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Abstract 13 

Natural Deep Eutectic solvents (NaDES) was used to produce, after sequential one-pot 14 

extraction and biotransformation of naturally pigmented rice bran (RB), ready-to-use extracts 15 

that improve the oxidative stability of lipids in an oil-in-water emulsion. Two NaDES-based 16 

strategies were implemented. Extraction of phenolics content varied according to the NaDES. 17 

The shiftable NaDES (obtained from the acidic-NaDES based on ChCl and xylitol) stands out 18 

by showing content of 1525 mg eq gallic acid/100 g RB. The sequential one-pot 19 

biotransformation with immobilized Candida antarctica lipase B after increasing pH, was 20 

marked by a decrease in phenolics content and a lipids profile variation. These enriched 21 

extracts could be used as natural additives or ready-to-use extracts, as confirmed by the 22 

encouraging antioxidant results observed in emulsion. Omics tools should be applied to 23 

elucidate the structural rearrangement between compounds and the pool of extracted 24 

antioxidant molecules that may explain the protection against lipid oxidation. 25 

Keywords: NaDES, iCALB lipase, rice coproducts, read-to-use extracts, antioxidant, lipid 26 

oxidation.  27 
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1. Introduction 28 

Natural deep eutectic solvents (NaDES) are liquid mixtures metabolites that are abundantly 29 

present in nature,  such as sugars, organic acids, amino acids, organic bases, or vitamins - 30 

which besides its natural origin, may be suspected to have a presence and role in living 31 

organisms [1, 2]. The strong solubilization capacity of NaDES was already used to provide 32 

enriched extracts with high phytochemical concentration and molecular diversity [3, 4]. 33 

NaDES showed several advantages over conventional solvents, such as an enhanced 34 

biological activity or an excellent capacity to stabilize and protect (macro)molecules from 35 

degradation, mostly due to the supramolecular network of tightly interconnected molecules 36 

[5]. These liquid properties make NaDES very attractive for extraction processes of bioactive 37 

compounds. However, the difficulty to separate, and to recover dissolved molecules from 38 

NaDES, mostly due to their low vapor pressure and strong intermolecular connections, have 39 

limited up to now new applications and industrial transfers. NaDES offer all characteristics to 40 

design atom economy, efficient, low cost and sustainable development for ready-to-use 41 

formulation, and depending on the nature of starting components, they may be fully 42 

compatible with food and feed applications [6]. NaDES were already used to provide ready-43 

to-use extracts with higher interest [5, 6]. Besides the great capacity to extract bioactive 44 

compounds, these solvents can also be used as medium for enzymatic activity [7, 8].  45 

Naturally occurring antioxidants obtained from agroindustry processing may be efficiently 46 

used to prevent lipid oxidation in food (e.g. fruits [9] and cereals[10]) and cosmetic products. 47 

Rice is one of the most important staple food and its processing lead to millions of tons of rice 48 

bran (RB) annually. RB is usually underutilized, destined to animal feed. The sustainable 49 

valorization of rice coproducts for improving human health has become a priority due to the 50 

presence of bioactive phytochemicals, such as phenolic compounds (PCs) [11], vitamins, 51 

fibers, proteins, minerals such as iron, but also γ-oryzanol and the presence of unsaturated 52 
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lipids [12]. Natural extracts from RB can generate different industrial applications, especially 53 

for human consumption. Even more so, for the pigmented rice, which presents the highest 54 

total phenolic content and antioxidant capacity [13]. Recently, NaDES were used to extract 55 

PCs from pigmented RB and showed specificity, confirmed by omic tools, to extract distinct 56 

compounds in comparison to the ethanol/water mixture [14]. 57 

In addition, the structural modification of antioxidant molecules has been recognized as an 58 

efficient strategy to strengthen their capacity to retard oxidation of heterogeneous lipid-based 59 

systems. Increasing the lipophilic nature (so-called lipophilization) of antioxidants dispersed 60 

in water phase lead to a positive change in their capacity to stabilize lipid against oxidation in 61 

oil-in-water (O/W) emulsions [15, 16]. This has been observed with chlorogenate [17, 18], 62 

gallate [19], ferulate [20], or caffeate [21] alkyl esters, in various colloidal systems. Actually, 63 

the physical location of antioxidants, and thus, their distribution and mobility when different 64 

phases co-exist (e.g. emulsions) is fundamental and matrices-dependent. This structural 65 

modification of PCs can be even more interesting, although more challenging, if the 66 

modification takes place enzymatically (e.g with lipase EC 3.1.1.3) because of milder reaction 67 

conditions, higher selectivity, less by-products and purification steps, in line with this green 68 

chemistry era [22-24]. Candida antarctica lipase B has been pointed out as a great and 69 

versatile biocatalyst for lipophilization reaction of PCs in different media, including DES 70 

[22].  71 

Although the increasing use of NaDES in food research [2, 25-27], its scale-up is hardly 72 

explored and the possibilities for its application for human consumption still need to be 73 

developed [28]. In this context, we went to investigate how the antioxidant activity of natural 74 

occurring molecules in RB may be improved by NaDES. The strategy was based on NaDES 75 

as a potential media to develop a sustainable one-pot [29] extraction and biotransformation 76 

environment to (i) promote antioxidant enrichment of a natural extract, and (ii) enzymatically 77 
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modify the structure of extracted compounds by lipase-catalyzed reactions. Therefore, the 78 

samples were tested and compared for their ability to prevent lipid oxidation in an O/W 79 

emulsion system.  80 

2. Material and methods 81 

2.1. Materials and chemicals 82 

Choline chloride (≥ 99 %), lactic acid (∼90%), 1.2-propanediol (≥ 99%), xylitol (≥ 99%), 83 

methanol (HPLC grade), water (HPLC grade), ethanol, isooctane, isopropanol, sodium 84 

dodecyl sulfate (SDS), potassium hydroxide (KOH), iron sulfate, ammonium thiocyanate, 85 

1,1,3,3-tetramethoxypropane, cumene hydroperoxide, trichloroacetic acid, thiobarbituric acid, 86 

mono and dibasic sodium phosphate, 1-octanol (anhydrous ≥99%), hydrochloric acid (HCl), 87 

immobilized lipase B from C. antarctica (Novozym® 435, 11900 propyl laurate units/g) 88 

(iCALB), the lipids standards: triacylglycerols (TAG), diacylglycerols (DAG), 89 

monoacylglycerols (MAG), free fatty acids (FFA), monogalactosyldiacylglycerols (MGDG), 90 

digalactosyldiacylglycerols (DGDG), phosphatidylcholine [11], and phosphatidylserine [30], 91 

and gallic acid (GA) were obtained from Sigma-Aldrich (St. Louis, USA). Hexane (99%) was 92 

obtained from Labover (Montpellier, France) and vinyl laurate (≥99%) from Fluka (Saint 93 

Quentin, France). 94 

2.2. Pigmented rice bran 95 

The red RB from Madagascar were cultivated in Ampitatafika (-19.565717, 47.362911), 96 

obtained by abrasive dehulling (polishing) in a single pass rice mill and stabilized (100/110 97 

°C - 5 min). The RB was sieved to eliminate particles larger than 1 mm size and then milled 98 

for 5 min with a ball mill (Fritsch Pulverizer Mill, Germany) to obtain a homogeneous 99 

fraction. 100 

2.3. Preparation of Natural Deep Eutectic Solvents 101 
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Choline-chloride (ChCl) based NaDES in combination with lactic acid, 1,2-propanediol and 102 

xylitol were selected based on GRAS (Generally Recognized as Safe) classification [27]. 103 

NaDES were prepared by heating at 50 °C with orbital shaking at 400 rpm (IKA KS 4000 I 104 

control, Staufen, Germany) after mixing the components (according to specific molar ratios) 105 

in a closed bottle for 45 min until a clear liquid is formed. pH was monitored with a pH-meter 106 

(edge® pH, Hanna instruments, Lingo Tanneries). NaDES composition and mole ratio were 107 

as follows: NaDES1 (ChCl:1,2-propanediol:water, 1:1:1), NaDES2 (ChCl:lactic acid, 1:10), 108 

NaDES3 (ChCl:xylitol:water, 1:1:1). Shiftable NaDES (shiftNaDES) refers to a sequential 109 

strategy based on the capacity of a NaDES medium, such as NaDES3, to shift from acid to 110 

alkaline pH, or vice versa. For shiftNaDES3, the addition of HCl 2M in water was performed 111 

for the NaDES3 formulation to lead to acidic-NaDES3, then the addition of KOH was 112 

performed in acidic-NaDES3 (9.59 mg per mL of NaDES) to lead to NaDES3-KCl. 113 

2.4. Assessment of the lipase activity and stability in NaDES 114 

The lipase-catalyzed activity and stability evaluated after 24 h of iCALB pre-incubation were 115 

carried out in all NaDES (1 mL), during 30 min at 50 °C according to Durand, et al. [7].  116 

2.5. One-pot extraction and biotransformation of phenolic compounds and lipids  117 

RB were extracted (25 mg/mL) with NaDES in a closed amber glass flask (60 min, 40 °C, 118 

200 rpm orbital agitation) (Thermo Scientific Poly 15, Ville, China). Then, samples were 119 

cooled to room temperature (RT, ~20 °C) and centrifuged (5 min, 4000 rpm) (CR412 120 

centrifuge; Jouan, Winchester, VA). The iCALB (10 mg/mL) was directly added for the 121 

biotransformation reaction (biotransformed extracts) and left for 24h of reaction. Control 122 

samples without addition of the enzyme were also performed in this step. After centrifugation, 123 

aliquots (250 µL) of the supernatants of each extract were immediately extract by the Folch 124 

method [31], where aqueous and organic phases were separated, collected, and evaporated 125 

with a nitrogen flow. The aqueous phase was destinated for PCs characterization by HPLC 126 
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and the organic phase for lipids identification to by thin layer chromatography (TLC). Beside 127 

this, aliquots of 500 µL of the supernatants, after centrifugation for biotransformed extracts, 128 

were destinated to the antioxidant activity in O/W emulsion. 129 

2.6. Phenolic compounds analysis by HPLC-DAD   130 

The aqueous phase of the Folch extraction was evaporated with nitrogen flow, resuspended 131 

with 1 mL of MeOH/water (2:1, v/v), and filtered (0.45 μm, cellulose filter). Samples (40 μL) 132 

were injected in the HPLC (LC-20AD equipped with oven CTO-10ASvp and detector DAD 133 

SPO-M20, Shimadzu, Noisiel, France) [32] with the gradient method (mobile phase A: 134 

MeOH and B: water, both with 0.1% acetic acid): 0-5 min: isocratic at 10% of B; 5-20 min: 135 

linear gradient up to 100% B; 20-30 min isocratic at 100 % B; 30-35 min linear gradient up to 136 

10% B; 35-42 min: equilibration at 10% B. The detection was performed at 280 nm and 330 137 

nm. Gallic acid (GA) was used for the calibration curve quantification, and data were 138 

expressed in mg eq of GA.  139 

2.7. Lipids analysis with thin layer chromatography (TLC) 140 

Organic phases from Folch extraction method were resuspended with 500 µL of 141 

CHCl3:MeOH (2:1, v/v) and spotted on silica gel HPTLC plates (Merck, Saint-Quentin 142 

Fallavier, France) using an automatic sampler (ATS4, Camag, Muttenz, Switzerland). Lipid 143 

standards (TAG, DAG, MAG, FFA, MGDG, DGDG, PC, and PS) were also spotted. The 144 

elution was performed in double migration using an automatic developing chamber ADC2 145 

(Camag, Muttenz, Switzerland) as follows: 40 mm with CHCl3/MeOH/water (19:4:0.5, v/v/v) 146 

and 80 mm with hexane/diethyl ether/formic acid (14:6:0.2, v/v/v). After elution, plates were 147 

dried (RT), dipped into CuSO4/H3PO4 reagent using a Chromatogram Immersion Device 3 148 

(Camag, Muttenz, Switzerland), dried again (RT), and placed in an oven (180 °C, 10 min). 149 

Absorbances of revealed spots were measured at 500 nm (TLC Scanner 3, Camag, Muttenz, 150 
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Switzerland), analyzed by VISIONCAT software, and qualitatively evaluated in comparison 151 

with lipid standards. 152 

2.8. Antioxidant activity in oil-in-water (O/W) nanoemulsion 153 

An O/W nanoemulsion of rapeseed oil in PBS (10 mM, pH 7.0) with SDS 20 mM and 0.02 % 154 

sodium azide [33] was prepared. Briefly, O/W nanoemulsions were prepared by 155 

homogenization of 1 g of rapeseed oil with 99 g of aqueous phase. The aqueous phase 156 

consisted of phosphate buffer solution (10 mM, pH 7.0) and SDS at 20 mmol/l in the final 157 

emulsion. For nanoemulsion preparation, oil and aqueous phases were initially mixed using 158 

an Ultra-Turrax IKA (Janke & Kunkel IKA-Labortechnik, Staufen, Germany) for 2 min at 159 

5400 rpm speed. The resulting coarse emulsions were then homogenized on a Microfluidizer 160 

(9 K, Microfluidics, Newton, MA, USA) at an operating pressure of 40 MPa for 3 cycles. The 161 

antioxidant solutions were incorporated in the aqueous phase after the homogenization step. 162 

Aliquots (500 µL) of NaDES extracts and biotransformed NaDES extracts (after 163 

centrifugation) were added to 25 mL of nanoemulsions. RB powder (12.5 mg), considering 164 

that all rice samples had the final concentration of 500 ppm in the emulsion, and NaDES 165 

alone (500 µL), were analyzed as control. The oxidation assays were carried out in triplicate 166 

into 25-mL screw-capped amber vials and incubated at 40 ºC for 20 days under gentle orbital 167 

stirring (110 rpm) (IKA KS 4000i control, Germany). Samples were collected at 1, 3, 6, 9, 13, 168 

16, and 20 days to follow lipid oxidation.  169 

2.9. Determination of lipid oxidation  170 

The evaluation of lipid oxidation in the nanoemulsions was carried out by monitoring the 171 

formation of primary (peroxide value, PV) and secondary (2-thiobarbituric acid reactive 172 

substances, TBARS) oxidation products [33]. 173 

Briefly, PV were determined on 100 mg of extract with isooctane/isopropanol solution (3:1 174 

v/v). An aliquot of this extract was then added to MeOH/BuOH (3:7 v/v) to give a final 175 
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volume of 260 µL in the microplate well (Greiner Bio-One International, Austria). Then, 2.5 176 

µL of 30% ammonium thiocyanate solution and 2.5 µL of ferrous solution (0.144 M) were 177 

added, and the mixture was incubated (RT, 10 min). After incubation, the absorbance was 178 

measured at 510 nm (Infinite M1000 microplate reader, Tecan, Gröedig, Austria). A standard 179 

curve was prepared with cumene hydroperoxide. Analyses were performed in triplicate and 180 

results were expressed as meq O2/kg oil.  181 

For TBARS, briefly, 200 mg of nanoemulsions were mixed with 400 µL of TBARS solution 182 

(15% trichloroacetic acid, w/v; 1:2 (v:v) of 0.375% w/v of thiobarbituric acid and 0.25 M 183 

HCl) and then heated (90 ºC, 15 min). Then, samples were cooled in an ice bath and 184 

centrifuged. The absorbance of the collected supernatant was measured at 532 nm. The 185 

TBARS content was determined according to a calibration curve obtained using 1,1,3,3-186 

tetramethoxypropane as external standard and expressed as mmol equivalent malondialdehyde 187 

(eq MDA)/kg oil. 188 

2.10. Statistical analysis 189 

The XLSTAT software (Addinsoft, France) was used to perform the statistical analysis 190 

(Tukey's test, p<0.05, and one-way ANOVA). The graphical representation of the results was 191 

created using the GraphPad Prism (5.0) software. 192 

3. Results and discussion 193 

3.1. Evaluation of the NADES extraction capacity of phenolic compounds from rice bran 194 

Initially, NaDES1 (ChCl:1,2-propanediol:water, 1:1:1), NaDES2(ChCl:lactic acid, 1:10) and 195 

NaDES3 (ChCl:xylitol:water, 1:1:1), were only tested for their capacity to extract PCs from 196 

RB. NaDES2 showed the highest capacity with 39.97 ± 2.30 and 303.88 ± 16.28 mg GA 197 

eq/100 g of RB at 280 and 330 nm, respectively (Fig. 1). As already highlighted in the 198 

literature [14, 34], acidity of NaDES is an important attribute to promote the extraction of 199 

PCs. To confirm this hypothesis, NaDES3 was acidified (acidic-NaDES3) and tested for the 200 
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RB extraction, a strategy that has already proven to be effective to release bound PCs. As 201 

expected, acidic-NaDES3 significantly increased the phenolic content, by a factor of ten and 202 

two, at 280 and 330 nm, respectively. Indeed, acidic-NaDES3 appeared as the best solvent of 203 

PCs extraction in this study, reaching 404.23 ± 41.17 and 715.05 ± 102.93 mg GA eq/100 g of 204 

RB at 280 and 330 nm, respectively.  205 

3.2. Evaluation of the lipase-catalyzed reaction in the selected NaDES   206 

Some NaDES formulations may present limitations for enzymatic reactions, decreasing or 207 

inhibiting the lipase activity [22, 24]. To determine whether NaDES could be adapted for 208 

iCALB lipase-catalyzed reactions, a model reaction based on the alcoholysis of vinyl laurate 209 

(VL) with octanol was employed. The use of vinyl ester as acyl donors is a fast and effective 210 

way to evaluate lipase initial activities [8], and has been successfully applied for estimating 211 

the iCALB activity and stability in DES [7]. Conversion was calculated based on the VL 212 

decay, while the selectivity for octanol was assessed based on the octyl laurate (C8L) 213 

formation (Fig. 2). NaDES1 and NaDES3 allowed for a complete conversion of the VL 214 

substrate. Conversely, NaDES2 and acidic-NaDES3 did not provide suitable environment for 215 

lipase activity, with a poor selectivity for transesterification, ~5 % and ~50 %, respectively. 216 

Low pH values in NaDES2 and acidic-NaDES3 seemed to inhibit the lipase activity and to 217 

promote the hydrolysis competitive reaction instead of the ester bond formation. Considering 218 

the high extraction efficiency of acidic-NaDES3, we have investigated its capacity to promote 219 

the lipase-catalyzed reaction after re-increasing pH to obtain the NaDES3-KCl. This shiftable 220 

NaDES-based strategy could be seen as a new and efficient solution to move toward a one-pot 221 

NaDES-assisted extraction and biotransformation of natural extracts. Interestingly, NaDES3-222 

KCl allowed for both a very high activity and high yield of conversion of VL into C8L (>90 223 

%) (Fig. 2). Regarding the stability of iCALB, NaDES1, NaDES3 and NaDES3_KCl seemed 224 
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to preserve, at least on the short term, the protein conformation since the lipase catalysis was 225 

hold over 24 hours, which confirms that media could be used for long-term lipase reactions. 226 

3.2. One-pot NaDES assisted extraction and biotransformation of rice bran  227 

Two distinct strategies were developed (S1 and S2) (Fig. 3): 1) with NaDES1, and 2) with the 228 

shiftable NaDES3 (obtained from the acidic-NaDES3 to the NaDES3_KCl, noted 229 

shiftNaDES3). NaDES1 was chosen because it offered a suitable environment for lipase-230 

catalyzed reaction with moderate extraction capacity. While shiftNaDES3 showed the highest 231 

yield of PCs extraction (acidic-NaDES3) and represented a potential, assessed by VL 232 

substrate, media for biotransformation activity with iCALB (NaDES_KCl). Thus, NaDES1 233 

and shiftNaDES3 were evaluated according to their capacity to promote both, the extraction 234 

of bioactive molecules and subsequent biotransformation with the iCALB (Fig. 3).  235 

3.2.1. PC and lipid profiles after extraction and biotransformation of rice bran  236 

NADES1 and shiftNaDES3 extracts showed a slight variation in PC profile after potential 237 

biotransformation (Sup. Fig. 1). Especially, shiftNaDES3 presented a difference in 238 

chromatographic profile and in the total phenolic content (p<0.05) after the enzymatic 239 

reaction (Fig. 4). Although hydrophilic NaDES have a great capacity to extract polar 240 

molecules, studies have revealed that they may also extract non-water-soluble molecules [26]. 241 

For instance, hydrophilic glycerol-based NaDES have been already shown to extract FFA 242 

from microalgae [35]. In the current study, we performed a qualitative analysis of lipids, 243 

extracted from the RB with the NaDES1 and the shiftNaDES3 (Sup Fig. 2). Assessment was 244 

performed after 1h extraction, and after 25h (1h + 24h) with or without the addition of 245 

iCALB. 246 

NaDES1 and shiftNaDES3 were able to extract TAG and FFA in different concentrations. A 247 

decrease in FFA and the appearance of new compounds (~ same retention factor as DAG and 248 

TAG) were observed after the biotransformation step (Sup. Fig. 2A). The mono- and di- 249 



12 
 

acylation with the 1,2 propanediol (present in the NaDES1 formulation) with lipids could 250 

explain the formation of new compounds. Regarding the lipid profile with shiftNaDES3, an 251 

important decrease in TAG with a concomitant increase in FFA were observed (Sup. Fig. 2B). 252 

In addition, small spots corresponding to new compounds with higher polarity were observed 253 

after the lipase-catalyzed reaction. We can hypothesize that these new faint spots could be 254 

phenolic esters formed by esterification with the newly released fatty acids with the alcohol 255 

moiety of a flavonoid, lignin, stilbene or between a fatty alcohol with a phenolic acid. This 256 

biotransformation effect on the lipids profile, was confirmed by the control experiment 257 

(without iCALB), where the lipolysis was much less pronounced with a slight increase in 258 

FFA content after KOH addition (Sup. Fig. 2B). In addition, in this control extract, no new 259 

compound with higher polarity was observed. 260 

In conclusion, slight variations in the lipid profile after biotransformation were observed, such 261 

as the increase in new compounds with same Rf of DAG and FFA and the appearance of more 262 

polar lipids. The hypothesis that these lipids with higher polarity are newly formed 263 

compounds from bonds with PC corroborates the HPLC results, where was observed the 264 

decrease of some peaks and the decrease of the phenolic content in the biotransformed 265 

extracts. Nevertheless, mass spectrometry analyses should be done to point out the enzymatic 266 

biotransformation and elucidate the structural rearrangement between PC and lipids.  267 

3.3. Antioxidant activity of rice bran extracts in oil-in-water emulsion 268 

Extracts obtained with NaDES1 and shiftNaDES3, with or without in-situ biotransformation 269 

with iCALB, were tested and compared for their ability to prevent lipid oxidation in an O/W 270 

emulsion system, stored for 20 days at 40 °C, represented by PV and TBARS values (Fig. 5). 271 

Pure NaDES1 and shiftNaDES3, along with the powder of RB were also tested. 272 

Contrary to expectations, NaDES showed a strong pro-oxidative effect. Indeed, very high PV 273 

(>100 meq O2/kg) and TBARS (> 6 mmol eq MDA/kg oil) values after 20 days were 274 
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observed in comparison to the raw emulsion (PV = 79 meq O2/kg, TBARS = 1.77 mmol eq 275 

MDA/kg oil). However, NaDES extracts of RB presented a good antioxidant activity, 276 

meaning that the compounds extracted from RB, or the leftover powder, provided antioxidant 277 

action and/or reduction of pro-oxidative effects of NaDES. With NaDES extracts, along with 278 

the powder of RB, the secondary products of oxidation appeared only after day 6, while they 279 

appeared after day 3 for others (Fig. 5B and 5D). Defatted RB showed a protective effect over 280 

fish oil and could be used as a natural additive [10]. RB extracts have also shown the capacity 281 

to decrease PV in food product susceptible to oxidation (mayonnaise-type emulsion) and thus 282 

to extend food shelf life [11]. Such extract can be a sustainable alternative as a food additive 283 

to guarantee food quality and safety. In addition, and interestingly, the biotransformation step 284 

in NaDES seems to promote a protective activity. For example, the biotransformed extract 285 

NaDES1 showed from day 3 (Fig. 5A) PV that stands out from the others (p<0.05). This 286 

tendency could be attributed to the molecular restructuration of PCs with lipids, a mechanism 287 

known to favor their antioxidant power compared to parent molecules [15, 36]. In addition, 288 

the change in the pool of molecules after enzymatic action could also change the physical 289 

properties of extracts, improving the stability of lipid emulsion droplets. 290 

4. Conclusion 291 

This is the first study to enzymatically biotransform compounds present in RB based on a 292 

green approach to produce enriched antioxidant extracts to be applied in emulsion media. 293 

These results confirmed the efficiency of NaDES to extract PCs, but also in minor part of 294 

lipids. Acidic NaDES appear to promote higher extraction yields in PCs, but on the other 295 

hand, they do not offer lipase friendly environment. Thus, two strategies for the sustainable 296 

development of ready-to-use extracts from NaDES were implemented: one with NaDES 297 

allowing a moderate extraction and a good enzymatic activity in a model reaction (NaDES1), 298 

and other with a shiftable NADES (shiftNaDES3), starting from an acidic medium to 299 
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optimize the extraction step, before moving to a non-acid environment to recover an 300 

enzymatic activity. Although a strong pro-oxidant activity of NaDES could be observed in 301 

O/W emulsion, RB extracts in NaDES demonstrated an antioxidant capacity. In addition, the 302 

biotransformation of extracts with iCALB seems to promote this antioxidant efficiency, but 303 

the nature of the potentially biotransformed products remains to be elucidated. There are still 304 

several challenges in developing sustainable analytical methodologies and application with 305 

NaDES, but this innovative preliminary work brings valuable results for the scientific 306 

community. To sum up, these biotransformed extracts should be characterized by omics tools 307 

to elucidate the structural rearrangement, along with to study the physical stability of 308 

emulsions in the presence of NaDES. 309 
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Figure 1 - Total content of phenolic in mg GA eq/100 g of RB. Lowercase letters are significantly different at p< 0.05 

according to Tukey test between the different extractions for each NaDES at 280 nm and uppercase at 330 nm. 
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Figure 2 – A) Conversion of vinyl laurate (VL) and B) yield of octyl laurate (C8L) in each NaDES, and in hexane as a control.
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Figure 3 - Global strategy to develop a sustainable one-pot extraction and biotransformation environment. S1: strategy 1 and S2: strategy 2 based on shiftable NaDES. 
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Figure 4 - Total content of phenolic compounds of RB extracts at 280 and 330 nm. Time of extraction are represented below: 1h of extraction; 25h: 1h of extraction and 24h of reaction without 

enzyme (control) and; 25h biotransformed: 1h of extraction followed by 24h of iCALB lipase reaction. Uppercase letters compare the different time of extraction for the same NaDES extracts, 

while lowercase letters compare the extraction time for each NaDES (p<0,05 according to Tukey test). *Below the limit of detection. 
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Figure 5 - Oxidative stability of nanoemulsions measured by peroxide value (PV) and 2-thiobarbituric acid reactive 

substances (TBARS). A) PV results from S1 strategy, with controls and NaDES1 extracts, B) TBARS results from S1 

strategy, with controls and NaDES1 extracts, C) PV results from S2 strategy, with controls and shiftNaDES3 extracts. D) 

TBARS results from S2 strategy, with controls and shiftNaDES3 extracts. Different letters significantly mean difference (p< 

0.05, Tukey test) between samples at the same incubation time.  
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