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Abstract

:

The enzyme-mediated polymerization of bioactive phenolic compounds, such as the flavonoid rutin, has gained interest due to the enhanced physico-chemical and biological properties of the products, which increases their potential application as a nutraceutical. In this work, the influence of enzyme activity on rutin oligomerization was evaluated in reactions with low (1000 U/L) and high (10,000 U/L) initial laccase activities. For both reactions, high molecular weight oligomer fractions showed better properties compared to lower weight oligomers. Products of the reaction with low laccase activity exhibited thermal stability and antioxidant potential similar to control reaction, but led to higher inhibitory activity of xanthine oxidase and apparent aqueous solubility. Oligomers obtained in the reaction with high laccase activity showed better apparent aqueous solubility but decreased biological activities and stability. Their low antioxidant activity was correlated with a decreased phenolic content, which could be attributed to the formation of several bonds between rutin molecules.
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1. Introduction


Flavonoids are one of the main types of polyphenols commonly identified in plants as secondary metabolites [1]. This type of compound exhibits satisfactory antioxidant capacities [2,3] and pharmacological properties, with potential use in the prevention of various diseases such as diabetes, cancer, cardiovascular, and neurodegenerative diseases [4,5]. Rutin (3’,4’,5,7-tetrahydroxy-flavone-3-rutinoside) is a quercetin O-glycoside generally extracted from Fagopyrum esculentum M. (Polygonaceae), Ruta graveolens L. (Rutaceae), Sophora japonica L. (Fabaceae), and Eucalyptus spp. (Myrtaceae). Concerning food, rutin can be found in vegetables, fruits, and plant-derived beverages. Rutin-rich foods had already been used by traditional Chinese medicine [6], and more recently rutin has been demonstrated to possess beneficial properties for preventing diseases and protecting genome stability [7]. Due to its useful properties, the Dietary Supplement Label Database lists over 1100 currently marketed products that contain rutin [8]. However, both its low solubility in aqueous and non-toxic organic solvents, which imply scarce bioavailability, and poor thermal stability [9,10,11], restrict its application. Enzymatic polymerization of polyphenolic monomers has been shown to produce higher molecular weight polyphenols with improved solubility, thermostability, and superior antioxidant properties [12,13,14,15,16].



Laccases (EC 1.10.3.2) and peroxidases (EC 1.11.1) are enzymes that oxidize phenolic substrates to form phenoxyl radicals. The pathway followed by these radicals depends on various factors such as the nature of the substrate or the composition of the reaction medium. One of the possibilities relies on an oxidative coupling that can lead to the formation of oligomers/polymers from the initial substrate [17]. The main advantage of laccase compared to peroxidases is that it requires oxygen as a final electron acceptor rather than hydrogen peroxide [18]. Laccases have been used in the food, pharmaceutical, and cosmetics sectors and have proved their usefulness as catalysts for the oligomerization or polymerization of phenolic compounds [14,15,16].



More specifically, the production of oligomers from flavonoids with improved properties using laccase has been demonstrated. Kurisawa et al. [14] reported the oligomerization of rutin by laccase, obtaining products with higher superoxide scavenging activity and aqueous solubility compared with the rutin monomer. Moreover, the improved capacity of rutin oligomers to inhibit the xanthine oxidase enzyme [19] and their improved antigenotoxic activity [20] compared to the rutin monomer were also demonstrated.



Although the properties of oligorutin are of great interest, reaction conditions should be optimized to make the process more efficient, both economically and environmentally. Methanol is often used as a co-solvent to allow for higher rutin solubility, but because of its toxicity, it would be advisable to avoid its use, which may involve lower costs in subsequent purification of the products, as methanol cannot be present especially in cosmetics and food applications. Ethanol is a valid alternative organic solvent as it increases the solubility of rutin and is considered safe according to the European Food Safety Authority (EFSA).



The aim of this work is to evaluate the effect of laccase activity on the rutin oligomers produced in a reaction medium compatible with food applications, using ethanol as co-solvent. To our knowledge, there are no studies that comprehensively evaluate the influence of laccase activity on the oligomerization reaction. The products obtained were divided into fractions of different molecular masses by ultrafiltration and subsequently characterized in terms of chemical structure (matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF) and high pressure size exclusion chromatography (HPSEC)), phenolic content, antioxidant activity by different assays (Ferric reducing antioxidant power-FRAP, cupric reducing antioxidant capacity-CUPRAC, 2,2’-azino-bis(3-ethylbenzenothiazoline-6-sulfonic acid) diammonium salt scavenging activity-ABTS+ and xanthine oxidase inhibition) and aqueous solubility. The thermal stability of oligorutins produced in both reactions was also assessed by thermogravimetric analysis (TGA).




2. Results and Discussion


2.1. Polymerization Reaction


The use of EtOH as a co-solvent greatly increased rutin solubility. As shown in Figure S1, rutin solubility increased from 97.1 mg/L (0% EtOH) up to 3370.1 mg/L (50% EtOH). Combining this result with previous studies on laccase stability in the presence of EtOH [15], the value of 50% EtOH: acetate buffer (pH 5, 10 mM) was chosen as the appropriate reaction medium for this work.



Color changes were observed during the experiments, being more gradual in reaction A than in reaction B. Reaction A started to take an orange tone during the first few hours of reaction, eventually turning into an amber-colored liquid. Experiment B turned dark brown in less than an hour and continued to darken for the next hour, when visual changes could not be seen for the remaining extent of the reaction. This change in color is in accordance with that found by Sun et al. [21] for the polymerization of catechol and resorcinol by laccase. In contrast, controls maintained a pale-yellow color during the entire experiments. The enzymatic activity and the rutin concentration in the reaction medium over time are showed in Figure 1 (measurements related to their initial value).



Both the greatest loss of enzymatic activity and the highest rutin conversion occurred during the first 5–6 hours of reaction in both experiments. At that time, the losses in laccase activity reached values close to 50% of the initial activity, which is consistent with the decrease due to the presence of ethanol in the reaction medium, as previously reported [15]. Nevertheless, during the first two hours, the decrease in laccase activity in reaction B was lower than that observed in reaction A (14% and 33%, respectively). The enzyme activity continued to decrease until the experiments were completed, with a residual activity of 34% for reaction A and only 13% for reaction B.



The increase in laccase activity from 1000 to 10,000 U/L led to a higher rutin throughput (above 93%). Rutin depletion in reaction A occurred more gradually than in reaction B. After the first five hours, only 42.6% of rutin was consumed in reaction A, whilst reaction B showed a rapid drop in rutin content leaving only 7% of the initial rutin unreacted. Similar yields were obtained by Kurisawa et al. [14] using methanol as co-solvent. In addition, reaction B underwent a slightly higher acidification of the reaction medium. The final pH of reaction B was 5.80, while the pH of reaction A (6.12) was almost identical to that of the controls (6.18).



Both media were divided into three different fractions by ultrafiltration. Although the samples were filtered to reach the same volume for each fraction, once lyophilized, different amounts of solid products were obtained, thus indicating different oligomerization degrees.




2.2. Apparent Solubility of Rutin Oligomers


The apparent solubility of the different fractions of the oligomers obtained in reactions A and B was evaluated. The total flavonoid content (TFC) of sample solutions in both 50% methanol and water supernatants was determined as mg of rutin equivalents per gram of sample (Table S1) and the apparent aqueous solubility was calculated using Equation (1). The results are shown in Table 1.



The apparent aqueous solubility of CA and CB controls was similar to that obtained for rutin by Krewson et al. [9], thus supporting the validity of the technique used to indirectly assess the solubility of these flavonoids. The results showed that, regardless of the laccase activity used, an increase in the molecular mass of the oligomers led to an improved apparent aqueous solubility, as previously reported for different flavonoid oligomers [16,19,20]. Moreover, higher enzymatic activity during rutin polymerization (reaction B) produced oligomers (F3 fractions) with considerably enhanced apparent solubility, ~70 times greater than its control. Nevertheless, the use of 1000 U/L laccase activity (reaction A) improved the apparent solubility nearly 60 times, which would imply lower production costs.



A molecular modeling study conducted by Anthoni et al. [19] indicated that higher solubility of oligorutins could be attributed to their unfolded molecular structure, which would allow a greater number of intermolecular H-bonds of sugar parts with water molecules.




2.3. Antioxidant Activities of Rutin Oligomer Fractions and Xanthine Oxidase Inhibitory Potential


Oligorutins previously obtained by different researchers in methanol: water mixtures have shown good scavenging and antioxidant activity [14]. In addition, their ability to inhibit the enzyme xanthine oxidase, involved in inflammatory-related processes, has also been proven [19]. To evaluate the antioxidant activity of the lyophilized oligorutin fractions produced in reactions A and B, FRAP and CUPRAC methods were used. Moreover, the ABTS assay allowed us to measure their radical scavenging capacity. The results are shown in Table 2.



The differences observed in both control reactions, CA and CB, derive from their different content of inactivated enzyme (since reaction B had 10-fold higher enzymatic activity, inactivated laccase represents a higher mass percentage of the final freeze-dried powder obtained). Experiment B involved 10 times the enzyme activity in A, thus, after lyophilization, the non-rutin content in medium B was higher than in medium A, causing its lower antioxidant activity.



For all fractions, the antioxidant activity was lower than that of their control. AF3 showed the values most similar to those of the controls, reaching about 90% of the CA antioxidant activity for FRAP and CUPRAC methods and almost 100% of its ABTS+ radical scavenging capacity. The use of 10,000 U/L laccase activity caused a remarkable loss in antioxidant activity, with the BF3 fraction reaching values close to 70% of those obtained for CB (except for the FRAP assay, which showed only 54%). Antioxidant activity dropped for smaller Mw fractions, especially for BF2 and BF1 oligomers, where close to 10–15% of CB activities were found, while AF2 and AF1 retained ~80 and ~50%, respectively (except for the ABTS test, which showed 95 and 71% of the CA scavenging activity).



This loss in antioxidant activity did not match the results provided by Kurisawa et al. [14], who observed an improvement in the superoxide scavenging capacity of oligorutin compared to rutin. However, Anthoni et al. [19] did observe this drop in antioxidant activity and, as stated by several authors who studied the effect of phenolic substituents on antioxidant activity [22,23], attributed it to a possible loss of free hydroxyl groups on C4’ and/or C3’. These functional groups, together with the C2–C3 double bond, are the structural features in rutin molecule that contribute the most to its antioxidant activity (the chemical structure of rutin can be seen in Figure S2). Therefore, the phenolic groups in C4’ and C3’ could have taken part in the polymerization reaction, leading to the possible formation of ether and/or carbon–carbon linkages between different rutin molecules.



The enzyme xanthine oxidase is considered to be an important biological source of ROS and catalyzes the oxidation of hypoxanthine and xanthine to uric acid, which plays a crucial role in gout [24]. Xanthine oxidase inhibitors represent an attractive option for the treatment of disorders such as gout, hyperuricemia, ulcers, ischemia, and hypertension, among others [25].



Table 2 shows also the xanthine oxidase inhibitory activity in the oligorutin fractions and their respective controls. The IC50 values are the average result of the duplicates, calculated by standard curve regression analysis. The correlation factors (R2) for each standard curve ranged from 0.964 to 1000. AF3, AF2 and BF3 showed better results than CA and CB, with the IC50 of AF3 being the lowest value (186 mg/L). This enhancement was also found for AF2 with a similar IC50 but not for AF1, BF2 and BF1, leading to the conclusion that smaller oligomers show the worst xanthine oxidase inhibitory capacity. In fact, for oligomers obtained using higher laccase activity, only BF3 exhibited a lower IC50 than its control. This mass-related inhibitory activity is consistent with previous results reported by Anthoni et al. [19], who found that the higher the molecular mass of the oligorutin fractions, the lower the IC50 is. However, this is not in agreement with the results obtained by Kurisawa et al. [14], who performed rutin oligomerization in methanol:buffer mixtures using Myceliophthora laccase as a biocatalyst.



When comparing the best absolute IC50 values, AF3 and AF2 obtained better results than BF3, which means that the excess of laccase activity used in the production of higher molecular mass oligorutin negatively affected the xanthine oxidase inhibitory activity of these fractions.



The structure–activity relationship of flavonoids as inhibitors of xanthine oxidase has been previously studied by several researchers [24,26], who observed that the aromatic hydroxyl groups placed at C3’ and C4’ had little or no effect upon this capacity. In contrast, the OH groups linked to C5 and C7, along with the C2–C3 double bond, were the main causes of their xanthine oxidase inhibitory potential. Thus, the phenolic groups in C5 and C7 should not have been lost by providing a link between the rutin monomers.



In general, the results of the antioxidant activity tests and the xanthine oxidase inhibitory potential assay indicate that oligomerization probably involves phenolic groups in C3’ and/or C4’ carbons to form O–C or C–C bonds.




2.4. Evaluation of the Phenolic Content of Rutin Polymerization Products


Since there are widely studied correlations between the phenolic groups of flavonoids and their effect upon antioxidant activity [23] and the xanthine oxidase inhibition potential [24], the phenolic content of the oligorutin fractions produced was measured using two different protocols, revealing different results (Figure 2) that could be attributed to the chemical basis of the methods. While the Folin–Ciocalteu method measures all the reducing phenolic compounds, the 4-aminoantipyrine (4-AAP) method can only detect phenolic groups that have a free para position [27]. Due to the scarce quantity of recovered products for the lower molecular weight fractions, these assays were only performed for the F3 and F2 fractions of both reaction products.



The results provided by the Folin–Ciocalteu assay showed a slight loss of reducing phenolic compounds (RPC) for AF3 of less than 15% compared to CA, indicating that O–C bonding could have occurred. In addition, the reducing phenolics decreased considerably for the BF3 fraction, thus indicating a higher degree of polymerization (DP) through phenolic groups or, alternatively, that several bonds involving those hydroxyl groups were formed between rutin monomers. For F2 fractions, the reduction in RPC was greater, especially for BF2, which retained only about 10% of the phenolic groups present in the control. Therefore, the Folin–Ciocalteu assay proves that the use of higher enzyme activity led to a further decrease in reducing phenolic compounds, and that the smaller fractions of both reaction products suffered a marked drop in comparison with higher Mw fractions.



The protocol based on the reaction of phenolic compounds and 4-AAP showed different results. Considering the molecular structure of rutin (Figure S2). it can be understood that this method would not measure hydroxyl groups bonded to C4’ and C7, as they do not present a free para position.



The values obtained for the fractions show differences in the decrease of phenolic content that may provide insight on the possible bonding occurring between rutin monomers. While AF3 and BF2 did not show major differences for both protocols used to measure phenolic content, AF2 and BF3 did. AF2 showed a higher decrease of non-para-substituted phenols in proportion to all the reducing hydroxyl groups bonded to the aromatic part of the rutin molecule, while BF3 showed the opposite effect. Therefore, reaction A shows a general tendency to yield oligomers with a lesser proportion of non-para-substituted phenolic groups, while the opposite trend was observed for products of reaction B.



These results lead to the conclusion that the use of higher enzyme activity not only decreased the phenolic content, but also may have affected the phenolic groups involved in the polymerization reaction. However, this information alone does not directly indicate which type of bonding took place between the rutin molecules. A decrease in the phenolic groups detected by the 4-AAP method can mean that the hydroxyl group became part of an O–C bond, or that the carbon atom placed in its para position has been involved in a new bond with another rutin molecule (C–O or C–C).



Furthermore, considering the antioxidant and xanthine oxidase inhibitory activities and phenolic content, the hydroxyl group in C3’ appears to be involved in rutin oligomerization when 1000 U/L of laccase is used, while increasing this activity up to 10,000 U/L would imply the greater participation of the phenolic group in C4’ to produce high molecular mass oligomers. This observed trend was indicated in Figure S2, where the atoms marked in blue represent those most likely to be involved in oligomerization under A conditions, whereas those in red would correspond to B conditions.



A similar effect of the enzyme activity has been previously observed on the characteristics of the dehydrogenation polymers (DHP) synthesized from coniferyl alcohol (CA). Mechin et al. [28] demonstrated the influence of enzyme activity/substrate ratio on the structure of DHP’s obtained using horseradish peroxidase (HRP). They found a negative correlation between the β-O-4 content of the DHPs and the HRP/CA ratio. Hence, the enzyme activity dose had a significant effect on the structure of the obtained products.



However, if the oligomerization only occurs by C–O and/or C–C bonds, it is not entirely determined by the techniques and methods already applied. Anthoni et al. [19] performed 1H-NMR analysis and confirmed the existence of C–O and C–C bonds between the rutin molecules, not only in the aromatic but also the sugar part. As for the aromatic part, the bonds that might be most likely to form were C2’–C2’, O4’–C6’ and C6’–C6’ [29], the latter two proposed linkages according to our conclusions based on antioxidant and xanthine oxidase inhibitory activities after considering the structure–activity relationships.




2.5. Molecular Weight Characterization of the Different Reaction Products


2.5.1. MALDI-TOF Analysis


The MALDI-TOF analysis of the obtained fractions (Figure S3) showed different high intensity peaks separated by ~608 Da, indicating that two different rutin molecules have lost a hydrogen atom in the formation of a new intermolecular bond.



The highest DP found was 7, only obtained in BF3, thus supporting that the highest laccase activity used in the polymerization reaction implied the longest chain of the oligomers produced, despite the low intensity of the signal. In reaction A, a DP of 6 was found in AF2 and AF3 fractions. This deviation of only one degree of polymerization between AF3 and BF3 would probably not explain the differences in antioxidant and xanthine oxidase inhibitory activities, which might imply that the presence of higher laccase activities may have different effects on the products apart from increasing the length of the oligomer. The results were similar to those obtained by Anthoni et al. [19,30], who found a maximum DP of 6 rutin units using methanol as co-solvent. The intensities read in the AF3 fraction seem to indicate that the R2 and R3 oligomers may be present in the same proportion in this sample. In contrast, BF3 showed a remarkable difference in favor of R3, which coincides with the higher DP displayed by that sample. In addition, all the fractions produced in reaction B show an unidentified compound with a mass close to 1260 Da and intensity similar to that of R2.



The observed masses, intensities and suggested compounds for the peaks found with this technique are listed in Tables S2 and S3, along with the expected theoretical mass of each compound and the deviation of the measured values. Intermediate compounds with lower intensities would correspond to rutin oligomers lacking one or several methyl, OH, glucose, rhamnose, or rutinose substituents. With this in mind, reaction mechanisms similar to those found in esculin oligomerization [15] could be assumed.



The oligomers in reaction B often show the greatest deviations from the theoretical masses of expected polymers. This effect was especially observed for DP greater than 3 and always corresponded to masses lower than expected. The formation of multiple bonds between two rutin molecules in the presence of increased laccase activity would explain this behavior.




2.5.2. HPSEC Analysis


High performance size exclusion chromatography (HPSEC) made it possible to measure the average molecular mass of the oligomers present in the different fractions obtained after ultrafiltration (Figure 3). These results are orientative and can only be used in a comparative study, as the calibration curve was carried out using polystyrene standards (266 to 62,500 Da).



The products of reaction A were well distributed between AF2 and AF3, since high molecular mass compounds were detected in both chromatograms. The highest Mw, registered by BF3, was 8338.51 Da, much higher than that observed in the MALDI-TOF analysis, which corresponds to a maximum degree of polymerization of 14 instead of 7. The same effect but on a smaller scale occurred for all fractions analyzed. The mass underestimation by the MALDI-TOF technique, also reported by Anthoni et al. [30], was attributed to the possibility of a weak ionization for oligomers with a molecular mass greater than 3000 Da.



Compounds of about 4000 and 400 Da were detected in CA and CB, respectively, probably derived from the use of T. versicolor laccase. The differences between the chromatograms may be linked to the amount of laccase and rutin present in each control (rutin and laccase HPSEC chromatograms are provided in Figure S4). Moreover, a peak of around 400 Da could also be observed in oligomer fractions and BF2 seems to be enriched in this compound, which shows that the oligomers obtained in reaction B are mainly concentrated in the BF3 fraction, which would explain the lower antioxidant activities and poor xanthine oxidase inhibitory capacity present in BF2 and BF1. The AF3 and AF2 chromatograms did not differ much, despite being AF3 enriched with oligomers of a slightly higher Mw.



The differences in the degree of polymerization are, according to several authors, related to the antioxidant properties, but it cannot be stated that the properties evaluated in oligorutins derive only from this aspect, and evidence of possible multiple bonding between rutin molecules should be considered. For this reason, and to check whether this hypothesis is true or false, a new set of experiments was designed, with the objective of producing oligomers of similar molecular mass with 1000 and 10,000 U/L laccase activity.



If multiple linkages have been produced for oligomers in reaction B, although the products do not show very different molecular masses, different antioxidant activities are expected. The AF4’ and BF5’ fractions showed several similarities in the HPSEC chromatograms (see Figure S5) and their antioxidant properties were evaluated by FRAP and CUPRAC assays: BF5’ exhibited nearly half of the AF4’ antioxidant activity for both assays: 39.29 ± 3.02 (FRAP) and 143.44 ± 2.02 mg TE/g sample (CUPRAC) for BF5’; 80.52 ± 4.06 (FRAP) and 252.36 ± 3.17 mg TE/g sample (CUPRAC) for AF4’. Despite both products showing similar DP, these comparisons make evident that different laccase activities used for each reaction have led to structurally different oligorutin.





2.6. Thermal Stability of Rutin Oligomers


The thermal stability of high molecular mass oligomer fractions and lyophilized controls for both reactions was assessed by thermogravimetric analysis. The differences in the controls are attributed to their different laccase content, thus decreasing the solid content at 600 °C for CB, since commercial laccase degrades up to around 85% at this temperature. AF3 showed almost the same solid residue at 600 °C as CA, while thermal stability in BF3 was strongly compromised, with only 25.7% of solid residue at the end of the analysis (final solid residue values along with decomposition intervals are presented in Table S4).



The TGA curves (Figure 4) showed a continuous decrease in mass at low temperatures for both AF3 and BF3 at the beginning of the analysis. Nevertheless, while the mass loss in AF3 was comparable to CA and CB (3–4% of the total product), BF3 lost up to 8.6% of its mass. Losses below ~120 °C are often attributed to the moisture content of the samples [31], but, since all samples were manipulated identically, these observed losses could also be associated with the chemical structure of the oligomers, either if the samples are partially decomposing or their hygroscopicity changed, which would relate this major mass loss for BF3 to a higher amount of ambient humidity absorbed after lyophilization.



Unlike AF3, CA and CB, BF3 showed three different decomposition steps (inflection points in the TGA curve) and the solid residue at 600 °C was lower than that of its control, thus showing poor thermal stability, which cannot be attributed to the use of different laccase activities compared to AF3, but to its chemical nature. The properties of oligorutins evaluated in this study were summarized in Table S5.





3. Materials and Methods


3.1. Materials


Laccase from Trametes versicolor, rutin hydrate, 2,2’-azino-bis(3-ethylbenzenothiazoline-6-sulfonic acid) diammonium salt (ABTS), potassium persulfate, aluminum chloride hexahydrate, sodium nitrite, iron (III) chloride hexahydrate, 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ), neocuproine, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), Folin–Ciocalteu’s phenol reagent, 4-aminoantipyrine (4-AAP), potassium ferricyanide, xanthine, xanthine oxidase (E.C. 1.17.3.2.), gallic acid, dimethyl sulfoxide (DMSO), absolute ethanol, methanol and polystyrene standards (between 62,500 and 266 Da) were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). Copper (II) chloride dihydrate and phenol were purchased from Merck (Merck KGaA, Darmstadt, Germany). Di-sodium hydrogen phosphate anhydrous was purchased from Panreac (Panreac Química SLU, Barcelona, Spain). 2,6-dimethoxyphenol (2,6-DMP) was purchased from Fluka (Honeywell Specialty Chemicals Seelze GmbH, Seelze, Germany). All reagents were of analytical grade.




3.2. Laccase Activity


Laccase activity of the enzyme stock solution was determined using ABTS as substrate [32]. During the oligomerization reaction, the substrate was changed to 2,6-DMP instead of ABTS, to avoid the possible reduction or scavenging of ABTS+ by antioxidant compounds present in the reaction medium, such as rutin itself or the oligomers produced, since it is well known that this reverse reaction is possible [33]. This measurement was performed following the protocol defined by Wariishi at al. [34] with slight modifications. Briefly, the oxidation rate of 50 μL of 20 mM 2,6-DMP to 2,2’,6,6’-tetramethoxydibenzo-1,1’-diquinone caused by 50 μL of laccase solution, was monitored at 468 nm (ε468 = 49,600 M−1·cm−1) in a sodium malonate (250 mM, pH 4.5, 200 μL) and distilled water (700 μL) mixture at room temperature. One unit (U) of activity was defined as the amount of enzyme forming 1 μmol of 2,2’,6,6’-tetramethoxydibenzo-1,1’-diquinone per minute. All spectrophotometric measurements were carried out on a Shimadzu UV-1800 (Shimadzu Europa GmbH, Duisburg, Germany).




3.3. Synthesis of Rutin Oligomers


3.3.1. Oligomerization Reaction


Polymerization of rutin was performed in 12 mL polypropylene test tubes with a threaded cap placed inside an MSC-100 thermoshaker incubator. This equipment protected the reaction medium from direct exposure to light. Only 5 mL of each tube was filled with the reaction medium to ensure oxygen excess (thus not limiting the reaction) and correct agitation. The temperature was set to 25 °C and agitation to 1500 rpm. For both experiments, the initial concentration of rutin was 3 g/L and the reaction medium composition was 50% ethanol and 50% acetate buffer (pH 5, 10 mM), with a single initial pulse of the enzyme solution to reach the desired initial laccase activity. In Experiment A, 1000 U/L (ABTS-related units) of laccase was used as a catalyst, whereas 10,000 U/L was used in Experiment B. Control experiments (CA and CB) had exactly the same composition as their reference experiments, but the enzyme was previously thermally inactivated (30 min at 100 °C). After 24 h, all reactions were stopped by adding HCl to acidify the reaction medium at a pH of 1.5.



Rutin concentration was monitored during the oligomerization process by high-performance liquid chromatography (HPLC) in a Jasco XLC HPLC (Jasco Analitica Spain, Madrid, Spain) equipped with a 3110 MD diode array detector (detection at 355 nm) and a Gemini reversed-phase column (150 × 4.6 mm, particle size: 3 μm) (Phenomenex, supplied by Jasco Analitica Spain, Madrid, Spain) at 45 °C. Gradient elution (flow rate of 0.7 mL·min−1) started with 10% acetonitrile in water (2% acetic acid), increased to 90% acetonitrile in 8 min, and then decreased back to the initial concentration after 2 min.




3.3.2. Separation and Lyophilization of the Polymers


After completion of the reaction, the samples were divided into three fractions using an Amicon 8010 10-mL ultrafiltration cell (Millipore Corporation, Bedford, MA, USA), with regenerated cellulose membrane discs with a nominal molecular weight limit of 10 and 1 kDa. For each experiment, the fractions F3 (10 kDa retentate), F2 (10 kDa permeate and 1 kDa retentate) and F1 (1 kDa permeate) were obtained and labelled as AF3, AF2, AF1, BF3, BF2 and BF1. Ethanol was removed by evaporation from products and controls (Büchi Rotavapor R-205 BÜCHI Labortechnik AG, Flawil, Switzerland, 50–70 mbar, 40 °C, 60 rpm) and samples were then lyophilized (Labconco FreeZone Benchtop Freeze Dry System (Labconco Corporation, Kansas City, MO, USA), 0.098 Torr, −50 °C).





3.4. Characterization


3.4.1. Apparent Solubility of Rutin Oligomers


Since it was not possible to measure the concentration of rutin oligomers in solution (no standards are available), an indirect protocol for measuring apparent aqueous solubility was developed based on the total flavonoid content (TFC) assay explained by Kim et al. [35] with the modifications proposed by Gullón et al. [36].



With the aim of analyzing the apparent solubility of the target compounds, two different matrices were considered for the preparation of each sample, one in distilled water and one in 50% methanol. For a concentration of 10 g/L of lyophilized fractions and controls, the solution prepared in water showed partial solubilization, which was evidenced by the presence of precipitates and turbidity of the sample, while the solution containing methanol showed complete dissolution. After 1 h of agitation at 1500 rpm and 25 °C in an MSC-100 thermoshaker incubator (LABGENE Scientific SA, Châtel-Saint-Denis Switzerland), each pair of samples was centrifuged at 25 °C and 14,000 rpm using an Eppendorf 5417 R microcentrifuge. The supernatant from each sample was withdrawn and the TFC was measured as described above and expressed as an average of two duplicates. The apparent solubility (g/L) of the products was then calculated as indicated in Equation (1):


  Apparent   solubility   =     TFC    H 2  O       TFC   MeOH :  H 2  O     · C  , 



(1)




where TFCH2O is the TFC in the supernatant of aqueous solutions, TFCMeOH:H2O is the TFC in methanol:water solutions, and C is the concentration of the tested sample (10 g/L).




3.4.2. Ferric Reducing Antioxidant Power (FRAP), Cupric Reducing Antioxidant Capacity (CUPRAC), ABTS+ Scavenging Activity and Xanthine Oxidase Inhibition Test


FRAP and CUPRAC assays were conducted as indicated in our previous work, where these protocols were applied to measure the antioxidant properties of oligoesculin [15]. The results were expressed as the average value of two replicates. The ABTS assay was carried out to measure the potential of samples (1 g/L solutions) to scavenge ABTS+ radical. This test was performed according to the method proposed by Re et al. [33] but was modified by increasing the incubation time, from 6 min up to 45 min based on previous results obtained by Boẑiĉ et al. [37], which showed that caffeic acid and gallic acid oligomers increased their scavenging activity over time, reaching values even higher than those obtained for monomer molecules. For FRAP, CUPRAC, and ABTS assays, samples were solubilized in methanol with 15% (v/v) DMSO.



In order to measure the xanthine oxidase inhibitory activity, the spectrophotometric protocol reported by Chebil et al. [12] was followed with the modifications detailed by Muñiz-Mouro et al. [15].



These protocols were performed using a Shimadzu UV-1800 spectrophotometer (Shimadzu Europa GmbH, Duisburg, Germany).




3.4.3. Assays for the Determination of Phenolic Compounds


Phenolic content was determined using two different protocols: Folin–Ciocalteu assay [38] and 4-aminoantipyrine (4-AAP) assay [39]. The Folin–Ciocalteu protocol was performed with the modifications indicated by Muñiz-Mouro et al. [15], and the values were obtained as the average of duplicates. The percentage of reducing phenolic compounds (RPC) present in each product was calculated in relation to its control.



In the 4-AAP assay, 920 μL of diluted samples or phenol standards (from 0.1 to 4.5 mg/L) were added to 50 μL of sodium–potassium tartrate buffer (pH 9.5), 50 μL of 4-AAP (20 g/L), and 50 μL of potassium ferricyanide (20 g/L). After 5 min of incubation, an absorbance at 510 nm was recorded in a BioTek PowerWave XS2 microplate spectrophotometer (Biotek Germany, Friedrichshall, Germany). The results were expressed in mg of phenol equivalents per g of freeze-dried sample as the average of four replicates. The phenolic content of each product was calculated in relation to its control.




3.4.4. Structural Analysis: MALDI-TOF and HPSEC


Absolute masses were determined by MALDI-TOF based on the protocol described by Anthoni et al. [30], using the equipment described in our previous work [15] and using DHB matrix but choosing the positive ionization and linear operation modes. The lyophilized samples were dissolved (1 g/L) in acetonitrile/water (30:70, v/v) with 0.1% TFA.



The average molecular weight (Mw) of oligorutin fractions (3 g/L solutions) was analyzed by high-performance size exclusion chromatography (HPSEC) using the method described by Dávila et al. [31] with some modifications: the injection volume was switched to 40 μL, the flow rate to 0.4 mL/min, and the temperature of 50 °C. This technique also made it possible to determine the number average (Mn) and the degree of polydispersity (Mw/Mn). The degree of polymerization (DP) was calculated as the ratio between Mw and the molecular mass of rutin. The chromatograms obtained were processed using the software ChromNAV 2.0 HPLC Software version 1.11.02 (JASCO, Easton, MD, USA).




3.4.5. Production of Oligomers with Similar Molecular Mass


In order to assess whether the properties of the rutin oligomers depend solely on its molecular weight, regardless of the enzyme activity used during oligomerization, reactions A and B were repeated following the same experimental procedure explained in Section 3.3, and the product medium obtained was ultrafiltrated into five different fractions instead of three. In addition, to avoid different protein contents associated to the use of different enzyme activities, Experiment A was supplemented with thermally inactivated laccase until the amount of enzyme was equivalent to that used in Experiment B. The fractions obtained after ultrafiltration were: F5’, retentate of a 30 kDa membrane, F4’, permeate of 30 and retentate of 10 kDa membranes, F3’, permeate of 10 and retentate of 3 kDa membranes, F2’, permeate of 3 and retentate of 1 kDa membranes, and F1’, permeate of 1 kDa membrane. The molecular weights of all lyophilized fractions were determined by HPSEC and similar products of both reactions were selected to assess their antioxidant properties by FRAP and CUPRAC assays.




3.4.6. Thermal Stability Study of Rutin Oligomers


The thermal properties of the oligorutins produced were evaluated by thermogravimetric analysis (TGA). This analysis was performed on a Mettler Toledo TGA/DSC1 thermobalance (Mettler-Toledo, Columbus, OH, USA), with a heating rate at 10 °C·min−1 from 25 to 600 °C under a nitrogen flow (20 mL·min−1), placing approximately 2–4 mg of lyophilized samples in an aluminum crucible. For each sample, the decomposition intervals and the maximum decomposition temperature rate (MRDT) were obtained, as well as the final percentage of solids remaining at 600 °C.






4. Conclusions


The effect of the starting enzymatic activity in the laccase-mediated oxidative oligomerization of rutin was studied using the natural enzyme from T. versicolor in a food-compatible reaction medium. The rutin oligomers with the best characteristics for its use as a nutraceutical were obtained in the reaction with the lowest laccase activity (1000 U/L). The rutin oligomeric AF3 fraction obtained with this enzyme dosage significantly improved the apparent aqueous solubility and xanthine oxidase inhibitory activity compared to its control reaction, without compromising the antioxidant activity. The thermal stability of rutin oligomers was negatively affected by increasing the enzyme activity involved in the oligomerization reaction. The hypothesis of different molecular structure for rutin oligomers produced under different laccase activities was confirmed by comparing the antioxidant capacity of similar mean molecular mass oligomers produced involving different laccase activities, leading to the conclusion that higher enzyme dosages promoted the formation of multiple intermolecular bonds between rutin units, which negatively affected their antioxidant activity.



To our knowledge, this is the first study that focuses on the effect of laccase activity upon the products obtained in enzymatic oligomerization of the rutin flavonoid as a key parameter to enhance and tailor their physicochemical and biological properties. Further experiments will be required to optimize and scale up the production of this rutin oligomer, to evaluate its bioactive properties more exhaustively, and to provide more insight on the chemical structure of rutin oligomers.
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Figure 1. Monitored parameters for the polymerization of 3 g/L rutin in 50% ethanol:acetate buffer (10 mM, pH 5) mixture over 24 h at 25 °C and 1500 rpm for reactions A (1000 U/L of laccase activity) and B (10,000 U/L): (a) relative enzymatic activity of reactions A (●) and B (○), (b) residual rutin percentage in the reaction medium for reactions A (■) and B (□). X is used to indicate rutin conversion into oligomers. 
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Figure 2. Phenolic content of the different fractions obtained for reaction A and B relative to their respective controls. Values were obtained via Folin–Ciocalteu (□) and 4-AAP (■) assays (A: 1000 U/L laccase, B: 10,000 U/L laccase, F3 ≥ 10 kDa, F2 ⊂ (10, 1] kDa). 
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Figure 3. Molecular weight, polydispersity, and degree of polymerization parameter obtained by HPSEC for controls and fractions F3 and F2 of rutin oligomers from reactions A (a) and B (b) (A: 1000 U/L laccase, B: 10,000 U/L laccase, F3 ≥ 10 kDa, F2 ⊂ (10, 1] kDa). tR: retention time, Mp: peak molecular weight, Mn: number-average, Mw: average molecular weight, Mw/Mn: degree of polydispersity and DP: degree of polymerization. The percentage of each mean molecular mass peak observed in the quantified area of the chromatogram is also shown in the table. 
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Figure 4. Thermogravimetric analysis (TGA) analysis for high molecular mass rutin oligomers obtained in reactions A and B, compared to control experiments. —AF3, - - CA, —BF3, - - CB (A: 1000 U/L laccase, B: 10,000 U/L laccase, C: control—F3 ≥ 10 kDa). 
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Table 1. Apparent solubility of oligomer fractions obtained in reactions A and B. The fold is expressed as the improvement of the solubility of the fractions by taking the controls as a reference.
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Fraction

	
Apparent Solubility

	
Fold




	
g/L

	
Relative to Controls






	
AF3

	
6.76 ± 0.04

	
~58




	
AF2

	
5.84 ± 0.40

	
~50




	
AF1

	
2.21 ± 0.43

	
~19




	
CA

	
0.12 ± 0.01

	




	
BF3

	
10.77 ± 0.21

	
~71




	
BF2

	
9.93 ± 0.28

	
~65




	
BF1

	
*

	
*




	
CB

	
0.15 ± 0.01

	








* Recovered lyophilized product was not sufficient to perform the assay. (A: 1000 U/L laccase, B: 10,000 U/L laccase, C: Control, F3 ≥ 10 kDa, F2 ⊂ (10, 1] kDa, F1 < 1 kDa).
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Table 2. Ferric reducing antioxidant power (FRAP), cupric reducing antioxidant capacity (CUPRAC), ABTS+ scavenging activity and xanthine oxidase inhibitory potential of lyophilized rutin oligomer fractions and their respective controls for the different reaction conditions.
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Fraction

	
FRAP

	
CUPRAC

	
ABTS+

	
Xanthine Oxidase Inhibition




	
mg TE a/g Sample

	
mg TE a/g Sample

	
% Inhibition (1 g/L)

	
IC50 (mg/L)






	
AF3

	
149.27 ± 22.67

	
488.30 ± 2.48

	
98 ± 1

	
186.36 ± 18.28




	
AF2

	
138.02 ± 3.55

	
415.14 ± 7.43

	
95 ± 1

	
198.43 ± 14.90




	
AF1

	
81.87 ± 1.93

	
245.67 ± 12.11

	
71 ± 2

	
372.30 ± 30.47




	
CA

	
168.79 ± 2.58

	
526.63 ± 8.81

	
100 ± 1

	
259.84 ± 1.45




	
BF3

	
59.22 ± 1.29

	
226.21 ± 22.56

	
60 ± 3

	
241.28 ± 24.34




	
BF2

	
13.33 ± 0.43

	
46.08 ± 3.44

	
11 ± 1

	
> 400 b




	
BF1

	
12.11 ± 2.79

	
27.50 ± 1.10

	
8 ± 1

	
> 600 b




	
CB

	
109.37 ± 2.79

	
304.24 ± 65.76

	
85 ± 3

	
415.12 ± 2.72








A: 1000 U/L laccase, B: 10,000 U/L laccase, C: control, F3 ≥ 10 kDa, F2 ⊂ (10, 1] kDa, F1 < 1 kDa. a TE = Trolox equivalents. b maximal tested concentration due to the impossibility of measuring higher absorbance.
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1 21.76 6367.91 3842.01 5815.76 1.51 92.87 9.5 1 21.37 9042.20 5197.14 8338.51 1.60 82.13 13.7
2 24.67 599.31 621.27 636.40 1.02 4.76 1.0 2 24.65 606.23 676.47 711.12 1.05 9.99 1.2
3 25.01 477.21 408.87 413.18 1.01 2.37 0.7 3 25.18 427.09 382.17 390.38 1.02 7.89 0.6
AF2 BF2
tR (min) Mp(Da) Mn (Da) Mw (Da) Mw/Mn % DP tR (min) Mp (Da) Mn (Da) Mw(Da) Mw/Mn % DP
1 22.26 4091.80 3742.62 4929.99 1.32 87.21 8.1 1 21.87 5782.41 4687.25 6018.22 1.28 16.33 9.9
2 2472 579.14 561.78 571.61 1.02 7.68 0.9 2 24.66 602.76 750.36 859.83 1.15 42.26 1.4
3 2512 445.32 392.43 396.06 1.01 5.11 0.7 3 25.17 431.55 389.44  400.18 1.03 411.41 0.7






