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Abstract: The native extractable arabinoxylans (AX) from wheat bran were cross-linked by the
commercial laccase C (LccC) and self-produced laccases from Funalia trogii (LccFtr) and Pleurotus
pulmonarius (LccPpu) (0.04 U/µg FA, each). Dynamic oscillation measurements of the 6% AX
gels demonstrated a storage modulus of 9.4 kPa for LccC, 9.8 kPa for LccFtr, and 10.0 kPa for
LccPpu. A loss factor ≤ 0.6 was recorded in the range from 20 to 80 Hz for all three laccases, and
remained constant for four weeks of storage, when LccFtr and LccPpu were used. Arabinoxylan gel
characteristics, including high water holding capacity, swelling ratio in saliva, and heat resistance
indicated a covalently cross-linked network. Neither the mediator compounds caffeic acid and
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS), nor citrus pectin, enhanced the elastic
properties of the gels. Using laccases as an oxidant provided gels with a solid and stable texture,
comparable in firmness to traditional gelatin gels. Thus, AX gels can be presented in the vegan, halal,
and kosher food markets. They may also find use in pharmaceutical and other industrial applications.
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1. Introduction

Among commercial hydrocolloids used in the food industry, gelatin is regarded as special and
unique, serving multiple functions with a wide range of applications in various industries [1]. However,
vegan, halal, and kosher food markets call for non-animal gels, particularly within Europe, with the
emergence of bovine spongiform encephalopathy (“mad cow disease”) in the 1980s [2].

Most of the common hydrocolloids lack the chemical functionalities for creating additional
network nodes, which are required for forming solid gels. Arabinoxylans (AX), the major non-starch
polysaccharides in wheat bran, are a by-product of the commercial wheat milling process [3] and
may provide a solution. Wheat bran contains approximately 13 mg/g ferulic acids and up to 50%
non-digestible fibre, mostly AX [4]. These hemicelluloses consist of β-1,4-d-xylopyranose decorated
with α-1,2- and/or α-1,3-l-arabinofuranosyl units. Some of the arabinose residues are ester linked on
(O)–5 to FA resulting in ferulated AXs [5,6]. Diferulic (di-FA) and triferulic acids (tri-FA) were identified
as covalently cross-linked structures in gelled AX [7,8]. Figure 1 illustrates this oxidative reaction [9].
Besides, AX gels may form in the strong acidic range (pH 2) without addition of a cross-linking agent,
and at low sugar levels through hydrogen bonds and hydrophobic interactions [10].

As wheat bran is an abundant industrial by-product generated during milling, it may be considered
to be a convenient source of AX, which after cross-linking, may serve as a solid vegan gel [11]. The
higher the number of ferulic acid moieties on the polysaccharide backbone, the more covalent cross-links
may be generated [9]. AX are generally extracted by hot water and/or aqueous alkali and can be
fractionated according to their solubility in different solvents, such as water/ethanol mixtures [12]. The
incubation time, concentration of alkaline extracted solution and initial mass of wheat bran has a direct
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impact on the number of ferulic acids remaining for cross-linking [13,14]. A recent research on ferulic
acid extraction on the laboratory scale indicated that the more wheat bran was used the less ferulic
acid was extracted [14]. According to own analyses, little ferulic acid is left in commercial AX, which
indicates high pH and/or long extraction times.Processes 2020, 8, x FOR PEER REVIEW 2 of 16 

 

 
Figure 1. Oxidative gelation as catalyzed by laccases (simplified): Feruloylated arabinoxylan in 
solution (left) and formation of network knots to constitute a gel (right); β-1,4-D-Xylopyranose 
backbone with α-1,3-L-arabinofuranosyl side chains carrying feruloyl substituents. Dimerization of 
adjacent feruloyl moieties occurs through intermediate carbon or oxygen centered radicals. 
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Various oxidative agents were applied for the cross-linking of AX gels, including hydrogen 
peroxide, manganese peroxidases, and laccases [9,15]. Recent work compared laccase and peroxidase 
cross-linking activities and concluded that laccases would be preferable for AX gels [16]. Laccases are 
part of a large group of multi-copper oxidases acting on polyphenols, methoxy-substituted phenols, 
aromatic diamines, and a range of other compounds [17]. They were suggested as processing aids for 
wine, beer, and bakery products, and for improving sensory parameters of food [18–20]. Laccase 
catalysis occurs by reduction of oxygen to water accompanied by the oxidation of the substrate. The 
ability of laccase C to enhance the cross-linking in skimmed milk yogurt was shown before [21]. 

The objective of this study was to extract genuine AX from wheat bran with as many ferulic acid 
moieties still bound to the hemicellulose backbone as possible. The working hypothesis was that such 
a native substrate, in contrast to commercial AX, may be converted by laccases to plant-based gels 
with a firmness similar to traditional gelatin gels. 

2. Materials and Methods  

2.1. Materials 

Wheat bran was bought from Alnatura GmbH (Darmstadt, Germany). All chemicals were 
obtained from Carl Roth (Karlsruhe, Germany), Fluka (Buchs, Switzerland), and Sigma-Aldrich 
(Taufkirchen, Germany).  
  

Figure 1. Oxidative gelation as catalyzed by laccases (simplified): Feruloylated arabinoxylan in solution
(left) and formation of network knots to constitute a gel (right); β-1,4-d-Xylopyranose backbone with
α-1,3-l-arabinofuranosyl side chains carrying feruloyl substituents. Dimerization of adjacent feruloyl
moieties occurs through intermediate carbon or oxygen centered radicals.

Various oxidative agents were applied for the cross-linking of AX gels, including hydrogen
peroxide, manganese peroxidases, and laccases [9,15]. Recent work compared laccase and peroxidase
cross-linking activities and concluded that laccases would be preferable for AX gels [16]. Laccases are
part of a large group of multi-copper oxidases acting on polyphenols, methoxy-substituted phenols,
aromatic diamines, and a range of other compounds [17]. They were suggested as processing aids
for wine, beer, and bakery products, and for improving sensory parameters of food [18–20]. Laccase
catalysis occurs by reduction of oxygen to water accompanied by the oxidation of the substrate.
The ability of laccase C to enhance the cross-linking in skimmed milk yogurt was shown before [21].

The objective of this study was to extract genuine AX from wheat bran with as many ferulic acid
moieties still bound to the hemicellulose backbone as possible. The working hypothesis was that such
a native substrate, in contrast to commercial AX, may be converted by laccases to plant-based gels
with a firmness similar to traditional gelatin gels.

2. Materials and Methods

2.1. Materials

Wheat bran was bought from Alnatura GmbH (Darmstadt, Germany). All chemicals were obtained
from Carl Roth (Karlsruhe, Germany), Fluka (Buchs, Switzerland), and Sigma-Aldrich (Taufkirchen,
Germany).

2.2. Enzymes

The commercial laccase C (EC 1.10.3.2), purified from a Trametes species, was purchased from ASA
Spezialenzyme (Wolfenbüttel, Germany). The xylanase side-activity of the laccase C was determined
using the 3,5-dinitrosalicylic acid (DNSA) test [22]. Based on previous work [21,23], laccases were
also purified from the basidiomycetes Funalia trogii (DSMZ 11919) and Pleurotus pulmonarius (DSMZ
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5331). To obtain laccase Ftr from Funalia trogii, the fungus was cultivated in SNL medium [21]
and incubated at 25 ◦C and 180 rpm for three weeks. The purification was done by hydrophobic
interaction chromatography on phenyl FF column and ion exchange chromatography on Q-sepharose
XL material [24]. The activity of the extracted and purified enzyme was 2.3 × 105 U/L. Laccase activity
was measured at 25 ◦C and pH 4.5 using the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) assay [21].

Laccase Ppu was isolated from a recombinant Pichia pastoris with a laccase gene from the fungus
Pleurotus pulmonarius cultivated on BMM medium [23]. Pichia pastoris was incubated at 25 ◦C and
180 rpm for one week. Purification of the laccase Ppu was achieved by Agarose Ni-NTA column [22].
The activity of the purified enzyme was 1.92 × 105 U/L.

2.3. General Experimental Setup

All data presented are averages of duplicate measurements. The standard deviation of replicates
for the rheological measurements was typically below 5%.

2.4. Wheat Bran Arabinoxylan Extraction

Wheat bran was manually milled to a 14-mesh particle size using liquid nitrogen. One hundred
gram were suspended in 500 mL ethanol at 25 ◦C and 250 rpm overnight to eliminate lipophilic
components. After filtration, the wheat bran was boiled in 700 mL water for 30 min to gelatinize
starch and inactivate enzymes before centrifugation at 12,000× g for 10 min at 20 ◦C (centrifuge 460R
Hettich Rotanta, Taufkirchen, Germany). Afterwards, it was treated with 500 mL NaOH (0.5 mol/L)
at 40 ◦C, 180 rpm for 40 min in the dark. Residual bran was removed by centrifugation (12,000× g,
10 min and 20 ◦C). The supernatant was acidified to pH 4.5 with HCl (3 mol/L) and then centrifuged
at 12,000× g and 20 ◦C for 15 min. The recovered supernatant was precipitated in ethanol at 4 ◦C
overnight, freeze-dried, and milled [13]. The bound ferulic acid content was determined by incubating
2 mL of 10% AX solution with 2 mL KOH/NaOH (1:1; 4 mol/L each) at 50 ◦C and 220 rpm for 4 h.
The reaction was stopped with 1 mL 60% acetic acid and 5 mL methanol. After centrifugation at
15,000× g and 4 ◦C for 15 min, ferulic acid (FA) was analyzed by HPLC at λ = 323 nm (SPD-10A VP,
Shimadzu Deutschland GmbH, Berlin, Germany) [25].

2.5. Wheat Bran Arabinoxylan Cross-Linking

To cross link arabinoxylan gel, 6% (w/v) wheat bran AX solution in 0.05 M citrate phosphate
buffer pH 5.5 was incubated with different laccases (0.04 U/µg FA, LccC, LccFtr, and LccPpu) overnight
without shaking. The impact of caffeic acid ((E)-3-(3,4-dihydroxyphenyl)-2-propenoic acid) and ABTS
(1, 3, and 5 mM) as mediators and citrus peel pectin (1 and 3% (w/v)) instead of AX were likewise
investigated. Commercial wheat bran AX (Megazyme, Bray, Ireland) without ferulic acid was used as
negative control.

2.6. Rheology

To carry out rheological measurements, a Physica MCR 301 rheometer (Anton Paar, Graz, Austria)
with plate geometry (25 mm diameter) and a gap width of 1 mm was used. Oscillation experiments
(γ = 0.01% to 100%) were performed at a constant frequency of ω = 10 rad/s to ascertain the linear
viscoelastic region (LVE) [26]. Frequency sweep test used a frequency of 0.01 to 100 Hz with an applied
strain of 5%. All tests were carried out at 25 ◦C in duplicates. Rheoplus software was used to calculate
storage modulus (G′), loss modulus (G′′), and loss factor tanδ (= G′′/G′).

Rheological properties of gel samples were analyzed weekly over six weeks of storage at 25 ◦C.
Injection of one unit xylanase activity into the gel and incubation at 30 ◦C for 2 h destroyed the structure
of the gels and facilitated the ABTS assay to estimate the residual laccase activity during storage.
Viscoelastic properties of the AX gels were compared with 6% gelatin gels (Dr. Oetker GmbH, Bielefeld,
Germany) prepared with the same buffer, but without any other additives.
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2.7. Analysing Diferulic Acids in Arabinoxylan Gels

2.7.1. Sample Preparation

Arabinoxylan gel (cross-linked with LccPpu) was enzymatically hydrolysed with a xylanase:
ferulic acid esterase (1:1) mix for 3 h at 40 ◦C, pH 6 and 220 rpm. Xylanase from Trichoderma viride
was purchased from Fluka (Buchs, Switzerland). The recombinant ferulic acid esterase originated
from Streptomyces werraensis [27]. The hydrolysed sample was purified on 20 mL XAD 2 resin
column as described by Malunga and Beta (2016) [28]. Adsorbed diferulic acids were eluted in
30 mL methanol:formic acid (9:1), concentrated under a nitrogen stream, lyophilised, and dissolved in
50 µL acetonitrile.

2.7.2. High Performance Liquid Chromatography Mass Spectrometry

To detect cross-linked diferulic acids in the gel, 15 µL hydrolysate was loaded on a Varian 1200
LCMS (Agilent, Santa Clara, CA, USA) equipped with a C18 Pyramid column (Macherey-Nagel, Düren,
Germany). As eluent A, water with 0.1% formic acid was used, whereas acetonitrile with 0.1% formic
acid was applied as eluent B. A separation was achieved using a stepwise gradient at a flow velocity
of 0.1 mL/min: sample loaded in 10% eluent B, followed by 10 to 100% eluent B in 20 min, 100%
eluent B for 10 min, 100 to 10% in 5 min and ended with 10% eluent B for 3 min. Mass analysis was
performed as follows: Needle voltage (±) 5000/−4500 V; spray shield voltage (±) 600/−600 V; spray
chamber temperature 50 ◦C; drying gas temperature 350 ◦C; nebulizing gas pressure 379 kPa; drying
gas pressure 124 kPa, and capillary voltage (±) 40/−40 V. Mass spectrometry analysis was conducted in
a scanning range from 100 to 800 m/z for 50 min. In the MS/MS experiments, 10 eV collision energy
was chosen to fragment the molecules.

2.8. Melting Point

Mechanical spectra of AX (gels formed with LccPpu) and gelatin gel (6%) were recorded using
a Physica MCR 301 rheometer with plate geometry 25 mm diameter and a gap width of 1 mm.
The measurement was performed at a temperature rate of 10 ◦C/min, angular frequency 10 1/s and
strain 0.5%, during heating from 20 to 100 ◦C for the AX gel and 5 to 42 ◦C for the gelatin gel. Mechanical
parameters were recorded every 0.1 min.

2.9. Water Holding Capacity (WHC)

To conduct the WHC test, 1 g gel sample (6%) was centrifuged at 700× g for 30 min at 10 ◦C.
The water holding capacity was calculated as [29]:

WHC (%) = (mass of gel after centrifugation/mass of gel sample) × 100 (1)

2.10. Swelling Ratio

Arabinoxylan (gels formed with LccPpu) and gelatin gel (6%) with a defined volume were
immersed in artificial saliva composed as described in Amal et al. (2015) [30] for 10 min at room
temperature. The gel volume was measured every two minutes and the swelling ratio calculated as:

Swelling ratio = Vn/V0 (2)

where Vn is the volume of the gels after every two minutes immersion (m3) and V0 is the initial volume
of the gel before immersion in artificial saliva (m3).
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3. Results

3.1. Wheat Bran Arabinoxylan Gel Characterization

3.1.1. Wheat Bran Arabinoxylan

The yield of the extracted AX was 2.8% (mass of AX/mass of wheat bran) and contained 2.17 ±
0.06 µg ferulic acid/mg AX. Intact ferulic acid in the extracted arabinoxylan was cross-linked with
laccase Ftr and Ppu to form a hard gel.

3.1.2. Oscillatory Tests on Gels from Self-Extracted and Commercial AX Formed Using LccC

During a sweep test, the amplitude of the deformation was varied (γ = 0.01% to 100%), while
the frequency was kept constant (ω = 10 rad/s). For the analyses, the storage modulus G′ and the
loss modulus G′′ were plotted against the deformation (γ). Gels from self-extracted and commercial
AX (as negative control) had constant G′ and G′′ at 0.1 ≤ γ ≤ 70%, which showed that the sample
structures were undisturbed. In the negative control, G′′ was > G′, while in the AX gels G′ was > G′′.

Viscoelastic properties derived from a frequency sweep test atω = 10 rad/s presented G′ = 9.35 ±
0.017 and 6 ± 0.018 kPa and G′′ = 2.45 ± 0.024 and 8.03 ± 0.021 kPa for AX gels (6%) and the negative
control (6%), respectively. The loss factors of AX gels and the negative control formed using laccase C
were tanδ ≤ 0.8 and tanδ ≥ 1, respectively.

3.1.3. Different Laccases from Basidiomycetes

Basidiomycete fungi are well known for their high-redox potential laccases. A possibly different
effect of laccases from Pleurotus pulmonarius (Ppu) and Funalia trogii (Ftr) on the rheological properties
of 6% AX gels compared with the action of commercial laccase C was investigated. The gels obtained
using laccase Ftr and Ppu had a large linear viscoelastic region at 0.1 ≤ γ ≤ 70% (data not shown).
The viscoelastic properties deduced from a frequency sweep test atω = 10 rad/s are shown in Table 1.
The loss factors of the 6% AX gels formed by the different laccases can be found in Figure 2. Gels
formed by laccase Ppu and Ftr possessed higher storage moduli and lower loss factors in comparison
with laccase C. The xylanase activity in laccase C was determined by the DNSA test [31]. The used
technical preparation contained 1.9 U/mg xylanase activity.Processes 2020, 8, x FOR PEER REVIEW 6 of 16 
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Table 1. Viscoelastic properties of the 6% arabinoxylan gels formed with different laccases.

Arabinoxylan Gel 6% Viscoelastic Properties

G′ (kPa) G′′ (kPa)

LccC 9.3 2.4
LccPpu 10 2.2
LccFtr 9.8 2.5

SD ≤ 0.03 kPa.

3.1.4. Effect of Citrus Pectin and Mediators on Arabinoxylan Gels

Different additives were tried to enhance the firmness of the AX gels. Table 2 indicates the storage
modulus, loss modulus, and loss factor of the gels formed in the presence of the reaction mediators
caffeic acid (CA), ABTS, or citrus pectin.

Table 2. Viscoelastic properties of 6% Arabinoxylans (AX) gels, storage modulus G′ (kPa), and loss
modulus G′′ (kPa).

AX Gel 6%

Mediators Pectin C

1 mM CA a 3 mM CA 5 mM CA 1 mM
ABTS b

3 mM
ABTS

5 mM
ABTS 1% 3%

G′ G′′ G′ G′’ G′ G′′ G′ G′′ G′ G′′ G′ G′′ G′ G′′ G′ G′′

LccC 8.1 2.7 4.5 1.1 3.5 1 8.8 2.4 9.3 2 6.4 2.3 9.1 2.1 9.4 1.9
LccPpu 8.5 2.1 4.6 1.1 3.6 1 9.2 2.1 9.3 2.3 6.9 2.2 9.1 2.1 9.4 2.3
LccFtr 8.4 2.1 4.6 1.4 3.5 1.1 9.1 2.2 9 2.1 6.8 2.2 9.1 2.2 9.4 2.4

a Caffeic acid; b 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid; SD ≤ 0.04 kPa.

Caffeic acid, especially at concentrations of 3 and 5 mM, decreased the storage moduli of the gels
and had a destructive effect on the final gel structure. Analysing loss factors of the gels showed much
higher values than without CA or just 1 mM of the mediator, and the same was true for the viscosity.

Likewise, the non-food mediator ABTS significantly affected the viscoelastic properties of AX gels.
Increasing the concentration of ABTS up to 5 mM resulted in lower storage moduli and higher loss
factors of the gels in comparison with 3 mM ABTS. In addition, the loss factor of the gels formed with
3 mM ABTS was lower than 0.6 indicating elastic gels.

One and three percent pectin C were added to improve the viscoelastic properties, but no increase
in storage modulus was observed. The rheological examination of the AX gels with pectin indicated
that the storage moduli in the presence of 3% pectin were higher than in 1% samples, and their loss
factor was <0.5. As can be inferred from Tables 1 and 2, mediators and pectin C did not improve the
storage and loss moduli and loss factors of AX gels.

3.2. Storage Stability of Arabinoxylan Gels

The storage stability of the enzymatically cross-linked AX gels (6%) was investigated over six
weeks at 25 ◦C. Besides, the residual activity of the laccases Ppu, Ftr, and C was determined. The storage
modulus of the AX gels with laccase C showed a substantial decrease from 9.35 to 2.65 kPa after two
weeks of storage. The storage moduli of the AX gels with laccase Ppu and Ftr are shown in Figure 3
over 42 days of storage. Gels formed with laccase Ftr showed a decreasing G′ after 28 days. By the end
of day 35, the storage modulus reached around 6.32 kPa and lost its viscoelastic properties as reflected
by a high loss modulus of 8.45 kPa (G′′ > G′). AX gels formed with LccFtr reached a loss factor of 4.23
on day 42.

Gels formed using laccase Ppu showed a tanδ ≤ 0.5 after 28 days of storage. Although an increase
in loss factor was observed after day 35 (tanδ ≤ 0.9), the storage modulus remained constant (Figure 3).
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Figure 3. Storage modulus of the arabinoxylan (AX) gels (6%) during six weeks incubation at 25 ◦C.

The activity of residual laccases during the incubation at 25 ◦C was determined using the ABTS
assay (Figure 4). The activity of the laccase Ppu slightly declined from 0.04 to 0.0224 U/µg FA, whereas
the activity of laccase Ftr strongly decreased to 0.0033 U/µg FA. An inverse correlation was observed
between the activity of the residual laccases and the loss factor of the gels. A slight decrease in activity
of residual laccase Ppu resulted in a gentle increase of the loss factor from 0.5 to ≤ 0.9 during storage.
The reduction of the residual laccase Ftr activity was accompanied by a distinct rise of the loss factor
from 0.47 to 4.23 from day 28 to 42.
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Figure 4. Activity of residual laccases in the AX gels during incubation at 25 ◦C.

3.3. Comparison of the Viscoelastic Properties of AX and Gelatin Gels

The viscoelastic properties of AX (6%) and gelatin gels (6%) were analyzed by a frequency sweep
test at ω = 10 rad/s (Figure 5). Storage and loss modulus of the gelatin gel were 9.75 and 2.24 kPa,
respectively; the loss factor was <0.3. At frequencies lower than 50 Hz, the loss factors of 6% AX
gels formed using laccase Ppu were slightly higher than for gelatin gels. This difference was more
significant with laccase Ftr, which obtained loss factors < 0.5. The storage moduli of AX gels and
gelatin were on the same level (data not shown). They all showed loss factors < 1, which confirmed
their elastic properties.

3.4. Identifying Diferulic Acids in Cross-Linked Arabinoxylan Gel

The oxidative gelation of AX was supposed to result from the dimerization of FA residues on the
polysaccharide chains. The FA dimerization mechanism starts with an abstraction of an H atom of the
OH group at the ring position of FA leading to a phenoxy radical. Then, this radical is stabilized by
resonance along the aromatic ring (C-4/C-5) and the double bound (C-8) of the side chain. Subsequently,
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two phenoxy or alkoxy radicals cross-link and the coupling of unpaired electrons of two radicals forms
a new covalent bond that connects two arabinoxylan chains. Consequently, the structure of the dimers
formed during gelation depends on the radical position [32] (Figure 1). Liquid chromatography mass
spectrometry (LCMS) showed a peak (retention time about 14 min) with m/z 387 (+), indicative of
a diferulic acid (Figure 6, peak A) [33]. An MS/MS fragmentation experiment on this peak led to
fragment ion masses m/z 369 (-H2O), 343 (-COO-), 327 (-CH3COOH), 263 (-hydroxy, methoxy-phenyl-),
193 (-feruloyl-), and 149 (-vinyl-guaiacyl-), which fit to 8-O-4′ diferulic acid (Figures 6A and 7).
Moreover, a big peak at a retention time of about 11 min was observed with m/z 386.6 and 387.1 ions
(Figure 6, peak B).
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3.5. Melting Point

The melting point of AX (formed with LccPpu) and gelatin gels was measured by a constant
frequency oscillatory test. Figures 8 and 9 present the temperature dependence of dynamic modulus
(G′ and G′′) during isochronal temperature sweeps in heating from 5 to 42 ◦C and 20 to 100 ◦C for
gelatin and AX gels, respectively. The starting temperature was chosen according to the gel formation
temperature. Gelatin gel showed a high storage modulus during heating from 5 to almost 30 ◦C
followed by a sudden drop at around 32 ◦C. The melting point of gelatin depends on its grade and
concentration, but is typically ≤ 35 ◦C [26]. As shown in Figure 9, there was a gradual decrease of
the storage modulus with increasing temperatures in AX gels, which presented a linear correlation
between rising temperature and falling storage modulus with R2 = 0.96.
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3.6. Water Holding Capacity

Water holding capacity is defined as the physical property, which prevents water from being
released from the structure of the gel [34]. The water holding capacities for arabinoxylan gels (formed
with LccPpu) and gelatin gels were determined to be 98.2% and 98.6%, respectively.

3.7. Swelling Ratio

Figure 10 presents the swelling ratio of gelatin and AX gels (formed with LccPpu). A linear
correlation (R2 = 0.98) between swelling ratio of the AX gel and immersing time in artificial saliva
was recorded.
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4. Discussion

4.1. Wheat Bran Arabinoxylan

The most common method of separating arabinoxylan on a large scale is alkaline extraction using
sodium hydroxide, potassium hydroxide, or barium hydroxide solutions (1 M for 16 h) [35]. Although
alkaline treatment increases arabinoxylan yield, it hydrolyses ferulic acid bonds. In the current study,
AX was treated with sodium hydroxide 0.5 M for 40 min only. The reduced pH and shorter treatment
time led to a decrease of AX yield from 6% to 2.8% (mass of AX/mass of wheat bran), but increased the
ferulic acid content from non-detectable to 2.17 ± 0.06 µg ferulic acid /mg AX. The self-extracted AX
could therefore be used for gel formation, which is not possible with commercially available AX.

4.2. Wheat Bran Arabinoxylan Gel Characterization

Arabinoxylan gels have higher storage than loss moduli. This indicates viscoelastic behavior of
the gels [36]. The higher loss (G′′) than storage modulus (G′) in the negative control was attributed
to a lack of ferulic acid moieties. The AX gelation process and gel properties are governed by the
establishment of covalent (di-FA, tri-FA bridges) linkages [37]. The more intact ferulic acid moieties on
the polysaccharide backbone, the more covalent cross-links may be formed [9]. Carvajal-Millan et al.
reported that an elevation in ferulic acid concentration from 0.93 to 1.4 µg/mg led to an increase in
storage modulus for 1% AX gels from 6 to 43 Pa. [9].

According to the results, self-extracted AX with intact ferulic acid moieties formed a firm gel
structure as shown by its high storage modulus (Table 1). This was not observed when the same
conditions were applied to commercial AX samples (negative control) [38].
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A loss factor lower than one indicates elastic while higher than one implies viscous properties [39].
The negative control, which contained no ferulic acid, did not form a firm gel, as proven by higher loss
factors (tanδ ≥ 1). In contrast, the self-extracted AX formed a solid gel.

4.3. Different Laccases from Basidiomycetes

Laccase C had 1.9 U/mg xylanase activity, which may have led to the observed weaker gel network
by slowly hydrolyzing glycosidic bonds of the AX main chain (Figure 1) [40]. In contrast, the high
purity of the laccases Ppu and Ftr most likely contributed to gels with a firmer structure.

4.4. Effect of Citrus Pectin and Mediators on Arabinoxylan Gels

A series of experiments was conducted to enhance the rheological properties of AX gels through
mediators (Table 2). Although CA (5 mM) clearly improved the storage modulus of cross-linked yogurt
formed with LccC [21], it had a devastating impact on the storage moduli of AX gels. The inhibitory
impact of caffeic acid was attributed to its oxidation while reducing the semiquinones of ferulic acid
produced by laccases. Therefore, ferulic acid was no longer oxidized to dimers [41].

Increasing the concentration of ABTS to 5 mM was followed by a decrease in the storage modulus
of AX gels (Table 2). Higher concentrations of ABTS competed with ferulic acids for laccase. In addition,
it was reported that the laccase/ABTS system coupled ABTS to ferulated arabinoxylan, rather than
causing dimerization of ferulic acids [32].

Citrus pectin, a common thickening and gelling agent, has the ability to link with various
compounds to form a gel [42]. Nonetheless, as shown in Table 2, it did not have a significant impact
on the viscoelastic properties of AX gels. Overall, addition of pectin resulted in hydrogen bonds and
hydrophobic interactions in the gel, instead of increasing covalently cross-linked bonds [43]. To sum up,
the investigated mediators were not successful in improving the rheological properties of cross-linked
AX gel.

4.5. Storage Stability of Arabinoxylan Gels

Since the aim of the project was to form a hard gel, which was stable during storage, a rheological
analysis was performed over six weeks of storage. AX gels formed with Laccase C showed a sudden
drop of G′ after two weeks storage. Xylanase in the enzyme preparation may have started hydrolyzing
the AX main chain and broken down the gel structure [44]. Gels formed using laccase Ftr and Ppu were
stable for four and six weeks, respectively (Figure 3). In contrast to earlier findings [45], no syneresis
was observed in gels over the course of this work. This may be attributed to the three times higher FA
concentration of the AX used in the previous work. As a result, the network contracted more easily
due to increasing polymer chain connectivity [45]. Some softening of the structure was observed after
four weeks of storage. Laccase-produced radicals were probably responsible for this phenomenon.
Radicals participating in secondary reactions may have led to a beginning degradation of the AX main
chains [46]. It was recently reported that a 90 min heat treatment at 85 ◦C significantly decreased the
laccase activity. As a result, the storage modulus of sweetened cross-linked fibrex gels formed with
LccFtr stayed stable for over a month of storage after the above-mentioned heat treatment. Due to their
highly similar chemical structure, these results should be transferable to the AX gels in this study [47].

4.6. Viscoelastic Properties of AX and Gelatin Gels

Cross-linking of AX with LccFtr and LccPpu formed elastic gels with viscoelastic properties
comparable to gelatin gels. AX gels, like traditional gelatin gels, do not raise nutritional concerns as
Bifidobacterium enzymes present in the human large intestine degrade them [46]. The covalent structure
of cross-linked AX gels confers them some superior characteristics, such as high water absorption
capacity and stability to pH, temperature, and ionic charges [32].
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4.7. Identifying Diferulic Acids in Cross-Linked Arabinoxylan Gel

AX gels formed with LccPpu were analyzed with LCMS/MS, and 8-O-4′ dehydrodimers of ferulic
acid were detected as cross-links. Dominating dimers of ferulic acids in cross-linked wheat bran AX
were 8-O-4′ and 8-5′, both of which increased after gel formation [44,47]. It was recently reported that in
the cross-linked gels, which were formed with LccFtr, 8-5′ dimers of ferulic acids were predominant [47].
The production of dimers of ferulic acids corresponded to the consumption of ester-bound ferulic
acid [41]. Obviously, due to different substrate specificities, laccase Ppu formed phenoxy radicals by
absorption of the H atom of the OH group at the C-4 ring position of ferulic acid, while laccase Ftr
preferred the C-5 ring position.

In addition, a big peak at a retention time of about 11 min with 386.6 and 387.1 m/z ions showed
a clusteration. The difference of 0.5 amu between the detected masses means that an ion possessing
a double charge was present. This is interpreted as a clustered diferulate of as of now unknown
structure. Recently, formation of cross-links of ferulic acid of higher molecular masses than dimers and
undefined superior structures was reported [32].

4.8. Arabinoxylan and Gelatin Gel Structural Characteristics

The melting point, water holding capacity, and swelling ratio were determined to investigate
physical properties of the gels. Analyzing the melting point of gelatin gels showed a drop in storage
modulus at almost 35 ◦C, followed by a G′′ overtaking G′ (Figure 8). AX gels gradually decreased
in G′, and G′ stayed greater than G′′ during the heating process (Figure 9). The higher temperature
stability of the AX gel must be attributed to the covalent bonds formed after oxidative coupling of the
ferulic acids [32].

The high Water Holding Capacity (WHC) of AX gels, which equaled that of the gelatin gel, resulted
from the three-dimensional network that was able to retain a large aqueous phase and provided
a structure stable against syneresis and shrinkage [32,45].

Estimated swelling ratio of the AX gel (in water and for 36 h incubation at room temperature)
was higher than theoretically determined from the diferulic acid content of AX gels. It was suggested
that in addition to di-FA and tri-FA, higher ferulated cross-linking and physical entanglements would
contribute to the final arabinoxylan gel structure [9]. In contrast, the hydrogen bonds of the gelatin gel
were dissolved by the penetrating water molecules after five minutes storage at room temperature.

5. Conclusions

The present study showed that AX obtained by a modified alkaline extraction method was
successfully cross-linked with purified laccases from the basidiomycetes Funalia trogii (LccFtr) and
Pleurotus pulmonarius (LccPpu). The new AX gels resembled gelatin gels in terms of storage modulus,
loss factor (tanδ < 0.5), high water holding capacity, and digestibility. The AX gels retained their
viscoelastic properties during a storage period of up to six weeks at 25 ◦C (LccPpu, Figure 3) and may
be classified vegan. However, temperature stability and swelling behaviour of the AX and gelatin gels
(Figures 8–10) were different and reflected the difference between covalent and hydrogen bond network
knots. The thermo-reversible gelatin gels are known as an easy process product, which melt at body
temperature. However, they have low stability to heat and are soluble only at higher temperatures [1].
Arabinoxylan gels provide a heat resistant gel, formed at room temperature and as firm as gelatin,
which could be applied in pharmaceutical and other industries.

Covalent cross-links were proven by 8-O-4 dimers of ferulic acids as well as clusters of diferulic
acids, which will have to be analyzed in more detail after analytical declusteration.

The refined extraction method and the enzymatic cross-linking concept appear promising to
provide gels with a firm texture that is stable over an extended period of time. Sensory tests must be
performed to investigate the organoleptic properties of the gels including the release of volatile and
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non-volatile ingredients typically contained in a wide range of foods, such as candies, confectionary,
liquorice products, glaze, and desserts.
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