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Abstract: In this examination, two glycerol-based deep eutectic solvents (DESs) were tested for
their efficiency in the recovery of antioxidant polyphenols and anthocyanin pigments from red
grape pomace (RGP). The two DESs synthesized had sodium acetate and sodium benzoate as
hydrogen bond acceptors, to test the role of the hydrogen bond acceptor polarity on the extraction
performance. Furthermore, the process was enhanced by an ultrasonication pretreatment stage.
After initial testing with respect to water content, ultrasonication power and liquid-to-solid ratio,
the DES composed of glycerol and sodium benzoate (GL-SBz) was shown to be significantly more
efficient than the one made of glycerol and sodium acetate (GL-SAc). Further optimization of the
extraction with regard to time and temperature demonstrated GL-SBz to be a highly effective solvent
for the production of RGP extracts rich in polyphenols including gallic acid, catechin and quercetin,
and pigments including malvidin 3-O-glucoside p-coumarate and malvidin 3-O-glucoside. The
extracts produced also had significantly higher antiradical activity and reducing power compared to
those generated with aqueous ethanol or water. From this study, evidence emerged regarding the
role of the hydrogen bond acceptor nature in the extraction efficiency of polyphenols. The process
developed is proposed as a green, high-performing methodology for the production of RGP extracts
with enhanced polyphenolic content and antioxidant activity.

Keywords: antioxidants; anthocyanins; deep eutectic solvents; glycerol; red grape pomace; polyphe-
nols; ultrasonication

1. Introduction

The agri-food sector embraces industrial activities that largely pertain to the processing
of plant-based materials, accompanied by ever-increasing amounts of associated wastes.
The residual biomass which is regularly rejected as a result of plant tissue processing
encompasses materials rich in organic substances, such as small branches, leaves, peels,
seeds and roots. The uncontrolled deposition of these side streams in landfills may cause
serious environmental problems, due to their exceptionally high polluting load, attributed
to their content in polyphenols. However, as circular economy strategies dictate more and
more the rational valorization of such wastes to approach zero-waste goals, the exploitation
of agri-food processing residues as bioresources of high value-added materials and energy
becomes of paramount importance [1].
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Grape is one of the largest fruit crops worldwide, and based on data provided by the
International Organization of Vine and Wine (OIV), in 2019 the global grape production was
77.8 million tons, of which 57% was destined for wine production. Vinification activities
are crucial for the economies of several countries and, as estimated by the OIV, wine
production in 2020 reached almost 258 million hectoliters [2]. The winemaking process
inevitably generates a large volume of wastes, which represent about 13 to 20% of the initial
grape mass. These residues are composed mainly of pomace (seeds and skins), stems, but
also wine lees, and they bear a high content of polyphenolic substances. By virtue of the
multitude of biological properties [3], several classes of this family of secondary metabolites
have been extensively studied and numerous methodologies have been applied for the
efficient recovery of polyphenols from vinification wastes [4].

Currently, in the framework of green chemistry principles, there has been a great shift
in the development of eco-friendly extraction processes for effective polyphenol recovery,
which aim at ensuring improved extraction yields, minimal environmental impact, low
cost and high end-product quality [5]. Significant efforts have been expended on replacing
conventional, volatile and toxic solvents with benign, recyclable and biodegradable ones [6].
Deep eutectic solvents (DESs) are a new generation of green liquids, which can be easily
synthesized, usually by one constituent serving as a hydrogen bond donor (HBD) and
another one as a hydrogen bond acceptor (HBA). The materials used to make up DESs
may be cheap food-grade biosubstances, such as organic acids, organic acid salts, polyols
and amino acids. Over mainly the last seven years, DESs have been the subject of an
outstanding number of studies, which demonstrates their applicability in the extraction of
natural compounds, including polyphenols [7].

In addition to replacing conventional with green solvents, cutting-edge technologies
implemented in polyphenol extraction also involve physical green processes as a means of
assisting solid–liquid extraction, such as ultrasonication. Ultrasonication has been exten-
sively investigated for extraction for many years, and it has been proven by several studies
to offer unprecedented benefits over conventional extraction methodologies, including
improved yields, lower working temperatures and a significantly shorter extraction pe-
riod [8]. The mechanisms implicated in extraction enhancement by ultrasonication are
mostly cavitation phenomena. The result of this process is the implosion of cavitation
bubbles on the surface of the solid matrix, generating microjetting and several associated
effects such as surface peeling, erosion and particle breakdown, but also macroturbulences
and micromixing [9]. The use of ultrasonication as a pretreatment method has been shown
to be particularly effective in the extraction of polyphenols from RGP [10], but also from
other plant matrices, such as elderberry flowers [11] and wheat bran [12].

In a recent study, an issue was raised concerning the effect of the polarity of the HBA
on the extraction performance, and it was evidenced that DESs containing HBAs such as
sodium propionate and sodium butyrate may be more effective solvents for polyphenol
extraction than ones containing the more polar sodium acetate [13]. Considering these data,
the project described herein was undertaken to test a novel DES, composed of glycerol
and sodium benzoate, for its efficiency in extracting polyphenols and pigments from RGP,
in comparison with a DES composed of glycerol and sodium acetate (Supplementary
Materials). Ultrasonication was used as a pretreatment stage and extract evaluation was
based on the analytical polyphenolic composition and typical in vitro antioxidant assays.

2. Materials and Methods
2.1. Chemicals

Catechin, quercetin, L-ascorbic acid (99.5%), Folin-Ciocalteu reagent, 2,4,6-tris(2-
pyridyl)-s-triazine (TPTZ), rutin (quercetin 3-O-rutinoside) (>94%) and 2,2-diphenylpicrylh-
ydrazyl (DPPH) were obtained from Sigma-Aldrich (Darmstadt, Germany). Iron chloride
hexahydrate, sodium benzoate (99%) and citric acid anhydrous were obtained from Merck
(Darmstadt, Germany). Sodium carbonate anhydrous (99%), glycerol anhydrous (99.5%)
and sodium acetate trihydrate were obtained from Penta (Praha, Czechia). Gallic acid
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hydrate was obtained from Panreac (Barcelona, Spain). Pelargonin (pelargonidin 3,5-di-O-
glucoside) chloride was obtained from Extrasynthese (Genay, France). Solvents used for
chromatography were HPLC grade.

2.2. Deep Eutectic Solvent (DES) Synthesis

The methodology followed was as previously described [13]. Briefly, exact amounts of
glycerol (hydrogen bond donor—HBD) and sodium acetate or sodium benzoate (hydrogen
bond acceptor—HBA) were mixed in a Duran™ bottle of appropriate volume and heated
at 70 ◦C, under stirring at 400 rpm, for approximately 60 min, to form perfectly transparent
liquids. For the combination of glycerol/sodium acetate, a transparent liquid was formed
when the HBD:HBA ratio was 3 or higher, but for the glycerol/sodium benzoate pair, this
was achieved at a HBD:HBA ratio of 9. Thus, two DESs were prepared, glycerol/sodium
acetate (9:1), termed as GL-SAc, and glycerol/sodium benzoate (9:1), termed as GL-SBz.
After preparation, these two solvents were stored in sealed glass vials at room temperature,
and visually inspected for the appearance of crystals (an indication of instability) over
several weeks.

2.3. Red Grape Pomace (RGP) Collection and Handling

RGP was from industrial vinification of grapes (Vitis vinifera, cv. Muscat of Hamburg),
kindly provided by a winery in Karditsa (Central Greece). The waste material was collected
after a pomace contact that lasted 7 days, transferred to the laboratory within 2 h and
stored at −40 ◦C. To prepare the appropriate material for solid–liquid extraction, a portion
of RGP was thawed and spread over aluminum trays to form layers of approximately
0.5 cm thickness. The trays were inserted into a laboratory oven (Binder BD56, Bohemia,
NY, USA) and dried for 6 h at 80 ◦C. The dried material (moisture content < 2%) was then
pulverized in a laboratory table mill and sieved, to yield a powder with an average particle
diameter of 0.384 mm. This material was used for all extraction processes.

2.4. Effect of Water Proportion

The DES/water proportions tested were 60, 70, 80 and 90% w/w. A volume of 7 mL
of each mixture was transferred into a 10 mL glass Duran™ bottle with 0.350 g of RGP. The
bottle was immersed into an oil bath, placed on a thermostated hotplate (Witeg, Wertheim,
Germany) and extractions were performed at 50 ◦C, under continuous stirring at 500 rpm,
for 150 min. Extracts were centrifuged at 10,000× g prior to examinations.

2.5. Ultrasonication Pretreatment

A volume of 7 mL of the DES/water mixture and 0.350 g of the RGP were placed into
a 10 mL Duran™ glass bottle and sonicated in an Elma S 100 (H) heated ultrasonic bath
(Elma Schmidbauer GmbH, Singen, Germany) for 2, 4, 8 and 15 min at ambient temper-
ature (25 ± 2 ◦C). Ultrasonication was accomplished at a nominal power of 550 W and
frequency of 37 Hz. Following this, stirred-tank extractions were carried out as described in
Section 2.4. Control extractions with water and 60% (v/v) ethanol were also performed.
The actual ultrasonication power (P) dissipated into the system was determined as follows:

P = mCp
dT
dt

(1)

where m is the mass of the water in the ultrasonication bath (in g), Cp is the specific heat
capacity of water (4.2 J g−1 K−1) and dT

dt is the temperature rise per s, which was determined
by the fitting temperature change (dT), measured by a thermocouple, versus time [14].

2.6. Effect of Liquid-to-Solid Ratio (RL/S)

A volume of 28 mL of solvent (DES/water mixture) and suitable amounts of RGP were
combined in a 50 mL Duran™ glass bottle to provide RL/S of 5, 10, 20, 40 and 80 mL g−1.
After ultrasonication pretreatment, samples were extracted as described in Section 2.4.
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2.7. Combined Effect of Time and Temperature

Assessment of the effect of two key process variables, time, t, and temperature, T, was
accomplished by deploying response surface methodology. The design of the experiment
used was a central composite design (CCD) with three central points. The independent
variables (t, T) were set in 3 levels, −1, 0 and 1, in accordance with the experimental design,
and codified as previously described [15]. The actual and coded levels are displayed in
Table 1. The choice of the ranges for both independent variables was made on the basis
of data reported elsewhere [16]. The overall model significance (R2, p) and the individual
coefficients significance (equations) was appraised by lack-of-fit and ANOVA tests, at a
minimum 95% level.

Table 1. Codified and actual variable levels used for the experimental design.

Independent Variables Code Units Coded Variable Level

−1 0 1
t (min) X1 10 115 240
T (◦C) X2 50 65 80

2.8. Determinations

Total polyphenols were determined with a Folin-Ciocalteu protocol reported in detail
elsewhere [15]. Gallic acid was used as the standard (10–80 mg L−1, R2 = 0.9997) and
results were given as mg gallic acid equivalents (GAE) per g of dry mass (dm). The total
number of pigments was determined according to a previously developed protocol [17],
with some modifications. A volume of 0.067 mL of extract was mixed with 0.933 mL of
HCl solution (0.25 M in ethanol), in a 1.5-mL Eppendorf tube, and vortexed. After 10
min, the absorbance was obtained at 520 nm, using the ethanolic HCl solution as blank.
The concentration in total pigments (CTPm) was determined as malvidin 3-O-glucoside
equivalents (MvE), as follows:

CTPm (mg MvE L−1) = (
A × MW × FD

ε
)× 103 (2)

where A is the absorbance at 520 nm, MW is the molecular weight of malvidin 3-O-
glucoside (529), FD is the dilution factor and ε is the molar absorptivity of malvidin
3-O-glucoside (28,000). The yield in total pigments (YTPm) was then determined:

YTPm (mg CyE g−1 dm) =
CTPm × V

dm
(3)

where V is the volume (in L) of the solvent used for the extraction and dm is the dry mass
of RGP (in g).

The antiradical activity (AAR) was determined with an assay based on the stable
DPPH•, and the results were expressed as µmol DPPH per g (dm). The ferric-reducing
power was estimated with a previously described assay, and the results were reported as
ascorbic acid equivalents (AAE) per g dm [15].

2.9. Liquid Chromatography—Diode Array–Mass Spectrometry (LC–DAD–MS)

A Finnigan MAT Spectra System P4000 pump (San Jose, CA, USA) was used, coupled
to a UV6000LP diode array detector and a Finnigan AQA mass spectrometer. Separation
was accomplished with a Fortis RP-18 column, 150 mm × 2.1 mm, 3 µm, at 40 ◦C, using
a 10 µL injection loop. Mass spectra were obtained with electrospray ionization (ESI) in
positive ion mode. Mass spectrometry settings, as well as the analytical elution program
have been previously reported in detail [18].
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2.10. High-Performance Liquid Chromatography (HPLC)

A previously used methodology was employed [15]. A Shimadzu CBM-20A liquid
chromatograph (Shimadzu Europa GmbH, Duisburg, Germany) was used, coupled to a
Shimadzu SPD-M20A detector. The equipment was interfaced with Shimadzu LC solution
software. Analyses were accomplished with a Phenomenex Luna C18(2) column (100 Å,
5 µm, 4.6 × 250 mm; Phenomenex, Inc., Torrance, CA, USA), maintained at a temperature
of 40 ◦C. The eluents used were (A) 0.5% aqueous formic acid and (B) 0.5% formic acid in
MeCN/water (6:4), at a flow rate of 1 mL min−1. The volume of the sample injected onto
the system was 20 µL. The elution program implemented was: 100% A to 60% A in 40 min,
60% A to 50% A in 10 min, 50% A to 30% A in 10 min and then isocratic elution for another
10 min. Quantification was accomplished by constructing calibration curves of catechin
(R2 = 0.9999), caffeic acid (R2 = 0.9980), gallic acid (R2 = 0.9990), quercetin (R2 = 0.9990) and
pelargonin (R2 = 0.9999). The standards used to construct calibration curves were prepared
in HPLC-grade methanol, with concentrations of 0–50 µg mL−1.

2.11. Statistical Processing

All extraction processes were repeated at least twice, and all measurements performed
in triplicate. Values were given as means ± standard deviation (sd). Linear regression
analyses were performed at a minimum 95% significance level (p < 0.05), with SigmaPlot™
12.5 (Systat Software Inc., San Jose, CA, USA). Response surface methodologies, experi-
mental designs and relevant statistics, as well as distribution analyses, were carried out
with JMP™ Pro 13 (SAS, Cary, NC, USA).

3. Results and Discussion
3.1. The Effect of DES/Water Proportion

In a recent study, the testing of a DES composed of glycerol (HBD), and sodium acetate,
sodium propionate and sodium butyrate (HBAs) showed that the organic anion chain
length might affect DES polarity to a significant extent, affecting polyphenol extractabil-
ity [13]. The authors claimed that DES polarity could thus be tuned by choosing a HBA
with suitable polarity. Furthermore, it was indicated that extractability could be regulated
by the appropriate combination of the DES with water. As also evidenced by several recent
studies, the amount of water in the final DES/water mixture is critical in maximizing
the extraction yield of polyphenols [19]. Thus, optimization of solvent composition was
achieved by screening a range of DES/water proportions varying from 60 to 90% (w/w).
This range was chosen on the basis of previous studies [11]. It can be seen in Figure 1A
that 70% was the most efficient proportion for both GL-SAc and GL-SBz, but for GL-SBz
the difference was statistically significant (p < 0.05). Furthermore, GL-SBz had a higher
performance than GL-SAc, which was also significant (p < 0.05). Likewise, GL-SBz/water
(70%) gave a statistically higher yield in total pigments compared to any other proportion
tested (Figure 1B). The difference between GL-SBz and GL-SAc was also significant in this
case. On the grounds of this outcome, both GL-SBz and GL-SAc mixtures with water (70%)
were selected for further examination.
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Figure 1. The effect of water proportion on the yield in total polyphenols (YTP) (A) and total pigments
(YTPm) (B). Extractions were carried out at 50 ◦C and 500 rpm, with RL/S = 20 mL g−1 for 150 min.
Letters a, b and c signify statistical difference (p < 0.05).
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3.2. The Effect of Ultrasonication Power (P)

By keeping the volume of the coupling liquid (water) constant at 6.9 L in the ultrasoni-
cation bath, the ultrasonication time (tUS) varied from 2 to 15 min. Using Equation (1), the
actual power dissipated into the system under these conditions was found to be 104.33 W.
After ultrasonication, samples were extracted under stirred-tank mode, at 500 rpm and
50 ◦C, for 150 min. Preliminary experiments indicated that a statistically higher YTP and
YTPm, with both GL-SAc and GL-SBz, could be achieved after at least 15 min of ultra-
sonication (data not shown); therefore this tUS was chosen to test the effect of actual
ultrasonication power. This was achieved by adjusting the volume of the coupling liquid
to 2, 5 and 6.9 L, which corresponded to P of 80.64, 92.40 and 104.33 W.

As can be seen in Figure 2A, a statistically higher YTP with GL-SBz could be achieved
with a P of 104.33 W. The pretreatment at this P level was significantly more effective than
the control (no ultrasonication), a phenomenon previously observed [11]. This finding
confirmed the importance of US pretreatment in attaining a higher YTP. In contrast, at this
P, extraction with GL-SAc gave a significantly lower YTP (p < 0.05), which was evidence
of the effect of the solvent. Such evidence has been previously documented for phenolic
acids [20] and flavonoids [21] during ultrasonication, supporting this argument. Ultrasoni-
cation variables are also critical in this regard, since they can affect hydroxyl free radical
generation. Hydroxyl free radicals may attack polyphenols, causing important degradation,
and this effect depends on polyphenol structure [22]. Ultrasonication power has been seen
to exert a temperature-dependent effect on the YTP, highlighting the complexity of the
phenomena implicated in similar processes [23,24]. Most likely, the solute (polyphenols)
exhibited a lower solubility and lower stability in GL-SAc than in GL-SBz, hence the higher
effectiveness found for GL-SBz.

The issue of polyphenol stability in DESs has also been previously addressed by
studies on polyphenol extraction. It was reported that olive leaf polyphenols in a glycerol-
glycine DES containing methyl β-cyclodextrin suffered extensive degradation after storage
at 4–50 ◦C [25]. The same was observed for Moringa oleifera polyphenols in a glycerol-
sodium acetate DES containing 2-hydroxypropyl β-cyclodextrin [26]. In both cases, a
notable decline in antioxidant activity was also shown. However, polyphenols from Salvia
fruticosa remained practically unchanged when extracts were stored for 30 days, even at
40 ◦C, in a glycerol-trisodium citrate DES, while the extracts retained the initial antioxidant
activity [27].

Likewise, the YTPm found for the extraction with GL-SBz was significantly higher
when P was 104.33 W, compared to the pretreatments performed at other P levels, but
no statistical difference was found compared to the control (p > 0.05; Figure 2B). This
result suggested that ultrasonication pretreatment may not be as effective for anthocyanin
pigments. On the other hand, the lowest value was observed for the extraction with GL-
SAc, at a P of 92.40 W. These findings led to the conclusion that a P of 104.33 W was the most
appropriate condition. Moreover, it was confirmed that GL-SBz was a higher-performing
system than GL-SAc.
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Figure 2. The effect of ultrasonication pretreatment on the yield in total polyphenols (YTP) (A) and
total pigments (YTPm) (B). Ultrasonication period was 15 min, and it was accomplished at room
temperature (25 ± 2 ◦C). After pretreatment, batch stirred-tank extractions were performed at 50 ◦C
and 500 rpm, with RL/S = 20 mL g−1 for 150 min. Letters a, b and c signify statistical difference
(p < 0.05).
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3.3. The Effect of Liquid-to-Solid Ratio (RL/S)

After establishing the conditions for optimal ultrasonication pretreatment, the next
stage was to examine the effect of the RL/S. To this purpose, a range of RL/s were exam-
ined, varying from 5 to 80 mL g−1. With regards to the YTP, no statistical difference was
seen within an RL/S range of 10 to 40 mL g−1 (p > 0.05), irrespective of the solvent used
(Figure 3A). However, at an RL/S of 80 mL g−1, the YTP was significantly lower for the
extraction with both GL-SBz and GL-SAc. The trend observed for the YTPm was different,
and extraction with GL-SBz at an RL/S of 40 mL g−1 was shown to have significantly higher
performance (Figure 3B). This did not hold true for the extraction with GL-SAc, which
exhibited the highest YTPm at an RL/S of 80 mL g−1.

The variable RL/S is a key parameter in solid–liquid extraction, affecting the concen-
tration gradient between the liquid phase and the solid particle. This gradient defines the
diffusion rate of the solute (polyphenols), and it has been demonstrated that increases in
the RL/S may significantly increase diffusivity [28]. For polyphenol extraction with various
DESs, optimal RL/Ss varying from 29–50 mL g−1 have been determined [13,29,30]. Taking
into consideration all the above information, an RL/S of 10 mL g−1 was selected as the most
appropriate, to minimize requirements in solvent. It was revealed once again that GL-SBz
was a far more effective solvent than GL-SAc, and thus GL-SAc was not further considered.
All subsequent examinations were performed only with GL-SBz.
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Figure 3. The effect of the RL/S on the YTP (A) and YTPm (B). Samples received ultrasonication
pretreatment for 15 min, with a P = 104.33 W at room temperature (25 ± 2 ◦C). After pretreatment,
batch stirred-tank extractions were performed at 50 ◦C and 500 rpm for 150 min. Letters a, b and c
signify statistical difference (p < 0.05).

3.4. Optimization of Extraction Time and Temperature

The methodology deployed was designed to evaluate the effect of time, t, and tem-
perature, T, on the yield in total polyphenols and total pigments, and to identify possible
synergistic effects between them. Evaluation of the fitted models and response surface
suitability was based on the ANOVA and lack-of-fit test (Table 2), taking into consideration
the proximity of the actual (measured) and predicted values (Table 3) (Figures 4 and 5).
The mathematical models containing only the significant terms were as follows:

YTP = 32.59 + 7.53X1 + 5.24X2 + 3.33X1X2 − 3.75X1
2 + 2.07X2

2 (R2 = 0.99, p = 0.0001) (4)

YTPm = 1.79 + 0.43X1 + 0.20X2 − 0.21X1
2 (R2 = 0.97, p = 0.0008) (5)

The correlation coefficients (R2) of the models are indicators of the total variability
around the mean given by the model. Thus, since both total R2 of the models were equal
to or higher than 0.97, and the p value for lack of fit (assuming a confidence interval
of 95%) was significant, it could be supported that the mathematical models described
by Equations (4) and (5) exhibited excellent adjustment to the experimental data. The
3D plots derived by the models (Figure 6) give an at-a-glance picture of the effect of the
experimental variables on the responses (YTP and YTPm). Based on the models, it could be
argued that for both the YTP and YTPm, there were limitations regarding extraction time, as
evidenced by the negative effect of X1

2. For the YTP, the cross term X1X2 was positive and
significant, indicating a joint effect of time and temperature on acquiring increased YTP. To
the contrary, this term was not significant for the YTPm. The use of the desirability function
(Figures 4A and 5A) enabled the estimation of the optimal conditions, as well as the
theoretical maximal values for the YTP and YTPm, and for both responses, the optimum t
was 240 min (X1 = 1), and the optimum T was 80 ◦C (X2 = 1).
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Table 2. Statistical information related to the mathematical models, generated using response surface
methodology.

Term Estimate Standard Error t Ratio Probability > t

YTP
Intercept 32.591053 0.635778 51.26 <0.0001 *

t 7.53 0.505966 14.88 <0.0001 *
T 5.2416667 0.505966 10.36 0.0001 *

t × T 3.33 0.619679 5.37 0.0030 *
T × t −3.752632 0.778665 −4.82 0.0048 *
T × T 2.0723684 0.778665 2.66 0.0448 *

Lack-of-fit 0.2644

YTPm
Intercept 1.7926316 0.04981 35.99 <0.0001 *

t 0.4333333 0.03964 10.93 0.0001 *
T 0.2016667 0.03964 5.09 0.0038 *

t × T 0.09 0.048549 1.85 0.1229
T × t −0.211579 0.061005 −3.47 0.0179 *
T × T 0.0834211 0.061005 1.37 0.2297

Lack-of-fit 0.0567
Asterisks (*) on values in the “Parameter estimates” and “Test effects” inset tables indicate statistically significant
values (minimum 95% significance level).
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Table 3. Points of the experimental design with the corresponding measured and predicted values of
the responses.

Design
Point Independent Variables Responses

X1 (t, min) X2 (T, ◦C) YTP (mg GAE g−1 dm) YTPm (mg MvE g−1 dm)

Measured Predicted Measured Predicted

1 −1 (10) −1 (50) 21.23 21.47 1.16 1.12
2 −1 (10) 1 (80) 24.64 25.29 1.29 1.34
3 1 (240) −1 (50) 29.57 29.87 1.81 1.81
4 1 (240) 1 (80) 46.30 47.01 2.30 2.39
5 −1 (10) 0 (65) 22.20 21.31 1.16 1.15
6 1 (240) 0 (65) 37.38 36.37 2.10 2.01
7 0 (115) −1 (50) 29.96 29.42 1.63 1.67
8 0 (115) 1 (80) 41.27 39.91 2.22 2.08
9 0 (115) 0 (65) 31.45 32.59 1.73 1.79

10 0 (115) 0 (65) 32.93 32.59 1.76 1.79
11 0 (115) 0 (65) 31.49 32.59 1.79 1.79
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Figure 6. Three-dimensional graphs illustrating the effect of the simultaneous shift of process
variables on the YTP (A) and YTPm (B).

To illustrate the efficiency of the process using GL-SBz, extractions were carried
out under optimized conditions with water and 60% (v/v) aqueous ethanol. GL-SBz
significantly outperformed both conventional solvents (p < 0.001), providing higher YTP
by 489% and 58% compared to water and aqueous ethanol, respectively (Figure 7A).
The YTP achieved with GL-SBz was 45.77 mg GAE g−1 dm, which is lower than the
55 mg GAE g−1 dm achieved with aqueous extraction [31], and 66.70 mg GAE g−1 dm
determined for extraction with aqueous glycerol [16].
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Figure 7. Plot illustrating the YTP (A) and YTPm (B) achieved with GL-SBz compared to 60% aqueous
ethanol and water. Samples were pretreated with ultrasonication for 15 min, with a P = 104.33 W at
room temperature (25 ± 2 ◦C). After pretreatment, batch stirred-tank extractions were performed
under optimized conditions (t = 240 min, T = 80 ◦C), at RL/S = 10 mL g−1 and 500 rpm.

However, it should be noted that the range of polyphenol yields from RGP extraction
may vary largely from 7.70 mg GAE g−1 dm [32] to as high as 77.80 mg GAE g−1 dm [33].
Similarly, the YTPm attained with GL-SBz was 1669% and 80% higher compared to that of
water and aqueous ethanol, respectively (Figure 7B). The level of 2.30 mg MvE g−1 dm
achieved for YTPm using GL-SBz was higher than levels acquired with conventional sol-
vents, such as 50% methanol [34], 57% ethanol [35] and water [36], but higher values have
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been reported for extractions with 90% aqueous glycerol [16] and subcritical water/ethanol
mixtures [37].

With regard to the antioxidant properties, the AAR determined for the extract gen-
erated with GL-SBz was 479% and 46% higher compared to the extracts obtained with
water and aqueous ethanol, respectively (Figure 8A). In the same line, the PR was higher by
363% and 43%, respectively (Figure 8B). These findings illustrated that the higher yield in
total polyphenols and pigments was accompanied by significantly improved antioxidant
activity of the extracts. This outcome was in accordance with recent investigations on
various plant materials [38], where AAR and PR were significantly correlated to the YTP.
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Figure 8. Plot illustrating the AAR (A) and PR (B) of the extracts produced with GL-SBz compared to
60% aqueous ethanol and water. Samples were pretreated with ultrasonication for 15 min, with a
P = 104.33 W at room temperature (25 ± 2 ◦C). After pretreatment, batch stirred-tank extractions were
performed under optimized conditions (t = 240 min, T = 80 ◦C), at RL/S = 10 mL g−1 and 500 rpm.
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3.5. Polyphenolic Composition

To shape an integrated image of the analytical polyphenolic composition, the extracts
were subjected to HPLC analysis. The analyses of all three extracts showed the presence of
eight major substances, three of which were anthocyanin pigments. Gallic acid, catechin,
rutin and quercetin were identified by comparison of the corresponding retention times
with those of the original standards. Caftaric acid (caffeoyltartaric acid) was tentatively
identified by its molecular ion at m/z = 311 in negative ion mode, on the basis of previously
published data [39]. In a similar fashion, malvidin 3-O-glucoside was tentatively identified
by its molecular ion at m/z = 493 and the diagnostic fragment at m/z = 331 (aglycone),
malvidin 3-O-glucoside acetate by its molecular ion at m/z = 535 and a fragment at 331
and malvidin 3-O-glucoside p-coumarate by its molecular ion at m/z = 639 and a fragment
at 331, in positive ion mode [40].

The results of the quantitative analysis of the extracts are presented in Table 4. The
extract produced with GL-SBz was the richest, containing in total 8630.94 µg of polyphenols
and 3887.50 of anthocyanin pigments per g dm. This outcome clearly demonstrated the
high efficiency of GL-SBz as a solvent for the recovery of polyphenols from RGP. Both
the extracts obtained with aqueous ethanol and water were far less rich in polyphenolic
phytochemicals. The profile of the GL-SBz extract was dominated by gallic acid, but it also
contained important amounts of malvidin 3-O-glucoside p-coumarate, quercetin, catechin
and malvidin 3-O-glucoside. In the ethanolic extract, the major constituent was malvidin
3-O-glucoside p-coumarate, followed by quercetin, catechin and malvidin 3-O-glucoside.
The aqueous extract contained mainly gallic acid and catechin. These data pointed to
different selectivities of the various solvents tested for RGP compounds.

Table 4. Quantitative data on the polyphenolic composition of extracts obtained with the DES
(GL-SBz) and the control solvents under optimized conditions. Values represent means of triplicate
determination (±standard deviation).

Compound Yield (µg g−1 dm)

Water AqEt DES

Non-pigment phenolics
Gallic acid 128.31 ± 9.62 135.72 ± 9.22 4675.15 ± 254.33

Caftaric acid 68.88 ± 5.17 80.96 ± 5.50 356.17 ± 19.38
Catechin 104.32 ± 7.82 230.08 ± 15.62 1630.40 ± 88.69

Rutin n.d. 40.72 ± 2.77 169.46 ± 9.22
Quercetin 8.43 ± 0.63 268.07 ± 18.20 1799.77 ± 97.91

Sum 309.94 755.56 8630.94
Anthocyanin pigments

Malvidin 3-O-glucoside 23.68 ± 1.78 215.93 ± 14.66 1488.66 ± 80.98
Malvidin 3-O-glucoside acetate n.d. 21.51 ± 1.46 n.d.

Malvidin 3-O-glucoside
p-coumarate n.d. 572.61 ± 38.88 2398.83 ± 130.50

Sum 23.68 810.04 3887.50

4. Conclusions

In this study, two glycerol-based DESs having hydrogen bond acceptors with different
polarities were tested for their efficiency in recovering RGP polyphenols. The method
developed was integrated by ultrasonication pretreatment, which significantly boosted
extraction efficiency. The DES with sodium benzoate as hydrogen bond acceptor (GL-SBz)
was demonstrated to be far more efficient than the corresponding DES made with sodium
acetate (GL-SAc). After optimizing extraction time and temperature, GL-SBz was shown
to be a highly effective solvent for producing RGP extracts enriched in polyphenols and
pigments. Both water and aqueous ethanol, which were tested for comparison, were proven
to be far less effective in this regard. The high polyphenolic content of the extracts obtained
with GL-SBz was also accompanied by enhanced antioxidant activity. The predominant



Environments 2021, 8, 90 17 of 19

polyphenols in the GL-SBz extract were gallic acid, malvidin 3-O-glucoside p-coumarate,
quercetin, catechin and malvidin 3-O-glucoside. Currently, work is in progress to test the
extracts obtained with this methodology in formulations simulating foods and cosmetics.
These studies are anticipated to reveal both the stability and the efficiency of the extracts to
act as antioxidant constituents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/environments8090090/s1, Figure S1: Structures of hydrogen bond donor (glycerol) and
hydrogen bond acceptors used in this study.
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