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Abstract

:

Sugar beet fibre (fibrex) is an abundant side-stream from the sugar refining industry. A self-produced laccase from Funalia trogii (LccFtr) (0.05 U/µg FA) successfully cross-linked fibrex to an edible gel. Dynamic oscillation measurements of the 10% fibrex gels showed a storage modulus of 5.52 kPa and loss factors ≤ 0.36 in the range from 20 to 80 Hz. Comparing storage stability of sweetened 10% fibrex gels with sweetened commercial 6% gelatin gels (10% and 30% d-sucrose) indicated a constant storage modulus and loss factors ≤ 0.7 during four weeks of storage in fibrex gels. Loss factors of sweetened gelatin gels were ≤0.2, and their storage modulus decreased from 9 to 7 kPa after adding d-sucrose and remained steady for four weeks of storage. Fibrex gel characteristics, including high water holding capacity, swelling ratio in saliva, and heat resistance are attributed to a covalently cross-linked network. Vanillin, as a mediator, and citrus pectin did not enhance covalent cross-links and elastic properties of the fibrex gels. Thus, laccase as an oxidative agent provided gels with a solid and stable texture. Fibrex gels may find uses in pharmaceutical and other industrial applications, which require a heat-resistant gel that forms easily at room temperature. They also represent an ethical alternative for manufacturing vegan, halal, and kosher food.
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1. Introduction


Fibrex is a dietary fibre, which represents an abundant side-stream from the sugar refining industry (approximately 200 kg of beet pulp per ton of sugar beet root) [1,2]. The main fibre types in fibrex are soluble pectin and insoluble hemi cellulose, but also small amounts of cellulose and lignin [3]. Sugar beet pectin contains arabinan (α-(1, 5)-linked l-arabinofuranosyl residues), and/or galactan (β-(1, 4)-linked d-galactose residues) as side chains of the rhamnogalacturonan main chain [4]. These side chains can be feruloyl substituted either on O-2 in the main backbone of rhamnogalacturonan-(1, 5)-linked arabinan, on O-5 in the terminal arabinose, or on O-6 in the main backbone of galactan [5]. Most of the ferulic acid ester linked to arabinan and/or galactan can be recovered as ferulate ester of their oligosaccharides under hydrothermal conditions [2].



Feruloyl substitutions can be cross-linked through oxidative coupling reaction (Figure 1) [6,7]. Recently, 8-5′ and 8-O-4′ were noted as the main ferulate dehydrodimers in covalently cross-linked structures in gelled sugar beet pectin [8].



Various oxidative agents were applied for the cross-linking of sugar beet pectin gels, including hydrogen peroxide, manganese peroxidases and laccases [9]. Laccases are polyphenol oxidases containing copper atoms in the catalytic centre and reducing oxygen to water accompanied by the oxidation of a phenol substrate [10]. They were suggested as processing aids for wine and beer stabilisation, bakery products, to improve sensory parameters of food, and recently contributed to cross-linked gel formation [11,12,13].



Formation of a vegan and halal hard gel is a growing issue that has existed for many years, particularly within Europe, with the emergence of bovine spongiform encephalopathy (“mad cow disease”) in the 1980s [14]. In the present study, sugar beet fibre, with as many ferulic acid moieties still bound to the sugar chain as possible, was extracted under hydrothermal conditions and cross-linked with a new purified high-redox laccase from the basidiomycete Funalia trogii. The working hypothesis was to convert the abundant side-stream from the sugar refining industry to plant-based gels with a firmness comparable to traditional gelatine gels.




2. Materials and Methods


2.1. Materials


Dried and ground sugar beet pulp was bought from SternEnzym (Ahrensburg, Germany). All chemicals were obtained from Carl Roth (Karlsruhe, Germany), Fluka (Buchs, Switzerland), and Sigma-Aldrich (Taufkirchen, Germany).




2.2. Enzymes


Laccase were purified from the basidiomycete Funalia trogii (DSMZ 11919). For this, the fungus was cultivated in SNL medium [15] and incubated at 25 °C and 180 rpm for 3 weeks. The purification was done by hydrophobic interaction chromatography on phenyl FF column and ion exchange chromatography on Q-sepharose XL material [16]. 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 [15].




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. Sugar Beet Fibre Extraction


Sugar beet pulp (10 g) was autoclaved at 121 °C for 20 min (Laboratory autoclave Biomedis, Giessen, Germany) [17]. Then, a 5% suspension of sugar beet pulp in water was formed and heated at 95 °C for 5 h. After cooling to room temperature and filtration (0.45 µm), the suspension was centrifuged at 12,000× g for 10 min at 20 °C (centrifuge 460R Hettich Rotanta, Taufkirchen, Germany) [18]. The recovered supernatant was concentrated at 50 °C and vacuum (121 mbar, Heidolph rotary evaporator Laborota 4000, Schwabach, Germany). The concentrated sample was freeze dried (Alpha 1-4 LSCbasic, Martin Christ, Osterode, Germany) and milled manually. The bound ferulic acid content was determined by incubating 2 mL of 10% fibrex 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 analysed by HPLC at λ = 323 nm (SPD-10A VP, Shimadzu Deutschland GmbH, Berlin, Germany) [19].




2.5. Sugar Beet Fibre Cross-Linking


In order to crosslink sugar beet fibre (fibrex) gel, a 10% (w/v) fibrex solution in 0.05 M citrate phosphate buffer pH 5.5 was incubated with laccase (0.05 U/µg FA, LccFtr) overnight without shaking. The impact of vanillin (4-hydroxy-3-methoxybenaldehyde) (2 and 4 mM) as mediator, and citrus peel pectin (1%, 3% and 5% (w/v)) instead of fibrex were likewise investigated.




2.6. Forming Sweetened Fibrex Gels


Fibrex gels (10%) were sweetened by adding 10% and 30% D-sucrose and laccase was deactivated under 90 min heat treatment at 85 °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 after heat treatment.



In parallel, 6% gelatin gels (Dr. Oetker, Bielefeld, Germany, as standard), were formed and also heated at 85 °C for 90 min. All the samples were cooled and stored at 4 °C. Viscoelastic properties of the fibrex gels were compared with gelatin gels prepared with the same buffer and D-sucrose concentrations (10% and 30%) during the 4 weeks storage.




2.7. 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) [20]. Frequency sweep test used frequencies 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 tan δ = G″/G′.




2.8. Analysing Diferulic Acids in Fibrex Gels


2.8.1. Sample Preparation


Fibrex gel was enzymatically hydrolysed with 100 U of xylanase:ferulic acid esterase (1:1) mix for 3 h at 35 °C, pH 6 and 220 rpm. The recombinant ferulic acid esterase originated from Streptomyces werraensis [21]. The hydrolysed sample was purified on 20 mL XAD 2 resin column as described by Malunga and Beta [22]. Adsorbed diferulic acids were eluted in 30 mL methanol:formic acid (9:1), concentrated, lyophilised and dissolved in 50 µL acetonitrile.




2.8.2. High Performance Liquid Chromatography Mass Spectrometry


To detect cross-linked diferulic acids in the gel, 15 µL hydrolysate was loaded on a Varian 1200 LC-MS (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 300 to 400 m/z for 50 min. In the MS/MS experiments, 10 eV collision energy was chosen to fragment the molecules.





2.9. Melting Point


Mechanical spectra of fibrex (10%) and gelatin gel (6%) were recorded using a Physica MCR 301 rheometer with plate geometry of 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 fibrex gel and 5 to 42 °C for the gelatin gel. Mechanical parameters were recorded every 0.1 min.




2.10. Water-Holding Capacity WHC


In order to conduct the WHC test, 1 g gel sample (10%) was centrifuged at 700 g for 30 min at 10 °C. The water-holding capacity was calculated as [23]:


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



(1)








2.11. Swelling Ratio


Fibrex (10%) and gelatin gel (6%) with a defined volume were immersed in artificial saliva composed as described by Amal et al. [24] 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).





3. Results


3.1. Fibrex Gel Characterization


3.1.1. Oscillatory Tests on Fibrex Formed with LccFtr and Standard Gelatin Gels


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 fibrex (10%) and gelatin (6% as standard) had constant G′ and G″ at 0.1 ≤ γ ≤ 70%, which showed that the sample structures were undisturbed (data not shown). In both, fibrex and gelatin gels, G′ was ˃ G″.



Viscoelastic properties derived from a frequency sweep test at ω = 10 rad/s presented G′ = 5.52 ± 0.023 and 9.05 ± 0.015 kPa and G″ = 1.26 ± 0.014 and 2.24 ± 0.011 kPa for fibrex (10%) and gelatin gels (6%), respectively.



As can be inferred from Figure 2, the loss factors of both, fibrex and the standard gelatin gels, were ≤0.36, which proved the formation of a solid gel.




3.1.2. Effect of Citrus Pectin and Vanillin on Fibrex Gels


Different additives were tested to enhance the firmness of the fibrex gels. Table 1 indicates the storage modulus, loss modulus and loss factor of the gels formed in the presence of the presumed reaction mediator vanillin or citrus pectin.



Vanillin decreased the storage moduli of the gels and had a destructive effect on the final gel structure at concentrations of two and four mM. Analysing the loss factors of the gels showed much higher values than without vanillin, and the same was true for the viscosity.



Pectin C (1%, 3% and 5%) was added to improve the viscoelastic properties, but no increase in storage modulus was observed. The rheological examination of the fibrex gels with pectin indicated that the storage moduli were slightly higher in the presence of 5% pectin than in 1% and 3% samples, and all loss factors were ≤0.3. As can be inferred from Table 1, mediators and pectin C did not improve storage and loss moduli and loss factors of fibrex gels.





3.2. Viscoelastic Properties of Sweetened Fibrex Gels


An ABTS assay was performed on sweetened fibrex gels to measure the residual activity of laccase prior to rheological experiments. Approximately 0.03% of LccFtr activity was left after 90 min heat treatment at 85 °C (activity of laccase decreased from 19,800 to 5.4 U/L).



The viscoelastic properties of sweetened fibrex (10%) and gelatin gels (6%) are presented in Table 2. Although neither 10 nor 30% d-sucrose had a significant impact on storage modulus of fibrex gels, it caused an increase in loss factor of fibrex gels. As can be seen in Table 1, tanδ of fibrex gels with 10% d-sucrose in week 0 was higher than 1, which indicated a destruction of the gel structure. Gels containing 30% d-sucrose were able to maintain their structure. A decrease in storage moduli was observed for sweetened gelatin (mean G′ = 7.40 ± 0.50 kPa) in comparison with non-sweetened gels (G′ = 9.05 ± 0.015 kPa). Loss factors of both sweetened gelatin gels were lower than those of non-sweetened samples with tan δ ≤ 0.1, especially at frequencies between 0.1 to 10 Hz (Figure 3).



Storage moduli of sweetened fibrex (10%) and gelatin (6%) gels were investigated during the four-week storage. Although there was a slight reduction (less than 0.12 kPa) in storage moduli of fibrex gels after two weeks, loss factors have decreased (Table 2). Particularly, loss factor of fibrex gels with 10% d-sucrose declined from almost 1.8 to 0.5 during the first two weeks of storage, which indicates recovery of the gel structure. Fibrex gels with 30% of d-sucrose followed the same trend as fibrex gels with 10% sugar, by a decline in tanδ from 0.72 to 0.48 (Table 2 and Figure 3). Storage moduli of sweetened fibrex gels experienced a slight raise by the end of week four, which confirmed gel stability during the four-week storage.



As can be inferred from Table 2 and Figure 3 that the viscoelastic properties of sweetened gelatin gels with 10% d-sucrose increased after 2 weeks of storage. Loss factors of all sweetened gelatin gels remained steady during the four-week storage, although a slight decline of storage moduli was observed in week four.




3.3. Identifying Diferulic Acids in Cross-Linked Fibrex Gel


The oxidative gelation of fibrex 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 bond (C-8) of the side chain. Subsequently, two phenoxy or alkoxy radicals cross-link, and the coupling of the unpaired electrons forms a new covalent bond that connects two sugar chains. Consequently, the structure of the dimers formed during gelation depends on the radical position [13,25].



Liquid chromatography mass spectrometry (LC-MS) showed a peak (retention time about 14.3 min) with m/z 387 (+), indicative of a diferulic acid [26]. An MS/MS fragmentation experiment on this peak led to fragment ion masses m/z 351 (-2H2O), 343 (-COO-), 325 (-H2O-COO-), 307 (-2H2O-COO-), 293 (-H2O-COO-CH3OH-), 265 (-H2O-CO-COO-CH3OH-), 219 (-H2O-CO-COO-COO-CH3OH-) and 201 (-2H2O-CO-COO-COO-CH3OH-), which fit to 8-5′ diferulic acid (Figure 4).




3.4. Melting Point


Figure 5 and Figure 6 present the temperature dependence of the dynamic modulus (G′ and G″) during isochronal temperature sweeps from 5 to 42 °C and 20 to 100 °C for gelatin and fibrex gels, respectively. The starting temperature was chosen according to the gel formation temperature. Measurements were conducted by a constant frequency oscillatory test.



Storage modulus of gelatin gels gradually decreased by increasing the temperature from 5 to 30 °C, followed with a sudden drop at around 32 °C (Figure 5). The melting point of gelatin is ≤35 °C, however it depends on its grade and concentration [27]. As shown in Figure 6, the storage modulus of fibrex gels slightly increased with increasing temperatures (0.003 kPa/°C), and there was a correlation between rising temperature and storage modulus alteration with R2 = 0.89.




3.5. Water-Holding Capacity


Water holding capacity is a physical property that prevents water from being released from the structure of the gel [28]. The water holding capacities for fibrex (10%) and gelatin (6%) gels were determined to be 98.5% and 98.6%, respectively.




3.6. Swelling Ratio


Figure 7 presents the swelling ratio of gelatin (6%) and fibrex (10%) gels. A linear correlation (R2 = 0.98) between swelling ratio of the fibrex gel and immersion time in artificial saliva was recorded. In contrast, the gelatin gel structure was broken after five minutes storage at room temperature.





4. Discussion


4.1. Fibrex and Gelatin Gel Characterization


Rheological experiments on fibrex and gelatin gels showed that G′ > G″. A larger storage modulus than loss modulus indicates viscoelastic behaviour of the gels [20]. According to the results, although the storage modulus of fibrex gels was lower than that of gelatin gels, a firm and stable cross-linked gel was formed owing to bound ferulic acid moieties [29]. Ferulic acid content of the self-extracted fibrex in the current study was 1.98 ± 0.04 µg/mg, which was 0.19 µg/mg lower than the ferulic acid content in the self-extracted arabinoxylan in a previous study [13]. The higher storage modulus of cross-linked arabinoxylan gel than fibrex gel can be attributed to the lower ferulic acid content of the extracted fibrex [13]. In addition, laccases from Pleurotus pulmonarius (LccPpu) as well as Funalia trogii successfully cross-linked arabinoxylan gels, while laccase Ppu did not form a hard fibrex gel [13], an indication of a different enzyme specificity. Both fibrex and standard gelatin gels had loss factor lower than one (tan δ ≤ 0.36), which proved viscoelastic properties (Figure 2) [30].




4.2. Effect of Citrus Pectin and Vanillin on Fibrex Gels


Although citrus pectin is known as a common thickening and gelling agent to link with various compounds to form a gel [31], it did not significantly affect the rheological properties of fibrex gels (Table 1). It appeared that the addition of pectin resulted in hydrogen bonds and hydrophobic interactions in the gel, instead of increasing covalently cross-linked bonds [8].



Vanillin is a flavouring agent and effectively contributed to some laccase mediator system [32]. However, it had a destructive impact on the mechanical spectra of the cross-linked fibrex gel. The phenolic compound may have impeded gelation by quenching ferulic acid radicals [33].




4.3. Viscoelastic Properties of Sweetened Fibrex and Gelatin Gels


A heat treatment and cooling procedure was applied to deactivate the laccase prior to viscoelastic analysis of sweetened gels. Although a significant decrease in laccase activity was observed, a residual activity of 3.1 × 10−5 U/µg FA remained. Laccases from white rot fungus are typically stable within temperatures of 20–50 °C. The half-life of crude LccFtr was reported to be about five minutes at 70 °C [34]. However, the residual activity of the enzyme revealed that LccFtr resisted higher temperatures (85 °C) when enclosed in the gel structure.



Analysing viscoelastic properties of sweetened gels indicated that the tanδ of fibrex gels with 10% d-sucrose in week zero was higher than in one, which indicates destruction of the gel structure (Table 2). This was attributed to the competition between d-sucrose and hydrocolloids for the available water in the system. It was reported that higher concentrations of d-sucrose interrupted this phenomenon in some gel matrices [35]. This would explain the unbroken gel structure in fibrex gels containing 30% d-sucrose. Krnic et al. found that the common concentration of sugar in jelly confectionary was 30% of d-sucrose, which is usually combined with other sweeteners, such as glucose [36]. As it can be inferred from the results, 30% of d-sucrose produces a firm gel.



Sweetened fibrex gels with 10% and 30% d-sucrose followed the same trend after two weeks of storage (Table 2). Loss factors of the gels at frequencies between 0.1 to 10 Hz decreased in week two (Figure 3). This behaviour may result from the slow immobilization of free water and rearrangement of cross-linked junction zones [37]. Table 2 shows an enhancement in storage modulus of the sweetened fibrex gels after four weeks of storage. However, some softening of the structure was observed, owing to an increase in loss factors of the fibrex gels (30% d-sucrose) in week four (Figure 3). Residual radicals produced by the laccase were probably responsible for this phenomenon. Participating in secondary reactions, these may have led to the beginning of degradation of the fibrex main chains [38].



The loss factors of sweetened gelatin gels were lower than that of non-sweetened samples with tanδ ≤ 0.1, especially at frequencies between 0.1 to 10 Hz (Figure 3). This represented a more elastic behaviour of the sweetened gelatin gels [39]. Added sugar led to smaller but more numerous junction zones, thus producing a more extended gel network and increasing the rigidity of the gel [40]. Loss factors of all sweetened gelatin gels remained steady after four weeks of storage, despite a slight decline in storage moduli in week four.



There are two important steps during the gelatin gelation process: setting and ageing. Setting involves network formation throughout the gelatin solution. During ageing, gel strength develops at a constant temperature and only the strongest bonds survive [41]. Reduction of the storage modulus in gelatin gels containing d-sucrose lower than 20% can result from the increased distance between molecular chains during ageing, which decrease the number of entangles points in the gelatin networks [42]. On the other hand, textural analysis of gelatin gels in presence of 0–40% d-sucrose and glucose syrup indicated an increase in gumminess and hardness, when compared to samples with no sugars. In the study, sugars were shown to have a stronger effect on textural properties than the gelatin concentration [43].



As it becomes evident from Figure 3, sweetened fibrex gels had higher loss factors than fresh non-sweetened fibrex gels, in contrast to sweetened gelatin gels, which showed lower loss factor than fresh non-sweetened gel samples. d-sucrose may shrink cross-linking enhancement by trapping available water in the system, which caused a minor rise in tan δ. Otherwise, added sugar declined tanδ in gelatin gels by growing junction zones, producing more extended gel networks, and increasing the rigidity of the gel [44]. Both fibrex and gelatin gels stayed stable during four weeks of storage. They all showed loss factors < 1 at week 4, which confirmed their elastic properties. Moreover, it was reported that sweetened gelatin gels have stable viscoelastic and physical properties during 30-days cold storage (4 °C) [37].




4.4. Identifying Diferulic Acids in Cross-Linked Fibrex Gel


The fibrex gelation process and gel properties were governed by the establishment of covalent (di-FA, tri-FA bridges) linkages [45]. Analysing diferulic acids in the fibrex gels cross-linked with LccFtr proved the presence of 8-5′ ferulic acid dehydrodimers. Dominating dimers of ferulic acids in cross-linked fibrex gel were 8-O-4′ and 8-5′, which increased after gel formation [29]. Recently, formation of cross-links of ferulic acid of higher molecular masses than dimers and undefined superior structures was also reported [25].



In a recent study, another fungal laccase, laccase Ppu, was applied to cross-link arabinoxylan gels. LCMS/MS analysis of the cross-linked arabinoxylan gel demonstrated that 8-O-4′ dimers of ferulic acids predominated [13]. In contrast, laccase Ftr, which has been applied to cross-link fibrex gels, produced 8-5′ diferulic acids. This is most likely based on different substrate specificities; Laccase Ftr formed phenoxy radicals by absorption of the H atom of the OH group at the C-5 ring position of ferulic acid, while laccase Ppu preferred the C-4 ring position.




4.5. Fibrex and Gelatin Gel Structural Characteristics


Melting point, water holding capacity and swelling ratio were the investigated structural characteristics in fibrex and gelatin gels.



Gelatin gels are known to be melted at body temperature [46], and as is shown in Figure 5, loss modulus overtakes storage modulus at temperature higher than 35 °C. In contrast, cross-linked fibrex gels demonstrated a heat resistant property (Figure 6). The higher temperature stability of the fibrex gel resulted from the covalent bonds formed after oxidative coupling of the ferulic acids. The covalent structure gave some unique characteristics to the gels, such as high water absorption capacity and stability to pH, temperature and ionic charges [25].



High water holding capacity is a unique characteristic in oxidative cross-linked gels. The high WHC of fibrex gels, which equalled 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 [25]. In a recent study, high WHC of arabinoxylan gels, which are also based on the cross-linking of diferulic acids, was also proven [13].



Fibrex gels demonstrated a swelling ratio with a linear correlation (R2 = 0.98) (Figure 7). In contrast, gelatin gels experience a collapse in gel structure owing to dissolving hydrogen bonds during immersion in saliva. This was attributed to the penetration of water molecules into the gel network and dissolving hydrogen bonds. Cross-linked gels are known for their higher stability towards swelling [47]. It was reported that swelling ratio in some cross-linked gels was higher than theoretically determined from the diferulic acid content. It was suggested that, in addition to di-FA and tri-FA, higher ferulated cross-linking and physical entanglements would contribute to the final gel structures [48].





5. Conclusions


The present study showed that sugar beet fibre obtained by a modified hydrothermal extraction method was successfully cross-linked with purified laccases from Funalia trogii. Although the storage modulus of the final gel was not as high as in gelatin gels, it had loss factors < 0.4, which proved the elastic properties of the fibrex gels. An enhancement of the cross-linking effect, using vanillin as a food-grade mediator and flavour, or citrus pectin, was unsuccessful.



Adding d-sucrose as a sweetener not only decreased the storage modulus of fibrex gels, but also doubled the loss factor. This was in contrast to gelatin gels, which showed lower loss factors than non-sweetened gelatin gels. Sweetened gels retained their rheological properties during a storage period of 28 days at 5 °C.



Fibrex, as a high amount side-stream of the refining sugar industry, formed a hard edible gel via covalent cross-links. Formation of 8-5′ dehydrodimers of ferulic acids governed the formation of the cross-linked fibrex gels. The gels demonstrated viscoelastic gel characteristics, including heat resistance, high swelling ratio and water holding capacity. Cross-linking of fibrex effectively altered the industrial side-stream to a firm, heat resistant gel, formed at room temperature, which could be applied in pharmaceutical and other industries.



The enzymatic cross-linking concept appears promising to provide gels with special textural features. Sensory tests must be performed to investigate the organoleptic properties of the gels including the release of volatile and non-volatile ingredients typically contained in foods, such as candies, confectionary, liquorice products, glaze and desserts.
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Figure 1. Cross-linking reaction of sugar beet pectins. 
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Figure 2. Loss factors of fibrex gel (10%) formed with LccFtr, and gelatin gel 6% (A) in frequencies < 100 Hz, (B) magnifying frequencies < 10 Hz). 
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Figure 3. (A) Loss factors of fibrex (10%) formed with LccFtr, and gelatin gels (6%), containing different concentrations of d-sucrose during four weeks of storage (S.: d-sucrose, W.N.: week number); (B) magnifying loss factor of gelatin gels. 
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Figure 4. Molecular structure of 8-5′ diferulic acid. 






Figure 4. Molecular structure of 8-5′ diferulic acid.



[image: Processes 08 00016 g004]







[image: Processes 08 00016 g005 550] 





Figure 5. Melting point of gelatin gel (6%); (A) storage modulus, (B) loss modulus. 
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Figure 6. Melting point of fibrex gel (10%); (A) storage modulus, (B) loss modulus. 
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Figure 7. Swelling ratio of gelatin (6%) and fibrex gel (10%) in artificial saliva at room temperature. 
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Table 1. Viscoelastic properties of 10% fibrex gels, storage modulus G′ (kPa), loss modulus G″ (kPa) and loss factor tanδ.
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Rheological Parameters

	
No Additives

	
Vanillin

	
Pectin C




	
2 mM

	
4 mM

	
1%

	
3%

	
5%






	
G′

	
5.52

	
1.83

	
1.34

	
5.44

	
5.23

	
5.57




	
G″

	
1.26

	
0.41

	
0.38

	
1.26

	
1.28

	
1.40




	
tanδ

	
≤0.36

	
≤0.76

	
≤0.80

	
≤0.31

	
≤0.29

	
≤0.30








SD ≤ 0.06 kPa.
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Table 2. Storage modulus G′ (kPa), loss modulus G″ (kPa) and loss factor tanδ of 10% fibrex gels and 6% gelatin gels (containing D-sucrose) during the 4-week storage at 4 °C.






Table 2. Storage modulus G′ (kPa), loss modulus G″ (kPa) and loss factor tanδ of 10% fibrex gels and 6% gelatin gels (containing D-sucrose) during the 4-week storage at 4 °C.





	
Gels

	
Additives

	
Week #

	
G′

	
G″

	
tanδ






	
Fibrex gel 10% formed with LccFtr

	
10% d-sucrose

	
0

	
5.48

	
1.34

	
≤1.73




	
2

	
5.36

	
1.43

	
≤0.53




	
4

	
5.75

	
1.50

	
≤0.52




	
30% d-sucrose

	
0

	
5.27

	
1.33

	
≤0.72




	
2

	
5.23

	
1.25

	
≤0.48




	
4

	
5.86

	
1.49

	
≤0.66




	
Gelatin gel 6%

	
10% d-sucrose

	
0

	
7.90

	
1.51

	
≤0.19




	
2

	
8.22

	
1.40

	
≤0.17




	
4

	
6.16

	
1.19

	
≤0.20




	
30% d-sucrose

	
0

	
6.86

	
1.44

	
≤0.20




	
2

	
6.85

	
1.36

	
≤0.19




	
4

	
6.46

	
1.23

	
≤0.19








SD ≤ 0.08 kPa.
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