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In this study, our efforts were focused on the optimization of phenolic compounds—mainly sinapine—extraction from residues of industrial mustard production. A preliminary work was conducted to discuss the way data from Folin-Ciocalteu analytical method are reported and exploited in the literature, and to determine whether methanol can be replaced by ethanol as extracting solvent. As this first question had found a positive answer, an optimization of the extraction process on crude and pretreated industrial residue was achieved using a Response Surface Methodology (RSM). Optimal conditions obtained through this Design of Experiments (DoE) allowed the extraction of more than 10 mg/g of defatted and dried matter (aka DDM) of phenolics from defatted and dried matter, and 13 mg/g DDM of phenolics from non-pretreated matter (results expressed as equivalent of DDM).
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INTRODUCTION

Valorizing by-products from agriculture is one of the potential ways to achieve a sustainable economy. For instance, in 2016, 2.5 billion tons of cereals and nearly 1 billion ton of oilseeds have been produced thus generating a large amount of by-products (e.g., straw, bran, press cake). According to OCDE/FAO (2015), the agricultural production will grow in the next decade ca. 3% (Western Europe) to reach, in certain area, an increase of 20% (Middle-East and North Africa) (OCDE/FAO, 2015). Numerous research projects are carried out to convert biomass into fuels (1st or 2nd generations) but also to extract molecules of interest. In the latter case, phenolic compounds are often targeted due to their aromatic structure and their numerous biological activities (e.g., antiradical, antimicrobial, anti-aging, anti-UV, and anti-carcinogenic).

In this study we were more particularly interested in mustard species, such as Brassica juncea, Sinapis alba, Brassica nigra, belonging to the Brassicaceae family that also includes rapeseed and canola. All these plants are known to be rich in phenolic compounds especially in sinapine, the choline ester of sinapic acid. The latter is particularly of interest as it has been used in our research group as platform molecule for the chemo-enzymatic synthesis of an anti-UV agent (Dean et al., 2014; Baker et al., 2016; Luo et al., 2017), a non-endocrine disruptive antiradical additive (Jaufurally et al., 2016) and a bisphenol A substitute for polymers/resins synthesis (Janvier et al., 2017a,b). With regards to these promising sinapic acid-based chemicals, and our region being a major producer of canola and mustard, we dedicated ourselves to the optimization of a sustainable extraction process allowing the recovery of sinapine and sinapic acid from mustard bran locally processed by Charbonneaux-Brabant, a local mustard producer. As sinapic acid costs around $1,000/kg (Enovation Chemicals, 2018), this extraction will bring additional value to the residues before its end-use in methanisation or as feed.

Various extraction methods were reported to extract different parts of the mustard such as seed (Amarowicz et al., 1996; Kozłowska et al., 2016; Thangi et al., 2016), flour (Thiyam-Holländer et al., 2014), leaf (Santos et al., 2014; Park et al., 2017), hull and cotyledon (Mayengbam et al., 2014), or meal (Engels et al., 2012; Dubie et al., 2013). The most popular technique uses a mixture of methanol or ethanol in water (Song et al., 2010; Huang et al., 2012; Li et al., 2012; Thiyam-Holländer et al., 2014; Park et al., 2017), and often coupled to ultrasound (Thiyam et al., 2004; Terpinc et al., 2012; Dubie et al., 2013; Mayengbam et al., 2014; Szydlowska-Czerniak et al., 2015). Some papers also described extraction methods involving only osmotic water (McCue et al., 2005; Thangi et al., 2016), pressurized solvent (Santos et al., 2014), a mixture of methanol and chloroform (Ishtiaque et al., 2013; Kozłowska et al., 2016), or a mixture of acetone, or methanol and 0.1% formic acid (Engels et al., 2012). Although the total phenolic content for these different extractions was usually measured using Folin-Ciocalteu method, the standard used to express the total of phenolic content was not always the same. Indeed, while gallic acid and sinapic acid were the two main standards, catechol (Surendra et al., 2012), or chlorogenic acid (Park et al., 2017) were also used. Therefore, because of the diversity of starting materials, extraction processes and analytic method and standards, comparing the phenolic contents from mustard reported in the literature did not seem easy or relevant.

In this study, our attention was focused on the optimization of the phenolics extraction from industrial mustard residue while determining the most relevant phenolic analytical standard among those usually used in the literature.

MATERIALS AND METHODS

Materials

Industrial mustard residue was kindly furnished by Charbonneaux-Brabant (Reims, France); two lots, lot 1 and lot 2, were furnished in May 2015 and December 2015, respectively, and analyzed by URD ABI an In Vivo. Ethanol, methanol, hexane and sodium carbonate were purchased from VWR. Folin-Ciocalteu reagent was purchased from Merck. Concentrations were conducted on Rotavap R-300 Buchi under vacuum generated by a PC 3001 Variopro from Vacuubrand. Ultrasound-activated extractions were conducted in VWR USC600T. Folin-Ciocalteu reactions were conducted in an oven from Binder. Centrifugations were performed using a Heraeus Fresco 21 from Thermoscientific. UV-visible spectra were recorded on Agilent Cary 60. Design of experiment was conducted in an incubator MaxQ4000 from Thermoscientific. Formic acid and Acetonitrile LC-MS grade was purchased from ThermoFisher Scientific. MilliQ water was produced by Milli-Q Direct 8 from Merck Millipore (Burlington, USA).

Methods

Defatting and Drying

Reactions were conducted in triplicate; 50.0 g of mustard residue were placed in a soxhlet apparatus. Extraction was performed with 200 mL of boiling hexane overnight. At the end of extraction, the solid residue was rinsed with 100 mL of hexane. Organic layers were combined and concentrated under vacuum to yield an yellow-orange oil (Lot 1: 2.58, 2.79, and 2.83 g; Lot 2: 2.58, 2.66, and 2.71 g). Solid was placed in an oven at 104°C for 72 h and weighted (Lot 1: 21.2, 21.5, and 20.8 g; Lot 2: 21.8, 21.9, and 22.3 g) (Table 1).


Table 1. Composition of mustard residues.
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Folin-Ciocalteu Assays

General procedure: 625 μL of water, 125 μL of Folin-Ciocalteu reagent and 25 μL of sample were introduced in a 2 mL eppendorf and vortexed. One milliliter of a 19% solution of sodium carbonate (Na2CO3) was added, the mixture was vortexed and incubated for 30 min at 40°C before reading of the absorbance at 765 nm.

Procedure for the establishment of the calibration curves for standards: 15 mg of standard (gallic acid, sinapic acid, ethyl sinapate, ferulic acid, or syringaldehyde) were dissolved in 25 mL of ethanol and the resulting solution was successively diluted to provide height concentrations (600, 500, 400, 300, 200, 100, 50, and 25 mg.mL−1). These solutions were then submitted to the Folin-Ciocalteu procedure described above to determine the corresponding absorbance and establish the calibration curve.

Solvent Extraction

Three conditions of extraction were tested, both on dried and defatted mustard residue and on crude residue (Table 2).


Table 2. Results of the non-optimized extractions performed on mustard residues.

[image: image]



For each experiment, 2.3 g of crude (or 1.0 g of defatted and dried matter) was introduced in a 50 mL flask and 9 mL of solvent (MeOH or EtOH, 70% in water) was added either at room temperature, at 70°C, or in the ultrasonic bath. After 30 min, the supernatant was removed and fresh solvent was added. The solid residue was extracted 3 times. At the end, all layers were combined and centrifuged at 5,000 g during 10 min at 4°C. Phenolic content of supernatant was evaluated using the Folin-Ciocalteu method as described in section Folin-Ciocalteu Assays. The solid matter was dried in an oven at 104°C overnight and weighted.

Experimental Design and Statistical Analysis

The effect of the five independent variables X1, Temperature; X2, Time; X3, % of EtOH in water; X4, Solvent/matter ratio, that are scaled and centered; and X5, Pretreatment of the raw material, not (N) or defatted and dried (DD)—Table 3—on the response (Y, phenolic contents) was modeled using a polynomial response as described previously (Teixeira et al., 2016).


Table 3. Independent variables and levels used for D-Optimal design.
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Response Surface Methodology (RSM), based on 5 factors and 4 central points D-Optimal design, was used to determine the parameters affecting the extraction of mustard residue and to find the optimal set of conditions (SM Table 1). Modde v.12.0 software (Umetrics AB, Sweden) was used to generate the D-Optimal design and analyze experimental data by response surface methodology (RSM).

Additional runs (intermediary points) were performed to validate the model and later added to the experimental data for model refining (SM Table 2). D-Optimal design has the advantage to be able to carry qualitative factors, take correlations in count and can be completed by additional experiments if needed.

UHPLC-DAD-ESI-MS Analysis

UHPLC-MS analysis was performed on a 1,290 infinity II coupled with a 6545Q-Tof-MS from Agilent Technologies (Santa Clara, USA) fitted with dual ASJ-ESI source. UV-visible spectra were recorded at 320, 285, 254, and 210 nm (4.0 nm bandwidth, 2.5 Hz). Mustard extract was separated on Zorbax Eclipse plus C18 (Agilent, Technologies, Santa Clara, USA) 1.8 μm, 2.1*50 mm at 48°C. Five microliter of sample was injected and eluted with 0.1% (v/v) formic acid in milliQ water (eluent A) and 0.1% (v/v) formic acid in acetonitrile LC-MS grade (eluent B) at a flow rate of 0.45 mL/min. The elution gradient was 5–10% B (0.99 min), 15% B (3.19 min), 30% B (7.44 min), 0% B (8.51 min), and 5% B (10.00 min). Positive ion mass spectra were recorded in the range of m/z 50–1,000 (scan rate: 2 spectra/sec) with a nozzle voltage at 2,000 V. Nitrogen was used at gas source at 8 L/min and 325°C.

RESULTS AND DISCUSSION

Composition of Mustard Residue

Charbonneaux-Brabant uses mostly seeds of Brassica juncea (ca. 90%) but also Sinapis alba from Canadian and French suppliers. After mustard making, a residual fraction was generated containing mainly the bran but also residual crushed seed depending on the grinning applied for the different mustards produced. In this study a representative mix of the different residues, furnished by Charbonneaux-Brabant, was employed to determine the average content of phenolics from this supplier.

Characterization of this raw material (Table 1) has shown that water content were 53.73% and 52.17% for lot 1 and lot 2, respectively, far from the result reported by Dubie et al. (2013) from their “meal remaining after cold pressing of B. juncea” with around 5% of water content. Soxhlet extraction using hexane revealed a residual fat proportion of 5.49 and 5.3%, for lot 1 and lot 2, respectively, corresponding to 11.9 and 11.1% with regards to dry matter. To accurately report our raw matter to what was often described (i.e., dried and defatted mustard), one can thus consider that 2.3 g of crude product are equivalent to 1 g of dried and defatted material (DDM). These results were confirmed by data obtained from an external analytical lab (in vivo) that also measured the protein content at 8.8%. It is noteworthy to mention that analyses performed by Charbonneaux-Brabant on their residue in 1999 and 2005 showed good adequacy with our results and those from In vivo (Table 1).

Folin-Ciocalteu Methodology

In the Folin-Ciocalteu method, the total phenolic content is always reported as an equivalent against a standard compound. Gallic acid is widely used as representative “equivalent,” aka gallic acid equivalent or GAE, to express this phenolic content.(McCue et al., 2005; Song et al., 2010; Huang et al., 2012; Terpinc et al., 2012; Santos et al., 2014; Kozłowska et al., 2016; Thangi et al., 2016). However, in our case, its structure is very different compared to that of sinapine (i.e., three phenol moieties and a benzylic acid for gallic acid, one phenol moiety and an ester for sinapine). In the literature, sinapic acid—that is closer to sinapine in terms of structure—was also employed as standard (i.e., sinapic acid equivalent or SAE) (Amarowicz et al., 1996; Dubie et al., 2013; Mayengbam et al., 2014; Szydlowska-Czerniak et al., 2015). Unfortunately, the use of sinapic acid with the Folin-Ciocalteu method proved troublesome as it did not provide good regression coefficient for the calibration curve. To get more accurate values, five phenolic compounds were thus tested: gallic acid, sinapic acid, ethyl sinapate, syringaldehyde, and ferulic acid (Figure 1). The calibration curves obtained for these compounds are presented in Figure 2. These molecules were chosen to evaluate the impact of the chemical structure of the standards on their reactivity toward Folin-Ciocalteu reagent. Ferulic acid, that possesses only one methoxy group, was used to determine the importance of the substitution of the aromatic ring (sinapic acid derivatives possess two methoxy groups). Syringaldehyde was selected to evaluate the influence of the substituent at the para-position (i.e., aldehyde vs. acid vs. α,β-unsaturated acid/ester) while ethyl sinapate served as model for esters of sinapic acid. Sinapic acid, and gallic acid being commonly used as standards, they served as benchmarks.


[image: image]

FIGURE 1. Structure of the five phenolic compounds used for calibration.
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FIGURE 2. Calibration curves of different phenolic compounds by Folin-Ciocalteu method. (A) Absorbance as a function of the concentration in mmol/L; (B) Absorbance as a function of the concentration in mg/L.



Data showed that, if concentration was expressed in mmol/L (Figure 2A), which was rarely reported, gallic acid surprisingly reacted with the Folin-Ciocalteu reagent in a similar fashion than sinapic acid or ethyl sinapate, whereas syringaldehyde or ferulic acid showed significantly lower absorbance at the same concentration. Indeed absorbance coefficients were between 0.30 and 0.33 for sinapic acid, ethyl sinapate and gallic acid whereas they were 0.15 and 0.22 for syringaldehyde and ferulic acid, respectively. These results showed clearly that the substitution of the aromatic ring was an important factor as ferulic acid and sinapic acid derivatives presented different reactivities. In addition, carboxylic acid or ester moieties conjugated with the aromatic ring (i.e., sinapic acid, gallic acid, and ethyl sinapate) showed a different interaction with Folin-Ciocalteu reagent than the aldehyde moiety of syringaldehyde. Finally, as ethyl sinapate, an ester of sinapic acid, reacted in the same way as sinapic acid itself, one can assume that sinapine, another ester of sinapic acid, will also show the same trend.

When the concentration is expressed in mg/L (Figure 2B), which is how values are reported most of the time in the literature, one can see that the curve for gallic acid was no longer similar to that of sinapic acid or ethyl sinapate. This is due to the difference of molecular mass of the different compounds, 252.27 g/mol, 224.21 g/mol, and 170.13 g/mmol for ethyl sinapate, sinapic acid and gallic acid, respectively. For example, for 0.5 in absorbance, the total phenolic content will be 258.8 mg/L GAE vs. 416.7 mg/L ESE (Ethyl Sinapate Equivalent), demonstrating that the choice of standard molecule strongly impacts the order of magnitude of the phenolic content. Therefore, to provide a more relevant and accurate phenolic content, it is crucial to use a standard that not only reacts similarly to the considered compound in terms of absorbance but also has a molecular weight close to that of this compound.

Usually, sinapine (Mw = 310.37 g/mol) is described as the major product of phenolic extracts from mustard. This results has been also observed in our residues by performing HPLC-MS analysis at 320 nm that clearly shows that the highest peak—at 3.89 min—corresponds to sinapine with an isotopic massif centered at 310.2178 m/z for an exact mass reported at 310.1654 (Da) (Figure 3). By using the extinction coefficient of sinapine at pH 5.46 and λmax of 326 nm (i.e., 21.350 mol−1.cm−1.L) reported by Smyk (2015), the average sinapine content of our extract can be determined. For a sample with a concentration of 1.02 mmol.L−1 of phenolic compounds (determined by Folin-Ciocalteu), sinapine content was evaluated at 0.52 mmol.L−1, which represents 51% mol of the total phenolic content. Converting these values in mass ratio leads to a total phenolic content of 9.00 mg ESE/g DDM with sinapine representing 5.65 mg/g DDM (63%). It is noteworthy to mention that this ratio is similar to that reported by Thiyam-Holländer et al. (2014) on flour of mustard but lower than those reported for cotyledon, hull, and seed by Mayengbam et al. (2014) (70–99%).
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FIGURE 3. (A) Chromatogram at 320 nm of mustard bran extract; (B) Ionic spectrum of the major compound (Sinapine, tr = 3.89 min); (C) Zoom on isotopic massif.



Folin Ciocalteu is a convenient method to determine total phenolic content. However, the standard to interpret/report the results have to be carefully chosen. Indeed, it has to react in a similar way with Folin Ciocalteu reagent than the representative compound(s) of the extract. In addition, to express the results in mass concentration (mg/L), the molecular weight of the standard has to be in adequacy with that of the targeted molecule(s). Taking these considerations into account, ethyl sinapate was chosen as standard for our study.

Solvent Extractions of Mustard Residues Prior Optimization

The second step of this work consisted in conducting extraction, both on dried and defatted mustard residue and on crude residue to determine whether methanol could be advantageously replaced by ethanol and to investigate the efficiency of the extraction process (i.e., ultrasound and temperature). It is noteworthy to mention that microwave-assisted extraction was not considered as such treatment can potentially promote the decarboxylation of sinapic acid into canolol (Yang et al., 2014). The efficiency of the extraction was evaluated by determining the amount of phenolics compounds released using Folin-Ciocalteu method (Table 2).

For both materials (i.e., dried and defatted or crude), one can observe that methanol can be advantageously replaced by ethanol, except when the extraction is conducted at room temperature (Entry 1–2 vs. 7–8). Indeed, at 75°C and under ultrasound, recovered masses after extraction with ethanol were quite similar, and most of all, Folin-Ciocalteu analyses revealed that phenolic contents were higher than that obtained with methanol (Entries 3–6 vs. 9–12). For instance, for crude residue extracted at 75°C, replacing methanol by ethanol resulted in an increase of ca. 33% in phenolic content (from 4.71 to 6.28 mg/g).

With regards to the extraction mode on both treated or untreated residues, even if recovered mass was quite the same with or without heating thermally the reaction, the phenolic concentration was highly impacted as about twice more phenolics were extracted when the reaction was warmed at 75°C compared to room temperature (Entries 1–2, 3–4, 7–8, and 9–10). More than 10 mg/g can be extracted at 75°C from dried and defatted matter. It is worth mentioning that ultrasound did not bring any improvement regarding thermal heating on defatted and dried material (Entries 3 and 9 vs. 5 and 11), whereas, for crude residues, results were increased by 24 and 13% with methanol and ethanol, respectively (Entries 4 and 10 vs. 6 and 12). One possible explanation is that ultrasound provided a better solubilization of the fat leading to a better release of the phenols. This hypothesis is consistent with the fact that recovered masses after extraction and drying were the same for crude matter or defatted and dried one in the case of ultrasound treatment (Entries 5–6 and 11–12), while the fat seems to remain in the solid residue for the thermal process (Entries 3–4 and 9–10).

In summary, these preliminary results demonstrated that (1) ethanol can be used instead of methanol without negatively impacting the phenolic content, and (2) defatted and dried matter releases more phenolic compounds than crude one.

Our objective being to propose an ecological and economical extraction process, the following work aimed at achieving high extracted phenolic content in only one extraction step with ethanol/water to limit both solvent handling and process cost. Moreover, in order to go deeper into this investigation and to determine whether the defatting step was required or not, a Design of Experiments (DoE) was performed.

Optimization of the Extraction by Design of Experiments

The aim of this DoE was to predict the quantity of phenolics released with regards to five parameters—temperature (X1), time (X2), percentage of ethanol in extracting solution (X3), ratio between solvent and matter (X4), and pretreatment or not of the mustard residues (X5) (Table 3).

After performing the 31 extractions, one outlier (SM Table 1, entry 18) was found. For the regression analysis, a normally distributed response was suitable that is why logarithm transformation was applied to our data. Excellent reproducibility in the central point was reached, 0.994; and R2, fit between experimental data and the model, and Q2, estimation of the future prediction precision, were good as well, 0.926 and 0.714 respectively, but internal validity was negative, −0.14, this value correspond to the lack of fit of the model (internal error are larger than error from repeated point). To achieve a model with a significance higher than 95%, p-value of regression need to be inferior at 0.05 whereas p-value of lack of fit need to be <0.05. In our case, the significance of the lack of fit was not reach (p = 0.011).

The outlier (18) as well as other “noising” points—(difference between the experimental value and the one predicted by the model)—(Entries 1, 11, 15, 21, 24, 32, 34, and 35), were duplicated (SM Table 2, entry 36–50). With these new values the internal model validity was reached. As a new lot of raw material was used to perform entries 37–50 for the refining of the model, three new central points were tested with this new lot and provided good results compare to reproducibility (SM Table 2, entries 51–53) that were included in the model. It is noteworthy to mention that this new lot was a mix of residues similar to that of lot 1. Its water and fat content was evaluated as previously described in section Defatting and Drying, representing 56% of the crude matter. The amount of raw material used in the experiments was adapted in consequence.

All the data except the outlier (SM Table 1, entry 18) were included in the model. With these new data, all the indicators now reached good values, R2 = 0.857, Q2 = 0.742, Model validity = 0.733 and reproducibility = 0.833. Moreover, F-tests performed in ANOVA assessing the significance of the regression model (p < 0.05) and the lack of fit (p > 0.05) showed statistical significance of both models and a similar magnitude of replicate errors (no lack of fit).

The condition number was 6.06, so in the range (<8) of what was expected to assess the sphericity of the design in optimization. As previously mentioned a logarithmic transformation of the data had been performed to achieve a normal distribution leading to equations of the model below, the first one for the raw material (Equation 1), the second for the defatted and dried material (Equation 2) with unscaled Xi in order to enable the direct application of equations.

[image: image]

[image: image]

As shown in Figure 4, the parameters with positive impact were mainly temperature (Temp) followed by time and without pretreatment [Pre(None)] and the interractions terms between temperature and solvent/matter ratio (Temp*S/M) and those of percentage of ethanol [Temp*%EtOH, %EtOH*S/M, %EtOH*Pre(None)]. On the contrary, the percentage of ethanol (%EtOH), the deffating and drying pretreatment [Pre(DD)], their interaction [%EtOH*Pre(DD)] and the square terms (Time*Time, %EtOH*EtOH and S/M*S/M) impacted negatively the phenolic content in the extract. Such findings can be easily explained by the fact that elevated temperatures, that increase molecular agitation, facilitate the extraction process, while time needs to be carefully monitored to allow complete extraction while avoiding secondary reactions or oxidation. Pretreating the biomass has a negative impact on the extraction, most likely due to the loss of part of the phenolic compounds (lipophilic) during the defatting process (Thiyam-Holländer et al., 2014). This lipophilic character for phenolics explains why a larger amount of ethanol is required to recover the lipophilic phenolics trapped in the fatty matter for untreated residues. It is noteworthy to mention that the use of pure ethanol as extracting solvent has been ruled out as it would not solubilize charged molecules such as sinapine.


[image: image]

FIGURE 4. Regression coefficients of phenolic content model. Model coefficients are scaled and centered.



Finally, external validations were performed in duplicates, using optima given by the model (Figure 5 and Table 4), the first without defatting (Table 4, entries 1 and 3) and the second after defatting and drying (Table 4, entries 2 and 4). Taking into consideration the model error, ±1.65 mg/g DDM for none pretreated material and ± 1.11 mg/g DDM for dried and defatted matter, the optima were validated. One can notice that a better phenolic content can be achieved with crude matter, 13 mg/g DDM, than with defatted and dried one, 11 mg/g DDM, mainly by tuning the ethanol content of the extraction solution (65 and 47%, respectively). Compared to the non-optimized extractions, the phenolic content extracted from crude residue was almost doubled (best result 7.28 mg/g DDM) whereas just a slight increase (7%) was observed for the dried and defatted material. To summarize, this optimization allowed us to determine the best solvent mixture allowing the efficient extraction of the lipophilic phenolics trapped in the fatty matter present in the untreated residues. For the defatted and dried residues, as the fatty matter has been previously removed during the defatting process, the extent of the optimization remained limited as the lipophilic phenolics are more readily accessible and thus more easily extracted.
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FIGURE 5. Response Surface Plot at 55°C and 4 h for non-pretreated mustard residue (A) and defatted and dried residue (B).




Table 4. Validation of the model using optimal conditions for phenolics extraction.
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As each biomass is very specific (e.g., botanical species, growth conditions, treatment, type of extraction), comparing our results with the ones previously reported in literature is rather irrelevant. Dubie et al. (2013) who used a meal of Brassica juncea from an industrial source reported between 6 and 10 mg SAE/g depending on the extraction conditions (e.g., %ethanol, temperature, ultrasound) and until 13.8 mg/g after 7 days in hot water. In another hand, Thiyam-Holländer et al. (2014) reported total phenolic contents between 11.5 and 42.3 mg SAE/g after methanolic (70%) extraction assisted by ultrasound on mustard flours. Assuming that flours are less processed than the mustard residues from industrial mustard production used in this study, one can consider that our optimized process is at least as efficient.

CONCLUSION

This study undoubtedly demonstrates that the way data from Folin-Ciocalteu analyses are reported and the choice of the standard are not trivial. Special attention should therefore be paid when performing and reporting such analyses.

By combining a preliminary extraction conditions screening and a Design of Experiment based on Response Surface Methodology, a very simple and eco-friendly process using only one extraction with ethanol and water without any pretreatment of an industrial co-product was optimized and allowed the obtention of a sinapine-rich phenolic extract. The latter can be used directly or after concentration as an antioxidant formulation, or further hydrolyzed to produce sinapic acid.
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