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A comparison between two analytical techniques is presented usingtrans-resveratrol as analyte and vine leaf as sample. The emp
ethods were: (a) laser desorption followed by resonance enhanced multiphoton ionization coupled with time-of-flight mass sp

LD–REMPI–TOFMS), and (b) reversed-phase high performance liquid chromatography (RP-HPLC) with fluorescence detecti
oth techniques show a similar range of linearity and reproducibility, marked differences were found in their sensitivity and requ

or a single analysis. For example: (i) the chromatographic method required considerable less time (30 min) than the REMPI
mplement the analysis, (ii) the detection and quantification limits of the REMPI technique were 2.1 and 6.7�g L−1, respectively, while fo
he chromatographic method they were ten times minor, i.e. 20 and 67�g L−1, respectively. A critical assessment including advantage
rawbacks of each technique is presented.
2005 Elsevier B.V. All rights reserved.

eywords: Trans-resveratrol; Laser ionization; Mass spectrometry; HPLC

. Introduction

Phytoalexins are produced by plants as a defense response
o fungal infection, mechanical damage and UV irradiation
1].Trans-resveratrol (3,5,4′-trihydroxystilbene) is one of the
ajor stilbene phytoalexins found in different families of
lants such as thePolygonum Cuspidatum,a Chinese medic-

nal plant, whose extract containstrans-resveratrol of purity
ange from 10 to 99%. Also grapes, peanuts and their products
re considered the most important dietary sources of resvera-

rol [2]. The amount oftrans-resveratrol in red wines is higher
han in rose or white wines, partly due to the winemaking pro-
ess but also depending on the grape variety, environmental
actors in the vineyard and wine processing techniques[3].

∗ Corresponding author. Tel.: +34 913943260; fax: +34 913943265.
E-mail address:lasres@pluri.ucm.es (A.G. Ureña).

Trans-resveratrol has received attention in recent y
due to its capacity to protect against global cerebral isch
injury and to ameliorate oxidative damage; it can also inh
cellular events associated with tumour initiation, promo
and progression[4].

Due to the beneficial health effects oftrans-resveratrol
several methods have been developed for its detectio
quantification. Monitoring of resveratrol and other phe
lic compounds requires analytical methodologies capab
performing determinations at trace concentration levels,
as chromatographic techniques, and some pretreatmen
because usually the matrix is too complex.
Trans-resveratrol is usually analyzed by reversed-ph

high performance liquid chromatography (RP-HPLC) w
standard bore columns. Most HPLC methods perform s
ration by acidic solvent gradient elution and detection w
spectrophotometric UV[5], UV diode array (DAD)[6], or
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fluorimetry [7–9]. Fluorimetry, together with UV-DAD de-
tection[10] and electrochemical detector[11], have been also
applied to enhance the sensitivity of detection in HPLC. In
addition, some work based on the application of LC cou-
pled with MS[12] has been published. Methods based on
gas chromatography mass spectrometry[13] have been pro-
posed fortrans-resveratrol analysis, but this technique has a
major inconvenience: usually extraction, clean-up or a deriva-
tization reaction are required prior to GC analysis of this
substance and this handling can enhance thetransto cis iso-
merization of resveratrol. In all these techniques, the limiting
step intrans-resveratrol analysis is the sample preparation,
not only because of the need for costly and time consum-
ing operations, but because of the error sources introduced
during this analytical step. This has originated some contro-
versy among different laboratories on their respective sam-
ple preparation procedures[14–16]. Revisions of some of the
methods for the analysis oftrans-resveratrol[17–19]showed
a huge variability in the values published. This was attributed
to a possible isomerization during the process of derivati-
zation, losses due to oxidation, isomerization or hydrolysis
during the extraction and separation processes, and the pres-
ence of some resveratrol derivatives that could interfere in
the results. Several sample preparation methods used for the
determination oftrans-resveratrol by HPLC and a compari-
son of their main features have also been reviewed[20]. Di-
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also analyzed by means of the REMPI technique. It should be
pointed out that the REMPI technique can be applied with-
out sample preparation; therefore, for the sake of the com-
parison with the HPLC the same extract sample was used in
both experimental methods. After a brief description of those
methods, their quality of the results and the relevant analyti-
cal parameters were compared and a critical assessment was
done in order to establish the main advantages and drawbacks
of each experimental method.

2. Experimental

2.1. Reagents and standards

HPLC-grade methanol, from Fluka (Switzerland),
ethanol, from Scharlau (Barcelona, Spain), glacial acetic
acid from Carlo Erba (Milan, Italy) and purified water with
a Milli Q system from Millipore (Milford, MA, USA) were
used.

A trans-resveratrol standard (99%) from Sigma Aldrich
was used.

Standard solutions: 250 mg L−1 stock solution in ethanol
was prepared. Working standard solutions were prepared by
diluting the stock solution in ethanol. The standard solutions
were stored at−4◦C in darkness.

2

fter
h ed in
e ac-
e a
s the
e tion
s kness
a

tton
a to
c
t

bse-
q void
p

2

the
c for
t sly
p lly,
i ; the
fi post-
i tion
t unit
w ond
ect analysis oftrans-resveratrol using no chromatograp
echniques as micellar electrokinetic capillary electroph
is and a new technique based on the combination of
esorption (LD) followed by resonance enhanced multi

on ionization (REMPI) and time-of-flight mass spectrom
TOFMS) has been also performed.

The most common samples analyzed for the determin
f resveratrol are wine (mainly red wine), grapes, peanu
eanut butters, although, the are also studies to a lesser

n plants like tea and soy, and human tissues. For wine
rape juice samples, several methods have been deve

21–23] for the analysis oftrans-resveratrol by direct injec
ion on the HPLC system, but in most cases this leads to
lex chromatograms which sometimes do not allow reli

dentification and/or quantification of the peaks[20]. Micellar
lectrokinetic capillary electrophoresis has been also us
ine samples with a clear lack of sensitivity attributed to
eed for preconcentration techniques[24]. In a previous pa
er, the analysis oftrans-resveratrol in plant samples, nam

n vine leaves by LD–REMPI–TOFMS was reported[25].
he technique has been further used fortrans-resveratro
nalysis in order to assess its relationship to grape di
esistance and to investigate its activity as a natural pes
26,27].

The present paper is dedicated to the comparison be
P-HPLC with fluorimetric detection and LD–REMP
OFMS techniques in the analysis oftrans-resveratrol. Thus

he separation oftrans-resveratrol from other phenolic com
ounds in vine leaf extract samples was performed using
PLC. The same type of extract sample and compound
e

.2. Samples

Vine leaves were directly obtained from the vineyard a
arvest in October. They were cut in pieces and introduc
thanol (ca. 8 L for 4 kg of leaves) allowing 3 weeks of m
ration to extract thetrans-resveratrol. During maceration
ample of the solution was taken every 2 days to follow
xtraction process by the evolution of the UV–vis absorp
pectrum. The maceration process was carried out in dar
nd at room temperature.

After maceration, the solution was filtered through co
nd the residue was analyzed by LD–REMPI–TOFMS
onfirm the complete extraction of thetrans-resveratrol from
he leaves.

The obtained solution was directly used for the su
uent analysis. All samples were protected from light to a
hoton-induced isomerization during sample treatment

.3. LD–REMPI–TOFMS

A full description of the REMPI technique based on
ombination of laser desorption with REMPI–TOFMS
he analysis oftrans-resveratrol in plants has been previou
ublished[25], so only a brief report is given here. Essentia

t consists of two independent high vacuum chambers
rst chamber is used for both laser desorption and laser
onization of the sample followed by the ions accelera
owards the second chamber, basically a time-of-flight
ith a two microchannel plate detector. A few nanosec
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Table 1
Main analytical parameters for the analysis oftrans-resveratrol by
LD–REMPI–TOFMS

Linearity (mg L−1) 0–40
Repeatability (%) 4.9
Reproducibility (%) 4.4
Accuracy (%) 96
Detection limit (�g L−1) 2.0
Quantification limit (�g L−1) 6.7

laser pulses from the fundamental emission of a Nd:YAG
laser (1.064 nm) are used for sample desorption. A frequency-
doubled dye laser is then used to selectively ionise the des-
orbed neutral compound by resonant-enhanced multiphoton
ionization. To this end active wavelength laser scanning is
achieved with tunability from 230 up to 730 nm. In addition
to the selective ionization due to REMPI, further selectivity
is achieved by the use of mass spectrometry, which enables
sample mass identification and makes the technique more
sensitive and universal.

A basic feature of the technique is the absence of any sep-
aration method for sample preparation. The main analytical
parameters obtained after the validation of the technique are
shown inTable 1. For additional experimental details, the
reader is addressed to Ref.[25].

2.4. RP-HPLC

The chromatographic system consisted of the following
components: a liquid chromatograph using PU 1580 pump,
and LG-1580-02 gradient controller from Jasco (Tokyo,
Japan), a Rheodyne 7725 injection valve furnished with
a 20�L loop, a Perkin-Elmer LS 30 luminescence spec-
trometer (Norwalk, USA) and a Biocrom worstation 2000-
3.0 from Micron Analitica S.A. (Madrid, Spain). Separation
was carried out using a Tecknokroma Cromasyl Ccolumn
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[7,8]. Chromatographic peaks were identified by comparing
retention times of samples with that of the standard com-
pound. Identification and quantification oftrans-resveratrol
in the standard and samples was carried out in a similar com-
position to the mobile phase by the addition and external stan-
dard techniques. The solutions for the external calibration
points from 0.5 to 5 mg L−1 concentration range oftrans-
resveratrol and the samples were prepared using the same
standard solution or sample volume and water–acetic acid
solution (at pH 2.6).

The standard addition calibration was established on the
basis of 1 mL sample extract in ethanol, with 1 mL of ethanol,
which contains different amounts oftrans-resveratrol from
1.5 to 15�g, and 2 mL of water–acetic acid solution at pH
2.6.

3. Results and discussion

3.1. Analysis by LD–REMPI–TOFMS

Fig. 1displays a time of flight spectrum obtained from an
sample of vine leaves extract under the usual experimental
conditions (Ed = 40 mJ/pulse at 1064 nm;Ei = 550�J/pulse
at 302.1 nm); the resveratrol peak as indicated is clearly no-
t tion
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18
150× 4.6) mm, 5�m, and a guard column of the same
ionary phase, at room temperature. Membranes (Millip
f 0.45�m were used to filter solutions. A vacuum pu
Barna, USA) was also used.

The chromatographic separation was carried out u
linear gradient as mobile phase with methanol–a

cid-water (10:2:88 v/v/v) as solvent A and methanol–ac
cid–water (90:2:8) as solvent B[7] at a flow-rate o
.0 ml min−1 as shown inTable 2.

A wavelength ofλex, 330 nm andλem, 374 nm, characte
stic for trans-resveratrol were used for fluorescence dete

able 2
inear gradient for separation oftrans-resveratrol in leaf sample extracts

ime (min) A (%) B (%)

0 85 15
5 65 35
8 65 35
5 50 50
5 30 70
iceable showing how the combination of selective ioniza
lus the versatility of the time-of-flight spectrometry, allo

o identification and analysis of one component with no
erference from the rest of them present in the sample.
akes any separation process prior to the analysis unn

ary. This is, of course, one of the major advantages o
resent technique.

For this sample thetrans-resveratrol content has be
etermined using the standard addition method, i.e. ad
nown quantities oftrans-resveratrol to several identical sa
les of vine leaf extract; the value obtained for the inter
ith theX-axis gives the quantity of analyte in the bla

ig. 1. TOF mass spectrum from a vine leaf extract sample obtain
D–REMPI–TOFMS. See text for experimental details.
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Fig. 2. (A) Standard addition calibration fortrans-resveratrol from 0.5 to
5 mg L−1 using LD–REMPI–TOFMS. (B) Standard addition and external
standard calibrations fortrans-resveratrol from 0.5 to 5 mg L−1 using RP-
HPLC.

Fig. 2A shows the standard addition curve; the concentra-
tion of trans-resveratrol in the vine leaves calculated from
these values was 3.0± 0.2 mg L−1. The limit of detection
(LD, three times the noise to sensitivity ratio 3 N/s) and limit
of quantification (LQ, 10 N/s) deduced from this spectrum are
2.1 and 6.3�g L−1 respectively, which are consistent with the
previously published values (seeTable 1).

3.2. Analysis by RP-HPLC

Different mobile phase linear gradient programs for
separation and identification oftrans-resveratrol from other
phenolic compounds in leaf sample extracts were studied ac-
cording to the procedure already established for the analysis
of wine samples by HPLC with fluorescence detection at its
characteristic wavelengths,λex = 330 nm andλem= 374 nm
[7,8]. The optimal linear gradient is shown inTable 2. The
elution of the sample was carried out directly without over-
lapping from other phenolic compounds including its isomer,
cis-resveratrol. The retention time oftrans-resveratrol was
11.09± 0.08 min.Fig. 3 displays a vine leaf sample extract
chromatogram obtained by HPLC and fluorescence detection
using the optimal mobile phase linear gradient program.

Two techniques of calibration, addition and external stan-
dard, were applied prior to determinetrans-resveratrol in
plant sample extracts, and all standard solutions oftrans-
resveratrol were prepared in darkness. For the determina-
tion of trans-resveratrol in the sample of vine leaf extract by
the standard addition calibration the same concentrations as
in the LD–REMPI–TOFMS technique were used.Fig. 2B
shows the obtained curve (r = 0.9993): as it can be seen, the
intercept with theX-axis is 0.78; considering the dilution ratio
1:3, a 3.1± 0.1 mg L−1 mean concentration value oftrans-
resveratrol was obtained from the vine leaf extract. A linear-
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Fig. 3. Chromatogram of a vine leaf extract sample using fluorimetric d
ty study applied to the sametrans-resveratrol concentratio
ange using external standard calibration was carried o
lot of the signal versus thetrans-resveratrol content in th
tandard solution, shown inFig. 2B, gives a linear fit with
egression coefficient of 0.998. It is very satisfactory to
hat the slope obtained by standard additions is very si
o that obtained by external additions; thus, no matrix e
as observed.
Four samples were analyzed using the external calibr

ethod. The samples as indicated in Section2were prepare
sing the same sample volume and water–acetic acid

ion at pH 2.6. Each sample was injected four times into
hromatographic system. A mean 3.2± 0.1 mg L−1 concen
ration value oftrans-resveratrol was obtained in the vine l
ample extracts.

The precision of the chromatographic method was ev
ted by repeating the sample analysis in the same day

etection (λex, 330 nm andλem, 374 nm). See text for experimental details.
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Table 3
Main analytical parameters for the analysis oftrans-resveratrol in leaf sample
extracts

Analytical parameter RP-HPLC LD–REMPI–TOFMS

Linearity (mg L−1) 0–15 0–20
Reproducibility (%) 4 4.4
Detection limit (�g L−1) 20 2.1
Quantification limit (�g L−1) 67 6.3
Time necessary for 1

measurement (min)
30 45

Mean and confidence interval
(mg L−1)

3.2± 0.1 3.0± 0.2

in different days and operators at 1.5 mg L−1 concentration
level of trans-resveratrol (n= 4). The repeatability and re-
producibility, expressed as RSD, were 2.6 and 4.0% for four
samples which were injected two and four times, respectively.

Table 3 lists the analytical characteristics: calibration,
limit of detection (LD, three times the noise to sensitivity
ratio 3 N/s) and limit of quantification (LQ, 10 N/s).

3.3. Comparison between both techniques

The comparison between both analytical techniques can
be best made with the aid ofTable 3. There, the main analyt-
ical parameters are included, namely: linearity range, repro-
ducibility, detection and quantification limits, necessary time
for one measurement, and confidence interval as an accuracy
measurement.

The distinct range of linearity of both techniques is not
very significant as it merely reflects the limits employed in
this investigation. It is very likely that using the RP-HPLC
method a linearity range of 0–40 mg L−1 or higher could also
be obtained. The reproducibility of both methods is also of
the same order of magnitude.

The most remarkable differences have been found in the
detection and quantification limits obtained for each tech-
nique: i.e. 20 and 67�g L−1, respectively, for the chromato-
g
t PLC
a tion,
i ph,
h pect
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p e of
t the
l t ion-
i mple
p
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ime
n r the
R uum
( ec-
t ach

this pressure, although this time could be reduced with addi-
tional vacuum pumps. Thus, the RP-HPLC allows a quicker
determination of thetrans-resveratrol content in plant ex-
tracts.

In summary, direct RP-HPLC analysis is recommended
for trans-resveratrol fast routine analysis with detection and
quantification limits within the�g L−1 range. For analysis
requiring lower values of these analytical parameters (within
the low�g L−1 range) the LD–REMPI–TOFMS technique,
though slower, is recommended.

4. Concluding remarks

This paper was dedicated to the analysis oftrans-
resveratrol content in vine leaf sample extract using two
well known techniques, namely: laser desorption coupled
with resonance enhanced multiphoton ionization and time-
of-flight mass spectrometry and RP-HPLC with fluorescence
detection. One of the main conclusions of the investigation
is the capability of both analytical methods to implement
the analysis of this polyphenol in spite of the inherent diffi-
culties such as its thermal unstability or its photon-induced
isomerization.

Indeed, in the HPLC method, thetrans-resveratrol degra-
d d by
p t day-
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raphic analysis and 2.1 and 6.3�g L−1 for the REMPI
echnique. This may be due to the fact that the RP-H
nalysis is carried out without previous sample prepara

njecting directly the vine leaf extract in the chromatogra
ence obtaining a lower sensitivity than one would ex
y using sample preparation techniques. The clean up o
ample or the use of the more adequate interphase ca
rove the LOD or LOQ values of this method. In the cas

he LD–REMPI–TOFMS technique, the combination of
aser to desorb the sample with the selectivity of resonan
zation plus the mass spectrometric detection makes sa
reparation unnecessary to determinetrans-resveratrol with
good sensitivity.
Due to the direct injection in the chromatograph, the t

eeded to perform a single analysis is only 30 min. Fo
EMPI technique, it is necessary to have a good vac

better than 3× 10−6 mbar) in the chamber for the mass sp
rometry detection; in our system it takes ca. 30 min to re
ation for chromatographic separation was prevente
reparing the standard solutions and the samples withou

ight, and by keeping them at−4◦C.
The main goal of the present investigation was to c

ally compare both experimental methods for determina
f trans-resveratrol. From such a comparison, the main
lusions that can be drawn are:

(i) The range of linearity and reproducibility of both me
ods is of the same order of magnitude.

(ii) The REMPI technique has shown to be more sens
that the liquid chromatography, mainly due to the
that the latter requires more sample pre-treatment.

iii) The direct injection RP-HPLC allows a quicker det
mination for routine analysis in plant extracts, while
REMPI technique is slower due to the requirement
high vacuum conditions for sample analysis.

iv) The analysis by HPLC requires previous sample pr
ration which needs longer time and higher consu
tion of solvent, sample volume and may suffer fr
the possibility of losses of analyte during the ana
cal process. In contrast, these drawbacks are abs
the LD–REMPI–TOFMS technique.
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