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A B S T R A C T

Currently, one of the biggest challenges in viticulture is to valorize the huge amount of biomass, especially
grapevine waste. Subcritical water is a sustainable and eco-friendly method of extraction based on the use of
water as an extracting agent, corresponding to the strategy called "green chemistry". Application of a high
temperature and a high pressure maintains the water in its liquid form allowing polar and less polar compounds
to be extracted. Stilbenes are low-polarity compounds that normally require organic solvents for their extraction.
This study investigated the possibility of using a subcritical water process to extract complex stilbenes from three
vine co-products: cane, wood, and root. Various temperatures (100, 130, 160 and 190 °C) and contact times (5,
15 and 30min) were tested by accelerated solvent extraction (ASE). The highest stilbene yield was obtained at
160 °C and 5min for cane (3.62 g/kg dry mass), wood (9.32 g/kg dry mass) and root (12.1 g/kg dry mass). ASE
allowed the extraction of monomers, dimers, trimers and tetramers of stilbenes in similar amounts as with
conventional organic solvents. In addition, the subcritical extraction conditions led to the formation of an un-
common tetrameric stilbene, named vitisin F. The possibility of using “green chemistry” for extracting oligo-
meric stilbenes is a step forward in the search for alternatives to organic solvents.

1. Introduction

For several decades, viticulture has been a predominant economic
and societal activity, particularly in Europe. France, Italy and Spain are
among the largest producers of wine worldwide generating half of the
world's wine production, about 134 million hectoliters out of the 279
million hectoliters of wine (Eurostat, 2017). However, viticultural
practices are one of the most productive agricultural activities of ve-
getal waste (Valls et al., 2017). Indeed, grapevine canes are pruned
each year generating a large source of biomass. In France, about 1.4
million tons of grapevine canes per year are generated (FranceAgrimer,
2016) while the Castilla-La Mancha region in Spain produces about
1.15 million tons of cane (Sánchez-Gómez et al., 2014). The replace-
ment of vineyards also generates a large amount of grapevine wood and
root waste. The French vineyards generate about 0.4 million tons of this
biomass per year (ADEME, 2009; ATLAS, 2017). Currently, the diffi-
culty of storing byproducts as well as their reprocessing costs has made
waste management burdensome. To meet this challenge, the European

Parliament issued a directive stipulating that waste prevention is the
priority in waste management, and that waste recycling should be given
priority over energy re-use (European Parliament, 2008a). Thus, one of
the biggest challenges in agriculture is to create alternatives and va-
lorize the huge amount of biomass, especially in viticulture.

Recently, studies have shown innovative applications for vine co-
products. Extracts of grapevine canes showed in vitro antifungal activ-
ities against the three major vineyard diseases: Plasmopara viticola,
Botrytis cinerea and Erysiphe necator (Schnee et al., 2013). Focusing on P.
viticola infection, greenhouse and vineyard studies conducted with a
cane extract against downy mildew produced similar results to tradi-
tional treatments (Richard et al., 2016). Recent studies of the other
vegetative parts of the grapevine have demonstrated that wood and
root extracts are more active against downy mildew than cane extracts
(Gabaston et al., 2017). Furthermore, extracts of cane and roots exerted
an insecticidal activity against Spodoptera littoralis and Leptinotarsa de-
cemlineata (Gabaston et al., 2018; Pavela et al., 2017). Thus, the use of
viticultural co-products in the phytosanitary field has a promising
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future for valorization. Additionally, cane extracts have recently been
tested as alternatives to SO2 for winemaking and could be used in the
oenological field (Raposo et al., 2018). Canes were also tested as a
potential oenological additive as toasted chips in order to produce
wines with complexity in terms of flavor and taste (Cebrián-Tarancón
et al., 2018).

These activities are due notably to the presence of stilbenes in the
vegetative parts of the grapevine. Stilbenes are polyphenolic com-
pounds with a C6-C2-C6 structure that are derived from the secondary
metabolism of plants (Pawlus et al., 2012; Rivière et al., 2012). They
are particularly known for their antimicrobial properties and act as
phytoalexins (i.e. molecules produced by the plant to defend itself) in
certain families of plants (Jeandet et al., 2002). Recent work showed
the activity of oligomeric stilbenes present in grapevine against several
pathogens (Schnee et al., 2013). Vitisins A (r2-viniferin) and B (r-vi-
niferin), hopeaphenol and isohopeaphenol are tetramers that have de-
monstrated antifungal properties against downy mildew (Gabaston
et al., 2017). Another study also reported the efficacy of complex stil-
benes in reducing the growth of grapevine wood decay fungi (Lambert
et al., 2012). The presence of these complex stilbenes in active extracts
is therefore important and their extraction from viticultural co-products
is a major challenge.

At present, oligomeric stilbenes have been extracted from plant
materials by using traditional methods based on organic solvents owing
to their polarities. Solvents such as ethanol, methanol, acetone and
ethyl acetate have been widely used in conventional solid-liquid ex-
traction processes (Merken and Beecher, 2000). However, this excessive
consumption of organic solvents has a negative impact on the en-
vironment with the generation of toxic waste. Solvents can also impact
human health; for example, methanol was recently classified as a CMR
(carcinogenic, mutagenic, or toxic for reproduction) product (European
Parliament, 2008b). In addition, these traditional extraction methods
are generally time-consuming and labor-intensive (Choi et al., 2003).

Therefore, there is renewed interest in the use of sustainable and
environmentally friendly solvents as alternatives to organic solvents,
corresponding to a strategy called "green chemistry". These principles
tend to reduce the use of organic solvents in favor of clean solvents such
as water. One of the trends in ecofriendly polyphenol extraction tech-
niques is the use of subcritical water (García-Marino et al., 2006; Ju and
Howard, 2005). The method is based on the use of water as an ex-
tracting agent at a high temperature (between 100 and 374 °C) and a
high pressure to maintain water in its liquid form (Davidov-Pardo et al.,
2014). This combination of high temperature and pressure makes it
possible to modify the physicochemical properties of water by lowering
the dielectric constant and thus decreasing the water polarity
(Aliakbarian et al., 2012). As a result, the method can be used to extract
non-polar compounds. Some recent works have focused on the extrac-
tion of stilbenes with subcritical water from grapevine canes. Extraction
with water at increasing temperatures accompanied by ethanol as co-
solvent made it possible to obtain the monomer (E)-resveratrol and the
dimer (E)-ε-viniferin (Karacabey et al., 2012). A variation in tempera-
ture up to 100 C° and pressure up to 100 bars allowed the extraction of
(E)-resveratrol and its glycosylated form, (E)-piceid (Sánchez-Gómez
et al., 2014). However, the extraction of more complex stilbenes and
the determination of the optimal subcritical water conditions for stil-
benes remain unexplored.

The present study investigated the use of subcritical water process
to extract complex stilbenes from three vine co-products: cane, wood,
and root. The optimal extraction conditions were determined in terms
of temperature and extraction time. The possibility of using subcritical
water as an alternative to organic solvents for extracting oligomeric
stilbenes is discussed.

2. Materials and methods

2.1. Plant material

Grapevine canes, woods and roots were collected from the “Château
Rochemorin” vineyard in the region of Bordeaux (France) in 2017. We
used a Merlot cultivar grafted on a Riparia Gloire de Montpellier
rootstock. Each part was crushed once on an electric shredder (Bosch,
Stuttgart, Allemagne) and finely ground with a cutting mill (Fritsch,
Idar-Oberstein, Allemagne). Samples were stored in a dry place until
extraction.

2.2. Extraction procedure

Subcritical water extraction was carried out using an accelerated
solvent extraction (ASE) apparatus (Dionex Corporation, Sunnyvale,
CA). Extraction was performed at four different temperatures (100,
130, 160 and 190 °C) and three different times of extraction (5, 15 and
30min). All extractions were done with five grams of powder in a
34mL cartridge containing a fiberglass filter with the following para-
meters: pressure, 100 bars; cycle, 1; rinse volume, 30%; purge, 100 s;
extraction solvent, water. Controls were performed on the ASE appa-
ratus with five grams of samples and an ethanol-water mixture (85/15;
v/v) at 60 °C and one cycle of 5min. All extractions were carried out in
triplicate on grapevine cane, wood and root.

2.3. Chemicals and standards

Extractions with subcritical water were performed with purified
water from an Elga water purification system (High Wycombe, U.K.).
Control extractions were carried out with absolute ethanol purchased
from VWR (Fontenay-sous-bois, France). Analyses were performed with
LC–MS-grade acetonitrile (VWR, Fontenay-sous-bois, France), formic
acid (Fisher Scientific, Loughborough, U.K.) and HPLC-grade methanol
(Sigma-Aldrich, St Louis, MO). Standard isolations were carried out
with HPLC-grade acetonitrile and trifluoroacetic acid (TFA) obtained
from Sigma-Aldrich (St Louis, MO).

Stilbenes were purified as standards using a Varian Pro Star pre-
parative HPLC equipped with an Agilent Zorbax SB-C18 PrepHT
column (250mm x 21.2mm, 7 μm) and a diode array detector. Elution
was performed with a flow rate of 17mL/min with acidified water
(0.025% TFA) and acidified acetonitrile (0.025% TFA) with the fol-
lowing gradient: 20% B (0–5min), 20–45% B (5–35min), 45–55% B
(35–38min), 55–100% B (38–40min), 100% B (40–45min) 100 to 40%
B (45–48min). Purified standards were characterized by NMR and
spectral data were compared with those of the laboratory library.
Stilbenes obtained as standards were: E-piceid, E-piceatannol, E-re-
sveratrol, ampelopsin A, ampelopsin F, pallidol, E-parthenocissin A, E-ε-
viniferin, E-ω-viniferin, E-miyabenol C, E-ampelopsin E, viniferol E,
hopeaphenol, isohopeaphenol, ampelopsin H, vitisin A, vitisin B and
vitisin F. Purity was evaluated by UHPLC-DAD and was estimated to be
> 90%.

2.4. LC–MS Analysis

2.4.1. LC-DAD/ESI-IT
An UHPLC Agilent 1290 Series (Agilent Technologies, Santa Clara,

CA) apparatus equipped with an auto sampler module, a binary pump
with a degasser, a column heater/selector and a UV/Vis diode-array
detector (DAD) was used. The column was a 100mm×2.1mm i.d.,
1.8 μm, Zorbax SB-C18 with a 2.1 mm×5mm i.d. guard column
(Agilent Technologies, Santa Clara, CA). Elution was performed at a
flow rate of 0.4mL/min with acidified water (0.1% formic acid) as
solvent A and acidified acetonitrile (0.1% formic acid) as solvent B
using the following gradient: 17% B (0–0.4min), 17–30% B
(0.4–4.4min), 30–38% B (4.4–7.4min), 38–50% B (7.4–9.0min),
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50–100% B (9.0–10.0 min). An Esquire 6000 ion trap mass (IT) spec-
trometer (Bruker-Daltonics, Billerica, MA) with an electrospray ioni-
zation source (ESI) was coupled to the LC. The MS method was per-
formed as follows: negative mode (range of m/z 100−1200); drying
gas (nitrogen), 10 L/min; nebulizer pressure, 40 psi; temperature,
365 °C; capillary voltage, 3100 V; capillary exit voltage, -118.3 V;
skimmer voltage, −40 V; trap drive, 58.1. Grapevine extracts were
dissolved in methanol-water mixture (1/1; v/v) at 1mg/mL, filtered on
0.45 μm polytetrafluoroethylene (PTFE) and analyzed in triplicate.
Calibration and equation curves were obtained by injecting standards in
independent quintuplicates at several concentrations (0, 5, 10, 50,
100 μg/mL) according to Feinberg’s method (2001). Data were pro-
cessed with Bruker Data Analysis 3.2 software.

2.4.2. LC-DAD/ESI-Q-TOF
An UHPLC-DAD/ESI-Q-TOF system with an Agilent 1290 Infinity

(Agilent Technologies, Santa Clara, CA) apparatus equipped with an
UV/Vis diode-array detector (DAD) and an ESI-Q-TOF mass spectro-
meter (Agilent 6530 Accurate Mass) was used. Analyses were per-
formed on an Agilent Zorbax SB-C18 (100mm x 2.1mm x 1.8 μm)
column. Chromatographic elution was performed with a solvent system
consisting of acidified water (0.1% formic acid) as solvent A and
acidified acetonitrile (0.1% formic acid) as solvent B. Separation was
performed at a flow rate of 0.3 mL/min with the following gradient:
1–100% B (0–5min), 100% (5–6min) and 100 to 1% (6–7min). Mass
spectrometry analyses were carried out in negative mode. The drying
gas used was nitrogen at 9 L/min at 300 °C with a nebulizer pressure of
25 psi. Sheath gas flow and temperature were set at 11 L/min and
350 °C. Capillary voltage was 4000 V. Data processing was performed
with Mass Hunter Qualitative Analysis software.

2.5. Polarimetry

Optic rotation [α]D was performed with a Jasco P-2000 polarimeter
(Lisses, France) by dissolving 1.5mg of pure vitisin F in 1.5 mL of
methanol. Experiment was carried out in triplicate at 25 °C.

2.6. NMR Analysis

The nuclear magnetic resonance apparatus was a 600MHz Avance
III spectrometer equipped with a 5-mm TXI probe head with Z-gradient
coils (Bruker, Wissembourg, France). Pure compounds (1mg) were
dissolved in 200 μL of d4-methanol or acetone-d6 in 3-mm tubes. 1H-
NMR experiments were performed with a time domain (TD) of 32,768
real data point (32k) using a 16.0183 ppm (9610.98 Hz) spectral width
(SW), a relaxation delay (RD) set to 1.2 s and an required acquisition
time (AQ) of 1.704 s. For monodimensional NMR, the number of scan
(NS) was equal to 64. Molecular assignment were carried out by two-
dimensional 1H-1H COSY, 1H-1H ROESY, 1H-1H HSQC and 1H-1H HMBC
procedure. All 2D-experiments were achieved with a TD of 2048 real
data point x 256 increments with a SW of 14.0228 ppm (8413.68 Hz)
and 220.0000 ppm (132,000 Hz) in proton and carbon dimension re-
spectively, with NS equal to 64 and RD set to 1.2 s. Bruker Topspin
(v.3.2) software was used for 1D and 2D NMR spectra processing.

2.7. Statistical analyses

Three independent extractions were performed for each subcritical
water condition. Statistical analysis was performed with one-way
ANOVA followed by Newman-Keuls multiple comparison post hoc tests
using GraphPad Prism software. Significant differences were re-
presented by different letters.

3. Results and discussion

3.1. Characterization of grapevine by-products

According to the nature of the extracts, 18 different stilbenes were
determined by UHPLC-DAD-MS thanks to their retention times, the UV
spectra, and the molecular ions (Supplementary data, Table S1). All
data were correlated with the standards present in the laboratory and
literature data bank (Gorena et al., 2014; Moss et al., 2013). An NMR
structural analysis of each compound was performed to rule out any
possibility of ambiguity on isomers such as hopeaphenol and iso-
hopeaphenol (Supplementary data, Table S1). Thus, several stilbenes
with different degrees of polymerization were characterized; (E)-piceid,
(E)-piceatannol and (E)-resveratrol as monomers; ampelopsin A, am-
pelopsin F, pallidol, (E)-parthenocissin A, (E)-ε-viniferin and (E)-ω-vi-
niferin as dimers; miyabenol C and ampelopsin E as trimers; viniferol E,
hopeaphenol, isohopeaphenol, ampelopsin H, vitisin A (r2-viniferrin)
and vitisin B (r-viniferin) as tetramers. These compounds are the main
stilbenes already identified in vine by-products by using conventional
organic solvents for extraction (Gabaston et al., 2017). In addition, an
uncommon tetramer was isolated from the root parts in subcritical
water conditions. Each identified compound was then quantified by
UHPLC-DAD in the different extracts according to its own equation
curve established at its maximum of absorption (Biais et al., 2017).

3.2. Optimal conditions of subcritical water procedure

We sought to establish the optimal subcritical water extraction
conditions in terms of temperature and extraction time. A control was
performed by using conventional organic solvents such as ethanol
(Billet et al., 2018; Gabaston et al., 2017; Vergara et al., 2012). An
extended temperature range from 100 to 190 °C with steps at 130 and
160 °C was chosen. With canes and using an extraction time of 5min,
stilbene yields increased from 1.24, 2.39, 3.62 g/kg dry mass at 100,
130 and 160 °C respectively and then decreased to 2.77 g/kg dry mass
at 190 °C (Fig. 1A). With times of 15 and 30min, there was an increase
from 100 to 130 °C followed by a plateau at 160 °C and a decrease at
190 °C. Regarding wood and roots, a similar phenomenon was observed
at the times of 5, 15 or 30min with a significant increase in stilbene
extraction from 100 °C to 160 °C (Fig. 1B and C). A plateau was ex-
hibited from 160 °C to 190 °C at 5 and 15min and a decrease in effi-
ciency at 30min. Overall, the extractability of total stilbenes increased
from 100 to 160 °C in grapevine canes, wood and roots, followed by a
plateau or a decrease in yield at 190 °C. An extraction temperature of
160 °C appeared to be optimal.

Concerning the extraction time, a contact between water and plant
material at 5, 15 and 30min were applied. In cane, yields were similar
at 5, 15 and 30min at 100 °C (1.24, 1.29 and 1.40 g/kg dry mass, re-
spectively) and at 130 °C (2.39, 2.41 and 2.28 g/kg dry mass, respec-
tively). However, with a temperature of 160 °C or 190 °C, 5min of ex-
traction produced a greater yield than 15 and 30min (Fig. 1A). In roots,
yields were similar with 5, 15 and 30min of extraction at 100 and
130 °C. The optimal yield was obtained from 5min of extraction at 160
and 190 C° (Fig. 1C). With wood, the extraction time had less influence
since the total yield was the same with 5, 15 and 30min extraction. This
was the case at 100, 130 and 160 °C. At 190 °C, a time of 5 and 15min
provided the same amount of stilbenes whereas the yield was decreased
at 30min (Fig. 1B). The contact time between the water and the ma-
terial had less impact at low temperatures than with 5min of extraction
at high temperatures. In addition, a longer contact time did not allow
more stilbenes to be extracted. Thus, the optimal conditions for ex-
tracting stilbenes were a temperature of 160 °C and an extraction time
of 5min.

Furthermore, the high temperature (190 °C) combined with a long
contact time (15 and/or 30min) seemed to have a detrimental effect on
the stilbenes as the total content decreased. It is well-known that
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polyphenols, especially resveratrol, are easily degradable owing to their
susceptibility to oxidization. A study on the stability of resveratrol
showed that increased temperatures at 125 °C, 150 °C and 175 °C re-
sulted in 17%, 39% and 70% lower yields, respectively (Liazid et al.,
2007). There have been similar findings with other polyphenols such as
lignans, for which an increase in temperature at 180 °C in subcritical
water extraction was correlated with a decrease in yield due to their
degradation (Kanmaz, 2014). Likewise, a study on the subcritical water
extraction of anthocyanins and total phenolics from grape skin reported
the degradation of polyphenols from 130 to 160 °C (Ju and Howard,
2005).

Compared to the control, the total stilbene yield from canes and
roots was slightly higher with the use of a conventional solvent while
no significant difference was found for wood with subcritical water
extraction (Fig. 1). The difference could be due to the extractability of
some compounds, thereby impacting the total stilbene content.

3.3. Extraction of complex stilbenes by subcritical water

The possibility of using subcritical water as a new method for ex-
tracting complex stilbenes was investigated in this study. Grapevine
canes are known to be rich in monomeric and dimeric stilbenes
(Lambert et al., 2013) so they were an ideal choice for the first test of
subcritical water conditions. The control composed of conventional
organic solvents with a hydro-alcoholic mixture confirmed the litera-
ture data with the extraction mostly of resveratrol (1.54 g/kg dry mass)
and Ɛ-viniferin (0.99 g/kg dry mass) (Table 1). Using the optimal sub-
critical water conditions that we found, i.e. 160 °C at 5min, resveratrol
was extracted at 1.30 g/kg dry mass and Ɛ-viniferin at 0.66 g/kg dry
mass, which are values in the same range as those of the control. Similar
results have already been reported with extraction from grapevine cane
of resveratrol at 1.95 g/kg dry mass and Ɛ-viniferin at 0.49 g/kg dry
mass at 160 °C with water and ethanol as co-solvent (7.4%) (Karacabey
et al., 2012). Furthermore, the extraction of several compounds such as
ampelopsin F, parthenocissin A and vitisin A was difficult at 100 and
130 °C, with low yields from cane. However, increasing the temperature
and the extraction time allowed to improve the extractability of the
complex stilbenes such as the dimers ampelopsin F and parthenocissin
A as well as the tetramers hopeaphenol and isohopeaphenol (Table 1).

Grapevine wood extracted by hydroalcoholic solution was also
found to be a source of resveratrol (2.35 g/kg dry mass) and Ɛ-viniferin
(2.72 g/kg dry mass), as well as tetrameric stilbenes such as vitisin B

Fig. 1. Total stilbene content (g/kg dry mass) obtained by subcritical water
extraction with different temperatures (100 °C, 130 °C, 160 °C and 190 °C) and
extraction times (5min, 15min and 30min). A. Extraction from grapevine cane.
B. Extraction from grapevine wood. C. Extraction from grapevine root. Different
letters indicate significant difference according to one-way ANOVA followed by
Newman Keuls multiple comparison post hoc tests.

Table 1
Stilbene content (g/kg dry mass) obtained in grapevine cane by subcritical water procedure.

100° 5' 100° 15' 100° 30' 130° 5' 130° 15' 130° 30' 160° 5' 160° 15' 160° 30' 190° 5' 190° 15' 190° 30' Control

Monomers
piceid 0.03 0.03 0.03 0.04 0.05 0.05 0.07 0.07 0.07 0.06 0.05 0.04 0.03
piceatannol 0.13 0.15 0.17 0.23 0.23 0.22 0.29 0.18 0.13 0.12 0.05 0.03 0.28
resveratrol 0.50 0.54 0.61 0.97 1.02 0.95 1.30 0.88 0.65 0.70 0.31 0.23 1.54

Dimers
ampelopsin A 0.11 0.14 0.16 0.21 0.21 0.20 0.24 0.18 0.22 0.29 0.16 0.11 0.11
ampelopsin F NQ NQ NQ NQ NQ NQ 0.13 0.18 0.36 0.41 0.36 0.43 0.03
pallidol 0.04 0.04 0.05 0.07 0.07 0.07 0.10 0.11 0.08 0.08 NQ NQ 0.08
parthenocissin A NQ NQ NQ NQ 0.03 0.04 0.09 0.12 0.20 0.24 0.15 0.12 0.05
Ɛ-viniferin 0.21 0.20 0.20 0.46 0.40 0.37 0.66 0.34 0.30 0.28 0.07 0.08 0.99
ω-viniferin 0.01 0.01 0.02 0.03 0.04 0.04 0.08 0.04 0.04 0.04 NQ 0.25 0.07

Trimer
miyabenol C 0.01 0.01 0.01 0.02 0.02 NQ 0.04 0.03 NQ NQ NQ NQ 0.08

Tetramers
viniferol E 0.03 0.02 0.03 0.06 0.05 0.06 0.07 0.06 0.14 0.11 NQ NQ 0.08
hopeaphenol 0.07 0.06 0.06 0.13 0.14 0.14 0.24 0.20 0.34 0.32 0.16 0.11 0.28
isohopeaphenol 0.04 0.03 0.03 0.06 0.06 0.06 0.10 0.07 0.12 0.10 0.05 NQ 0.09
ampelopsin H 0.04 0.03 0.01 0.05 0.02 0.03 0.06 0.03 0.04 NQ NQ NQ 0.09
vitisin A NQ NQ NQ 0.02 0.03 0.03 0.08 0.05 0.06 0.01 NQ NQ 0.05
vitisin B 0.01 0.01 0.01 0.05 0.04 0.02 0.08 0.02 NQ NQ NQ NQ 0.34

TOTAL 1.24 1.29 1.40 2.39 2.41 2.28 3.62 2.56 2.74 2.77 1.36 1.40 4.20

ND means not detected. NQ means detected but not quantified because of low levels.
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(0.96 g/kg dry mass) and isohopeaphenol (0.87 g/kg dry mass)
(Table 2). Subcritical water (160 °C, 5min) made it possible to extract
resveratrol at 2.11 g/kg dry mass and Ɛ-viniferin at 1.83 g/kg dry mass,
confirming previous results on canes. In addition, subcritical water
(190 °C and 5min) strongly extracted polar dimers from wood such as
ampelopsin F (1.61 g/kg dry mass) and parthenocissin A (1.4 g/kg dry
mass), values 10- and 5-fold higher than with the control (0.12 and
0.23 g/kg dry mass, respectively). Regarding the more complex stil-
benes, isohopeaphenol was extracted almost 2-fold more (1.45 g/kg dry
mass) with subcritical water (160 °C, 30min) than in conventional
conditions (Table 2). However, vitisin B was extracted much less
(0.12 g/kg dry mass). In fact, vitisin B was the most nonpolar stilbene in
this study, highlighting the potential limitations of a method using
water exclusively as solvent. Furthermore, as previously mentioned,
low temperatures like 100 °C seemed to be less efficient than the highest
temperatures such as 160 °C, with a 3-fold lower yield.

Concerning roots, they are known to be a rich source of oligomers of
stilbenes and especially tetramers (Gabaston et al., 2017). The control

allowed us to extract mainly vitisin B (8.33 g/kg dry mass), vitisin A
(2.11 g/kg dry mass) and hopeaphenol (1.52 g/kg dry mass) (Table 3).
Subcritical water extraction provided 2.14 g/kg dry mass (160 °C and
5min) of vitisin A and 2.23 g/kg dry mass (190 °C and 15min) of
hopeaphenol, showing yields were similar between subcritical water
and organic solvents. Concordant results were obtained on grape seeds
from winery by-products with high yields of flavanol dimers and tri-
mers at 150 C°, underlining the efficacy of subcritical water for com-
pounds that have a high degree of polymerization (García-Marino et al.,
2006). Unfortunately, the extraction of vitisin B with subcritical water
(1.64 g/kg dry mass) was 5-fold lower than with the hydroalcoholic
extract (Table 3). However, the amount of vitisin A and vitisin B de-
creased from 160 °C to 190 C° while the yield of an uncommon tetramer
increased, so vitisin A and vitisin B may have been transformed at high
temperature and with a long extraction time.

Table 2
Stilbene content (g/kg dry mass) obtained in grapevine wood by subcritical water procedure.

100° 5' 100° 15' 100° 30' 130° 5' 130° 15' 130° 30' 160° 5' 160° 15' 160° 30' 190° 5' 190° 15' 190° 30' Control

Monomers
piceid 0.07 0.11 0.12 0.18 0.15 0.16 0.18 0.18 0.20 0.19 0.16 0.12 0.09
piceatannol 0.01 NQ NQ NQ NQ 0.02 0.10 0.08 0.07 0.08 0.04 NQ 0.07
resveratrol 0.57 0.78 0.85 1.69 1.45 1.50 2.11 1.84 1.57 1.61 1.08 0.69 2.35

Dimers
ampelopsin A 0.22 0.29 0.32 0.57 0.50 0.52 0.56 0.51 0.37 0.32 0.25 0.31 0.42
ampelopsin F 0.05 0.08 0.08 0.18 0.18 0.25 0.41 0.85 1.35 1.61 1.53 1.12 0.12
pallidol 0.16 0.22 0.26 0.53 0.48 0.50 0.65 0.67 0.67 0.63 0.51 0.33 0.40
parthenocissin A 0.08 0.11 0.13 0.30 0.30 0.39 0.62 0.95 1.20 1.43 1.20 0.66 0.23
Ɛ-viniferin 0.31 0.40 0.39 1.25 1.12 1.12 1.83 1.53 0.96 0.72 0.40 0.26 2.72
ω-viniferin 0.05 0.07 0.07 0.22 0.20 0.19 0.33 0.29 0.23 0.18 NQ NQ 0.37

Trimer
miyabenol C 0.02 0.03 0.02 0.09 0.07 0.08 0.14 0.12 0.09 0.07 NQ NQ 0.20

Tetramers
viniferol E 0.08 0.09 0.09 0.19 0.18 0.19 0.24 0.34 0.34 0.32 0.25 0.18 0.22
hopeaphenol 0.14 0.16 0.15 0.43 0.37 0.40 0.61 0.77 0.80 0.76 0.86 0.60 0.69
isohopeaphenol 0.24 0.30 0.29 0.78 0.71 0.79 1.13 1.36 1.45 1.27 1.33 0.95 0.87
ampelopsin H 0.03 0.03 0.04 0.08 0.07 0.09 0.14 0.14 0.17 0.22 0.26 0.14 0.18
vitisin A 0.01 0.02 0.02 0.07 0.08 0.08 0.16 0.18 0.13 0.07 0.03 0.06 0.24
vitisin B 0.03 0.03 0.03 0.12 0.10 0.07 0.12 0.07 0.02 0.02 0.02 NQ 0.96

TOTAL 2.07 2.74 2.87 6.66 5.97 6.34 9.32 9.88 9.60 9.50 7.93 5.43 10.14

ND means not detected. NQ means detected but not quantified because of low levels.

Table 3
Stilbenes content (g/kg dry mass) obtained in grapevine root by subcritical water procedure.

100° 5' 100° 15' 100° 30' 130° 5' 130° 15' 130° 30' 160° 5' 160° 15' 160° 30' 190° 5' 190° 15' 190° 30' Control

Monomers
piceid 0.07 0.10 0.11 0.15 0.13 0.16 0.21 0.20 0.21 0.19 0.20 0.15 0.10
piceatannol 0.03 0.04 0.05 0.07 0.05 0.06 0.09 0.08 0.08 0.07 0.04 0.00 0.08
resveratrol 0.13 0.18 0.19 0.38 0.27 0.33 0.52 0.44 0.43 0.42 0.30 0.19 0.57

Dimers
ampelopsin A 0.25 0.43 0.44 0.60 0.72 0.72 1.10 0.61 0.43 0.35 0.23 0.21 0.58
ampelopsin F 0.05 0.09 0.09 0.14 0.21 0.31 0.41 0.45 0.48 0.57 0.67 0.46 0.13
pallidol 0.02 0.05 0.05 0.08 0.08 0.09 0.15 0.13 0.13 0.12 0.11 0.09 0.09
parthenocissin A 0.04 0.08 0.08 0.15 0.25 0.30 0.60 0.52 0.60 0.71 0.63 0.36 0.17
Ɛ-viniferin 0.06 0.08 0.07 0.18 0.16 0.17 0.35 0.22 0.15 0.15 0.08 0.04 0.51

Trimer
ampelopsin E 0.02 0.02 0.02 0.05 0.07 0.04 0.12 0.05 0.02 0.00 0.00 0.00 0.28
Tetramers
viniferol E 0.13 0.18 0.17 0.31 0.34 0.36 0.77 0.82 1.12 0.00 0.00 0.00 0.51
hopeaphenol 0.33 0.44 0.39 0.82 0.88 0.85 1.93 1.48 1.76 2.09 2.23 1.35 1.52
isohopeaphenol 0.11 0.14 0.13 0.29 0.31 0.30 0.57 0.42 0.38 0.35 0.37 0.23 0.45
ampelopsin H 0.06 0.07 0.06 0.15 0.14 0.15 0.31 0.23 0.25 0.27 0.30 0.15 0.30
vitisin A 0.15 0.22 0.22 0.50 0.77 0.68 2.14 1.18 0.65 0.78 0.36 0.15 2.11
vitisin B 0.26 0.36 0.32 0.73 0.77 0.44 1.64 0.46 0.28 0.28 0.37 0.11 8.33
vitisin F NQ NQ NQ NQ 0.13 0.29 1.16 1.75 3.07 3.84 4.14 2.28 ND

TOTAL 1.72 2.49 2.38 4.60 5.30 5.24 12.1 9.03 10.0 10.2 10.0 5.78 15.73

ND means not detected. NQ means detected but not quantified because of low levels.
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3.4. Subcritical water marker compound

This study led to the identification of a compound present only in
subcritical water conditions in roots (Fig. 2). A molecular formula of
C56H42O12 was determined by UHPLC-DAD-QTOF. Optic rotation
showed [α]D + 153.6° (MeOH; c 0.1) by polarimetry. The negative-
mode HRMS spectrum exhibited a quasi-molecular [M−H]− ion at m/z
905.2624 with Δppm=2.49 (predicted: 905.2676). The MS/MS frag-
mentation pattern showed main fragments at m/z 811, 799, 545, 450
and 359, suggesting a stilbene tetramer. Its structure was elucidated by
using mono- and bi-dimensional NMR (COSY, ROESY, HSQC, HMBC)
spectra (Table 4, Supplementary data, Figure S1). The NMR data were
corroborated with a tetrameric stilbene obtained by biosynthetic reac-
tions (Takaya et al., 2002). This uncommon tetramer was derived from
vitisin A by applying an acid-catalyzed reaction using sulfuric acid in
methanol on pure vitisin A. These results seemed to be in agreement
with our findings. Indeed, we found that vitisin A was mainly extracted
at 160 °C and 5min (2.14 g/kg dry mass) but decreased when the
temperature increased to 190 °C and 15min (0.36 g/kg dry mass).
Conversely, the uncommon tetramer was increasingly extracted from
roots at 1.75 g/kg dry mass (160 °C, 15min), 3.07 g/kg dry mass
(160 °C, 30min), 3.84 g/kg dry mass (190 °C, 5min) and 4.14 g/kg dry
mass (190 °C, 15min) (Table 3). High temperature and pressure asso-
ciated with long contact time seemed to give rise to this compound by
transformation of vitisin A. In addition, it is likely that this tetramer is
derived from vitisin B. In fact, vitisin B was already found to be
transformed into vitisin A when in contact with organic solvent (Keylor
et al., 2015). Therefore, the decrease in vitisin B was thought to be due
to its conversion to vitisin A, which then became the uncommon tet-
ramer. Thus, this is the first time that this uncommon tetramer, which
we call vitisin F, has been obtained from a natural matrix. Furthermore,
this surprising finding strongly suggested that stilbene transformation
can be obtained by an eco-friendly sustainable system like subcritical
water instead of using chemical reactions established with base or acid.
To test this hypothesis, experiments were performed on pure vitisin A at
the subcritical conditions of 190 °C and 15min contact time. As pre-
dicted, some of the pure vitisin A was converted into vitisin F, as well as
into other minor products, thus confirming the potential of subcritical
water for ecological transformation (Supplementary data, Figure S2).

Fig. 2. Structure of uncommon stilbene named vitisin F obtained from grapevine root by subcritical water procedure.

Table 4
NMR data of vitisin F obtained from grapevine root by subcritical water pro-
cedure (d4-methanol).

No. δH (J in Hz) δC

1a 130
2a,6a 7.15 d (8.5) 129.4
3a, 5a 6.73 d (8.5) 114.7
4a 157.3
7a 5.59 d (12.0) 87.3
8a 4.02 d (12.0) 47.7
9a 140.4
10a 5.85 d (2.0) 105.5
11a 155.2
12a 5.64 d (2.0) 100.4
13a nd
14a 119.7
1b 135
2b, 6b 7.01 d(8.5) 128.3
3b, 5b 6.61 d (8.5) 114.0
4b 154.2
7b 5.30 d (4.2) 40.0
8b 5.45 d (4.2) 40.5
9b 140.8
10b 119.0
11b 158.9
12b 6.06 d (2.0) 94.8
13b 156.8
14b 6.04 d (2.0) 108.9
1c 130.3
2c 6.98 dd (8.5, 2.0) 125.5
3c 6.79 d (8.5) 114.0
4c 154.5
5c 134.2
6c 5.91 d (2.0) 132.2
7c 3.72 d (2.0) 44.8
8c 3.17 d (2.0) 58.1
9c 145.8
10c 6.20 d (2.1) 103.2
11c 156.7
12c 5.95 d (2.1) 100.2
13c 156.2
14c 112.0
1d 135.2
2d, 6d 6.70 d (8.5) 128.6
3d, 5d 6.56 d (8.5) 113.8
4d 154.2

(continued on next page)
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4. Conclusions

Stilbenes present in grapevine by-products were preferentially ex-
tracted under subcritical water conditions at 160 °C with a contact time
between water and plant material of 5min. This innovative extraction
method was used to extract monomeric, dimeric, trimeric and tetra-
meric stilbenes in the same order of magnitude as conventional organic
solvents. Conditions of subcritical water can also be modulated in order
to target some specific compounds. Indeed, to maximize the con-
centration of total stilbenes from the different co-products as well as to
enrich extracts in vitisins A and B from grapevine roots, temperature at
160 °C and extraction time at 5min should be performed. However, in
order to obtain an extract highly concentrated in oligomers such as
hopeaphenol and isohopeaphenol, 160 °C and 30min might be re-
commended for canes and wood, and 190 °C and 15min for root.
Furthermore, the application of a high temperature (190 °C) and a long
extraction time could lead to the modification or degradation of stil-
benes. Subcritical water is a promising method for extracting complex
stilbenes and is a step forward in the search for alternatives to organic
solvents.
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No. δH (J in Hz) δC
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