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Abstract

A novel high-performance liquid chromatography with chemiluminescence detection has been developed for the determination of
trans-resveratrol in red wines based on the enhancement by trans-resveratrol of the chemiluminescence from luminol-potassium
ferricyanide system in alkaline medium. Samples were separated on a Cg column using isocratic elution of methanol/water (35:65).
Quantification of trans-resveratrol in Chinese red wines was performed without any sample pretreatment. It allows for the deter-
mination of trans-resveratrol in the range 0.5-750 pg/L with a detection limit of 0.166 pg/L (S/N =3). The relative standard de-
viation (RSD) is 1.16% for 7.5 pg/L trans-resveratrol (n = 11). trans-Resveratrol was detected in Chinese red wines with the
recoveries of 92.2-114.7%. Concentrations ranged from 0 to 1.607 mg/L in Chinese red wines.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

trans-Resveratrol (3,4,5-trihydroxystilbene) (Fig. 1)
is a stilbene produced by plant in response to fungal
infection or abiotic stresses such as heavy metal ion or
UV light exposure. It occurs in mulberries, peanuts, and
grapes as well as in wines. In recent years, it has been
discovered that resveratrol has several biological effects,
including anticancer activity (Jang et al., 1997), lifespan
extension (Howitz et al., 2003), cardioprotection (Hung,
Chen, Huang, Lee, & Su, 2000), antioxidant activity
(Frankel, Waterhouse, & Kinsella, 1993; Fremont,
Belguendou, & Delpal, 1999), inhibition of platelet ag-
gregation (Bertelli et al., 1995) and antiinflammatory
activity (Pace-Asciak, Hahn, Diamandis, Soleas, &
Goldberg, 1995).

There are increasing interests in resveratrol research
owing to its pharmacological activity. A variety of
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methods have been developed for the quantification of
resveratrol in different matrixes such as plant extracts,
wine, serum and tissue. High-performance liquid chro-
matography (HPLC) is the most commonly used proce-
dure with different detection techniques such as UV diode
array detection (DAD) (de Lima et al., 1999; Goldberg
et al.,, 1995a; Goldberg et al., 1996; Juan, Lamuela-
Raventos, de la Torre-Boronat, & Planas, 1999), elec-
trochemistry (Mcmurtrey, Minn, Pobanz, & Schultz,
1994; Zhu et al., 2000), fluorimetry (Jeandet etal., 1997,
Rodriguez-Delgado, Gonzalez, Perez-Trujillo, & Garcia-
Montelongo, 2002; Vitrac, Monti, Vercauteren, Defficux,
& Merrillon, 2002) and mass spectrometry (Gamoh &
Nakashima, 1999; Wang, Catana, Yang, Roderick, &
Van Breemen, 2002). The detections based on electro-
chemistry, fluorimetry and mass spectrometry can offer
higher sensitivity and selectivity than DAD. As an al-
ternative to HPLC based assays, gas chromatography-
mass spectrometry (GC-MS) (Goldberg et al., 1994,
Luan, Li, & Zhang, 2000; Soleas, Dam, Carey, & Gold-
berg, 1997a, 1997b) has been used to detect resveratrol.
Although GC-MS analysis provides excellent sensitivity
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Fig. 1. Chemical structures of trans-resveratrol.

and specificity, it usually needs derivatization in order to
increase thermal stability and volatility of resveratrol.
Furthermore, the high temperature used might cause
partial isomerization. Most recently, capillary electro-
phoresis technique (Arce, Tena, Rios, & Valcarcel, 1998;
Brandolini et al., 2002) and laser desorption coupled
resonant ionization spectrometry (Orea, Montero,
Jimenez, & Urena, 2001) have also been utilized to detect
resveratrol.

In recent years, chemiluminescence (CL) has become
an attractive detection method for liquid chromatog-
raphy due to the very low detection limits and wide
linear working ranges, which can be obtained with
relatively simple instrumentation. However, to our
knowledge, there are no reports using chemilumines-
cence to detect resveratrol in the literatures. In this
work, we found that trams-resveratrol could enhance
strongly the chemiluminescence of luminol-ferricyanide
system. A highly sensitive method was developed for
the determination of trans-resveratrol in red wines by
using HPLC coupled with chemiluminescent detection
for the first time. Although a number of investigations
have focused on the determination of resveratrol in
wines from different countries (de Lima et al., 1999;
Goldberg et al., 1995b; Romero-Perez, Lamuela-Rav-
entos, Waterhouse, & de la Torre-Boronat, 1996), there
is no similar study about the wines produced in China.
Accordingly, the trans-resveratrol content in 19 Chinese
red wines was determined.

2. Materials and methods
2.1. Reagents

Methanol of HPLC gradient grade was purchased
from Zhengxing Company (Shanghai, China). Luminol
was supplied by Merck (Darmstadt, Germany).
K3Fe(CN)g was obtained from Wenzhou Chemicals
Company (Wenzhou, China). trans-Resveratrol was
purchased from Oais. Biotech. Inc., (Xi’an, China).

2.2. Standard solutions

A stock solution of frans-resveratrol (0.1 mg/mL) was
prepared weekly in the mobile phase and stored at 4 °C
in the dark. A stock solution of luminol (1 x 10~2 mol/
L) was prepared in 0.1 mol/L NaOH without further
purification. A stock solution of K3Fe(CN)g (1.0 x 102
mol/L) was prepared by dissolving 0.3293 g K3Fe(CN)g
in 100 mL redistilled water.

2.3. Apparatus

The schematic diagram shown in Fig. 2 illustrated
HPLC-CL detection system used in our experiments.
The HPLC system was Agilent 1100 series (Agilent
Technologies, USA), including a binary pump, a
thermostat column compartment, a diode array detector
(DAD) and a manual sample injection valve with a 100
puL loop. Chromatographic separation was carried out
using a Zorbax Eclipse XDB-Cg (150 x 4.6 mm 1i.d., 5
pum) column and the column temperature was set at 25
°C. Data collection and analysis were performed using
Agilent Chemstation (version A.08.03). The CL detec-
tion was conducted on a IFFM-D flow injection
chemiluminescence (FIA-CL) system consisted of a
model peristaltic pump, a mixing tee and a model
IFFM-D CL detector equipped with a glass coil (used as
reaction coil and detection cell) and a photomultiplier.
The data from the CL detector was acquired by Agilent
Interface 35900E and processed by Agilent Chemstation
(version A.08.03). The connection between DAD and
the mixing tee was carried out via a PEEK tube
(600 x 0.25 mm i.d., Agilent technologies).

2.4. Sample preparation

Commercial Chinese red wines (Table 1) were ana-
lyzed from the following varieties: Greatwall, Dynasty,
Suntime, Aili, Changyu, Baiyanghe, Gujing, Huatai,
Xuelanshan, Malina. All wines were stored in the dark
at 4 °C and analyzed immediately after bottle opening.
Wine samples were filtered through 0.22 um membrane
filter (Xinya, Shanghai, China). The filtrated solutions
were injected directly for the DAD detection. A 0.05 mL
aliquot of the filtered wine samples was diluted to 5.0
mL with mobile phase and injected directly into HPLC
without further treatment for the CL detection.

2.5. HPLC-CL analysis

The HPLC separation was carried out by isocratic
elution with a mobile phase of methanol/water (35:65) at
a flow rate of 1.0 mL/min. Detection by diode array was
performed at 306 nm. The UV spectra were recorded
between 250 and 400 nm for the identification of trans-
resveratrol in wine samples and for the test of peak
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Fig. 2. Schematic diagram of HPLC-CL system.

purity. The column effluent from DAD was first mixed
with luminol solution at a mixing tee via a PEEK tube,
then combined with K3;Fe(CN)¢ solution. The CL re-
agents were pumped into the flow cell at 4.0 mL/min,
respectively. The light emission was monitored by the
photomultipler tube. For both detection, each sample
was injected in triplicate and the height of peak was used
for quantitative determination.

3. Results and discussion
3.1. CL enhancement of trans-resveratrol

In basic media, luminol can react with ferricyanide to
produce CL. trans-Resveratrol was found to enhance
the CL intensity. Fig. 3(A) showed the kinetic charac-
teristics of the enhanced CL in a flow injection system.
After the injection of trans-resveratrol, the CL intensity
of luminol-ferricyanide system increased quickly. The
maximum response was obtained at 4 s after the mixing
of the reagents and the emission ended at 22 s, which
was important for design of the connecting tube of the
CL detector so that maximum of the CL kinetic curves
could pass through the detector window. For cis-resve-
ratrol, the enhancing signal was much lower than that of
trans-resveratrol. Therefore, the present work is focused
on trans-resveratrol.

It is well known that 3-aminophthalate (3-APA) is the
Iuminophor of luminol CL system, the CL spectra in the
presence and absence of trams-resveratrol shown in
Fig. 3(B) demonstrated that the luminophor of luminol-
ferricyanide—trans-resveratrol was still 3-APA. Diaz and
Garcia (1994) observed the enhancement by proto-
catechuic acid and caffeic acid of luminol-potassium
ferricyanide CL. They proposed that the enhancers re-

acted with potassium ferricyanide to produce enhancer
radical anion, followed by the reaction with O; to gen-
erate O, , accelerating the CL reaction. We believed
that the CL enhancement of trams-resveratrol might
follow similar pathways.

3.2. Optimization of chromatographic separation

The mobile phase for the chromatographic separation
of trans-resveratrol, also compatible with the CL reac-
tion, was investigated. Gradient elution and acidic mo-
bile phase were applied in most methods reported to
separate trans-resveratrol in wines (Goldberg et al.,
1996; Rodriguez-Delgado et al., 2002; Vitrac et al., 2002;
Wang et al., 2002). However, these separation condi-
tions were not compatible with the CL detection. The
gradient elution led to CL baseline drift that made
quantification imprecisely. The acids in mobile phase
would react with Na,CO3;-NaHCO; buffer solution to
generate bubble, which would result in lower sensitivity
and worse reproducibility of the CL detection. The
mobile phase containing methanol and water was found
to be suitable for the HPLC-CL detection. Moreover,
trans-resveratrol could not be separated from other
compounds with the methanol concentration higher
than 35%, whereas, lower concentrations led to longer
analytical time. Therefore, the mobile phase of 35%
methanol was chosen for the separation.

3.3. Optimization of the CL reaction conditions

The factors influencing the CL reaction such as the
pH of Iuminol solution, the concentrations of luminol
and potassium ferricyanide, and flow rate of solutions
were studied in order to obtain maximal enhanced CL
intensity.



Table 1

Concentration® of trans-resveratrol in Chinese red wines

Appellation Variety Area HPLC-DAD® (mg/L) HPLC-CL (mg/L)
Original® Added Found® Recovery (%) Original® Added Found® Recovery (%)

Dried Greatwall Hebei 1.528 £0.031 0.500 2.015+0.086 97.4 1.607 £0.019 1.000 2.591£0.051 98.4
Dried Dynasty Tianjin 1.180£0.031 0.500 1.657+£0.034 95.2 0.792 £ 0.004 1.000 1.844 £0.032 105.2
Suntime Suntime Xinjiang  0.164 +£0.004 0.500 0.651£0.071 97.4 0.160 £ 0.004 1.000 1.243£0.019 108.3
Rose Aili Xinjiang ND 0.500 0.519+£0.007 103.8 0.075+0.002 1.000 0.997 £0.021 92.2
Full juice Changyu Yantai 0.329+£0.004 0.500 0.805+0.048 95.2 0.283 £0.007 1.000 1.355+£0.023 107.2
Chefoo Changyu Yantai 0.737 +£0.004 0.500 1.257 £0.055 104.0 0.756 £0.009 1.000 1.839+£0.027 108.3
Natural Changyu Yantai 0.447 £0.007 0.500 0.912+£0.028 93.0 0.415+0.010 1.000 1.370 £0.010 95.5
Yuanjiang Baiyanghe Yantai 0.203 +£0.002 0.500 0.659 £0.025 91.2 0.213 £0.005 1.000 1.201 £0.021 98.8
Love Baiyanghe Yantai 0.241+£0.003 0.500 0.728+£0.012 97.4 0.256 £0.007 1.000 1.242 £0.026 98.6
Yantai Baiyanghe Yantai 0.466 +£0.013 0.500 1.016 £0.045 110.0 0.474 £0.008 1.000 1.507 £0.015 103.3
Wild Baiyanghe Yantai ND 0.500 0.535+£0.013 107.0 0.072+£0.002 1.000 1.148 £0.023 107.6
Full juice Gujing Anhui 0.434 +£0.001 0.500 0.940+0.034 101.2 0.452+£0.010 1.000 1.569 £+ 0.030 111.7
Gudaohong Gujing Anhui 0.349 £0.009 0.500 0.819+0.021 94.0 0.367 £0.008 1.000 1.388 £0.035 102.1
Nature Gujing Anhui 0.202 +0.004 0.500 0.731 +£0.021 105.8 0.197 £0.003 1.000 1.286 £0.024 108.9
Shuangxi Gujing Anhui 0.138+£0.002 0.500 0.635+£0.018 99.4 0.123 £0.003 1.000 1.092£0.016 109.2
Shan Gujing Anhui ND 0.500 0.473 £0.008 94.6 ND 1.000 1.055 £ 0.005 105.5
Nature Huatai Jilin ND 0.500 0.544+£0.012 108.8 ND 1.000 0.982+0.012 98.2
Full juice Xuelanshan Jilin ND 0.500 0.538 +0.009 107.6 ND 1.000 1.107 £0.029 110.7
Shuangkou Malina Qingdao ND 0.500 0.489+0.010 97.8 ND 1.000 1.147 £0.007 114.7
Average 0.338 0.497 99.4 0.329 1.044 104.4

ND, not detected.
#Original concentration.
> Wavelength = 306 nm.
“Mean value +SD (n = 3).
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Fig. 3. Kinetic curves and CL spectra of trans-resveratrol-enhanced luminol-potassium ferricyanide CL system. (A) Kinetic curves of the CL system.
Reaction condition: luminol, 1 x 10~* mol/L; potassium ferricyanide, 1.0 x 10~ mol/L. Flow rate: 4.0 mL/min, trans-resveratrol, 10 ug/L. (B) CL
spectra of the CL system. Reaction condition: luminol, 1 x 1073 mol/L; potassium ferricyanide, 5 x 10~ mol/L. trans-resveratrol: 100 ng/mL. (a)
luminol-potassium ferricyanide, (b) luminol-potassium ferricyanide—trans-resveratrol.

It is well known that the CL of luminol-ferricyanide
system can only be produced in alkaline media.
Nay;CO3—NaHCO3 and NaOH media were studied and
the CL intensity was stronger in Na,CO3;-NaHCO;
medium than that in NaOH medium. Thus, Na,CO;—
NaHCO; was chosen in this research. The effect of the
pH on the CL intensity was studied ranging from 9.0 to
11.0 and the maximum enhanced CL intensity could
be reached at pH=10.0. Thus, a Na,CO3;-NaHCO;
buffer solution with pH 10.0 value was considered to be
optimal.

The effect of the concentration of luminol solution
was evaluated from 1 x 107>~1 x 103 mol/L. Increasing
the luminol concentration (1 x 107°~110~* mol/L) re-
sulted in an increase in CL intensity and the luminol
concentrations higher than 1 x 10~ mol/L caused a
decrease in CL intensity. 1 x 10~* mol/L of luminol was
selected as optimum.

The effect of potassium ferricyanide concentration on
the enhanced CL intensity was investigated in the range
1 x 107°—1 x 1072 mol/L. With the increase of concen-
tration of potassium ferricyanide in the range 1 x 107~
1 x 107* mol/L, the enhanced CL intensity increased
sharply and then decreased dramatically beyond
1 x 10~ mol/L. 1.0 x 10~* mol/L of potassium ferricy-
anide was selected as optimum for the maximum CL
intensity.

The effect of flow rate (2.6-5.0 mL/min) on CL re-
action was investigated. The CL intensity increased with
the increase of the flow rate in the range 2.6-4.0 mL/
min, but the flow rate higher than 4.0 mL/min caused
lower CL intensity, higher pressure in the connection
and excessive consumption of reagents. Therefore, 4.0
mL/min of flow rate was chosen in the work.

Under the optimal conditions described above, the
chromatograms of trans-resveratrol in standard solution

using DAD and CL detection were shown in Fig. 4(A)
and (C), respectively. The retention time of trans-res-
veratrol was less than 12 min.

3.4. Method validation

Linearity, detection limit, precision, selectivity, and
recovery were established to evaluate the method
performance.

The calibration curves established for wines spiked
with seven concentrations of trans-resveratrol varying
75-10,000 pg/L for DAD detection and 0.5-750 pg/L of
trans-resveratrol for CL detection, respectively. Good
linearity was obtained over more than 2 orders of
magnitude for both detections. The regression equations
of DAD and CL detection were LogH = —2.695
+1.192LogC (r =0.9997) and LogH = 2.412 + 0.798
LogC (r = 0.9978), respectively. The limits of detections
(LODs) (S/N = 3) were 25 and 0.166 pg/L for DAD (306
nm) and CL detection, respectively. The LOD of CL
detection was 1-2 orders of magnitude lower than those
methods in literatures (Arce et al.,, 1998; Gamoh &
Nakashima, 1999; Goldberg et al., 1996; Soleas et al.,
1997b; Vitrac et al., 2002; Zhu et al., 2000) and present
HPLC-DAD. The detail data were listed in Table 2.

The precisions were determined by performing 11
replicate analysis of the center point of the calibration
curves for both detections. The relative standard devi-
ations (RSD) for the determination of 750 pg/L trans-
resveratrol with DAD and for the determination of 7.5
pg/L trans-resveratrol with CL detection were 1.45%
and 1.16%, respectively.

The identification of trans-resveratrol in red wines
was carried out by retention time and UV spectra. The
chromatogram at 306 nm (Fig. 4(B)) indicated that the
trans-resveratrol was well resolved from interference
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Fig. 4. Chromatograms of trans-resveratrol with DAD at 306 nm and CL detection. (A) Chromatogram of standard solution by DAD detection.
trans-Resveratrol, 1000 pg/L. (B) Chromatogram of Dynasty dried red wine by DAD detection. (C) Chromatogram of standard solution by CL
detection. Trans-resveratrol: 10 ug/L. (D) Chromatogram of Dynasty dried red wine (diluted 100 times) by CL detection.

Table 2
Detection of trans-resveratrol with different methods

Method Linear range (png/L) Detection limit (ug/L) References

This HPLC-DAD method 75-10,000 25

This HPLC-CL method 0.5-750 0.166

HPLC-DAD 400-8500 30 Goldberg et al. (1996)
HPLC-electrochemistry 5-1000 2 Zhu et al. (2000)
HPLC-fluorimetry 500-10,000 10 Vitrac et al. (2002)

HPLC-MS 40-8000 20 Gamoh and Nakashima (1999)
GC-MS 84-33,400 84 Soleas et al. (1997a)

CE-DAD 500-100,000 50 Arce et al. (1998)

peaks. For CL detection, there was not interference by
matrix (Fig. 4(D)). The comparison between the UV
spectra of standard trams-resveratrol and the corre-
sponding peak showed the match factor 999.475.

The accuracy of the method was tested by determin-
ing the recovery of trams-resveratrol spiked to the wine
samples. As shown in Table 1, the recoveries of wines
varied from 91.2 to 110.0 for DAD detection and from
92.2 to 114.7 for CL detection, respectively, and the
relative standard deviations of each wine were less than
3% for both detections. Thus, the recoveries for both

methods in Table 1 were acceptable. Since the recoveries
fluctuated around 100%, the error of the determination
arose from random error and systematic error.

Comparison between the two methods was carried
out with a paired ¢-test and p was 0.44.

3.5. Wine sample analyses
Nineteen different Chinese red wines were analyzed

for the concentration of trams-resveratrol by DAD and
CL detection. The results were summarized in Table 1.
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Concentrations of trans-resveratrol varied from 0 to
1.528 mg/L for DAD detection with a mean value of
0.338 mg/L. As for CL detection, concentrations of
trans-resveratrol were in the range 0-1.607 mg/L with a
mean value of 0.329 mg/L. From data in Table 1, the
results from the CL detection were comparable with
those from DAD. Furthermore, lower concentrations of
trans-resveratrol in wines could be detected not by DAD
but by the CL detector.

The mean concentration found in these red wines was
higher than 0.135 mg/L in Spain (Romero-Perez et al.,
1996), 0.132 mg/L in California (Lamuela-Raventos &
Waterhouse, 1993), 0.157 mg/L in Japan (Okuda & Yo-
kotsuka, 1993), but lower than 0.77 mg/L in Canada
(Soleas et al., 1995), 0.998 mg/L. in California (Juan
etal., 1999), 1.00 mg/L in Portugal (de Lima et al., 1999),
1.21 mg/L in Chile/Argentina (Goldberget al., 1995b) and
2.46 mg/L in California (Mcmurtrey et al., 1994). These
differences could be attributed to environmental condi-
tions, such as humidity and fungal disease, which are
factors influencing the production of trans-resveratrol by
grapevines (Goldberg et al., 1995b). However, Soleas
et al. (1997c¢) stated that the difference between the sta-
tistical parameters, sample pretreatment (direct injection
or not) and the chromatographic method (GC or HPLC)
might cause different result. For example, wines from
California presented mean values varying from 0.132 to
2.46 mg/L.

4. Conclusion

A novel HPLC-CL method for the quantitative anal-
ysis of trans-resveratrol has been developed, validated
and applied to the analysis of red wines. The method is
sensitive, selective, simple, rapid and reliable. It allows us
for the determination of trans-resveratrol in wines by di-
rect injection without sample pretreatment. Additionally,
the levels of trans-resveratrol of Chinese red wines from
different varieties were examined for the first time. Fur-
thermore, this assay is a promising tool for the analysis of
biological fluids and further work is under investigation
including the analysis of other piceid components.
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