, respectively. When the laccase crosslinking
was initiated (CAX-L), a lag phase of G’ was observed for approximately 65 min followed by a
slight increase until 9o min, after which a sharp increase was seen and finally, a plateau region
was reached at approximately 200 min. As for CAX-H, an instant increase in its G’ was seen

following the addition of HRP and H.O., which was in correlation with the time evolution of the
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FA and di-FA content of CAX-H (Figure 14b). Monitoring the development of G’ and G” of
both hydrogels over time demonstrated that the mechanical strength of these hydrogels is
directly related to the increased density of the covalent links formed by the two enzymes.
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Figure 15. (a) Time evolution of gelation by laccase (CAX-L) and HRP (CAX-H), (b)
Viscoelasticity of fully formed CAX hydrogels, (c) Loss tangent of CAX hydrogels, and (d) SEC
of CAX solution and hydrogels.

Viscoelasticity of the hydrogels at the end of the gelation reactions was also investigated and
presented in Figure 15b. Both CAX-L and CAX-H showed G’>G” and the G’ values were
independent of the measured frequency, confirming their gel state. CAX-L had a lower G’ than
that of CAX-H however, G” of CAX-H was significantly higher than that of CAX-L. To
understand this difference between the two hydrogels, their loss tangents (tan §) were compared

as an indication of the network strength (Figure 15¢). The tan 6 values of both hydrogels were
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close to zero, which demonstrated that elastic properties prevailed (i.e. gel-like network). On
the other hand, the tan 6 of CAX-L was 10-fold lower than that of CAX-H, indicating a more
elastic network of CAX-L. Despite the similar number of covalent crosslinks in CAX-L and CAX-
H (Figure 14c), this different rheological behavior of the hydrogels was attributed to (1) the
different placement of the new crosslinks between AX polymers, and (2) the different reaction
kinetics of laccase and HRP. According to hypothesis (1), the two enzymes place the new
crosslinks on different positions, where laccase crosslinks fewer AX polymers and HRP
crosslinks more individual polymers. Hence, this leads to a more heterogeneous network
organization in CAX-H, which results in a lower elasticity. According to hypothesis (2), the
slower reaction kinetics of laccase enable the formation of non-covalent interactions between
AX aggregates in addition to the covalent crosslinks. This places the polymer chains closer to

each other and contributes to the formation of a more elastic network in CAX-L.

The macromolecular structure of the CAX solution and the CAX-L and CAX-H hydrogels was
characterized by SEC with MALLS detection. Figure 15d shows the SEC weight distribution
(w(logVs)) and the size dependence of the weight-average molecular weight (Mw(Vy)) as a
function of hydrodynamic radius (Ry). The CAX solution displayed a monomodal molar mass
distribution, implying that it was composed of high molar mass AX populations as in agreement
with previous observations (Rudjito et al., 2020). After crosslinking by laccase (CAX-L), a shift
in the w(logVs) to lower sizes and a higher absolute molar mass (Mw(Vy)) at a certain Ry was
observed. These two concurrent effects indicated that the laccase crosslinking of CAX increased
the absolute molar mass and lead to more compact hydrodynamic conformations. As for CAX-
H, no reliable data could be obtained from the SEC analysis because it was likely filtered out
during sample preparation prior to injection. This suggested that CAX-H was composed of
larger covalent crosslinked polymers that could not be filtered through and detected. This was
partly ascribed to the different specificity of the enzymes, as laccase appears to act on smaller
polyphenols (as in early stages of lignification) and HRP can act as well on larger polymeric
polyphenols (i.e. larger lignin and lignin-carbohydrate complexes) (Oinonen, Zhang, Lawoko,

& Henriksson, 2015; Wallace & Fry, 1999).

The differences between the CAX hydrogels at the nanoscale level were investigated by SAXS.
The correlation length model (Equation 1) was used to fit the SAXS data of CAX-L and CAX-H.
The scattering curves with fitting and the fitting parameters are presented in Figures 16a and

16b, respectively.
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Figure 16. (a) SAXS curve of CAX-L and CAX-H, (b) Fitting parameters of the correlation
length model of SAXS data, and (c¢) Cryo-SEM images of CAX-L and CAX-H with

corresponding porosity values.

In the high g range, the Lorentz exponents (m) and the Lorentz coefficients of the two hydrogels
were similar however, CAX-H had a higher correlation length, & The similar m values
demonstrated the similar compactness of the individual polymer chains in both hydrogels.

Furthermore, both hydrogels were composed of polymer globules as indicated by their high m
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values (B. Hammouda, 2016). The higher & of CAX-H showed that this hydrogel had larger
aggregates as compared to CAX-L. This demonstrated that HRP crosslinking created larger
polymeric aggregates in CAX-H, verifying the observations from the SEC-MALLS analysis. In
the low g range, both hydrogels were mass fractals as their power-law exponents were in the
range of 1<n<3. The same n values revealed that the gel large scale structures (density of
clusters) of these hydrogels were similar. On the other hand, the different power-law coefficients
(A) implied differences in terms of the clustering strength (A/q") at the lowest measured g
(0.003 A1) (Boualem Hammouda, Ho, & Kline, 2004). The clustering strength of CAX-L was
higher (94.3) than that of CAX-H (84.3), which was likely related to the higher network strength
of CAX-L as observed by viscoelasticity measurements (Figure 15b). As indicated by the
similar compactness of the polymer chains and density of clusters, both hydrogels are of similar
cluster sizes. However, their different clustering strength and correlation length suggest that the
HRP crosslinking leads to the association of more polymers in the cluster networks compared
to laccase and hence, results in the clumping of macromolecular chains. From the combined
results of the SEC and SAXS analyses, it was hypothesized that the slow action of laccase on F-
AX creates smaller and potentially homogeneous aggregates resulting in stronger and more
organized clusters. HRP, on the other hand, crosslinks F-AX quickly and thus, creates larger

polymeric aggregates that are possibly organized in more heterogeneous network clusters.

The morphology of CAX-L and CAX-H was studied by cryo-SEM after high pressure freezing.
The microstructure of the hydrogels together with their porosity are presented in Figure 16c.
CAX-L and CAX-H were of porous microstructure with porosity values of 26.88 % and 36.76 %,
respectively. These findings indicated that CAX-L had a less dense microstructure whereas
CAX-H was of a denser macromolecular organization. Seemingly, the larger polymer networks

formed by HRP rendered a more porous microstructure.

Polysaccharide-based hydrogels find wide uses in biomedical applications such as wound
healing and tissue engineering (Hu & Xu, 2020; Zhu et al., 2019). In this direction, AX-based
hydrogels hold great potential as they are potentially non-toxic and biocompatible. Moreover,
the FA substitutions of cereal AX can provide the AX hydrogels with remarkable antioxidant
activity, further increasing their application potential. Therefore, the protective effects of the
CAX hydrogels against ROS were evaluated by seeding the human epithelial cell line, HT-29-
MTX on top of the hydrogels. The ROS production of the cells on CAX-L and CAX-H was

monitored over time after inducing oxidative stress using tert-butyl hydroperoxide (TBHP) and
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compared to that of alginate gel as presented in Figure 17a-c. The cell viability was also
measured, and it was ensured that the cells survived the 3-h oxidative stress as shown in Figure

17d.

The cells on the alginate gel gradually produced ROS as the oxidative stress was prolonged and
the concentration of TBHP was increased (Figure 17a). This indicated that the alginate gel was
not capable of introducing a protective effect against oxidative stress and the cells suffered from

injury on this gel.

The cells seeded on CAX-L and CAX-H produced significantly lower ROS compared to alginate
for all the TBHP concentrations applied (Figure 17b and 17¢). This verified that both CAX
hydrogels scavenged the ROS produced by the cells, which was attributed to the antioxidant
activity of the FA units attached to the source AX against intra- and extracellular ROS (Zdunska,
Dana, Kolodziejczak, & Rotsztejn, 2018). A gradual increase was observed in the ROS
production of the cells on CAX-L with the increased TBHP concentration and it remained
constant for the concentrations of 0, 0.15 and 0.6 mM. When the TBHP concentration was 30
mM, cells produced significantly higher ROS and the viability of the cells at this concentration
was lower, but still higher than in alginate (Figure 17d). These two effects together suggested
that that the cells did not survive, and CAX-L was not capable of scavenging this concentration
of TBHP. As for CAX-H, the ROS production was constant at the TBHP concentrations of o,
0.15 and 0.6 mM, similar to CAX-L. When the TBHP concentration was increased to 30 mM,
the ROS production remained similar to the lower concentrations. This indicated that CAX-H
is capable of providing a more powerful antioxidative function even at excessive oxidative stress
as compared to CAX-L. The higher activity of CAX-H was ascribed to its higher porosity, which

provides a larger surface area to scavenge the oxidants.

The results of the ROS measurements revealed that the CAX hydrogels are capable of providing
protective effects against chemically-induced ROS. Among the two hydrogels, CAX-H is
expected to administer better scavenging properties as it provided the HT-29-MTX cell line with
higher antioxidative potential, but CAX-L is expected to provide a stronger scaffold for cell

applications with its higher mechanical strength.
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Figure 17. (a-c) Cellular ROS production after oxidative stress of alginate gel, CAX-L and
CAX-H, respectively, and (d) Cell viability of HT-29-MTX cells after exposure to tert-butyl
hydroperoxide (TBHP)-induced oxidative stress.

4.3.4 Comparison of the gelation mechanisms of wheat bran and corn bran AX

In this thesis, two different biomass, wheat bran and corn bran were exploited to isolate their
hemicellulose fractions using subcritical water extraction. Extracted feruloylated AX from
wheat bran and feruloylated AX from corn bran were then used to develop hydrogels by
enzymatic crosslinking. The assembly mechanisms of these hydrogels were influenced by the
molecular differences between these two hemicellulose fractions. In this section, the effect of
the degree of substitution, branching pattern and feruloylation degree of these fractions on their
gelation is comparatively discussed.
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One of the main factors influencing the formation of hydrogels from feruloylated AX is the
quantity of the FA units attached to the AX chains (Carvajal-Millan, Landillon, et al., 2005). On
the other hand, other structural parameters, i.e. the degree of substitution of AX and the
conformation of the chains, were observed to play a significant role in their gelation mechanism.
While the highly feruloylated/highly substituted corn bran AX was able to readily form
hydrogels in neutral conditions (Paper IV), wheat bran F-AX formed hydrogels with lower
mechanical strength (Paper IIT) compared to corn bran AX. Therefore, an additional step for
the wheat bran F-AX, i.e. regeneration, was necessary to induce the formation of hydrogels with
mechanical spectra comparable to those of corn bran AX. Similar mechanical spectra were
indeed reached when regeneration was employed on the crosslinked wheat bran F-AX (FAX-
CL), regardless of the pH conditions. The results obtained from SEC, rheology, WAXS and SAXS
measurements indicated that enzymatic crosslinking of F-AX leads to the re-organization of the
polymeric chains and increases intermolecular (backbone) interactions. This, in turn, results in
more compact polymeric conformations and higher-ordered chain packing. The heterogeneous
localization of the crosslinks randomly forms ordered structures, which results in the formation
of polysaccharide aggregates and larger clusters (composed of aggregates). When FAX-CL was
regenerated at pH 2.0 after freeze-drying, physical interactions between F-AX chains were
observed to increase and the distance between the chains decreased. In the regenerated
hydrogel (FAX-CL-pH2) the aggregates further grow and form larger and expanded clusters.
These clusters result in higher viscoelasticity of the regenerated hydrogel, which is similar to
that of the laccase-crosslinked corn bran AX hydrogel (CAX-L).

Corn bran AX, on the other hand, possesses a very complex molecular structure with oligomeric
side branches, restricting interactions between the xylan backbones compared to low-
substituted wheat bran AX. Therefore, the gelation mechanism of corn bran AX is hypothesized
to depend on interactions between side chains (intra- or intermolecular), together with covalent
crosslinks formed between FA moieties. The high feruloylation of corn bran AX further makes
the covalent crosslinks denser than those seen in lower feruloylated wheat bran AX. In the
WAXS patterns of corn bran AX, no crystal peaks were observed, confirming that crystallinity
does not play a role in the gelation of this xylan. Based on these hypotheses, a schematic
comparison of the gelation mechanisms of low-substituted wheat bran F-AX and highly
substituted corn bran F-AX is presented in Figure 18. Note that this comparison is based on
laccase crosslinking of both AX as peroxidase crosslinking of wheat bran F-AX was not carried

out in this study.
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Figure 18. Schematic comparison of the gelation mechanism of low-substituted wheat bran
feruloylated AX and highly substituted corn bran feruloylated AX. The gelation of wheat bran
AX proceeds through covalent crosslinks and intermolecular interactions between
unsubstituted regions of the xylan backbone, and/or larger-scale aggregative network
interactions. The gelation of corn bran AX occurs through covalent crosslinks and intra- and

intermolecular side chain interactions.
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5 CONCLUSIONS

Hemicelluloses were fractionated from cereal bran and valorized into films and hydrogels using

various strategies.

The impact of the prior protein isolation on SWE of feruloylated arabinoxylans was evaluated
at two different temperatures. The protein isolation step loosened up the microstructure of
wheat bran, enabling higher polysaccharide yields in the subsequent SWE and preserving
available FA moieties. The time extracts contained different amounts of monosaccharides
demonstrating the gradual progression of subcritical water through the cell wall. Higher
extraction temperatures enhanced the yields with faster isolation of the polysaccharides but
significantly reduced the molar mass. The protein isolation step or extraction temperatures did
not substantially influence the FA content of the extracts and all extracts demonstrated

considerable antioxidant activity.

Feruloylated arabinoxylans were further isolated from wheat bran by scaled-up SWE and
alkaline extraction. SWEled to the isolation of AX with low DS (A/X: 0.2), significant FA content
(10.3 mg/g) and polymeric molar mass (8x104 Da). The alkaline extraction resulted in AX with
high yields and higher molar mass however without any feruloylation. Chemical modification
of subcritical water- and alkaline-extracted wheat bran AX and a reference wheat endosperm
AX was achieved by acetylation. The DA of AXs was affected by the purity of the extracts and a
lower DA was obtained for the subcritical water extracted AX (DA: 1.2) compared to the alkaline
extracted AX (DA: 1.4) and endosperm AX (DA: 1.7).

Barrier films were prepared from the native and acetylated AX, and the influence of their
structural features on the film properties was evaluated. The higher molar mass and DS of the
native AX resulted in better thermal stability and mechanical properties. Sorbitol plasticization
of the films significantly improved their water vapor permeability. The oxygen permeability of
the films from the native AX was excellent regardless of their structural differences. The
acetylation of AXs improved the thermal stability of their films however, the mechanical and
barrier properties were not influenced by this modification. Higher WVP of the acetylated films
compared to the sorbitol-plasticized films from the native AX demonstrated the potency of
sorbitol plasticization for developing bio-based films with good barrier properties.

Furthermore, the influence of external incorporation of free FA on the antioxidant properties of
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the films was evaluated in comparison with AX with bound FA. Higher antioxidant activity was
measured in the AX films with bound FA, which demonstrated the potential use of subcritical

water extracted AX in active food packaging applications.

Feruloylated AX from wheat bran was transformed into hydrogels by laccase crosslinking, and
a subsequent regeneration process. The efficiency of the crosslinking was verified by the
conversion of monomeric FA into its dehydrodimers. The enzymatic crosslinking increased the
molecular weight and resulted in a closer-packing of the AX chains. The regeneration process
significantly increased the viscosity and viscoelasticity of the resulting hydrogels for all tested
pH (2.0-7.0). It was demonstrated that the rheological properties of the feruloylated AX
hydrogels could be tuned by chemical and physical effects. The microstructure of both the
crosslinked and regenerated hydrogels was porous, the former exhibiting higher porosity. The
gelation of the low-substituted wheat bran AX was shown to be governed not only by the
covalent crosslinks but also by the crystallinity, and physical interactions between the

unsubstituted regions in the xylan backbone and between larger-scale AX aggregates.

Hydrogels were also developed from corn bran feruloylated AX using laccase and peroxidase
crosslinking. Peroxidase crosslinking occurred faster than laccase however, both enzymes
formed the same forms of FA dehydrodimers. Laccase formed hydrogels with a more elastic
network while peroxidase resulted in the occurrence of larger covalent crosslinked polymers.
The network of the peroxidase-crosslinked hydrogel was composed of larger aggregates than
that of the laccase-crosslinked one and its clustering strength was lower. The protective effect
of the corn bran AX hydrogels against oxidative stress was evaluated in direct contact with
human colon cells. Both AX hydrogels had adequate scavenging activity against the reactive
oxygen species produced by the cells under chemically-induced oxidative stress. The scavenging
activity of the peroxidase-crosslinked hydrogel was higher, promising a better biological matrix

for cell applications.

In this study, the conversion of cereal bran hemicelluloses into multifunctional materials has
been demonstrated. The role of the molecular properties of hemicelluloses in their material
formation ability has been targeted. The adjustability of the properties of these polysaccharides
opens up new possibilities for their future use. From an application aspect, the studied materials
demonstrated potential to be applied in food and biomedical products where pH stability and

antioxidant properties are essential.
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6 UNITED NATIONS SUSTAINABLE DEVELOPMENT GOALS

The United Nations (UN) has adopted 17 sustainable development goals (SDGs) as a universal
call to ensure a sustainable future. This thesis aiming at the improved use of hemicelluloses
from cereal by-products is well-suited with the four of these goals. The development of bio-
based materials from cereal bran is strongly associated with SDG 3 — No Hunger as the materials
developed during this thesis have the potential to minimize food waste and extend the shelf life
of foodstuff. SDG g — Industry, Innovation and Infrastructure describes the need for innovative
work for energy efficiency and promotes the implementation of high-tech products. This thesis
is related to this goal as it has generated innovative future materials. The work presented here
is particularly associated with SDG 12 — Responsible Production and Consumption as the
materials developed in this thesis contribute to the aim of ‘doing more with less’. Global material
consumption is increasing and therefore, the importance of resource efficiency is highlighted
with this goal. In this direction, using cereal by-products as renewable and underutilized
resources would help to use earth’s resources more efficiently by valorizing them into innovative
products. Moreover, SDG 14 — Life Below Water highlights the need for more environmentally
friendly materials and eliminating plastic waste from our oceans and promotes attempts
towards the conservation of ecosystems and biodiversity. Considering that oil-based materials
are currently the largest pollutants to oceans, this thesis would provide more ocean-friendly
materials that could help to reduce the use of oil sources. The outputs of this work have the

potential to be used as biodegradable products that will not accumulate in oceans.
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7 FUTURE PERSPECTIVES

This thesis focused on efficient fabrication and comprehensive characterization of
arabinoxylan-based films and hydrogels. Several other aspects can still be addressed in order to
reach the full potential of cereal arabinoxylans. Some suggestions for further studies that could

follow up on this thesis are listed as follows.

e Developing more effective chemical modification strategies for arabinoxylans to
enhance their hydrophobicity and hence improve the barrier properties of their films.

e Implementing thermo-mechanical processing (e.g. by extrusion or compression
molding) of arabinoxylan-based films on large scale to investigate their commercial
potential.

e Validating the potential of arabinoxylan-based films and hydrogels in actual food
(packaging, texturizing gelling agents) and biomedical (drug release, wound healing,
tissue engineering) applications.

e Studying the interactions between all components of the cereal cell wall (cellulose,
arabinoxylan, mixed linkage [3-glucans, and lignin) to understand its assembly and also

to fabricate materials with advanced properties.
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