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Abstract: Grapevine canes are an important source of bioactive compounds, such as stilbenoids.
This study aimed to evaluate an in silico method, based on the Conductor-like Screening Model
for Real Solvents (COSMO-RS) to isolate stilbenoids from a grapevine cane extract by offline heart-
cut high-performance countercurrent chromatography (HPCCC). For the following extraction of
resveratrol and ε-viniferin from grapevine canes, natural deep eutectic solvents (NADES) were
used as an environmentally friendly alternative to the traditionally used organic solvents. In order
to evaluate a variety of combinations of hydrogen bond acceptors (HBAs) and hydrogen bond
donors (HBDs) for the targeted extraction of stilbenoids, COSMO-RS was applied. In particular,
ultrasonic-assisted extraction using a solvent mixture of choline chloride/1,2-propanediol leads to
higher extraction yields of resveratrol and ε-viniferin. COSMO-RS calculations for NADES extraction
combined with HPCCC biphasic solvent system calculations are a powerful combination for the
sustainable extraction, recovery, and isolation of natural products. This in silico-supported workflow
enables the reduction of preliminary experimental tests required for the extraction and isolation of
natural compounds.

Keywords: grapevine canes; stilbenoids; resveratrol; viniferin; high-performance countercurrent
chromatography; natural deep eutectic solvents; conductor-like screening model for real solvents

1. Introduction

Wine production from Vitis vinifera spp. (Vitaceae) generates tremendous amounts
of organic waste, such as skins, pulp, seeds, and wine lees. In addition, during the
annual pruning, woody residues, such as the grapevine canes, are obtained. Grapevine
canes are a good source for bioactive compounds whose economic potentials have been
evaluated by Rayne et al. [1]. They contain large amounts of extractable phytochemicals
with antioxidative, cardioprotective, and antiproliferative activities, such as the stilbenoids
trans-resveratrol and trans-ε-viniferin [2–5]. The application of these bioactives for dietary
supplements or cosmetic products has led to a strong scientific and economic interest in
novel solvent-free and ecologically safe methods for extraction procedures. In addition
to the conventional extraction of resveratrol from grapevine canes with ethanol/water
mixtures [6], the use of natural deep eutectic solvents (NADES) for the solvent-free recovery
of resveratrol from the roots of Arachis hypogaea (Fabaceae) and Polygonum cuspidatum
(Polygonaceae), as well as Gnetum gnemon (Gnetaceae) seeds, has been previously described
and the potential of these innovative extraction agents has been clearly revealed [7–9].
Most recently, Petit et al., described an ultrasound-assisted method for the extraction of
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polyphenols, including resveratrol and ε-viniferin, from Pinot noir grapevine canes (Vitis
vinifera, Vitaceae) with three choline chloride-based NADES systems, and Duarte et al. used
three levulinic acid-based DES for the extraction of polyphenols from the vine shoots of
13 different Vitis sp. [10,11].

NADES are a special category of deep eutectic solvents (DES), which were first de-
scribed by Abbott et al. [12]. DES are defined as liquid mixtures of pure components whose
melting temperatures are below that of an ideally eutectic mixture, and thus must deviate
strongly from the ideal state [13,14]. The melting point depression results from strong inter-
molecular, non-covalent interactions, consisting mainly of hydrogen bonding [15]. These
effects lead to the formation of an energetically favored supramolecular lattice in which
water can be incorporated up to a certain level [16]. The extension of DES to natural deep
eutectic solvents, introduced by Choi et al., (2011), refers to components such as organic
acids, amino acids, or carbohydrates, which originate naturally from the primary plant
metabolism and are present in large quantities there [17]. NADES are generally formed by
mixing hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs). It should be
noted that the hydrogen-bonding interactions between HBAs and HBDs become weaker
with increasing dilution by water [18]. Quaternary ammonium salts and amino acids serve
as HBAs, and carbohydrates or organic acids are used as HBDs. Compounds containing
carboxyl, alcohol, amino, and keto groups act as both HBAs and HBDs [19]. NADES are
prepared by stirring the components weighed in a certain ratio at an elevated temperature
or by removing the components dissolved in excess water by lyophilization until a clear
liquid is obtained [19,20]. NADES are of scientific interest as they can replace conventional
organic solvents as an environmentally friendly alternative. Their attributes are a lack
of toxicity, flammability, their biodegradability, stability and low vapor pressure, ease of
extraction, manufacturability, and lower costs [21]. In addition, NADES show advantages
in terms of improving extraction yields or stabilizing and activating enzymes in biocatalytic
reactions [22,23]. Another reason for the increasing scientific interest is their character as
designer solvents. Through the choice of the starting compounds, the molar HBA/HBD
ratio, and water content, properties of NADES are adjustable, including, most importantly,
their polarity and viscosity. Thus, depending on the application, NADES can be tailored to
the target compounds to be extracted and the sample material, leading to a multitude of
possible, applicable NADES systems [24]. In order to select promising NADES mixtures
from the multitude of probable combinations of HBAs and HBDs, the in silico calculation
model—Conductor-like Screening Model for Real Solvents (COSMO-RS) developed by
Klamt and co-workers—can be used for predictions [25–27]. Therefore, the charge density
distribution on the surface of the NADES mixtures, as well as of the stilbenoids (resver-
atrol and ε-viniferin, cf. Figure 1) are calculated quantum-chemically with COSMO-RS.
Afterwards, the chemical potentials of all pure compounds and the chemical potentials
in the liquid phase are calculated. From this, the activity coefficients of the stilbenoids in
the NADES mixtures can be calculated, whereby a smaller activity coefficient represents
the better solubility of stilbenoids in these NADES. Previously, COSMO-RS was already
used to select appropriate NADES for the extraction of catechin from Graševina grape
pomace [28], phenolic compounds from Rosmarinus officinalis [29], or hydroxytyrosol from
Olea europaea [30].

For the determination of the extraction yields of the two stilbenoids in NADES extracts
from grapevine canes, authentic references were used which were isolated by all-liquid chro-
matography methods. In earlier studies, ε-viniferin and resveratrol were isolated from Vitis
vinifera stems by a two-step centrifugal partition chromatography method (CPC) [31,32],
or low-speed rotary countercurrent chromatography [3]. In our study, high-performance
countercurrent chromatography (HPCCC) was selected as a semi-preparative liquid sep-
aration technique, where the adsorption of target compounds can be avoided due to the
absence of a solid stationary phase, and where process scale-up is easily possible due to
predictable parameter settings [33,34]. The separation principle of liquid–liquid chromatog-
raphy is based on the differences in the specific partition ratio values (KD) of compounds
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between two immiscible phase layers of a solvent system used as a mobile and station-
ary phase [34]. HPCCC as a hydrodynamic all-liquid system implements a planetary
motion of two self-balancing rotating coils equipped with wounded multi-layer Teflon
tubing (PTFE tube) as the channels for the chromatographic phases and the separation
process. Specifically, HPCCC allows high mobile flow rates and rotation speeds (up to
1600 rpm), resulting in relatively short separation times and good chromatographic peak
resolution [35–37]. For obtaining a suitable solvent system for the separation of the two
stilbenoids, COSMO-RS was used to calculate the so-called liquid–liquid equilibrium (LLE)
and solute partition ratios (KD) for ε-viniferin and resveratrol. COSMO-RS calculation only
requires the molecular structure of the solute molecules and the specific solvent system’s
compositional values in the two-phase layers. The intermolecular forces of solvents in a
liquid system can be described as pairwise interactions of surface segments representing
the charge density distribution on the molecular surface calculated by COSMO-RS. In
the software tool, this leads to a highly efficient and rather fast calculation routine of the
chemical potentials of any compound in a two-phase solvent system [25–27]. Minceva et al.,
previously demonstrated the ability of COSMO-RS to pre-calculate compound-specific
KD values for HPCCC or FCPC experiments [38–40]. Applications for COSMO-RS as
a solvent selection tool in all-liquid chromatography by calculating both LLE and KD
values have been described, for example, for the separation of tocopherols with CPC
using deep eutectic solvent-based biphasic systems [41], as well as for the separation of
flavonoids from Arachis hypogaea hulls [42].

Figure 1. Charge density surface of trans-resveratrol (left) and trans-ε-viniferin (right). The different
colors describe the charge density distribution on molecular surfaces (blue = electro-positive region,
green = neutral region, red = electro-negative region).

In the present study, COSMO-RS calculations are used for the first time to reduce
the time-consuming preliminary experiments in the isolation and extraction of resveratrol
and ε-viniferin from the side-streams of wine production. One aim of this study is the
evaluation of COSMO-RS as a solvent selection tool for the targeted isolation of resveratrol
and ε-viniferin from the commercial grapevine-shoot extract Vineatrol®30 by HPCCC.
In addition, suitable combinations of HBAs and HBDs will be designed by COSMO-RS
to develop a green extraction method for the simultaneous extraction of resveratrol and
ε-viniferin from grapevine canes. Finally, we compare how well the solubility trends
calculated by COSMO-RS fit with the measured extraction rates.

2. Materials and Methods
2.1. Chemicals

Double-deionized water (Nanopure®, Werner GmbH, Leverkusen, Germany) was
used. Ethanol (HPLC grade), methanol (HPLC grade), n-hexane (HPLC grade), and acetic
acid (LC-MS grade) were purchased from Fisher Scientific (Loughborough, UK). Acetoni-
trile (HPLC and LC-MS grade) were obtained from Honeywell Specialty Chemicals (Seelze,
Germany). Formic acid (HPLC grade) was purchased from VWR Int. S.A.S (Darmstadt,
Germany). Ethyl acetate (analytical grade) was purchased from Carl Roth (Karlsruhe,
Germany). For TLC, spray reagent anisaldehyde (>98%) from Merck (Darmstadt, Ger-
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many) and chloroform (HPLC grade, VWR Int. S.A.S, Darmstadt, Germany) were used.
Acetone-d6 (99.9% D) from Deutero GmbH (Kastellaun, Germany) and internal standard
tetramethylsilane (TMS) from Sigma-Aldrich (Deisenhofen, Germany) were used for NMR
spectroscopic measurements. For NADES preparation, betaine (98%) and urea (99.5%) were
purchased from Fisher Scientific (Loughborough, UK). D-Sorbitol (>98%) and D-glucose
(99%) were obtained from Carl Roth (Karlsruhe, Germany). 1,4-Butanediol (>98%), choline
chloride (>98%), and 1,2-propanediol (99%) were purchased from Sigma-Aldrich (Deisen-
hofen, Germany). Trans-resveratrol standard (>98%) was obtained from Carl Roth (Karl-
sruhe, Germany) and trans-ε-viniferin was isolated from Vineatrol®30 (>94%, λ 280 nm).
All samples prepared for UHPLC and LC-MS analysis were filtered through 0.2 µm PTFE
syringe filters from Agilent Technologies (Waldbronn, Germany).

2.2. Plant Materials

Grapevine canes (“Sauvignon blanc” collected in Neustadt an der Weinstraße, Ger-
many) were lyophilized until a constant weight was reached (freeze dryer Christ Alpha
2–4, Osterode, Germany). The lyophilized samples were ground by a cutting mill equipped
with a parallel section rotor and a bottom sieve with trapezoid holes of 1.5 mm (Retsch
SM 1, Haan, Germany). For HPCCC study, the Vineatrol®30 grapevine extract from Breko
GmbH (Bremen, Germany) was used.

2.3. Computational Calculations by COSMO-RS
2.3.1. Calculation of the Phase Equilibrium and Compound-Specific KD Values for HPCCC
Separation B

To verify whether ε-viniferin and resveratrol could be separated using offline heart-
cut HPCCC (separation B), several solvent systems were pre-evaluated by applying the
Conductor-like Screening Model for Real Solvents (COSMO-RS). This model was used to
calculate the partition ratio (KD) values of the two target compounds. In the initial stage, the
chemical structures of ε-viniferin and resveratrol were retrieved from ChemSpider [43] as
SMILES (simplified molecular input line entry specification) and entered into the software
BIOVIA COSMOconfX (version 22.0.0, Dassault Systèmes, Vélizy-Villacoublay, France).
The conformers of ε-viniferin and resveratrol were calculated in COSMOconfX using the
Becke-Perdew functional (BP), a triple-zeta valence polarization with diffuse functions
(TZVPD) and a fine-grid marching tetrahedron cavity (FINE) template. The template
includes full geometry optimization with the density functional theory (DFT) at the BP-
TZVP level, with a consecutive BP-def2-TZVPD single-point calculation, and a FINE cavity
for the COSMO calculation. The conformers were considered as a Boltzmann-weighted
mixture of conformers for the calculations. The maximum number of conformers from
the geocheck clustering was set at 40, and 75 was the maximum number of conformers.
Calculated structures were verified to be true minima using vibrational frequency analysis.
The COSMO files of n-hexane, ethyl acetate, methanol, and water have been retrieved from
the database (BIOVIA COSMObaseEditor, version 21.0.0, Dassault Systèmes).

The LLE compositions of each phase for solvent systems were calculated by the liquid
extraction module for a temperature of 20 ◦C with the software BIOVIA COSMOthermX
(version 22.0.0, Dassault Systèmes) [44] using the BP_TZVPD_FINE_22.ctd parameteriza-
tion (cf. Supplementary Materials Table S1). In the following step, the calculated LLEs
were used to calculate the KD values of ε-viniferin and resveratrol for a fixed separation
temperature at 28 ◦C using the liquid extraction module of the BIOVIA COSMOthermX
software with the BP_TZVP_22.ctd parameterization. All conformers of the compounds
were used for both calculation steps.

COSMO-RS enables the computation of the activity coefficient (γ∞,s
i ) of solute i when

infinitely diluted in solvent s, which is utilized to determine the KD value (Equation (1)):

γ∞,s
i = exp ((µs

i − µi)/RT) (1)
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where µs
i is the chemical potential of the solute i in the solvent s and µi is the chemical

potential of pure solute i.
The KD value is defined as the concentration of solute i in the stationary upper phase

(cu
i ) divided by the concentration of solute i in the mobile lower phase (cl

i) and can also
be expressed as a ratio of the activity coefficients of the solute in infinite dilution (γ∞

i )
multiplied by the molar volumes of the phases (v) (Equation (2)). The phase volume
quotient vl

vu
was composed of calculated molar volumes by COSMO-RS [39,45–47]:

KD =
cu

i

cl
i
=

γ∞,l
i

γ∞,u
i
× vl

vu
(2)

The solvent systems tested by COSMO-RS calculations with the ability to separate
ε-viniferin and resveratrol are listed in Table 1.

Table 1. Different n-hexane/ethyl acetate/methanol/water (HEMWat) compositions (v/v/v/v) used
for the COSMO-RS calculations.

Solvent Systems n-Hexane Ethyl Acetate Methanol Water

1 1.00 1.50 1.25 1.25
2 1.00 2.33 1.67 1.67
3 1.00 1.50 1.00 1.50
4 1.00 2.33 1.33 2.00

2.3.2. Calculation of Compound-Specific Activity Coefficients for Screening of Suitable
Combinations of HBAs and HBDs for Stilbenoid Extraction

In a screening, the suitability of HBA and HBD combinations as potential NADES-
based extractants for resveratrol and ε-viniferin was evaluated using COSMO-RS, which al-
lowed for calculation of the activity coefficient (γ) of the compounds in different NADES sys-
tems (cf. Equation (1) in Section 2.3.1). The software BIOVIA COSMOconf (version 21.0.0)
was used to calculate the COSMO files of the compounds resveratrol, ε-viniferin, betaine,
and choline chloride, following the workflow presented in Section 2.3.1. The COSMO files
of the other compounds have been retrieved from the database (BIOVIA COSMObaseEditor,
version 21.0.0). For modeling HBAs choline chloride, the so-called ion pair approach was
used. Thereby, the COSMO-RS-optimized structure of choline chloride could be described
as a single non-dissociated molecule [48]. The organic acids were treated as protonated
compounds. NADES were treated as binary mixtures of HBDs and HBAs at different
stoichiometric ratios (3/1, 2/1, 1/1, 1/2, and 1/3) within the framework of COSMO-RS. For
this approach, only the conformer with the lowest energy level of resveratrol, ε-viniferin,
HBAs, as well as HBDs, was used, allowing for screening with a large number of potentially
suitable NADES systems in a short time. Therefore, the software BIOVIA COSMOthermX
(version 21.0.0) [44] with BP_TZVPD_FINE_21.ctd parameterization was used to calculate
the activity coefficient of resveratrol and ε-viniferin in NADES at 25 ◦C and infinite dilution
with 0–70 wt% of water. As the activity coefficient decreases, the tested HBA and HBD
combination is postulated to be better able to solubilize and, therefore, to extract resveratrol
and ε-viniferin, respectively [29].

2.4. HPCCC Apparatus and Separation Procedure

For isolation of ε-viniferin and resveratrol, a two-step isolation protocol employing a
high-performance countercurrent chromatograph—HPCCC (model Spectrum, Dynamic
Extractions Ltd., Tredegar, UK)—was used. The multilayer coil planet J-type HPCCC
centrifuge with two self-balanced different-sized columns consisted of two bobbins, each
equipped with one semi-preparative multi-layer polytetrafluoroethylene coil (62.5 mL,
1.6 mm tube i.d.). For the two HPCCC experiments, both semi-preparative coils were
connected in series (125 mL). Solvents were pumped with a preparative LC pump K-501
(Knauer Gerätebau GmbH, Berlin, Germany) and elution was monitored at λ 280 nm
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with a Well-Chrom Spectro-Photometer K-2501 detector (Knauer Gerätebau GmbH, Berlin,
Germany). The temperature was kept constant at 28 ◦C using a ULK 2002 recirculating
chiller from Fryka-Kältetechnik GmbH (Esslingen, Germany). For chromatographic data
acquisition, Eurochrom 2000 software (Windows version) from Knauer Gerätebau GmbH
(Berlin, Germany) was used.

For separation A, the two-phase solvent system n-hexane/ethyl acetate/methanol/water
(1.0/2.0/1.0/2.0; v/v/v/v) (HEMWat) was used, which was previously described for separa-
tion of the Vineatrol®30 extract [3,49]. Prior to the chromatographic process, the two-phase
solvent system was freshly prepared. The HEMWat mixture was equilibrated in a separatory
funnel at ambient temperature. The resulting two-phase layers were separated and shortly
degassed by ultra-sonication. The separation was done in the head-to-tail reversed phase
operation mode (mobile phase: aqueous lower phase; stationary phase: organic upper phase).
The HPCCC was filled with the stationary phase, rotation was set to 1600 rpm, and the
mobile phase was pumped at a flow rate of 4.0 mL/min. After reaching the hydrodynamic
equilibrium (mobile phase break-through), the grapevine extract Vineatrol®30 was dissolved
in both solvent phases (1/1; v/v) at a concentration of 120 mg/mL, filtered over a Chromafil
Xtra GF-100/25 fiberglass membrane disc filter (1 µm pore size, 25 mm i.d., Macherey and
Nagel, Düren, Germany), and injected using a 5.0 mL sample loop (equiv. to 600 mg of dry
crude extract). The volume of stationary phase displaced during the equilibration procedure
(VM: mobile phase take-up) was measured and subtracted from the total coil volume (VC).
The stationary phase content (VS) remaining in the coil column system can be converted to
the solvent system retention value (SF [%] = VS/VC× 100). In the case of separation A, SF was
68%. This value was corrected by the periphery volume Vext of tubings (cf. Supplementary
Materials Section S2).

The co-eluting compounds, ε-viniferin and resveratrol (Rt = 52–65 min, KD = 2.18),
were collected, dried by lyophilization, and transferred to separation B via a manual offline
heart-cut procedure. For separation B, the solvent system selection was supported by
COSMO-RS, as described in Section 2.3.1, which led to the HEMWat system with the more
polar composition 1.0/1.5/1.0/1.5 (v/v/v/v). HPCCC system filling and sample injection
were carried out as described above. The mobile phase was pumped at a flow rate of
3.0 mL/min and ~100 mg of the heart-cut fraction was injected by a 5.0 mL sample loop
(20 mg/mL). In case of separation B, 76% for SF was calculated. Fractions were collected
using B-type racks of a Pharmacia Superfrac (Uppsala, Sweden) with a frequency of
1 min/fraction and were analyzed by TLC (cf. Section 2.5). Pure ε-viniferin and resveratrol
were isolated during HPCCC separation B and directly used for 1D/2D-NMR experiments
(cf. Supplementary Materials Section S2).

2.5. Analysis of HPCCC Fractions by TLC

The HPCCC fractions were analyzed on normal phase silica gel TLC plates (SiO2-60
F254, Merck GmbH, Darmstadt, Germany). The plates were developed with the solvent
system chloroform/ethyl acetate/methanol/water (25/55/5/1; v/v/v/v) [3]. Results
were visualized by the universal anisaldehyde spray reagent, consisting of anisaldehyde,
concentrated sulfuric acid, and glacial acid [50]. Finally, for compound visualization, the
plates were heated (105 ◦C) in a drying oven.

2.6. Preparation of Natural Deep Eutectic Solvents

For NADES preparation, all solids were dried in a drying oven at 70 ◦C for 12 h
and then stored in a desiccator until use. The preparations of the NADES systems were
carried out using the heating method, according to Dai et al., (2013) [16]. For this purpose,
HBAs and HBDs were weighed in a specific molar ratio and, if necessary, a certain weight
percentage (wt%) of water was added. The components were then stirred on a magnetic
stirrer with heating function at 70–80 ◦C until a homogeneous, clear liquid was formed.
Abbreviations and compositions of manufactured NADES are given in Table 2.
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Table 2. Natural deep eutectic solvents and proportion used in this study.

Abbreviation Component 1
(HBA)

Component 2
(HBD) Molar Ratio Water Content

(wt%)

Ch/Pdiol Choline chloride 1,2-Propanediol 1/5 0
B/Bdiol Betaine 1,4-Butanediol 1/1 30
B/Sor Betaine Sorbitol 1/1 30
Glu/U Glucose Urea 1/3 30
Glu/U Glucose Urea 1/1 60

2.7. Ultrasonic-Assisted NADES-Extraction of Resveratrol and ε-Viniferin

For extraction, approximately 500 mg of the ground grapevine canes were placed in
centrifuge tubes, mixed with 5 g of NADES or organic extraction solvents, and mixed with
a vortexer. Subsequently, the solutions were extracted using an ultrasonic homogenizer
equipped with a 1/8′′ ultrasonic horn (Branson Ultrasonics Sonifier S450A, Danbury, CT,
USA) with an output control of 20% for 4.5 min. The extract was centrifuged at 8000 rpm
for 5 min. After completion of centrifugation, the supernatant was removed by fiberglass
membrane disc filter (1 µm pore size, 25 mm i.d., Chromafil Xtra GF-100/25, Macherey
and Nagel, Düren, Germany), transferred to volumetric flasks, and made up to a defined
volume with water/acetonitrile (1/1; v/v). The extraction was performed in triplicates
for the grapevine cane powder. For determination of the extraction content, a calibration
curve for trans-resveratrol and trans-ε-viniferin were prepared. The calibration curves were
recorded in seven different concentrations, i.e., 20.0, 10.0, 8.0, 2.5, 1.0, and 0.5 mg/L for
resveratrol, and 20.0, 10.0, 5.0, 2.5, 1.0, 0.5, and 0.1 mg/L for ε-viniferin. The extraction
content of stilbenoids in grapevine canes was reported as milligrams per gram of dry
weight (DW).

2.8. Successive Ultrasonic-Assisted Extraction

For determining the extraction yield, a successive extraction based on the procedure of
Ewald et al., (2017) was performed [6]. An amount of 2.5 g of the ground grapevine canes
was weighed into a centrifuge tube. Then, 20 mL of the extraction solution consisting of
ethanol and water (80/20; v/v) was added and extracted with an ultrasonic homogenizer
equipped with a 1/8′′ ultrasonic horn (Branson Ultrasonics Sonifier S450A, Danbury, CT,
USA) with an output control of 20% for 4.5 min. Each extraction step was followed up by
a centrifugation step at 8000 rpm for 5 min (Hettich Universal 30F, Lauenau, Germany).
The supernatants were combined and made up to 100 mL. The extraction was repeated a
total of four times. The extract was dried under nitrogen and afterwards reconstituted with
ethanol/water mixture (80/20; v/v), resulting in 10-fold concentrated solutions.

2.9. UHPLC-UV Analysis

For quantification of stilbenoids, an UHPLC system from Agilent Technologies (Wald-
bronn, Germany), with a high-speed pump (1290 Infinity II series), multicolumn thermostat
(1290 Infinity II series), vial sampler (1290 Infinity II series), and a diode array detector
(1290 Infinity II series) was used. Analysis and data collection were made by Open Lab
CDS 3.4 (Agilent Technologies, Waldbronn, Germany). Separation was achieved on a
Zorbax Eclipse Plus C18 column (1.8 µm, 50 × 2.1 mm, Agilent Technologies, Waldbronn,
Germany). The mobile phase consisted of water/acetonitrile/formic acid (100/10/0.1;
v/v/v) (A) and acetonitrile (B). The separation was carried out at 60 ◦C with a flow rate
of 0.4 mL/min, under the following conditions: 0 min (0% B), 1.73 min (0% B), 2.73 min
(16% B), 6.2 min (45% B), 6.4 min (0% B), and 7.2 min (0% B). Trans-resveratrol and trans-ε-
viniferin were quantified at λ 306 and 324 nm, respectively. The quantification parameters
of the UHPLC-UV methodology are listed in Table 3.
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Table 3. Quantification parameters of the UHPLC-UV methodology.

trans-Resveratrol trans-ε-Viniferin

Working range (mg/L) 2.5–20 2.5–20
R2 0.9996 0.9993

Rt (min) 3.88 4.68
Limit of detection (mg/L) 0.43 0.61

Limit of quantification (mg/L) 1.50 2.10

2.10. HPLC-UV-MS Analysis

For qualification and peak identification purposes, an HPLC-ESI-MS system con-
sisting of a binary HPLC pump (1100 series) and autosampler (1200 series) from Agilent
Technologies (Waldbronn, Germany) equipped with an LC-ESI-MS/MS ion-trap system
(HCT Ultra ETD II, Bruker Daltonics, Bremen, Germany) was used. Mass spectra were
recorded in the negative ionization mode with the capillary voltage set at 3500 V, end
plate at −500 V, and capillary exit at −115.0 V. Drying gas was nitrogen at 330 ◦C and
10.0 L/min flow rate with nebulizer pressure of 50 psi, target mass setting m/z 350,
scan range from m/z 100–2000 in Ultra-Scan mode, and fragmentation amplitude of 1 V.
Compass Hystar Software (version V. 3.2, Bruker Daltonics) was used for analysis and
data collection. HPLC separation was carried out on a C18-column (Aqua 3u, 100 Å,
3 µm, 150 mm × 2.0 mm i.d.) from Phenomenex (Aschaffenburg, Germany) with a guard
column of the same material at a flow rate of 0.20 mL/min. The mobile phase consisted
of 2% aqueous acetic acid (v/v) (A) and acetonitrile (B). HPLC conditions for ESI-MS/MS
analysis were 0 min (20% B), 20 min (30% B), 40 min (50% B), 50 min (80% B), 55 min
(80% B), 60 min (20% B), and 70 min (20% B).

2.11. Spectroscopic Measurements

The isolated compounds were identified by one- and two-dimensional NMR spectro-
scopic experiments (1H, 13C, HSQC, HMBC) on a Fourier 300 spectrometer (Bruker Biospin,
Ettlingen, Germany) with a probe head at 300.1 (1H) and 75.5 (13C) MHz, respectively.
Samples were recorded in acetone-d6 and referenced to tetramethylsilane (TMS). Chemical
shifts δ are reported in parts per million [ppm], coupling constants J in Hertz [Hz].

2.12. Statistical Analysis

Experimental results were expressed as the mean value ± standard deviation (SD)
(n = 3). Statistical analyses were performed using the software OriginPro 2022 (OriginLab
Corporation, Northampton, MA, USA), version 9.9.0.225. The significance of difference
(p < 0.05) was assessed using ANOVA followed up by Tukey’s HSD test.

3. Results and Discussion
3.1. COSMO-RS-Supported Isolation of ε-Viniferin and Resveratrol by Two-Step HPCCC Separation

In order to obtain reference substances for the extraction experiments with natural
deep eutectic solvents, the stilbenoids ε-viniferin and resveratrol were isolated by HPCCC.
In the first step, the enrichment of the two target components was achieved by initial
pre-separation (separation A), as shown in Figure 2. For this pre-separation, the solvent
system consisting of n-hexane/ethyl acetate/methanol/water (1.0/2.0/1.0/2.0; v/v/v/v)
was used [49]. In total, 600 mg of Vineatrol®30 was separated by HPCCC in head-to-tail
mode within 70 min. The co-eluting ε-viniferin and resveratrol peak (Rt = 52–65 min,
VR = 236 mL, KD = 2.18) was collected and transferred after drying to separation B via
offline heart-cut. The separation factor α for the heart-cut fraction to previously peak with a
KD value of 1.60 was about 1.37 and resolution RS was 1.42.
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Figure 2. UV chromatogram monitored at λ 280 nm of the Vineatrol®30 HPCCC separation A
(black colored chromatogram) with the HEMWat system 1.0/2.0/1.0/2.0 (v/v/v/v) and separation B
(HEMWat system 1.0/1.5/1.0/1.5; v/v/v/v) after offline heart-cut (blue-colored chromatogram).

Subsequently, COSMO-RS was used to find a suitable solvent system for HPCCC
separation from the heart-cut fraction containing ε-viniferin and resveratrol. For this purpose,
the phase equilibria for the solvent systems 1–4 (cf. Table 1) were calculated by COSMO-RS
using the liquid-extraction module. Afterwards, the compound-specific KD values were
calculated (cf. Table 4).

Table 4. COSMO-RS-calculated KD values and separation factors [α] compared with experimental
KD values and HPCCC parameters of separation B (separation factor [α] and resolution [R].

Solvent Systems
Calculated by COSMO-RS Kvin Kres αvin/res Rvin/res

1 0.06 0.21 3.50 -
2 0.41 0.65 1.59 -
3 0.57 0.85 1.49 -
4 1.78 1.66 1.07 -

experimental values 0.44 0.85 1.94 1.75
vin: ε-viniferin, res: resveratrol.

The KD values of the target compounds in liquid–liquid countercurrent chromatogra-
phy should be in the range of 0.4 ≤ KD ≤ 2.5 [51]. The KD values for the ε-viniferin and
resveratrol of systems 2–4 were in the postulated range. System 4 was not used because its
α value of 1.07 was too small compared to systems 2 and 3. The calculated α value of the
pair, ε-viniferin/resveratrol, is smaller in system 3 compared to system 2, but due to the
higher calculated KD value of ε-viniferin (0.57), there should be no co-elution of any other
polar components from the heart-cut fraction. For this reason, the solvent system consisting
of n-hexane/ethyl acetate/methanol/water (1.0/1.5/1.0/1.5; v/v/v/v) (system 3) was used
for separation B.

By using system 3, 100 mg of the heart-cut fraction were separated by HPCCC in
head-to-tail mode, yielding a total of 60 fractions in elution mode. The HPCCC fractions
were screened by TLC and fractions were pooled based on the different compound spots
(cf. Supplementary Materials Figure S2). As shown in Figure 2, the dimer ε-viniferin
(fractions 18–72, VR = 69 mL, KD = 0.44) eluted at smaller retention volumes (VR) compared
to resveratrol (fractions 33–40, VR = 111 mL, KD = 0.85) in the HPCCC separation B. The α
value of the pair is 1.94 and baseline separation was achieved (RS = 1.75). The experimental
KD value [52] of ε-viniferin differed to those from the COSMO-RS calculation (∆ = 0.13),
but for resveratrol, the calculated KD value was equal to the experimental value. At this
stage, pure ε-viniferin (19 mg) and resveratrol (20 mg) with purities of 94% and 99%,
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respectively, were obtained using this two-step HPCCC separation method (UHPLC-UV
analysis λ 280 nm). The LC-ESI-MS and NMR spectral data of the two isolated compounds
are given in the Supplementary Materials Section S2. This COSMO-RS-supported two-step
HPCCC method is characterized by the fact that ε-viniferin and resveratrol were obtained
at high purities. The isolated amounts of ε-viniferin (3.2%) and resveratrol (3.3%) offer
good potentials for scale-up using all-liquid CCC devices with larger coil column volumes.
It was also shown that the COSMO-RS calculation can be used to support the isolation of
natural compounds by means of HPCCC.

3.2. COSMO-RS-Supported Selection of HBAs and HBDs for Stilbenoid Extraction

Different combinations of HBAs and HBDs have a tremendous influence on the
physicochemical properties of the NADES. These properties, such as polarity or solution
capability, will influence their extraction efficiency.

In this experimental approach, 52 NADES with four different HBAs (choline chloride,
betaine, glucose, and fructose) were selected in advance by the in silico method COSMO-RS
based on their ability to extract the stilbenoids resveratrol and ε-viniferin. The suitability of
HBA and HBD combinations as potential NADES extractants for resveratrol and ε-viniferin
was calculated using the COSMO-RS implemented activity coefficient γ. COSMOtherm
reports the activity coefficient as ln γ, and as this value becomes smaller, the tested combi-
nation of HBAs and HBDs is better able to solubilize and extract resveratrol and ε-viniferin,
respectively [29]. The calculations have been carried out with different molar ratios and wa-
ter contents for each combination of HBAs and HBDs. The heat map in Figure 3 displays a
portion of around 1200 different combinations. In this model for COSMOtherm, HBAs and
HBDs enter the calculation as solids for simplification, assuming that the mixture of both
substances, at a defined molar ratio and a certain water content, forms a supramolecular
liquid dissolving the target substances. Based on these calculations, the COSMOtherm heat
map (Figure 3) gives an overview for the solubility trend of resveratrol (A) and ε-viniferin
(B) in the respective NADES systems.

The heat map shows that NADES with betaine as the HBA gave higher solubilities
for the two stilbenoids than systems with choline chloride. In this respect, benzoic acid
(ln γ = −20.5), acetic acid (ln γ = −19.9), 1,2-propanediol (ln γ = −19.9), and lactic acid
(ln γ = −19.3) prove to be promising HBDs to prepare a suitable NADES with betaine as the
HBA, as they are able to solubilize, e.g., resveratrol. If choline chloride is used as the HBA in
these systems, then the activity coefficients of resveratrol for the respective donors increase
(HBDs: benzoic acid ln γ = −11.0, acetic acid ln γ = −8.8, 1,2-propanediol ln γ = −10.6,
and lactic acid ln γ = −7.4). The use of glucose and fructose as the HBAs does not lead
to good solubility results of stilbenoids in any of the combinations shown. According to
the COSMO-RS calculation, combinations with the HBDs 1,4-butanediol (ln γ = −6.9) or
1,2-propanediol (ln γ = −4.9) were most suitable for the extraction of resveratrol when
glucose is used as the HBA. The HBDs 1,4-butanediol (ln γ = −9.1) and 1,2-propanediol
(ln γ = −6.4) would be the most useful systems when fructose is used as the HBA. When
calculating the activity coefficients of ε-viniferin in the NADES systems, the same trend as
for resveratrol is observed. These effects could be explained by the calculated sigma profiles
of resveratrol and ε-viniferin (Supplementary Materials Figure S1). The sigma profiles of
the two stilbenoids were not significantly different, but ε-viniferin has an overall larger
COSMO surface area than resveratrol. Both stilbenoids have a large surface area in the
apolar region between ±0.01 e/Å2, indicating a hydrophobic character, and the maxima in
the polar region at −0.017 e/Å2 and 0.012 e/Å2 indicate the property to induce hydrogen
bonding. The calculated activity coefficients of both stilbenoids in the different extractants
are listed in Supplementary Materials Tables S2 and S3.
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Figure 3. Heat map of the activity coefficients ln γ calculated using COSMO-RS (25 ◦C) of (A) resver-
atrol and (B) ε-viniferin. The molar ratio for choline chloride and betaine-based systems is 3/1, while
that for glucose- and fructose-based systems is 1/3. The water content for all NADES is 0 wt%.
Abbreviations: AA, acetic acid; AdA, adipic acid; BA, benzoic acid; B, betaine; Bdiol, 1,4-butanediol;
Ch, choline chloride; CA, citric acid; Fru, fructose; Glu, glucose; Gly, glycerol; LA, lactic acid; MA,
malic acid; OxA, oxalic acid; Pdiol, 1,2-propanediol; Sor, sorbitol; Suc, sucrose; U, urea.

During a trial-and-error preparation of the NADES systems, it was found that some
combinations of HBAs and HBDs, such as betaine/benzoic acid or betaine/acetic acid,
could not be prepared as the substances recrystallized upon cooling. Moreover, the NADES
betaine/1,4-butanediol could only be prepared by adding 30 wt% H2O. These observations
were in line with previously reported studies showing that, for betaine-based NADES, even
a small amount of water is sufficient to form a NADES system. Frequently used NADES
with betaine as the HBA have a water content between 30 and 50 wt% [9,28].

For this reason, the NADES used in Section 3.5 represent a compromise between the
best possible solubility of the natural products calculated with COSMO-RS and their pro-
ducibility. A promising system for the extraction of stilbenoids was, therefore, the Ch/Pdiol
1/5 system, which could be prepared without water (lnresveratrol = −8.4, lnε-viniferin = −14.9).
In addition, the selected components were characterized by their wide availability and low
cost, as well as their renewability and biodegradability. Further studies on the manufactur-
ing of different NADES systems should be carried out to replace the experimental trial and
error essays with in silico methods, if necessary [53,54].

3.3. Choosing a Promising Extraction Method

Various extraction methods, e.g., maceration, an ultrasonic bath, and an ultrasonic
homogenizer, have been used for the extraction of natural substances from food by-
products, such as grapevines [6,55,56]. In previous research, resveratrol and ε-viniferin
were extracted with NADES using an ultrasound bath lasting 17–20 min [9–11]. A prelim-
inary test was performed to investigate which of the three processes out of maceration, an
ultrasonic bath, and an ultrasonic homogenizer is suitable for the extraction of grapevine
canes using NADES.
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The NADES system used was Ch/Pdiol 1/2, 20 wt% H2O. A water content of 20 wt%
was chosen for this system to reduce the viscosity, which results from the extensive
hydrogen-bonding network between the HBA and HBD [57].

This approach should allow a better comparison of the extraction methods. The
contents of resveratrol and ε-viniferin in the NADES extract, after using the three extraction
methods, maceration, an ultrasonic bath, and an ultrasonic homogenizer, can be seen in
Figure 4. The highest extraction yields of the two stilbenoids in the NADES extract were
obtained in 4.5 min using the ultrasonic homogenizer (4.12 ± 0.24 mg/g DW for resveratrol
and 3.01 ± 0.13 mg/g DW for ε-viniferin). The yields of the other two extractions with
the ultrasonic bath and with stirring were significantly lower (p < 0.05). For resveratrol,
only 2.60 ± 0.16 mg/g DW was obtained after extraction in the ultrasonic bath, and the
lowest yield for extraction under stirring was 0.85 ± 0.20 mg/g DW. Something similar
was observed for the different extraction methods of ε-viniferin.

Figure 4. Effect of different extraction methods on the extraction content of (A) resveratrol and
(B) ε-viniferin using the NADES system Ch/Pdiol 1/2, 20 wt% H2O (data are expressed as the mean
value ± SD; means in the group with different letters (a–c) differ significantly at p < 0.05, as measured
by Tukey’s HSD Test).

Therefore, to increase the extraction efficiency and ideally minimize the extraction
time, ultrasonic probe extraction was performed, which enhances the mass transfer of
extractables and increases the extraction rate and efficiency of NADES. Likewise, the
viscosity is lowered by the energy input of ultrasonic extraction, which also increases the
mass transfer. This is expected to shorten the extraction time, reduce the consumption of
NADES, and increase the extraction yield simultaneously [58].

3.4. Comparison of Extraction Selectivity of NADES Extract vs. Ethanol/Water Extract by
HPLC-ESI-MS/MS Measurements

The ultrasonic homogenizer was selected to assist the extraction of grapevine canes
with different NADES. The extraction selectivity of the NADES Ch/Pdiol 1/2, 20 wt%
H2O should first be tested in comparison to an ethanol/water mixture (80/20; v/v) as
the extraction agent. The HPLC-ESI-MS base peak chromatograms (negative mode, BPC
100-2000) of both extracts are shown in Figure 5.
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Figure 5. HPLC-ESI-MS base peak chromatogram (neg. mode, BPC 100-2000) of two grapevine cane
extracts (A) ethanol/water (80/20; v/v) and (B) Ch/Pdiol 1/2, 20 wt% H2O (both extracts were
obtained by ultrasonic-assisted extraction).

Six stilbenoids could be qualified in both extracts by ESI-MS/MS (Table 5). Trans-
resveratrol and trans-ε-viniferin were found to be the predominant stilbenoids in addition
to minor amounts of restrytisol, ampelopsin A, as well as two resveratrol-dimers. Both
extraction agents showed a similar selectivity, whereby two more compounds were ex-
tracted by using the NADES. These two compounds were a resveratrol-dimer (m/z 453)
and an unidentified compound with the pseudo-molecular ion m/z 431. Under these
aspects, the NADES Ch/Pdiol 1/2, 20 wt% H2O fulfilled the requirement to substitute
the ethanol/water mixture as the extractant of the grapevine canes, since the obtained
composition of the extract is comparable. Finally, we aimed to clarify whether the extraction
contents of resveratrol and ε-viniferin obtained after extraction with the different NADES
systems were comparable to those extracted with an ethanol/water mixture previously
used for the extraction of stilbenoids from grapevine canes.

Table 5. Representative HPLC-ESI-MS/MS profile of grapevine cane NADES extract obtained by
ultrasonic-assisted extraction (Ch/Pdiol 1/2, 20 wt% H2O).

Nr. Compound tR
[min]

Pseudo-Molecular Ion
[M-H]− m/z Fragment Ions m/z

1 Restrytisol 6.2 471 349, 255
2 Ampelopsin A 10.1 469 451, 363
3 trans-Resveratrol 18.1 227 185, 175, 159
4 Resveratrol-Dimer 28.3 453 435, 411, 359, 347, 289, 253, 225
5 ε-Viniferin 30.5 453 435, 411, 359, 347, 289, 253, 225
6 Resveratrol-Dimer 34.1 453 439, 383, 269
7 unknown 34.7 329 311, 293, 229, 211, 183, 171
8 unknown 40.2 565 387, 372, 357, 289,177
9 unknown 42.4 431 411, 365, 309

3.5. Extraction of Grapevine Canes with Selected NADES Based on In Silico Calculations by
COSMO-RS

Based on the results discussed in Section 3.3, a fast ultrasonic-assisted NADES extrac-
tion of the grapevine canes was performed. Additionally, COSMO-RS was used to model
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appropriate NADES from the large number of possible combinations of HBAs and HBDs
that could be used to extract the stilbenoids. The extraction contents of the stilbenoids,
resveratrol and ε-viniferin, predominant in the different NADES extracts from grapevine
canes, as well as their contents in the ethanol/water extract, were quantified within 7.2 min
by a rapid UHPLC-UV method, characterized by its low solvent consumption (Figure 6).

Figure 6. UHPLC-UV chromatogram of a NADES grapevine cane extract (Ch/Pdiol 1/5, 0 wt% H2O)
monitored at λ 306 nm.

For these extraction experiments, NADES systems with different activity coefficients
were selected to compare the obtained extraction contents of the two stilbenoids with the
activity coefficients ln γ calculated by means of COSMO-RS. The lower the activity coeffi-
cient of a compound calculated with COSMO-RS, the more soluble it is in the respective
NADES. In this way, the activity coefficient was used to determine a trend in advance,
which gives an indication of the different suitability of the NADES systems for extracting
resveratrol and ε-viniferin. Figure 7 shows the ln γ as well as the extraction contents of
resveratrol and ε-viniferin in different NADES. For this comparison, one NADES without
water (Ch/Pdiol 1/5) and three NADES with a 30 wt% water content each were selected
(B/Bdiol 1/1, B/Sor 1/1, and Glu/U 1/1). Furthermore, with Glu/U (1/1, 60 wt% H2O),
a system was included in which the NADES structure should not be formed [18]. This
comparison also includes three different HBAs and four different HBDs, so that it was also
possible to check how well the solubility trends of the stilbenoids in NADES with different
HBAs and HBDs could be calculated by COSMO-RS.

The comparison of calculated ln γ values by COSMO-RS and the experimental extrac-
tion contents of resveratrol and ε-viniferin in different NADES determined by UHPLC-UV
was statistically evaluated by Pearson’s coefficient r (α = 0.05). Due to the negative cor-
relation between ln γ and the experimental extraction contents of both stilbenoids, an
r value < −0.5 indicates a high level of correlation, where 0 indicates the absence of a
relationship. The ln γ values calculated with COSMO-RS, as well as the experimentally
determined values, show the following decreasing trend of the extractive suitability of
the NADES systems: Ch/Pdiol 1/5 > B/Bdiol 1/1 > B/Sor 1/1 > Glu/U 1/3 > Glu/U
1/1. The correlation coefficient for resveratrol is −0.91 and for ε-viniferin −0.95, so that
the COSMO-RS model could be used to reliably calculate the extractability of the various
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NADES. Furthermore, it could be confirmed that this method is able to select suitable
NADES from a variety of combinations of HBAs and HBDs to extract resveratrol and
ε-viniferin from grapevines canes. The extraction contents for resveratrol ranged from
0.55–3.96 mg/g DW and for ε-viniferin from 0.44–2.88 mg/g DW (complete experimental
data are shown in Supplementary Materials Table S9). The most suitable NADES for the
extraction of resveratrol were the systems with the polyalcohol as HBD Ch/Pdiol 1/5,
0 wt% H2O (3.96 ± 0.16 mg/g DW), and B/Bdiol 1/1, 30 wt% H2O (3.96 ± 0.08 mg/g DW),
which differed significantly from the other systems in their extraction yields, as shown
in Figure 8. The NADES system consisting of Glu/U 1/1, 60 wt% H2O has the lowest
extraction content for resveratrol (0.55 ± 0.10 mg/g DW). These results were consistent
with the experimental work of Chen et al., and Petit et al., who also reported that NADES
with polyalcohols as HBDs had the highest extraction contents of resveratrol [7,10].

Figure 7. Comparison of COSMO-RS-calculated ln γ values ( ) and measured extractions contents
(•) of (A) resveratrol and (B) ε-viniferin. Abbreviations: B, betaine; Bdiol, 1,4-butanediol; Ch, choline
chloride; Glu, glucose; Pdiol, 1,2-propanediol; Sor, sorbitol; U, urea.

The dimeric stilbenoid ε-viniferin was extracted significantly better with the Ch/Pdiol
1/5, 0 wt% H2O system 2.88 ± 0.21 mg/g DW, respectively. It was shown that the ability of
the NADES to extract resveratrol and ε-viniferin decreases with increasing water content in
the systems. In the NADES Glu/U (1/1, 60 wt% H2O), the hydrogen-bonding interactions
between the HBA and HBD become weaker, so a solvent with an aqueous character was
present that could poorly extract the stilbenoids [18]. The anhydrous NADES Ch/Pdiol 1/5
(e.g., ln γres = −8.42) extracted both resveratrol and ε-viniferin the best. Despite the water
content of 30%, the NADES B/Bdiol 1/1 (e.g., ln γres = −5.08) showed similar extraction
properties as Ch/Pdiol 1/5, although the COMSO-RS-calculated ln γ value was lower. This
could be explained by the fact that the addition of water slightly decreases the viscosity of
the NADES, thus increasing mass transfer, which was also observed by Wojeicchowski and
co-workers in the extraction of phenolic compounds from rosemary [59].
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Figure 8. Extraction content of (A) resveratrol and (B) ε-viniferin after extraction of grapevine
canes with ethanol/water (shaded) and various NADES systems (data are expressed as the mean
value ± SD; means in the group with different letters (a–e) differ significantly at p < 0.05, as measured
by Tukey’s HSD Test). Abbreviations: B, betaine; Bdiol, 1,4-butanediol; Ch, choline chloride; Glu,
glucose; Pdiol, 1,2-propanediol; Sor, sorbitol; U, urea.

By comparing the NADES extraction with the conventional ethanol/water extraction
(cf. Figure 8), it could be shown that the measured extraction contents for both resveratrol
and ε-viniferin did not differ significantly (p < 0.05). In further comparison to the four
times of extraction of the grapevine canes with the ethanol/water mixture (80/20; v/v), the
single NADES extraction with Ch/Pdiol 1/5, 0 wt% H2O, already showed its full potential
as an extractant, as 91% of both stilbenoids could be extracted with this system without the
optimizing of the extraction procedure.
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In the current work, a promising COSMO-RS-supported method for the simultaneous
ultrasonic-assisted NADES extraction of resveratrol and ε-viniferin from grapevine canes
was developed. In addition, COSMO-RS calculations have been shown to be a powerful
tool for modeling appropriate systems from the large number of possible combinations of
HBAs and HBDs. The trends of the solubility of the stilbenoids in these systems and the
resulting extraction capacity are reliably calculated with COSMO-RS. In subsequent work,
it would be of scientific interest to optimize the extraction parameters. Furthermore, there
is still a need to develop methods to remove NADES from the extracts, as a comprehensive
toxicological and regulatory evaluation of NADES extracts in food and cosmetics has not
yet been adequately performed. Increasing scientific interest in NADES extraction processes
is related to their direct-to-use application and their specified abilities for target extractions.
Through the COSMO-RS-supported selection of the starting compounds, such as the molar
HBA/HBD ratio or the water content, the properties of NADES, especially the polarity and
viscosity, can be adjusted. Thus, NADES can be tailored to the target compounds to be
extracted and the sample material, depending on the application.

4. Conclusions

This study has shown that COSMO-RS is a very suitable tool to replace the required
preliminary tests needed in the isolation of stilbenoids from grapevine canes by HPCCC
and their extraction with NADES. Based on an in silico-supported method for two-step
lab-scale isolation, the stilbenoids resveratrol and ε-viniferin were isolated from grapevine-
shoot extract in high purities by HPCCC. The scalability of the CCC technique allows it to
be used on a larger scale in the future. By using choline chloride/1,2-propanediol 1/5, 0
wt% H2O, a water-free NADES system was found, through the COSMO-RS calculations,
to be a sustainable and renewable extractant for grapevine canes, with high extraction
rates for resveratrol (3.96 ± 0.16 mg/g DW) and ε-viniferin (2.88 ± 0.21 mg/g DW). No
significant differences in the extraction yields of the two stilbenoids were observed between
the use of choline chloride/1,2-propanediol 1/5, 0 wt% H2O and the ethanol/water mixture
(80/20; v/v) as the extractants. These results could also be applied to the extraction of other
natural compounds from other side-streams of the food industry with NADES, so that the
sustainability of production increases due to a more complete utilization of the products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12224184/s1, Section S1: Calculated data by COSMOtherm,
Figure S1. Sigma profiles obtained by COSMOthermX of resveratrol and ε-viniferin, Table S1.
COSMOthermX phase equilibrium data for HPCCC solvent system selection at 20 ◦C with TZVPD-
FINE parametrization, Table S2. Activity coefficients ln γ calculated using COSMO-RS (25 ◦C) of
resveratrol in different NADES, Table S3. Activity coefficients ln γ calculated using COSMO-RS (25 ◦C)
of ε-viniferin in different NADES; Section S2: Calculation of countercurrent chromatographic separation
parameters, TLC screening of HPCCC fractions, ESI-MS/MS, and NMR data of isolated compounds,
Table S4. Compound-specific KD value from heart-cut fraction of HPCCC separation A, Table S5.
Target compound-specific KD values from HPCCC separation B, Figure S2. TLC analysis of the
HPCCC fractions, Table S6. ESI-MS/MS data of isolated compounds, Figure S3. Structure of trans-
resveratrol, Table S7. NMR data of trans-resveratrol, Figure S4. 1H-NMR spectrum of trans-resveratrol,
Figure S5. 13C-NMR spectrum of trans-resveratrol, Figure S6. HSQC spectrum of trans-resveratrol,
Figure S7. HMBC spectrum of trans-resveratrol, Figure S8. Structure of trans-ε-viniferin, Table S8.
NMR data of trans-ε-viniferin, Figure S9. 1H-NMR spectrum of trans-ε-viniferin, Figure S10. 13C-
NMR spectrum of trans-ε-viniferin, Figure S11. HSQC spectrum of trans-ε-viniferin, Figure S12.
HMBC spectrum of trans-ε-viniferin; Section S3: Experimental data of NADES extraction, Table S9.
Extraction contents of resveratrol and ε-viniferin in different extractants. References [35,50,52] are
cited in the Supplementary Materials.

https://www.mdpi.com/article/10.3390/foods12224184/s1
https://www.mdpi.com/article/10.3390/foods12224184/s1
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