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ARTICLE INFO ABSTRACT

Keywords: Arabinoxylans are the most abundant polysaccharides in the bran from wheat and rye kernels. Ferulic acid

Arabinoxylan moieties covalently bound to arabinosyl substitutions in arabinoxylans can be oxidised and crosslinked by lac-

Igydr']).geli,s case enzymes, forming xylan hydrogels stabilised by chemical and physical interactions. Here, we explore the use
rosslinking

of a-L-arabinofuranosidases to tune the rheological properties of laccase-crosslinked feruloylated arabinoxylans
from wheat (WAX) and rye (RAX) brans, proposed to be mediated via intermolecular backbone interactions. The
effect of subsequent freeze-drying and regeneration of the hydrogels on their multiscale structure and viscoelastic
properties was further evaluated by X-ray scattering, microscopy and rheology measurements. The combined use
of a-L-arabinofuranosidases from glycosyl hydrolase (GH) families GH62 and GH43 with complementary spec-
ificity towards different substitution motifs in arabinoxylan resulted in synergistic arabinose removal with a 48 %
and 33 % increase in arabinose removal in WAX and RAX respectively, while retaining the ferulic acid moieties in
both WAX and RAX. The extent of ferulic acid oxidation in WAX and RAX seemed to be affected by substrate
inaccessibility for the laccase and polysaccharide chain aggregation, which was further accentuated by enzy-
matic arabinose removal. Rheological investigations revealed that laccase-crosslinked WAX hydrogels pretreated
with arabinofuranosidases showed a decrease of 65-95 % in the storage and loss moduli compared to the non-
pretreated WAX hydrogels, whereas arabinose removal improved the viscoelastic properties of RAX hydrogels
both before and after regeneration, with an increase of storage moduli of 72-100 %. Arabinofuranosidase
treatments and freeze-drying/regeneration altered the hydration properties of the hydrogels and their network
structure, promoting the occurrence of ordered domains. Our results show that the biophysical properties of the
arabinoxylans in terms of aggregation and hydration largely influence substrate accessibility to laccase-mediated
oxidation and the multiscale assembly of the hydrogels upon freeze drying and regeneration, thus impacting their
overall rheological properties. These dietary fibre hydrogels from cereal side streams have large potential to be
used as food hydrocolloids, contributing to the overall circularity of the food system.

Enzyme technology
Rheological properties

1. Introduction

Despite ongoing efforts in developing industrial processes and public
awareness, food losses increase every year (Gustavsson et al., 2011),
which account for a total yearly economic loss value of over USD $900
Billion (FAO, 2014). In the European Union, the manufacturing of food
products from agricultural industries contributes almost 22 % of total
food loss (EUROSTAT, 2021). One major side stream product from
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agricultural processing is bran, present in most common cereal grains.
For wheat, bran makes up 14-25 % of the total grain weight (Amritpal
et al., 2019; Neves et al., 2006). Bran is typically removed from the
harvested wheat to produce white flour instead of using the whole grain,
due to consumer demands relating to taste and texture profiles of
cereal-based products. Only 10 % of wheat bran produced is utilised in
baked goods or as dietary supplements, despite its positive nutritional
profile (Rahman et al., 2017). While there are other uses for this
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agricultural byproduct, such as animal feed, large fractions unfortu-
nately remain unused in the mills (Cui et al., 2013). As such, the
abundantly available and under-used bran of many cereal grains is a
potentially important raw material for valorisation into food products
for human consumption.

Bran is the outer fibrous tissue (pericarp and aleurone) surrounding
the endosperm of cereal grains, providing protection and mechanical
support to the starchy endosperm (Fig. 1A). The bran is chiefly
composed of a variety of indigestible polysaccharides (dietary fibres),
the most abundant being arabinoxylan (Luc et al., 2007). Arabinoxylans
are composed of a (1 — 4)-linked B-p-xylopyranose (Xylp) backbone,
which itself is substituted by a-(1 — 2)- and/or a-(1 — 3)-linked r-ara-
binofuranosyl (Araf) residues (Nystrom et al., 2008). Arabinoxylan has
prebiotic features (Broekaert et al., 2010; Rosicka-Kaczmarek et al.,
2016) and can be utilised to improve the rheological properties in dough
(Amritpal et al., 2019). In addition to the glycan components, bran also
has a significant phenolic content in the native cell wall, with the most
abundant phenolic moiety being ferulic acid. Ferulic acid is covalently
attached to the arabinoxylan core, esterified to the arabinosyl sub-
stitutions usually at the O-5 position (Fig. 1B) (Hatfield et al., 1999).
Wheat and rye brans are both good sources of ferulic acid (Aura, 2014),
which along with other phenolic compounds, has been shown to work as
a radical scavenger, and thus provide antioxidant benefits (Mendis &
Simsek, 2014). Arabinoxylan can be extracted from bran using alkaline
extraction (Aguedo et al., 2014). However, the alkaline conditions used
in typical extraction processes remove most phenolic groups through
saponification, leading to the loss of ferulic acid and its beneficial
antioxidant behaviour (Ruthes et al., 2017). Instead, using subcritical
water extraction arabinoxylan can be readily extracted from bran in
polymeric form while retaining the phenolic substitutions in high
amounts covalently bound to the arabinoxylans. (Rudjito et al., 2020;
Ruthes et al., 2017; Yilmaz-Turan, Jiménez-Quero, Moriana, et al.,
2020). The extracts have radical scavenging properties, due to the
presence of bound ferulic acid (Yilmaz-Turan, Jiménez-Quero, Menzel,
et al., 2020).

From a structural perspective, ferulic acid also has the potential to
undergo oxidative crosslinking between different units and form dimeric
ferulic acid bridges between the arabinoxylan chains, or dehydrodimeric
ferulic acids (Di-FAs) (Geissmann & Neukom, 1973). These crosslinking
dimers can occur naturally within the cell walls of wheat and rye due to
the action of the plants’ own peroxidase enzymes (Fry et al., 2000). In
recent years, it has been shown that ferulic acid can also be crosslinked
into dimers using laccase enzymes from fungi (Abdulhadi et al., 2014;
Ikehata et al., 2004; Oluyemisi et al., 2012). Laccases, more commonly
associated with lignin degradation, oxidise the hydroxyl groups on
ferulic acids, which in turn create a radical that can through resonance
stabilisation occupy different positions on the benzene ring in ferulic
acid (Kudanga et al., 2011). This radical can be stabilised by coupling
with another radical from a different oxidised ferulic acid to create a
covalently linked dimer (Fig. 1C) (Adelakun et al., 2012; Carunchio
et al., 2001). Because of the variability of radical positioning, different
types of Di-FAs can be created, such as 5-5, 8-8, 8-5’ cyclic/non-cyclic,
and 8-0-4- isomers (Abdulhadi et al., 2014; Garcia-Conesa et al., 1997;
Oluyemisi et al., 2012). Because of this crosslinking, extracted arabi-
noxylans can form a 3-dimensional hydrogel network thus creating a
hydrogel using edible compounds of high prebiotic value
(Carvajal-Millan et al., 2005).

While the main driving force behind the gelation of arabinoxylan is
the chemical crosslinking of ferulic acid, there are other factors that can
affect the structural and rheological properties of the hydrogels. Physical
interactions by hydrogen bonding and non-polar interactions between
the arabinoxylans are suspected to strengthen hydrogels (Vansteenkiste
et al., 2004), and previous work has shown that freeze drying hydrogels
then regenerating them in water improves their rheological properties
(Yilmaz-Turan et al., 2022), possibly due to an increased interaction
between the xylan backbone or due to an increase in total solid content
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in the hydrogels. The degree of substitution of arabinoxylan also affects
the hydrogel’s rheological properties (Marquez-Escalante et al., 2018),
possibly due to the occurrence of intermolecular interactions between
the exposed xylan backbones. In this context, the wuse of
xylan-debranching arabinofuranosidase enzymes catalysing the hydro-
lytic cleavage of arabinose substitutions from the xylan backbone has
potential to modulate the physico-chemical properties of arabinoxylans
(Hoije et al., 2008; Selig et al., 2015; Vuong & Master, 2022). Arabi-
nofuranosidases are glycosyl hydrolases (GH) that are usually found in
families GH43, GH51, GH54, and GH62 (Vuong et al., 2024), with
distinct activity and selectivity towards terminal arabinose units in
arabinoxylans depending on their glycosidic linkage, structural context
(i.e. single versus double substitution), and the polysaccharide’s molar
mass.

This study aims to tailor the rheological properties of arabinoxylan
hydrogels using enzyme technology, combining arabinofuranosidase-
mediated xylan debranching and laccase oxidation of the resulting
polysaccharides to control the occurrence of chemical crosslinks and
physical chain interactions in the arabinoxylan hydrogel network. This
is achieved by investigating which variables may be the driving forces
behind the gelation of arabinoxylan hydrogels and how these variables
impact the hydrogels’ functional properties. We studied the effect of
selective enzymatic hydrolysis by arabinofuranosidases from families
GH43 and GH62 to modify the degree of substitution of arabinoxylans
extracted from wheat and rye bran, and the subsequent effect of arabi-
noxylan debranching on the formation of Di-FA dimers through laccase-
mediated oxidation. After laccase-induced crosslinking of the modified
arabinoxylan, we evaluated the effect of freeze-drying and regeneration
on the multiscale structure and rheological properties of the resulting
hydrogels. We hypothesise that the removal of the arabinosyl sub-
stitutions will lead to increased interactions between xylan backbone
chains and mechanically strengthen the subsequent hydrogels, similar to
what can be achieved by freeze drying and regeneration in water. Wide
and small angle X-ray scattering (WAXS and SAXS) techniques along
with field emission scanning electron microscopy (FE-SEM) were used to
investigate the hierarchical assembly and morphology of the hydrogels.
Our results give greater insights into the mechanism of arabinoxylan
hydrogel formation, showing that while the laccase-induced cross-
linking is the driving force behind the gelation, other variables such as
total solid content and chain interaction play a crucial role in the overall
network assembly and derived rheological properties. We also show
routes to manipulate hydrogel properties, using selective hydrolases to
trim the arabinoxylan fibres, for tailored applications within prebiotic
food products, using a green chemical approach.

2. Materials and methods
2.1. Materials

Wheat and rye bran were kindly provided by Lantménnen (Stock-
holm, Sweden). All chemical reagents and enzymes were purchased
from Sigma-Aldrich (Hamburg, Germany), unless stated otherwise.
Ferulic acid 5-5' and 8-8’ dehydrodimers were kindly donated by Prof.
Florent Allais and Amandine Léa Flourat (AgroParisTech, Pomacle,
France). o-L-Arabinofuranosidase from Streptomyces thermoviolaceus
(SthAbf62A or GH62, EC 3.2.1.55 activity) was recombinantly produced
by Escherichia coli BL21(ADE3) Codon Plus, and purified using Ni-NTA
affinity chromatography followed by anion exchange chromatography
on an Uno-Q column, as previously described (Wang et al., 2014).
a-L-Arabinofuranosidase from Bifidobacterium adolescentis (GH43, EC
3.2.155 activity) was purchased from Megazyme (Bray, Ireland). Fer-
uloylated arabinoxylan was extracted from wheat and rye bran using
subcritical water extraction at 160 °C using tap water as extraction
solvent, according to the method described by Ruthes et al. (Ruthes
et al., 2020). After extraction, the arabinoxylans from wheat (WAX) and
rye (RAX) were freeze-dried and powdered in a ball mill to facilitate
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Fig. 1. A: Molecular structure of arabinoxylans in the bran of cereal grains. B:
Molecular structure of arabinoxylan hydrogels treated with arabinofur-
anosidase and crosslinked by laccase. Arabinofuranosidases hydrolytically
remove arabinosyl substitutions and laccase oxidises ferulic acid moieties.
GH62 arabinofuranosidase remove O2- and O3-linked arabinoses from single-
substituted xylans (Wang et al., 2014), whereas GH43 arabinofuranosidase
hydrolyses O3-linked arabinose of double-substituted xylans (McKee et al.,
2012). We hypothesise that treatment with GH62 and GH43 arabinofur-
anosidases will remove only terminal arabinose units, preserving the ones
covalently bound to ferulic acid, which will act as sites for laccase oxidative
crosslinking. C: Laccase-based crosslinking mode of action. As the laccase oxi-
dises a hydroxyl group, a radical is formed that can occupy different positions
through resonance stabilisation. Two radicals can couple and form a covalently
linked ferulic acid dimer (Di-FA).

better solubility.
2.2. Hydrogel preparation and modification

2.2.1. Arabinose removal from arabinoxylan

For arabinose removal, GH43 and GH62 «-L-arabinofuranosidases
were added to solubilised arabinoxylan (5 % w/v) at final concentra-
tions of 0.01 mg/mL and 5.74 mg/mL respectively. Reactions were
incubated simultaneously as the laccase-based crosslinking (see section
2.2.2 below) at 30 °C, 1500 rpm, overnight. Treated arabinoxylan was
frozen at —80 °C overnight, and dried using a vacuum pump (Martin
Christ, Osterode am Harz, Germany) to be stored for further use.

2.2.2. Laccase-based crosslinking and regeneration

Arabinoxylan crosslinking was performed using a laccase from Tra-
metes versicolor (EC 1.10.3.2) (Sigma Aldrich). Arabinoxylans were first
dissolved in MilliQ water (5 % w/v) by incubating at 95 °C and 1500
rpm for 45-60 min in a Thermomixer (Eppendorf, Denmark) and
allowed to cool to room temperature. Laccase was added to a final
concentration of 1675 nkat/mg arabinoxylan, incubated in a glass bottle
(¥20 mm) at 30 °C and 250 rpm overnight in a Thermomixer (Eppen-
dorf, Denmark) until hydrogel formation has occurred. Hydrogels were
frozen at —80 °C overnight, dried using a vacuum pump (Martin Christ,
Osterode am Harz, Germany) and regenerated using 1 mL of MilliQ
water (same volume as the crosslinking reaction) (Yilmaz-Turan et al.,
2022).

2.3. Biochemical characterisation of the arabinoxylan extracts and
hydrogels

2.3.1. Monosaccharide composition

Quantification of the monosaccharide composition was performed
by trifluoroacetic acid (TFA) hydrolysis followed by high-performance
anion exchange chromatography with pulsed amperometric detection
(HPAEC-PAD). 1 mg of freeze-dried arabinoxylan was suspended in 1 mL
of 2M TFA and heated to 120 °C for 3 h (De Ruiter et al., 1992; Ruthes
etal., 2017). 100 pL of supernatant was air dried, resuspended in 1 mL of
MilliQ water and filtered through Chromacol 17-SF-02(N) filters
(Thermofisher, Waltham, MA, USA). The released monosaccharides (10
pL) were injected in the HPAEC-PAD system (Dionex ICS 6000, Sunny-
vale, CA, USA), equipped with a CarboPac PA20 column maintained at
30 °C. The monosaccharides were separated at a flow rate of 0.4 mL/min
using a gradient with MilliQ water (solvent A) and 200 mM NaOH
(solvent B) and detected with post-column addition of 0.5 ml/min 200
mM NaOH. The column was equilibrated for 18 min with 1.2 % (v/v)
solvent B, ramped up to 50 % (v/v) solvent B for 2 min and left for 10
min for sample elution. A standard curve was created using mono-
saccharides (fucose, arabinose, rhamnose, galactose, glucose, xylose and
mannose), ranging from 0.005 g/L to 0.100 g/L.
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2.3.2. Glycosidic linkage analysis

Glycosidic linkage analysis of the WAX and RAX extracts was per-
formed as previously described (Ruthes et al., 2017). In brief, 1 mg of
sample was dissolved in 400 pL of dimethyl sulfoxide (DMSO) with 20
mg of sodium hydroxide, to which 50 pL of methyl iodine (5 times) were
added under continuous stirring. Samples were recovered in the organic
phase after partition (3 times) of H,O and dichloromethane and dried
under N» in a sample concentrator (SBH200D/SBHCONC, Stuart). Dried
samples were hydrolysed using 2 M TFA at 121 °C for 3 h, dried under
Nj, reduced with NaBD4 at 60 °C for 1h and acetylated with pyridine and
acetic anhydride (1:1 v/v, 200 pL) at 100 °C for 30 min. The per-0--
methylated alditol acetates (PMAAs) were extracted with ethyl acetate
and quantified with GC-MS. The assignment of the PMAAs was per-
formed comparing the retention times and the MS fragmentation pat-
terns to known polysaccharide standards.

2.3.3. Quantification of phenolic acids and ferulic acid dehydrodimers

The phenolic acid content and dimers formed after arabinofur-
anosidase treatment and subsequent laccase-based crosslinking was
measured after saponification of 10 mg of freeze-dried sample in 500 pL
of 2M NaOH at 30 °C overnight, acidification by 100 pL 37 % HCL and
partition with 2800 pL ethyl acetate (Menzel et al., 2019). The extracted
phenolics were dried under nitrogen flow, suspended in methanol: 2 %
acetic acid (1:1 v/v) and filtered through Chromacol 17-SF-02(N) filters
(Thermofisher, Waltham, MA, USA). The filtered samples were analysed
using an HPLC system (Waters 2695 separation module, Waters 2996
photodiode array detector; USA) coupled to a UV/Vis detector, equipped
with a C18 guard column and an SB-C18 separation column (Zorbax
SB-C18 5 pm particle size, 4.6 x 250 mm, Agilent, USA). The separation
was performed using a gradient of 2 % acetic acid and methanol at 25 °C
and 1 mL/min. A standard curve was created using p-coumaric acid,
phenolic acid, caffeic acid, cinnamic acid, 5-5' Di-FA and 8-8’ Di-FA,
ranging from 0.005 g/L to 0.100 g/L.

2.3.4. Assessment of arabinose substitution pattern in WAX and RAX

To determine the pattern of arabinose substitutions on the xylose
backbone, arabinoxylan structures were probed with xylanase enzymes
of known specificity for differently substituted substrates. Arabinoxylan
were dissolved in MilliQ water (5 % w/v) by incubating at 95 °C, under
stirring for 45-60 min and allowed to cool to room temperature. GH10
xylanase BoXynlOA (E.C. 3.2.1.8) and GH8 xylanase CpXyn8A (E.C.
3.2.1.8) were individually added to a final concentration of 1 mg/g
arabinoxylan and incubated at 50 °C under stirring overnight. The re-
action was quenched at 95 °C for 10 min and the supernatant was
collected and filtered through Chromacol 17-SF-02(N) filters (Thermo-
fisher, Waltham, MA, USA). Samples were analysed using high-
performance anion exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD) system (Dionex ICS 6000, Sunnyvale,
CA, USA), equipped with a CarboPac PA200 column. 10 pL of sample
was injected into the column, with a temperature maintained at 30 °C
and a flow rate of 0.4 mL/min. The gradient for the separation of
different xylo-oligosaccharides used different solvents: MilliQ water
(solvent A), 200 mM sodium hydroxide (solvent B) and 300 mM sodium
acetate (solvent C). The samples were eluted with a 20 min gradient to
33 % (v/v) B + 66 % (v/v) solvent C. Linear xylo-oligosaccharides
ranging from degree of polymerisation (DP) 1-6 units were used as
qualitative standards at a concentration 0.1 mg/mL.

2.3.5. Molecular weight distributions

The molecular weight distributions of WAX and RAX were measured
by size exclusion chromatography (SEC) coupled to a refractive index
detector (Ruthes et al., 2017). Freeze-dried samples were dissolved in
DMSO and LiBr solution (0.5 % w/w) at a concentration of 4 mg/mL and
incubated at 60 °C overnight. The samples were filtered through Chro-
macol 17-SF-02(N) filters (Thermofisher, Waltham, MA, USA) and
analysed by SEC (SECcurity 1260, Polymer Standard Services, Mainz,
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Germany) using in DMSO/LiBr (0.5 % w/w) with a flow rate of 0.5
ml/min at 60 °C using a GRAM PreColumn, 30 and 10000 analytical
columns (Polymer Standard Services, Mainz, Germany). Calibration of
the apparent molecular weight distributions was performed using pul-
lulan standards between 342 Da and 1 300 000 Da (Polymer Standard
Services, Mainz, Germany).

2.4. Functional and morphological characterisation of the hydrogels

2.4.1. Gel score and water absorption

The hydrogels were assessed visually and a qualitative score was
implemented: a score of 0 indicated a liquid with an apparent viscosity
as water; a score of 1 corresponded to a viscous-flowing liquid; a score of
2 showed the occurrence of solid aggregates suspended in liquid; a score
of 3 corresponded with a free-standing loose hydrogel, and a score of 4
represented a firm free-standing hydrogel. The water absorption of
hydrogels was gravimetrically determined after arabinofuranosidase
and laccase treatment. Excess water was gently removed from the
hydrogel surroundings and surface with fine tissues and the reduction in
weight was used to determine the level of water retention. The total solid
content of the hydrogels was calculated gravimetrically based on the
water absorption data.

2.4.2. Rheological measurements

Rheological measurements on arabinoxylan hydrogels were per-
formed on a strain-controlled rheometer (Discovery HR 20, TA In-
struments, New Castle, DE, USA) at 25 °C, using a 20 mm sandblasted
parallel plate geometry. The viscoelastic properties were analysed using
small amplitude oscillatory shear test with a frequency sweep ranging
between 0.6 and 125 rad/s, a 0.5 % oscillation strain and a constant
axial force of 0.15 N (Yilmaz-Turan et al., 2022).

2.4.3. Wide-angle (WAXS) and small angle X-ray scattering (SAXS)

WAXS and SAXS measurements were performed on WAX and RAX
hydrogels with and without arabinofuranosidase treatment, before and
after freeze drying and regeneration. WAXS measurements were con-
ducted on a SAXSLAB Mat:Nordic (Denmark) benchtop instrument with
a Cu Ko radiation source (A = 1.54 ;\) and a Pilatus 300K detector
(Dectris, USA). The sample-to-detector distance was 130 mm, covering a
g-range of 0.07 A~1t02.20 A~1. g-calibration was performed using LaB6
powder. Hydrogel samples were mounted onto a sandwich cell holder
with an O-ring of thickness 1.78 mm (also sample thickness), sealed on
both sides with Kapton windows each of thickness 0.02 mm. Each
sample was measured in vacuum with an exposure time of 1800 s. The
signal of water held in the same sandwich cell holder setup was used for
background subtraction.

Similarly, SAXS measurements of the arabinofuranosidase treated
RAX and WAX dispersions were performed on the same equipment as
the WAXS measurements with sample-to-detector distances of 480 mm
and 1530 mm, covering a g-range of 0.0036 < q < 0.78 A}, and using
the same setup for sample mounting. The SAXS measurements on the
hydrogels were performed using a SAXSPoint 2.9 instrument (Anton
Paar GmbH, Graz, Austria) with a Cu Ka radiation source (A = 1.54 /0\)
and an Eiger R 1m Horizontal detector (Rigaku Corporation, Tokyo,
Japan). The sample to detector distance was 561.9 mm, with an acqui-
sition time of 30 min and a constant temperature of 25 °C. The scale of
the data was received at a q-range of 0.007 < q < 0.52 A1, All samples
were placed in a multi-paste holder, sealed with an O-ring and mica
windows. Data reduction was performed using the SAXSGUI software
(version 2.27.03). The windows or empty capillary, and the water
backgrounds were subtracted in the WAXS and SAXS data using a Py-
thon script (Jupyter Notebook 7.0.8).

2.4.4. Field emission scanning electron microscopy (FE-SEM)
Freeze dried hydrogels were prepared for microscopy through cryo-
cracking (Lundin et al., 1998) where they were frozen in liquid nitrogen
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and carefully broken apart using a metal spatula. Samples were dried
overnight in a vacuum pump as described above. The structure of the
samples was analysed using a field emission scanning electron micro-
scope (FE-SEM; Hitachi S-4800, Tokyo, Japan). Samples were placed on
conductive carbon tape and analysed at a voltage of 1 kV and a current
of 10 pA (Birdsong et al., 2024).

3. Results and discussion

3.1. Biochemical characterisation of the starting WAX and RAX
substrates

Arabinoxylans from wheat (WAX) and rye (RAX) were extracted
from their respective bran sources using subcritical water extraction.
Their monosaccharide composition was analysed using HPAEC-PAD
after acid hydrolysis (Supplementary Fig. S1A, Supplementary
Table S1). Both WAX and RAX extracts showed high AX purity of around
730-750 mg/g (Table 1). The extracts also contained a significant
fraction of glucose, likely from mixed-linkage p-glucan (MLG) and re-
sidual endosperm starch (Arens, 2015; Rudjito et al., 2020; Stevenson
et al., 2012). The arabinoxylans in the WAX and RAX extracts share a
similar degree of substitution, with low ratios of arabinose to xylose
(A/X ratio) of around 0.2 (Table 1). Such A/X ratios are lower than those
previously reported for AX extracted in alkaline conditions, due to the
hydrolytic nature of subcritical water that may cause degradation of the
labile arabinofuranose moieties, but preserving the ferulic acid moieties
(Ruthes et al., 2017). To complement the monosaccharide analysis,
glycosidic linkage analysis was performed (Supplementary Fig. S1B and
Supplementary Table S2). WAX and RAX extracts show slight differences
in the relative amount of single and double substitutions. Specifically,
RAX showed a higher relative abundance of single-substituted Xylp (3,
4-Xylp) units compared to WAX, whereas WAX showed slightly higher
relative abundance of double-substituted Xylp (2,3,4-Xylp) units
(Table 1). To investigate the distribution of arabinose substitutions on
the xylan backbone, WAX and RAX were incubated with a GH10 xyla-
nase (BoXynlOA), and the oligosaccharide profile was qualitatively
assessed using HPAEC-PAD (Supplementary Fig. S1C). The oligosac-
charide profiles of WAX and RAX extracts were comparable, suggesting
similar arabinose substitution pattern on the arabinoxylans.

Table 1
Biochemical characterisation of WAX and RAX extracts. NOTE: Standard devi-
ation between brackets ().

WAX RAX
Total carbohydrate (mg/g) * 836.6 (61.4) 967.1 (81.9)
Arabinoxylan (mg/g)" 732.2 (52.4) 750.8 (67.8)
A/X ratio” 0.31 (0.00) 0.37 (0.01)
4-Xylp” 80 79
2,4-Xylp” 4 3
3,4-Xylp” 10 14
2,3,4-Xylp” 6 4
Starch (mg/g)“ 26.6 (2.7) 48.9 (2.9)
p-glucan (mg/g)" 65.9 (7.3) 158.8 (12.3)
Ferulic acid (mg/g)" 15.3 (0.7) 11.3(0.1)
X/FA molar ratio' 50.0 70.7
M, (kDa)* 88.4 110.6

# Calculated from the monosaccharide analysis (Supplementary Table S1).

b Substitution pattern of xylose units in AX backbone calculated from the
glycosidic linkage analysis (Supplementary Table S2), normalised to 100 Xylp
backbone units.

¢ Starch content calculated enzymatically using the Total Starch Kit.

4 B-glucan calculated subtracting the starch content from the total Glc content
from the monosaccharide analysis (Supplementary Table S1).

¢ Ferulic acid content in arabinoxylan extract calculated after HPLC-UV
(Supplementary Table S3).

f Molar ratio of xylose units and ferulic acid, calculated from the composition.

8 Molecular weight of arabinoxylan calculated from the peak maximum of the
distribution using SEC-DRI (Supplementary Fig. S1E).
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The phenolic contents of WAX and RAX were determined by HPLC-
UV after saponification (Supplementary Fig. S1D, Table S3). WAX
showed a higher amount of ferulic acid compared to RAX, with values of
15.3 and 11.3 mg/g, respectively (Table 1). This indicated that WAX has
on average one ferulic acid moiety every 50 Xylp units, whereas RAX
had one ferulic acid every 70 Xylp units. Both extracts contained a
similar abundance of Di-FA structures, in the form of 8-8 and 5-5 di-
mers. It must be stated that the only dimers that could be quantified
were 8-8 and 5-5’ due to availability of synthesised standards. Lastly,
the molar mass distributions to of WAX and RAX were analysed by size
exclusion chromatography (Supplementary Fig. S1E). Subcritical water
preserved the polymeric structure of WAX and RAX, with RAX showing
slightly higher molar mass than WAX (Table 1).

In short, the major differences between RAX and WAX substrates
seem to be the larger amount of MLG in the RAX extract, and the higher
ferulic acid content in the WAX extract, whereas the xylan substitution
pattern are fairly similar and only show slight differences in the extent of
single- and double-substituted units along the xylan backbone. Previous
studies suggest that the patterns of substitution occur in clusters and are
not randomly distributed along the arabinoxylan backbone, with highly
substituted and less substituted regions interspaced (Rudjito et al., 2023;
Vietor et al., 1994). This suggests that slight local differences in the
substitution pattern might have potentially larger effects on the prop-
erties of the arabinoxylan chains.

3.2. Impact of arabinofuranosidase treatment on arabinoxylan structure

It has previously been shown that regeneration of freeze-dried ara-
binoxylan hydrogels leads to mechanically stronger hydrogels, which
was attributed to enhanced interactions along the arabinoxylan poly-
mers that contribute to supramolecular network formation
(Yilmaz-Turan et al., 2022; Zhang et al., 2019). Our hypothesis is that
enzymatic removal of terminal arabinosyl residues from xylans, without
removing the ferulic acid moieties, will lead to a more exposed xylan
backbone, favouring supramolecular interactions and hence stronger
hydrogels upon regeneration. We first studied the extent to which WAX
and RAX could be debranched by different arabinofuranosidase treat-
ments. Kinetic assays were performed with WAX and RAX using arabi-
nofuranosidases from the glycosyl hydrolase families GH62 and GH43
(Supplementary Figs. S2 and S3), which remove singly-substituted and
doubly-substituted arabinoses from the xylan backbone, respectively
(McKee et al., 2012; Wang et al., 2014). The same kinetic assay was
initially performed with a GH51 a-arabinofuranosidase from Aspergillus
niger (Megazyme, Ireland), previously shown to remove
single-substituted arabinose from AX oligosaccharides (McGregor et al.,
2020), and no arabinose release was detected (data not shown), indi-
cating that GH51 could not remove arabinose from polymeric WAX and
RAX. Hence we decided to move ahead with the GH62 and GH43 en-
zymes instead. We initially screened several enzyme concentrations for
GH62 and GH43 to release arabinose from WAX in diluted substrate
concentrations (Fig. S2) and these optimal enzyme concentrations were
tested for both WAX and RAX at the final substrate concentration
(Fig. S3). The GH62 reached reaction completion after 6 h at an enzyme
concentration of 5,74 mg/mL, whereas GH43 reached reaction
completion after 24 h with an enzyme concentration of 0,01 mg/mL
(Figs. S2 and S3). Subsequent enzyme dosing showed no increase of
released arabinose (data not shown), indicating that no more arabinose
was accessible for cleavage. For both WAX and RAX extracts, more
arabinose is released with GH62 compared to GH43 (Fig. 2A, Table S4),
which is as expected considering the larger amount of single-substituted
xylose compared to double-substituted (Table 1). Co-incubating the
enzymes releases more arabinose compared to if they were incubated
separately, showing clear synergistic effect (Fig. 2A-Table S4) as the
removal of one arabinose moiety by GH43 allows the remaining one to
be cleaved by GH62 (Sgrensen et al., 2006). We also assessed the
phenolic content in solution after the arabinofuranosidase treatment of
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Fig. 2. Arabinofuranosidase treatment effect on WAX and RAX extracts. A:
Arabinose released after arabinofuranosidase treatment. Treating arabinoxylan
with both enzymes synergistically release more arabinose than treated sepa-
rately. B: Monosaccharide composition of WAX and RAX extracts after arabi-
nofuranosidase treatment. Arabinose content in the AX substrates is reduced
after each enzymatic treatment.

WAX and RAX extracts and no ferulic acid or dimers (di-FAs) were
detected (data not shown). This confirms that neither arabinofur-
anosidase can remove arabinose subunits with a phenolic acid linked to
them, as the ferulic acid hinders access to the narrow pocket of the active
site of the arabinofuranosidases (Wang et al., 2014). In turn, this in-
dicates that the number of potential crosslinking sites in WAX and RAX
is not altered by arabinofuranosidase treatment.

The arabinose content in the WAX and RAX after arabinofur-
anosidase treatment was measured (Fig. 2B and Supplementary
Table S4), and indicated that a distinct portion of arabinose remains in
both WAX and RAX. Some of these arabinose moieties are expected to
remain, as they are linked to ferulic acid and thus inaccessible for the
arabinofuranosidases. However, the combined GH62 and GH43 treat-
ments were not able to remove all the terminal arabinoses from the WAX
and RAX. We estimated the amount of remaining non-feruloylated
arabinose units in the arabinoxylans by subtracting the total arabinose
units (in mol%) after arabinofuranosidase treatment (calculated from
the monosaccharide analysis, Supplementary Table S4) with the total
arabinose units carrying a ferulic acid moiety (estimated from the ferulic
acid content in mol%, Supplementary Table S3); the WAX and RAX
extracts respectively showed 7 and 11 non-feruloylated arabinose units
per 100 xylose units. We hypothesise that the progressive removal of
arabinose units leads to aggregation of the AX chains, further hindering
the accessibility of the arabinofuranosidases. Indeed, a lower arabinose
content has been reported to increase the flexibility of the xylan chains
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in AX and worsen water interaction (Janewithayapun et al., 2025),
which could explain the increased AX agglomeration and reduced
enzyme accessibility. The difference in non-feruloylated arabinose units
could potentially play a role in the conformation of the arabinoxylan
chains, thus affecting the efficacy on the arabinofuranosidases.

3.3. Phenolic content of arabinoxylan after laccase and
arabinofuranosidase treatment

When preparing hydrogels, before the addition of the laccase, the
WAX and RAX extracts were heated in MilliQ water at 95 °C for 60 min
to facilitate their dissolution. It was noted that if the arabinoxylans were
dissolved at room temperature, a hydrogel would not form following
laccase addition (data not shown). One explanation could be that
heating would disrupt supramolecular interactions between arabinox-
ylan chains, thus making more ferulic acid accessible to laccase-
mediated oxidation and crosslinking, and contribute to hydrogel for-
mation (Bako et al., 2017; Zheng et al., 2024). Indeed, some xylans,
while appearing dissolved to the naked eye, can form aggregates in so-
lution (Kishani et al., 2019).

To determine the impact of arabinose removal on laccase-based
crosslinking of WAX and RAX extracts, phenolic content was measured
in the untreated extracts, arabinoxylan hydrogels with laccase (as con-
trol) and arabinoxylan hydrogels pretreated with arabinofuranosidases
prior to laccase crosslinking (Fig. 3, Supplementary Table S3). The Di-
FAs 8-8 and 5-5 were quantified using synthetic standards. While
other dimers could not be confirmed due to lack of standards, the HPLC
chromatograms showed distinct peaks arising after laccase treatment
that do not correspond to either 8-8 or 5-5 dimers, suggesting the
occurrence of other putative dimer structures of ferulic acid. The
abundance of putative dimers can be roughly estimated by subtracting
the amount of 8-8 and 5-5' dimers from the total amount of decreased
ferulic acid content (data not shown). Because of the difficulty to mea-
sure all products from the laccase reaction (including oxidised ferulic
acid not undergoing dimerization, and larger crosslinked trimer- and
tetramer-FA), using the decrease in ferulic acid content is used as an
approximation of the crosslinking activity of the different samples. As
expected, the amount of ferulic acid decreases for both WAX and RAX
after laccase treatment, along with an increase of both 8-8 and 5-5
dimers and the other putative dimer-, trimer- and tetramer-FAs and
(Fig. 3). Interestingly, the decrease in ferulic acid content in samples
treated only with the laccase was more significant for the RAX compared
to the WAX, despite the higher ferulic acid content in WAX. Moreover,
WAX and RAX show different phenolic profiles depending on which
combination of arabinofuranosidases they were treated with. WAX
treated with GH43 alone showed a substantial decrease in ferulic acid
content after laccase-mediated oxidation, whereas the effect was smaller
on RAX treated with GH43. Conversely, WAX treatment with both GH43
and GH62 hinder ferulic acid oxidation by laccase to a larger extent.
Interestingly, treatment of WAX with GH62 alone did not seem to largely
influence the extent of ferulic acid oxidation, whereas for RAX, it greatly
reduced the amount of crosslinking compared to the control laccase
treatment.

These differences in ferulic acid content following laccase oxidation
in substrates exposed to arabinofuranosidase treatment can be attrib-
uted to different levels of accessibility of the laccase to the ferulic acid in
both WAX and RAX substrates. Although ferulic acid reactivity is not
mechanistically linked to structural factors of the AX chain (e.g., arab-
inose substitution patterns, chain aggregation), the accessibility of the
laccase enzyme to its substrate (ie ferulic acid) is. One explanation is the
potential steric hindering effect of adjacent arabinoses on the accessi-
bility of laccase to bound ferulic acid moieties. It is established that the
conformation of side chains may affect protein interactions with poly-
saccharides (Watkins et al., 2016), and polysaccharide substitution may
inhibit the binding of laccase (Liu et al., 2021). Indeed, WAX has slightly
higher double-substituted Araf units compared to RAX, and the use of a
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GH43 arabinofuranosidase in WAX seems to increase the extent of
ferulic acid oxidation by laccase. Another explanation could be related
to the presence of longer unsubstituted stretches in WAX compared to
RAX, which could induce chain aggregation limiting the available
ferulic acid for the laccase. Indeed, the fact that less ferulic acid is oxi-
dised in both WAX and RAX when they have been previously treated
with both GH62 and GH43 could be due to occlusive backbone in-
teractions in the de-arabinosylated xylan (Yu et al., 2019), causing ag-
gregation in solution (Kishani et al., 2019). In conclusion, the results
suggest that both the substitution pattern and the conformation (ag-
gregation) of the arabinoxylan chains influence laccase accessibility and
the occurrence of covalent crosslinks, which in turn will affect the
functional properties of the hydrogels.

3.4. Previous arabinofuranosidase treatment tunes the rheological
properties of laccase-crosslinked hydrogels upon regeneration

The gelling properties of the laccase-crosslinked arabinoxylans with
and without arabinofuranosidase treatment before and after regenera-
tion were initially evaluated qualitatively using a “gel score” (Fig. 4A).
Arabinofuranosidase treatments greatly affected hydrogel formation for
WAX prior to regeneration. Without any arabinofuranosidase treatment,
WAX formed a loose hydrogel upon addition of laccase, whereas pre-
treatment with GH62 or GH62+GH43 arabinofuranosidases resulted
in a viscous liquid behaviour, suggesting worse gelation after arabinose
removal. RAX hydrogels were less affected by the arabinofuranosidase
treatment. RAX samples pre-treated with GH62 before laccase reaction
resulted in a partially loose hydrogel, whereas all other treatments
resulted in firm solid hydrogels similar to those obtained from untreated
RAX. These observations support the results from the phenolic acid
composition (Fig. 3). As previously observed (Yilmaz-Turan et al.,
2022), freeze-drying and regeneration improved the gelling properties
for all samples, resulting in firm free-standing hydrogels, except for
WAX hydrogels treated with GH43+GH62 that showed softer
consistency.

To assess the water absorption capacity of the hydrogels, WAX and
RAX hydrogels were weighed before and after freeze drying and
regeneration, with and without the arabinofuranosidase treatment
(Fig. 4B). Prior to freeze drying, arabinofuranosidase treatment
moderately change the water absorption capacities of the WAX and RAX
hydrogels. After freeze drying and regeneration, however, a clear trend
can be seen in both WAX and RAX hydrogels, with a reduced water
absorption when more arabinose is removed by arabinofuranosidases.
This indicates that arabinose removal in conjunction with freeze drying
and regeneration drastically reduces the swelling capacity of the
hydrogels and their water holding capacity and thus considerably
altering their total solid content up to 4-fold for the case of RAX

(Table 2).

The viscoelastic properties of the hydrogels were further studied, and
the storage modulus, G, and loss modulus, G” of the hydrogels are shown
in Fig. 4C. The measured samples exhibited in general larger values of G’
over G', indicating that all of them can be defined as hydrogels within
the frequency range tested. Only the laccase-crosslinked WAX sample
treated with GH62 and GH43 before regeneration showed very low
values and potentially in the limit of the detection of the rheometer, in
agreement with the reported hydrogel score. Regeneration resulted in a
higher G’ modulus for all WAX and RAX samples compared to the non-
regenerated samples, which can be attributed to a network clustering
effect of the polysaccharide chains caused by the freeze-drying process
and the increase in total solid content, as previously described
(Vansteenkiste et al., 2004; Yilmaz-Turan et al., 2022). In order to
evaluate the contribution of the increase in total solid content caused by
the regeneration process, we have compared the rheological properties
of a laccase-crosslinked WAX hydrogel at 7.5 wt% before regeneration
matching the same total solid content reached after regeneration
(Table 2). The physical reorganisation of the polysaccharide chains
induced by the freeze-drying and regeneration process indeed increases
both the storage and loss moduli compared with the non-regenerated
hydrogel at the same total solid content (Supplementary Material
Fig. §4), indicating that the increase of solid content is not the solely
factor contributing to the viscoelastic processes.

Interestingly, enzymatic removal of arabinose had diverging effects
on the rheological properties of WAX and RAX hydrogels. RAX hydrogels
showed the highest G’ and G" moduli when treated with both GH43 and
GH62 compared with the samples without any arabinofuranosidase
treatment. This result confirms the original hypothesis of this study, as
arabinose removal from RAX seem to promote intermolecular in-
teractions between AX chains in the hydrogel network and lower water
retention, resulting in a higher G’. Treatment with only a GH43 arabi-
nofuranosidase did not alter the rheological properties of the RAX
hydrogels compared to the laccase control, in agreement with the lower
amount of double-substituted Araf units in RAX compared to WAX.
Contrarily, WAX hydrogels without any arabinofuranosidase treatment
showed the highest value of G, especially for the regenerated samples,
with the lowest values of G’ and G” for the WAX samples treated with
both GH43+GH62 enzymes. This agrees with the observations from the
phenolic acid analysis, as the removal of arabinose has an impact on the
extent of laccase oxidation caused by potential aggregation. RAX extract
contains higher MLG content than WAX, and different MLG contents
may contribute to the rheological properties of arabinoxylan hydrogels
due to physical interactions between the polysaccharide chains
(Brummer et al., 2014).

In order to further investigate the factors influencing the viscoelastic
properties of the hydrogels, the G' and G for all samples at a angular
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Fig. 4. A) Qualitative gel score (between 0 and 4). A score of 0 indicated a completely liquid with an apparent viscosity like water; a score of 1 corresponded to a
viscous flowing liquid; a score of 2 showed the occurrence of solid pieces suspended in liquid; a score of 3 corresponded with a free-standing loose hydrogel, and a
score of 4 represented a firm free-standing hydrogel. B) Water absorption of WAX and RAX hydrogels. C: Viscoelastic properties of WAX and RAX hydrogels: storage
modulus (G") and loss modulus (G"). Data shown between 1 and 35 rad/s as the oscillation torque and displacement were in phase at those frequencies. D) Correlation
between the storage and loss moduli (at an angular frequency of 10.6 rad/s) with the total solid content and the degree of crosslinking (Table 2).

frequency of 10.6 rad/s were correlated with the total solid content and
the degree of crosslinking (Table 2). In general, G’and G’'correlate well
with the total solid content, especially for the RAX hydrogels, indicating
that the hydration effects caused by the arabinose removal and the
freeze drying/regeneration seem to control the rheological properties of

the hydrogels once they are formed. On the other hand, the degree of
crosslinking seemed to be the determining factor for the rheological
properties of the WAX hydrogels. Based on these results, we propose that
while laccase-based crosslinking is the main force behind the gelation
process, other factors such as hydration (influencing the solid content)
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Table 2
Physico-chemical and structural properties of the laccase-crosslinked WAX and
RAX hydrogels.

Sample Degree of Solid G’ G” Porod
crosslinking content (wt  (Pa) © (Pa)“ Exponent
(%) o)
WAX L 53.2 6.0 + 0,2 665 79 3.58 +
0.02
WAX LR 53.2 7.5+0.2 2462 238 3.46 +
0.02
WAX GH43 L 63.7 5.5+0.1 600 74 n.d.

WAX GH43 63.7 8.8+ 0.5 1496 127 n.d.
LR
WAX 30.9 5.0+ 0.1 36 2 3.57 +
GH43GH62 0.03
L
WAX 30.9 9.6 £ 0.7 882 64 3.63 +
GH43GH62 0.01
LR
RAX L 76.0 6.7 £ 0.2 920 58 3,32 +
0,02
RAX LR 76.0 10.9 £+ 0.4 3229 293 3.40 +
0.01
RAX GH43 L 76.8 6.4+ 0.2 903 65 n.d.

RAX GH43LR  76.8 16.2 £ 0.2 2912 334 n.d.

RAX 63.4 9.0 £ 0.2 1879 171 331+
GH43GH62 0.02
L

RAX 63.4 19.7 £ 0.4 5567 1284 3.39+
GH43GH62 0.01
LR

NOTE: n.d. (not determined); L (laccase crosslinked hydrogels), R (freeze-dried
and regenerated hydrogels).

2 Calculated based on the decrease of the ferulic acid content after laccase-
based crosslinking (Fig. 3).

b Calculated based on the water absorption data after freeze drying(Fig. 4B).

¢ Values of the storage and loss moduli at an angular frequency of 10.6 rad/s
(Fig. 4C).

and the occurrence of physical interactions between arabinoxylan
chains (influencing the network organisation) influence the overall
rheological properties of the hydrogels before and after regeneration.
These processes seem to occur simultaneously during hydrogel forma-
tion and contribute in a conflicting way to the behaviour and structure of
the hydrogels.

3.5. Arabinose removal affects the hierarchical assembly of laccase-
crosslinked hydrogels

To further investigate the diverging rheological properties of the
WAX and RAX dispersion and hydrogels upon arabinofuranosidase
treatment, their multiscale network assembly was investigated by
complementary WAXS and SAXS analysis. The WAXS diffractograms for
all arabinoxylan samples exhibit sharp peaks (Fig. 5A, Table S5) which
indicate the occurrence of ordered regions, in agreement with the results
provided for xylan hydrate by Nieduszynski and Marchessault (1972)
and (Johnson et al., 2023). Interestingly, we observe differences be-
tween WAX and RAX dispersions: the RAX dispersions have lower in-
tensity and broader peaks suggesting that WAX have an overall higher
degree of order than RAX. In the WAX dispersions, we observe no
conclusive change between the arabinofuranosidase treated and un-
treated samples in this atomic length-scale. Although there are differ-
ences in the intensity, the differences are not clear enough to rule out
other factors such as variations in the dispersion concentration between
capillaries. In the case of the RAX dispersion, we observe a difference in
both peak shape and intensity, especially between 1 Aland 154
This suggests that even after taking into account concentration varia-
tions, the WAXS data still suggests that the enzyme treated sample tends
to phase separate/sediment more, and that the arabinofuranosidase
treated RAX sample is less hydrated, in agreement with the lower water
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absorption shown in Fig. 4B. The differences between the RAX disper-
sions also suggest that arabinofuranosidases can access RAX more easily
owing to the lower degree of order in the starting substrate.

When comparing the hydrogels, WAX hydrogels have as well a
higher degree of ordering than RAX hydrogels, as observed in the dis-
persions. The sample form and sample holder geometry provides better
control over concentration variations compared to dispersions in capil-
laries. Therefore, an increase in ordering of both RAX and WAX
hydrogels upon freeze drying and regeneration of the
arabinofuranosidase-treated hydrogels can be observed, by increased
peak intensities and lower amorphous background. This increase in
order suggests that the combination of regeneration and arabinofur-
anosidase treatment leads to larger backbone interactions, as previously
proposed (Yilmaz-Turan et al., 2022). This increase in order is also
partially observed in the arabinofuranosidase-treated RAX hydrogels,
even without regeneration, adding further evidence that these enzymes
have better access in RAX, as observed in the dispersions.

In parallel, we performed SAXS experiments on the WAX and RAX
dispersions and hydrogels to investigate the influence of arabinofur-
anosidase treatment on their nanoscale organization (Fig. 5B, Supple-
mentray Material Fig. S5). The SAXS patterns of the dispersions and the
hydrogels are very similar in the lower q region (<0.03 A™1), except for
the arabinofuranosidase WAX dispersion, which seems to have an up-
turn at the lowest g-values (q < 0.01 A~1). However, studies at a lower q
range would be needed to assess the nature of this upturn suggesting
larger aggregation. In the region between 0.03 and 0.07 A~%, the values
of the Porod exponents for all samples are between 3 and 4 (Table 2),
suggesting a compact 3D structure in all cases. For the untreated RAX
dispersion and hydrogels, the Porod exponent was lower compared to
WAX samples, and to enzyme treated samples. This lower Porod expo-
nent, indicating less compact dispersions, supports the larger effect of
enzymatlc treatment on the RAX samples. Lastly, between 0.7 and 1.5
A~ we observe a small broad peak in the arabinofuranosidase-treated
RAX dispersion and hydrogels that is not observed neither in the
WAX, nor in the untreated RAX. This peak, similar to that observed in
low-substituted AX from wheat bran prepared via chemical fraction-
ation (Janewithayapun et al., 2025), indicates that arabinofuranosidase
treatment has an impact on the structure of RAX. In summary, these
results suggest that gelation with laccase does not alter the nano struc-
ture of the arabinoxylans, whereas arabinofuranosidase treatment af-
fects the structure of RAX at the nano scale.

The overall investigation of the multiscale assembly of the hydrogels
by combined WAXS and SAXS measurements provide some correlation
with the viscoelastic properties of the different hydrogels. The combi-
nation of arabinose removal, freeze-drying and regeneration yielded the
highest degree of ordering in both WAX and RAX hydrogels but highest
viscoelasticity only in RAX hydrogels, showing that while the degree of
ordering of arabinoxylan hydrogels have a strong correlation with their
viscoelastic properties, it is not the sole variable responsible. In parallel,
the results by SAXS indicate that the network organisation at the q range
of the experiments is not largely affected by arabinofuranosidase treat-
ment and regeneration.

The morphological changes of the freeze-dried WAX and RAX
hydrogels upon arabinofuranosidase treatment were analysed using
field emission scanning electron microscopy (FE-SEM). The reference
laccase-crosslinked WAX hydrogels exhibit an interconnected polymeric
network and a highly porous microstructure with the occurrence of both
larger and smaller pores (Fig. 6A). Arabinofuranosidase treatment
before laccase-based crosslinking of the WAX hydrogels lead to a less
compact structure and loss of network integrity (Fig. 6B). In parallel,
laccase-crosslinked RAX hydrogels showed a more compact and struc-
tured network after the arabinofuranosidase treatment (Fig. 6C). Inter-
estingly, arabinofuranosidase treatment caused a drastic decrease in the
pore size of the RAX hydrogels and a smoother surface pore pattern
compared to the RAX controls (Fig. 6D). The FE-SEM images reveal that
the arabinofuranosidase treatment seem to disrupt the hierarchical
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Fig. 5. X-ray scattering profiles of WAX and RAX solutions and hydrogels. A. Wide-angle X-ray scattering (WAXS). B. Small-angle X-ray scattering (SAXS). Sample

nomenclature corresponds with the samples in Table 2.

organisation of the WAX hydrogels, whereas the RAX hydrogels achieve
a more tightly packed and compact network structure. This coincides
with the rheological measurements described above, with WAX hydro-
gels having lower viscoelasticity with arabinose removal and RAX
hydrogels showing the opposite behaviour. This reinforces our results,
indicating that the arabinofuranosidase treatment of arabinoxylan
hydrogels affects their hierarchical assembly and microstructure, which
in turn impact their overall rheological properties.

4. Conclusion

In this work we demonstrate that the rheological properties of
hydrogels produced through laccase-based crosslinking of feruloylated
arabinoxylan derived from wheat (WAX) and rye (RAX) brans can be
fine-tuned using arabinofuranosidases and subsequent freeze-drying and
regeneration. The synergistic activity of arabinofuranosidases from
families GH43 and GH62 results in the successful removal of arabinose
from WAX and RAX without affecting the ferulic acid moieties.
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Interestingly, the removal of arabinose from WAX and RAX influence
differently the structure and rheological properties of their respective
laccase-crosslinked hydrogels. Arabinose removal from RAX hydrogels
prior to laccase-based crosslinking resulted in hydrogels with higher
storage and loss moduli, before and after regeneration, which could be
attributed to both chemical (i.e. preserved covalent crosslinking by
laccases) and physical effects (i.e. higher solid content and enhanced
supramolecular interactions upon regeneration). On the contrary, the
viscoelastic properties and structural integrity of WAX hydrogels were
compromised upon arabinose removal. This suggests that tuning the
arabinose content in arabinoxylans isolated from different plant sources
directly impacts their biophysical properties in terms of polysaccharide
aggregation, influencing the accessibility of the laccases to their ferulic
acid substrates for oxidation and crosslinking. Moreover, arabinose
removal subsequently hinders the water absorption of the hydrogels
(with the concomitant increase in the total solid content) and it also
alters the physical interactions and network organisation of the hydro-
gels upon subsequent freeze drying and regeneration. We propose that
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Fig. 6. FE-SEM micrographs showing the morphology of the hydrogels after freeze drying. (A) Laccase-crosslinked WAX hydrogel (WAX L); (B) GH43 and GH62
treated laccase-crosslinked WAX hydrogel (WAX GH43GH62 L); (C) Laccase-crosslinked RAX hydrogel (RAX L); (D) GH43 and GH62 treated laccase-crosslinked RAX

hydrogel (RAX GH43GH62 L).

while laccase covalent crosslinking is the main force behind gelation,
physical phenomena such as hydration and supramolecular interactions
between arabinoxylan chains also influence the overall rheological
properties and structure of the hydrogels, sometimes in a diverging way.
This study shows how enzyme technology is a selective and effective tool
to modulate the functional properties of polysaccharide hydrocolloids
for use in food products, where the rheological properties are of great
importance for sensory and nutritional properties. The techno-economic
potential of this technology for the valorisation of cereal side streams
should be the focus of further studies, where aspects like process scal-
ability, enzyme costs, and life cycle assessments should be considered.
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