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Abstract

A simple and rapid HPLC method has been developed for simultaneous determination of the four resveratrol forms (aglycon and glycosidic)
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n a Grenache wine from Châteauneuf du Pape (Vaucluse). These analyses were achieved by using two commercial monolith HPLC
nd diode array detection. The method provided reliable separations at low pressure with a short analysis time. The limit of dete
nd limit of quantification (LQ) were calculated for each standard. The molecules were separated and quantified in a single run w
urification of the sample.
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. Introduction

The substance, known as resveratrol, is one of a group of
ompounds (called phytoalexins) that are produced in plants
uring times of environmental stress such as adverse weather
r insect, animal or pathogenic attack[1]. Resveratrol (3,5,4′-

rihydroxystillbene) is a naturally occuring polyphenol with
wo isomers.trans- andcis-resveratrol have been shown to
xist in wine as both the aglycon and the bound glucoside
piceid) (Fig. 1). Stilbenes occur in many plants[2] but
rapes and related products are considered the most impor-

ant dietary sources of these substances[3,4]. It has been
stablished that resveratrol is synthesized and located in the
kin but not in the fleshy part of the berries ofVitis vinifera.
t is not surprising that red wines have greater levels of these
our resveratrol derivatives[5–11].

∗ Corresponding author. Fax: +33 4 90 14 44 33.
E-mail address:valerie.tomao@univ-avignon.fr (V. Tomao).

The protective effects offered to humans by moderate
sumption of red wine may be related, in part, to the leve
trans-resveratrol[12]. However, other natural polypheno
antioxidant species may contribute to this effect. The po
tial benefits could be due to resveratrol’s ability to inh
LDL oxidation [13,14], the initial stage of the pathogene
of arteriosclerosis, and the aggregation of platelets[15,16].
Resveratrol could also have chemo preventive effects ag
cancer[17,18].

Numerous methods have been described to determin
concentration of the four resveratrol derivatives in wine.
methods employed are varied in their analytical princip
Organic solvent extraction[5,10,19], solid phase extractio
[20–26]and direct injection[7,8,11,27]techniques have be
used prior to resolution of resveratrol isomers by GC
HPLC. Most GC methods require a derivatization step be
column application by flame ionization or mass spectrom
detection[9,28]. Currently, HPLC detection procedures
based upon UV absorption[8,11,29,30], fluorimetry[31–34],
electrochemistry[35] and mass spectrometry[36–37].
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Chemical structures of resveratrol and piceid isomers.

Additionally, an LC-MS/MS method has been developed
[38].

A conventional RP18 column with diode array detection
has proved to be the most appropriate technique for the sepa-
ration oftrans- andcis-resveratrol[39] or of the four isomers
[40]. However, the majority of these methods require rather
long analysis times[27,41–43].

The present paper reports a simple and fast method for
the determination of the four resveratrol derivatives in must
and wine of the Grenache variety by direct injection using
monolithic columns and diode array detection. Monolithic
supports, consisting of a single piece of porous material,
are now available. Monolithic silica technology attracts the
interest of researchers because of their various advantages
[44–48].

2. Experimental

2.1. Reagents and standards

Acetonitrile, methanol and water, of HPLC grade, and
acetic acid were supplied by VWR International (Darmstadt,
Germany).Trans-resveratrol was acquired from Sigma (Saint
Louis, MO, USA).
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2.3. Wine analyses

Wines samples were filtered through a 0.2�m cellulose
regenerated filter (Alltech Associates, Deerfield, IL, USA)
and then injected. For each wine, analyses were performed
in triplicate immediately after bottle opening.

2.4. HPLC analysis

The analyses were performed using a Waters (Milford,
MA, USA) liquid chromatograph equipped with a Model
600 pump and a Model 600 gradient controller, to which
were connected a Model 717 auto sampler and a Model 996
photodiode-array detector. The columns were a series of two
Chromolith Performance RP-18e (100 mm× 4.6 mm, I.D.)
from VWR International. The work is done by means of
coupled columns which features a theorical plate number suf-
ficient to separate the four forms of resveratrol. All runs were
acquired and processed using Millenium32software (Waters).

The injection volume was 20�l. The solvent system used
was a gradient of (A) water–acetic acid (94:6) (v/v) and (B)
water acetonitrile–acetic acid (65:30:5) (v/v/v). The elution
gradient is shown inTable 1. Use of monolithic columns
permitted mobile phase flow-rate of up to 7 ml/min to be
employed in the assays. Increasing the mobile phase flow rate
to 7 ml/min significantly increased the speed of the assay and
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.2. Wine samples

Wines were made by the Viti-RD Company in Villete
Hérault, France) from grapes of Grenache, hand harv
n vineyard of Cĥateauneuf du Pape vineyards (Vauclu
rance) in 2002. After crushing and destemming, the gr
nd musts were placed in a stainless steel tank, tr
ith sulfur dioxide (0.03 g/l) and inoculated with act
ry wine yeast (0.10 g/l ICV K1). The alcoholic ferme

ation was followed by the measure of the density. B
ressed and free-run juices were assembled and ferm
y addition of lactic bacterium. After completion of fe
entation, the wine was racked, filtered and sulfur dio

0.05 g/l) was added prior to bottling and stored at 15◦C in
he dark.
onsequently reduced the run time.
Spectrophotometric detection, covering the UV–vis ra

f 200–310 nm was performed with a resolution of 1.2
nd the quantitation was carried out at 285 and 306 nm (w
is- and trans-isomers have absorbance maximum, res
ively).

.5. Calibration

For thetrans-resveratrol the calibration curves were dra
rom various standard solutions prepared by diluting a s
olution of 200 mg/l oftrans-resveratrol in methanol, su
hat they cover a range of concentration between 0.1 mg
0 mg/l. All the solutions were stored at 4◦C and protecte

rom light.
For the calibration of thecis-resveratrol, since its comme

ial standard is not available, working standard solution
rans-resveratrol were taken and left in daylight for a per
f 1 h. The exposure to light causes thetrans-resveratrol to
e partially converted intocis-resveratrol (80–90% oftrans-
esveratrol was converted tocis-resveratrol).

able 1
olvent and flow rate gradients

ime (min) Flow rate (ml/min) A (%) B (%

4.00 85 15
0 7.00 70 30
7 7.00 20 80
8 7.00 0 100
0 4.00 85 15
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For the irradiation solution, decreased levels of intensity
for thetrans-resveratrol peak was proportional to the area of
the new peak corresponding tocis-resveratrol.

Since no other peaks were detected under these conditions,
the concentrations ofcis-resveratrol were assigned on the
basis of the decrease observed fortrans-resveratrol following
the 1 h period of irradiation.

The quantitation oftrans-piceid andcis-piceid was based
on the assumption of identical molar extinction coefficients
of trans-resveratrol andcis-resveratrol at 306 and 285 nm,
respectively[49]. For each standard, the limit of detection
(LD) and the limit of quantification (LQ) were fixed at 3 and
10 times, respectively, the signal-to-noise ratio (S/N). Base-
line noise was measured considering a peak to peak within
3 min selected in three different parts of the chromatogram
of the standard solution. The precision of this technique may
be expressed by the measure of its repeatability. The repeata-
bility has been estimated by analyzing the concentration of
the four compounds in each of the wine samples three times.
The precision of the analytical procedure was expressed by
the standard deviation (SD).

3. Results and discussion

3.1. Method optimization
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Fig. 2. Chromatogram of a Grenache wine at 306 nm (1:trans piceid; 2:
transresveratrol).

1–4 is illustrated inFigs. 2 and 3. Peak 2 was identified
as trans-resveratrol by the following criteria: (a) its reten-
tion time and (b) its UV spectrum were identical to the
trans-resveratrol standard (Fig. 4) and its purity was con-
firmed by diode array analysis of the spectrum. Peak 4 was
identified atcis-resveratrol by the following criteria: (a) it co-
chromatographed with the new peak which appeared after
brief UV irradiation of the puretrans-resveratrol standard,
(b) its UV spectrum was consistent with that published by
Siemman and Creasy[5] for cis-resveratrol and its purity was
confirmed by diode array analysis of the spectrum. Peaks 3
and 1 were identified as the glucosides ofcis- and trans-
resveratrol, respectively, by the following criteria: (a) the
UV spectrum of peak 3 was nearly identical with that of

F
r

Due to different methods employed, with conventio
P18 columns, several deviating values have been rep

or resveratrol concentrations.
In addition, there are other intrinsic factors respons

or resveratrol variation such as grape variety, environm
al factors in the vineyard, and wine-processing techniq
oreover, these methods often have the disadvanta

xcessive analysis run times. Therefore, analysts need
ds that provide reliable separations and reduction of ana

ime to achieve a routine work.
One approach is to develop high-throughput HPLC m

ds using monolithic columns. Monolithic silica columns
acked with a single piece of silica gel into a straight ro
ighly porous silica with a bimodal pore structure (mac
orous and mesoporous structure[50,51]).

Due to their rigid and porous structure, they enable hi
olvent flows, shorter assay times, and fast re-equilibr
etween runs[45].

The method reported in this paper consists of a mo
ation of the Roggero method[6] using a Superspher 1
P-18e (250 mm× 4 mm, I.D.; 5�m particle size) column
ue to complex separations of the four forms of resver

rom wine, coupled monolithic columns are used to p
uce a column with a theorical plate number significa
igher than conventional columns and with a minimal b
ressure. Under the experimental conditions used,trans-and
is-isomers were well separated and none of the other
ounds present in the wine interfered in the determina
typical chromatogram with the peaks of interest lab
ig. 3. Chromatogram of a Grenache wine at 285 nm (3:cis-piceid; 4:cis-
esveratrol).
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Fig. 4. UV spectrum oftrans-resveratrol,trans-piceid,cis-resveratrol andcis-piceid.

peak 4 (cis-resveratrol), while that of peak 1 provided a
close match to the UV spectrum of peak 2 (trans-resveratrol)
(Fig. 4) [8], (b) by literature data: Waterhouse and Lamuela-
Raventos[52] identified�-glucoside oftrans-resveratrol in
grape berries in 1994. The identity of this compound was
authenticated fromP. cupsdatumroots by1H NMR spec-
troscopy and treatment withβ-glucosidase[53].

The four resveratrol derivatives showed lower reten-
tion time (trans-resveratrol: 10–10.2 min,trans-piceid:
5.5–5.7 min, cis-resveratrol: 14.4–14.6 min,cis-piceid:
11.7–12 min) than these reported in the literature[6]
(trans-resveratrol: 117–118 min,trans-piceid: 101–102 min,
cis-resveratrol: 125–126 min,cis-piceid: 113–114 min).
The optimized conditions consisted of a 4 ml/min and a
multistage gradient (Table 1), which was fully completed

within 20 min, including the washing and re-equilibration
time.

Due to the very high porosity of the monolithic column,
flow rates as high as 7 ml/min may be achieved with the same
quality of resolution. Therefore, a significant reduction of the
total time of analysis (85%) could be obtained in compari-
son with methods employed conventional HPLC columns
and direct injection[7,8,11]. At 306 nm the limit of detec-
tion and the limit of quantification fortrans-resveratrol were
0.032 mg/l and 0.10 mg/l, respectively. At 285 nm the limit
of detection and the limit of quantification forcis-resveratrol
were 0.034 mg/l and 0.11 mg/l, respectively.

The calibration curves for bothtrans-andcis-resveratrol
were prepared as described in Section2.5and showed good
linearity for both isomers even though the procedure to

Table 2
Calibration parameters oftrans-resveratrol andcis-resveratrol

λmax (nm) Calibration curve LDa LQb

Equation r2

trans-Resveratrol 306 y= 0.78× 105x− 0.049× 105 0.999 0.032 0.10
cis-Resveratrol 285 y= 0.36× 105x− 0.011× 105 0.992 0.034 0.11

a LD: detection limit (mg/l).
b LQ: quantification limit (mg/l).
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Table 3
Resveratrol content in Grenache must and wine

trans-Piceid trans-Resveratrol cis-Piceid cis-Resveratrol Total resveratrol

Must (t0) 0.18± 0.02 n.d. 0.38± 0.03 n.d. 0.33± 0.02
End of alcoholic fermentation (t0 + 6 days) 0.85± 0.04 0.29± 0.05 1.6± 0.06 2.21± 0.02 3.94± 0.07
End of malolactic separation (t0 + 21 days) 0.48± 0.02 0.56± 0.02 1.64± 0.07 2.74± 0.03 4.53± 0.07
Bottling (t0 + 52 days) 0.52± 0.02 0.57± 0.03 1.01± 0.05 2.10± 0.04 3.56± 0.06

Results expressed in mg/l and total resveratrol in aglycon. Mean of three replicates± SD. n.d.: not detected.

achievecis-resveratrol standards involved some errors, which
could be avoided ifcis-resveratrol was available as a com-
mercial standard (Table 2).

3.2. Application

Once the chromatographic conditions for the separation
were determined, the procedure was applied to the simul-
taneously determination of four forms of resveratrol in red
Grenache wine from the South-East of France. We studied
the evolution of resveratrol during the winemaking process
at four distinct stages: in must, at the end of alcoholic fer-
mentation, at the end of malolactic fermentation and at the
time of bottling.

As shown inTable 3, the concentration of each isomer of
resveratrol is in constant evolution during winemaking pro-
cess. These variations are largely explained by enological
practices, specifically the skin-contact time during macer-
ation which leads to a greater diffusion of resveratrol, the
presence of�-glucosidases which release aglycon forms, iso-
merization oftrans- into cis-, and the likelihood at partial
oxidation at the time of bottling.

4. Conclusion
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(France) for providing grape berries.
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