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Multiwalled Carbon Nanotubes as Sorbent for Online
Solid-Phase Extraction of Resveratrol in Red Wines
Prior to Fused-Core C18-Based Ultrahigh-Performance
Liquid Chromatography—Tandem Mass
Spectrometry Quantification
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An ultrafast analytical protocol based on online solid-phase extraction (SPE)/high-performance liquid
chromatography—tandem mass spectrometry for the determination of resveratrol in red wines has
been developed. In the present work, multiwalled carbon nanotubes (MWCNTSs) were used as SPE
sorbents for the analytes’ online extraction and cleanup. The target analytes were separated on
a fused-core C18-silica column (Halo, 50 mm x 2.1 mm i.d., 2.7 um) and quantified by triple-
quadrupole linear ion trap mass spectrometry in negative ion multiple-reaction monitoring (MRM)
mode. The proposed analytical procedures were carefully optimized and validated. The calibration
function is linear from 0.37 to 370 ng mL™' and from 0.13 to 130 ng mL™" for trans- and cis-
resveratrol, respectively. The limits of quantification (LOQs) of frans- and cis-resveratrol obtained
were 0.05 and 0.06 ng mL™", which means that the proposed method is suitable for trace analysis of
resveratrol at low-level concentration. At the three fortified levels (low, medium, and high),
recoveries of resvetatrol ranging from 76.9 to 108.3% were obtained. Eight red wine samples from
different regions of China were analyzed. The results indicated that the present online SPE-LC-MS/
MS system significantly increased sample throughput and decreased solvent consumption, exhibit-
ing great potential to be applied for analyzing resvetatrol in red wines.
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INTRODUCTION

In recent years there has been a growing interest in resveratrol
(3,5,4'-trihydroxystilbene, C14H;,05) due to its beneficial effects
on human health revealed by biological and clinical studies.
Resveratrol, a naturally occurring polyphenol, is produced by
some fruits such as mulberries and peanuts, whereas grapes and
related products such as grape juice, red wine, and other plant
extracts are considered the most important dietary sources of
these substances (/). Two isomeric forms, trans-(E) and cis-(Z),
exist in wine; trans-resveratrol (TRA) has been widely studied,
whereas cis-resveratrol (CRA) is not a natural constituent of
grape. [tis likely that CRA is derived from its trans-isomer during
the winemaking process, storage in the bottle, or analysis (2, 3).
Resveratrol has an important role in human health as it presents
antibacterial, antifungal, and antioxidant properties (4). This
compound has also the capacity to protect against global cerebral
ischemic injury; inhibit tumor initiation, promotion, and progres-
sion (5, 6), and reveal certain chemicopreventive activity against
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cancer (7) as a selective modulator of estrogen receptors (8). These
effects on human health make resveratrol an important quality
indicator of red wine, and it is possible that the TRA concentra-
tion can be used for the marketing of red wine. On the basis of
these facts, new analytical methodologies for the fast determina-
tion of resveratrol in red wines are urgently needed.

Several methods have been developed for the analysis of TRA
and CRA in red wines. Sample preparation, such as liquid—liquid
extraction and solid-phase extraction (SPE) (9, 10), are most
widely utilized prior to the chromatographic separation due to the
complex nature of the wine matrix. However, these procedures
are laborious and error-prone and require large sample amounts,
large volumes of potentially toxic solvents, and multistage opera-
tion steps, including evaporation and redissolution before quan-
tification. For analysis and determination, high-performance
liquid chromatography (HPLC) is the most commonly used
procedure with different detection techniques such as UV diode
array detection (DAD) (/7). The applications of electrochemical
detection (12), fluorometric detection (/3), and mass spectro-
metry (/4) also have been published. Methods based on gas
chromatography—mass spectrometry (/5) have been proposed
for TRA analysis, but this technique generally involves a series of
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inconvenient steps such as extraction, cleanup, or derivatization
reaction prior to GC analysis of this substance, and this handling
can enhance the TRA to CRA isomerization.

During method development, the use of effective and selective
SPE supports is really important to reduce the interference of
sample matrix. Carbon nanotubes (CNTs) including single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTSs) have attracted more and more attention
in the enrichment of target compounds from a complex matrix.
However, SWCNTSs easily form big bundles with narrow inter-
tubular gaps, which obstruct the permeation and extraction of the
target analytes (16, 17). Compared to SWCNTs, MWCNTs were
more competitive with a lower price. On the basis of peculiar
structural characteristics, MWCNTs have been exploited in
analytical and other fields (I8, 19). From the reports by Cai
et al. (20), the MWCNTs were promising adsorbent materials
because of the larger specific area and hydrophobic characteristic
of the surface. The adsorption mechanisms involve the establish-
ment of weak interactions, more precisely, 7—a stacking, van der
Waals forces, other hydrophobic interactions, and electrostatic
forces (21). This fact facilitates the adsorption of analytes in a
selective and reproducible manner. As a result, MWCNTs have
been successfully used as the sorbent for the preconcentration and
purification of parabens (22), phthalate esters (23), etc.

In addition, the development of fused-core particles was
considered to be a breakthrough in column technology aimed
at reducing analysis times while maintaining column efficiencies
and requiring relatively low backpressures (24). With a 1.7 um
solid silica inner core surrounded by a 0.5 um porous silica
shell (25), the material has a shortened diffusion path, which
allows for rapid mass transfer and thus reduced axial dispersion
and peak broadening. More importantly, 2.7 um fused-core
particles produce only approximately half the backpressure
of the 1.8 um particles, which makes it possible to use fused-
core columns on conventional HPLC systems (26). Hsieh
et al. (27) compared the column efficiency and pressure for
fused-core columns and sub-2 um porous particles. The fused-
core particles, bonded with CI8 alkyl chains, had a very
similar selectivity to the sub-2 um Zorbax C18 phase, but
provided a better shape selectivity. Despite these advantages,
fused-core C18—silica column has not been widely used. To
reduce analysis time and save solvents, the integration of
fused-core columns into online SPE-HPLC-MS/MS systems
is generally recommended.

Consequently, the aim of this work is to establish a fully
automated method for ultrafast determination of resveratrol
using online SPE coupled to liquid chromatography, employing
MWCNTs as SPE sorbents and fused-core C18 column for
compound separation. Online SPE greatly reduces the sample
pretreatment steps and decreases the amount of chemical waste
and analysis time, which meets the increasing demand for auto-
mation and high-throughput analysis. The homemade MWCNT-
packed trapping column was especially efficient in absorbing
resveratrol and suppressing matrix. The red wine samples could
be directly introduced into the SPE column without pretreatment.
After concentration and purification, the analytes were eluted
into a Halo fused-core column, which delivered hyperfast chro-
matographic separations without sacrificing reliability. The fac-
tors affecting preconcentration and separation of the analytes are
discussed in detail. In addition, full validation was performed to
assess the linearity, recovery, limit of quantification (LOQ), and
precision of the method. The method was successfully applied to
the determination of resveratrol in red wines, and the online SPE-
HPLC-MS/MS analysis was shown to be a rapid, sensitive, and
robust method.
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Figure 1. Chemical structures of the frans-isomer (A) and cis-isomer
(B) of resveratrol.

MATERIALS AND METHODS

Reagents and Materials. Multiwalled carbon nanotubes (purity >
95%) were obtained from Shenzhen Nanotechport Co., Ltd. (Shenzhen,
Guangdong, China), with an average diameter of 40—60 nm, length of
5—15um, and surface area of 40—300 m” g ~'. The MWCNTs were already
dried for 2 h at 130 °C to remove the adsorbed water beforehand and kept
in a desiccator.

The TRA working standard (purity = 98%) was purchased from
Shananxi Sciphar Biotechnology Co., Ltd. (Shaanxi, China). A stock
solution (3.7 ugmL™") of TRA was prepared by dissolving the standard in
methanol and kept at 4 °C in a dark bottle to avoid exposure to direct light.
CRA was obtained after a 4 h exposure of a standard TRA methanolic
solution (1.3 ug mL™") to UV light. After UV irradiation, the signal of
TRA remaining was very weak, which meant most TRA was converted
into the cis-isomer. Then, the mixed standard solution was obtained by
combining the TRA and CRA stock solutions. Working standard solu-
tions were freshly prepared by diluting the stock solutions with HPLC
mobile phase. Figure 1 shows the chemical structures of TRA and CRA.

Acetonitrile, methanol, and formic acid were of chromatographic grade
and obtained from Merck (Darmstadt, Germany). High-purity water with
a resistivity of 18.2 MQ cm ™! was obtained from a Milli-Q water system
(Millipore, Bedford, MA). All other organic solvents were of analytical
grade and purchased from Huadong Chemicals Co., Ltd. (Hangzhou,
Zhejiang, China).

The red wine samples originating from seven regions of China were
purchased from a local supermarket (Wumei, Hangzhou, China).

Instrumentation. A schematic diagram for the online SPE-LC-MS/
MS system is shown in Figure 2. The flow injection system used for
delivering loading solvent consisted of a model 515 pump (Waters,
Milford, MA) and a Rheodyne 7725i manual injection valve with a
20 uL loop. A precolumn (10 mm x 4.6 mm i.d.) packed with 80 mg of
MWCNTs was used for the SPE preconcentration and purification of
resveratrol in red wines. All of the PTFE tubes (75 um i.d.) used for
connections were kept at the shortest possible length to minimize the dead
volume.

The high-performance liquid chromatograph (HPLC) used was a Waters
2695 system equipped with a binary LC pump, an autosampler and a
vacuum degasser. The resveratrol separation was achieved using a Halo
fused-core silica column (50 mm x 2.1 mm, i.d., 2.7 yum; Advanced Materials
Technology, USA), with a mobile phase flow rate of 0.4 mL min~". The
mobile phase consisted of (A) high-purity water (0.1% formic acid) and
(B) acetonitrile. A gradient elution program was applied as follows: 0—4 min,
linear increase from 20 to 100% B; 4—5.9 min, hold at 100% B; 5.9—6.0 min,
linear decrease from 100 to 20% B. The two compounds were eluted within 2
min. The rest time was used to reestablish equilibrium of the column.

A triple-quadrupole mass spectrometer (4000Q-Trap, Applied Biosys-
tems, Foster City, CA) was coupled to the HPLC system through a
turbospray electrospray (ESI) interface operating in negative ionization
mode. Instrument control, data acquisition, and processing were per-
formed using the associate Analyst 1.5.1 software. MS/MS data were
acquired in the multiple-reaction monitoring (MRM) mode. For each
analyte, two transitions between precursor ions and the two most
abundant product ions were monitored: the transition 226.8 — 184.8 for
quantitative determination and the transition 226.8 — 142.8 for qualitative
analysis. To increase sensitivity, the ion source temperature (TEM) was set
at 450 °C, and the ion spray voltage (IS) was always set at —4.5 kV. Ion
source gas 1 (GS1) and ion source gas 2 (GS2) were used as the drying and
nebulizer gases at backpressures of 15 and 18 psi, respectively. Curtain gas
(CUR) was 30 psi. Tablel shows the optimized MS conditions used for the
analysis of the target analytes.
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Figure 2. Schematic diagram of the online SPE-LC-MS/MS system. When the manual injector and valve 2 are at position “load” and A, respectively, two ports
joined by a black line are connected and two joined by a red line are not when the manual injector and valve 2 are at position “inject” and B.

Table 1. MS Parameters of trans- and cis-Resveratrol
MS/MS parameters? (V)

precursor/product retention

compound ion pairs (m/z) DP EP CE  CXP time (min)

frans-resveratrol  226.8 —184.8 —90.0 —10.0 —275 —15.0 1.54
226.8—1428 —90.0 —10.0 —37.0 —15.0 1.54

226.8—184.8 —90.0 —100 —275 —150 170
2268 —1428 —90.0 —100 —370 —150 170

cis-resveratrol

2DP, declustering potential; EP, entrance potential; CE, collision energy; CXP,
collision cell exit potential.

Preparation of MWCNT-Packed Trapping Column. The MWCNT
materials were laboratory-packed in a 10 mm x 4.6 mm i.d. (~20 mg
sorbent mass) column holder (Shimadzu, Kyoto, Japan) for system
evaluation and application. The column was then connected to the six-
port valve with PEEK tubing. The stability and potential regeneration of
the column were investigated, and the testing results suggested that the
SPE cartridges could be properly cleaned and conditioned after each
extraction. The column was stable up to at least 50 adsorption—elution
cycles without an obvious decrease in the recovery of resveratrol.

Preparation of Samples and Standards. The commercially available
red wines were produced in seven regions of China (Jilin, Gansu,
Shanghai, Yunnan, Hebei, Shandong, and Henan). All wines were stored
in the dark at 4 °C and analyzed immediately after bottle opening, under
the same analytical conditions. In a centrifugal tube, 0.1 mL of red wine
was diluted with methanol to 5 mL and filtered through a 0.22 um
membrane filter before use. All samples were protected from light to avoid
photon-induced isomerization throughout the preparation stages. As for
the recovery test, three different concentration levels (low, medium, and
high) of resveratrol were added to the red wine prior to analysis. The
resulting samples were analyzed as described above. Triplicate experiments
were performed at each level.

The standard mixture was weekly prepared by mixing two standard
solutions: 0.37 ug mL™" for TRA and 0.13 ug mL™' for CRA. For
quantitative analysis, matrix-matched calibration standards were pre-
pared in triplicate at five concentrations range from 0.5 to 500 ng mL ™!
for total resveratrol. All solutions were stored at 4 °C. The XIC chro-
matogram of resveratrol standards is shown in Figure 3.

Analytical Procedures. The online SPE-HPLC-MS/MS method
consisted of four major steps as follows:

Step 1. The six-port switching valve (valve 2) was set at position A
(black line, see Figure 2), and the flow injection pump (pump 1) delivered
loading solvent at a flow rate of 0.4 mL min~'. The red wine sample was

injected into the loop with a syringe while the manual injector (valve 1) was
at the “load” position (black line).

Step 2. Valve 2 was switched to position B (red line), and the manual
injector was switched to “inject” position, so that the red wine sample was
introduced into the MWCNT-packed trap column and the resveratrol was
extracted. The matrix was constantly washed out by 4 mL of high-purity
water at the flow rate of 0.4 mL min~".

Step 3. Pump 1 was stopped, valve 2 was turned to position A, and
the analytes trapped on the SPE column were eluted into the analytical
column in the back-flush mode with the chromatographic mobile phase for
separation.

Step 4. The manual injector and valve 2 were returned to positions
“load” and B, respectively. Data acquisition started simultaneously.
Meanwhile, once the first sample had been eluted and HPLC analysis
had begun, the automated online SPE system began extraction of the next
sample during the previous chromatographic separation. Because sample
extraction and analysis can continue to overlap in this manner, the analysis
time can be reduced to approximately 6 min per sample.

Peak Identification. TRA and CRA were identified by the compar-
ison of their retention times and MS spectra (MRM mode) with the
corresponding standards.

RESULTS AND DISCUSSION

Optimization of Online SPE. By comparison with the perfor-
mance of C18 SPE reported in the literature (28), the recovery
values of MWCNT-packed cartridge indicated a similar enrich-
ment and purification ability to resveratrol. However, the lower
price made MWCNTs more charming and competitive. Then, a
series of experiments were performed to optimize the online
SPE conditions to obtain good sensitivity and precision. Various
parameters affecting the trapping efficiency (analyte volume,
organic modifier ratio, pumping speed, loading, and washing
time) were investigated.

First, analyte breakthrough volume was measured by introdu-
cing 20 uL red wine samples with different dilution ratios into the
SPE column at a flow rate of 0.4 mL min~'. The column effluent
was directly monitored by the MS detector. Because of the high
sensitivity and low detection limit, a sample diluted 50-fold was
chosen for subsequent experiments, resulting the minimum con-
tamination of the SPE column brought by the sample matrix.

Then, the effect of the loading solvent flow rate was investi-
gated over the range from 0.2 to 1 mL min~". Higher flow rate
could cause slight sample leakage and a decrease of the lifetime of
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Figure 3. XIC chromatograms of TRA and CRA standards. Peaks: 1, TRA; 2, CRA.

the MWCNT-packed trapping column owing to the high back-
pressure. A flow rate of 0.4 mL min~" was an optimal value for
introducing resveratrol into the SPE column.

The ionization efficiency of samples in electrospray source may
be affected by matrix interference. Given that red wine matrix is
quite complex, the percentage of organic modifier for cleanup of
the sample matrix was studied. No desorption was detected when
the acetonitrile concentration was <10%. However, more coex-
tracted matter was retained on the SPE column when high-purity
water was used as solvent. When acetonitrile concentration was
20%, the recovery of resveratrol decreased. Consequently, 10%
acetonitrile was adopted as the optimum loading solvent.

Moreover, the pH value plays an important role for the quan-
titative recoveries of TRA and CRA during the SPE procedure.
The pH of the loading solvent was adjusted to pH 2—3 with
HCOO—/HCOOH buffers, to pH 4—6 with CH;COO—/CH3-
COOH bulffers, and to pH 7 with CH;COONH, buffer solution.
According to the results, the retention of TRA and CRA on
MWCNTSs was high in the acidic solution. The highest retention
for resveratrol was obtained at pH 2, and the signals remained
almost constant from 2 to a pH value of 3. The adsorption
decreased considerably with the increase of solution pH to 7. At
higher pH, a less marked reduction of the signal was observed.
Therefore, pH 3 was selected as the optimum value.

Finally, the total duration for loading sample and washing
matrix was optimized in the range from 30 to 180 s, at a sample
flow rate of 0.4 mL min~'. When longer loading times were used,
the recoveries of resveratrol decreased, because resveratrol was
washed out by the excess washing solvent. When the time was
<30 s, more coextracted matter was retained on the SPE column.
Finally, 60 s was adopted for the proposed method.

Optimization of Chromatographic Conditions. It is important to
optimize the chromatographic conditions before mass spectro-
metric detection is attempted, including the types of column and
composition of mobile phase, because impurities in the samples
can greatly decrease the sensitivity of determination by affecting
the ionization of the compounds of interest. To achieving good
resolution and symmetric peak shapes of analyte in a shorter run
time, the selection of analytical columns with high separation

efficiency is a prerequisite. The chromatographic performance
of Halo fused-core C18—silica column (50 mm x 2.1 mm i.d.,
2.7 um) was compared with that of conventional fully porous
particle packed columns (1) Agilent Zorbax SB-C18 250 mm x
4.6 mmi.d., 5um; (2) Waters Atlantis T3-C18 150 mm x 2.1 mm
i.d., 3 um; and (3) Phenomenex Synergi Fusion-RP 80A 50 x
2.0mmi.d., 4 um, for online SPE-HPLC-MS/MS analysis. It was
found that the separation efficiency and sensitivity of the Halo
column was obviously performed much better due to its special
structure (a 1.7 um solid core particle fused with a 0.5 um porous
shell). This novel fused-core column packing technique greatly
decreased the diffusion path, allowed rapid mass transfer, and
thus reduced axial dispersion and peak broadening. Compared to
the sub-2 um particles, similar efficiency separations could be
achieved on conventional HPLC systems using these fused-core
columns, saving the expensive cost of ultrahigh-pressure instru-
mentation. As a result, the Halo C18 column was finally chosen in
this work.

The analytical sensitivities in condition of samples eluted with
methanol/water, acetonitrile/water, and acetonitrile/water (0.1%
formic acid) were compared. The results indicated that methanol
gave rise to better selectivity, whereas acetontrile gave rise to
better elution strength and shorter retention time. Furthermore,
acetontrile generated lower backpressure than methanol, which
made the Halo column especially suitable for conventional LC
equipment. The 0.1% formic acid in water solution played an
important role in improving peak shape. Results of multiple
injections indicated that under such a situation nice peak shape
and high sensitivity of resveratrol could be achieved. The reten-
tion time of the last peak in our test was <2 min with a flow rate
of 0.4 mL min~".

Optimization of MS-MS Conditions. Acquisition parameters
of the mass spectrometer were optimized by direct continu-
ous pump infusion of standard working solutions of the analytes
(100 ng mL™") at a flow rate of 10 uL min~' in the mass
spectrometer. Full-scan spectra were acquired over the m/z range
of 50—500 amu with a dwell time of 1.0 s and a step size of 0.1 amu
for identification of the precursor ions, and the deprotonated
molecular ion (M — H) ™ at m/z 226.8 was selected as precursor
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Table 2. Calibration Data of Resveratrol Standards

Lu et al.

Table 3. Intraday Recovery and Precision (RSD) Data from Spiked Red Wine

analyte slope intercept R? LOD® LOQ® linearity analyte added amount (mg)  average recovery (%) RSD (%)
frans-resveratrol  1194.3 14628 09996 0.02 005 0.37—370 trans-resveratrol 0.104 £ 0.003 76.9 12.77
cis-resveratrol 1465.6 83.61 0.9997  0.02 0.06  0.13—130 0.911 +0.003 95.0 5.48
2 . by } T o 14.635 £ 0.471 102.7 3.41
Regression coefflcuent.f1 Limit of detection (3 S/N, ng mL™"). “Limit of
quantitation (10 S/N, ng ml. . cistesveratrol 1,020+ 0.008 108.3 6.67
10.745 £ 0.157 104.2 4.09
ion for TRA and CRA. The declustering potential (DP) was 102.522 +1.030 99.1 1.56

optimized for achieving the highest signal response of (M — H) ™.
Further identification of the most abundant fragment ions and
selection of the optimum collision energies (CE) for TRA and
CRA were carried out in the product ion scan mode. The
fragmentations of m/z 184.8 and 142.8 were comparatively high
intensity. On this point, the MRM transition (226.8 — 184.8) was
used as a quantifier, whereas the mass transition (226.8 — 142.8)
was used as a qualifier for TRA and CRA. The optimal para-
meters are given in Table 1. In view of that TRA and CRA are
isomers of each other with the same ionization behavior, the
retention time is the parameter used to identify isomers.

To achieve maximum MRM transition sensitivity, a flow
injection analysis (FIA) methodology was adopted by introdu-
cing a 5 uL standard solution of resveratrol (1 ug mL™") into the
mass spectrometer using the initial chromatographic conditions.
The optimum conditions including curtain gas (CUR), ion source
gas 1 (GS1), ion source gas 2 (GS2), temperature (TEM), and
collision-activated dissociation (CAD) were summarized under
Instrumentation.

Method Validation. Method performance was investigated with
respect to various parameters such as linearity, selectivity, limit of
detection (LOD), limit of quantification (LOQ), recovery, and
precision (29).

The calibration curves in the linear range of 0.37—370 ngmL ™"
for TRA and 0.13—130 ng mL~" for CRA were produced by
fortified blank samples with working standard solutions of
resveratrol at six concentration levels. All measurements were
done in duplicate. Then the calibration curves were constructed
by plotting the peak area versus the concentration of each analyte.
Table 2 shows the results of the standard calibration curves
of integrated peak area (n = 3) and linearity (R®). The high
correlation coefficient values (R* > 0.9996) indicated good
linearity between their peak areas (y), investigated compound
concentration (x, ng mL™") in relatively wide concentration
ranges, and excellent sensitivity of the analytical method.

Selectivity was conducted in the MRM mode. For each
analyte, two transitions between precursor ions and the two most
abundant product ions were monitored. The more abundant one
was used for quantification and the other one for confirmation.
By comparing the relevant retention time and the MS/MS signals
of the analytes in the matrix with those of standard solutions, the
target analytes could be easily distinguished and no interference
peaks were observed. The results showed that the retention time
agreement of trans- and cis-resveratrol was within +2.5%, and
the relative abundance of the two selected ion transitions was
within a margin of £25%, which indicated a good selectivity of
the analytical method.

The LOD and LOQ were considered as the analyte minimum
concentrations that can be confidently identified and quantified
by the method. The LOD was determined by analyzing blank
sample at levels that provided signals at 3 times above the
background noises. In a similar way, the LOQ was identified at
signal-to-noise ratios equal to 10. Table 2 summarizes LOD and
LOQ values of individual compounds and clearly indicates a
lower limit determinable analytical range.

Table 4. Intraday and Interday Precisions?
precision

analyte intraday (ng mL™") RSD (%) interday (ngmL™") RSD (%)

0.061+0.005 6.81
1.477 £0.031 2.12
15.550 + 0.428 2.75
163.840 £7.816 477

0.040 + 0.003 7.48
1.319+0.101 7.69
15.524 + 0.696 4.48
161.135 +7.804 4.84

trans-resveratrol

0.440 4+ 0.024 5.45
3.736 +£0.102 2.73
37.397 +£0.979 2.62
382.180+17.478 457

0.387 & 0.026 6.80
3.681+£0.112 3.05
37.362 4 1.659 4.44
375.901 £17.903 476

cis-resveratrol

#The concentration data of analytes were shown as means + SD (n = 6).

Recoveries were performed by employing the method of
standard addition and obtained by subtracting the quantities of
resveratrol in unspiked ones from spiked ones. At all fortification
levels, recoveries were in the range of 95.0—108.3%, whereas
relative standard deviation (RSD) values ranged from 1.56 to
6.67% except at low levels of TRA with a recovery 76.9% and an
RSD 12.77%. The results obtained are shown in Table 3.

Precision was evaluated by calculating intra- and interday
RSDs of three replicate runs of the procedure of online SPE-
HPLC-MS/MS to ensure instrument and method performance.
Three different fortified concentrations (low, medium, and high)
were analyzed in 1 day for intraday precision and over 6 days for
interday precision, respectively. The results obtained are shown in
Table 4.

All of these data revealed that the described method had an
accepted degree of precision.

Application of the Method. The proposed method was applied
to analyzing eight kinds of red wines produced from seven regions
of China. The chromatograms of the eight red wine samples are
given in Figure 4. Table 5 shows the ranges and the average
concentrations of resveratrol found in the red wine samples.
Reported RSDs were for six replicate samples from the same
bottle of wine. The results demonstrated a successful application
of this online SPE-HPLC-MS/MS assay for the quantification of
resveratrol. Differences could be observed in the content of
TRA and CRA. The concentration of TRA ranged from 41.85
to 1634.06 ng mL ™" and that of CRA from 167.15 to 1938.62
ng mL~". The total resveratrol content ranged from 290.33 to
2730.64 ngmL ™", According to Figure 5, the highest average level
of total resveratrol was found in wines from Gansu, whereas
wines from Shanghai had the second highest level of total
resveratrol. The lowest average level of total resveratrol was
found in wines from Jilin province. This fact was under the
influence of various elements such as climate, geographical area
of cultivation, growing conditions, winemaking techniques, and
storage conditions. Red wines made from the grapes that grow in
northern China had comparatively lower resveratrol concentra-
tions than the wines made from the grapes grown in more
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Figure 4. XIC chromatograms of the eight red wine samples.

hospitable climates of sunnier southern locations. The ratios of
TRA to CRA from the selected red wines were also investigated in
this study. According to the data, the trans-isomer content was
greater than that of cis-isomer in the wines from Henan, Shanghai,
and Shandong (I and II) province, for which the ratios of TRA/

CRA were 1.76, 1.52, 1.02, and 1.12, respectively. The TRA
content was equal to CRA in wines from Shandong and Yunnan.
For the rest, CRA was obviously more than TRA, which may be
due to the exposure of wine to light during the winemaking process
or possibly from the light exposure of wine bottles during storage.
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Table 5. Concentrations of trans- and cis-Resveratrol in Eight Red Wine Samples from Seven Regions of China

Lu et al.

analyte concentration® (ng mL™")

red wine region frans-resveratrol RSD (%) cis-resveratrol RSD (%) total resveratrol TRA/CRA ratio
Jilin (JL) 41.85+2.68 6.40 248.48 +-24 .45 9.84 290.33 0.17
Gansu (GS) 792.02 £51.72 6.53 1938.62 + 189.65 9.78 2730.64 0.41
Shanghai (SH) 1634.06 £ 225.52 13.80 1075.23 £93.79 8.72 2709.29 1.52
Yunnan (YN) 544.63 +43.35 7.96 579.79 + 54.50 9.4 1124.42 0.94
Hebei (HB) 658.10 4 76.99 11.70 1191.85 +142.79 11.98 1849.95 0.55
Shandong | (SD I) 636.54 & 56.65 8.90 621.35 +75.98 12.23 1257.89 1.02
Shandong Il (SD II) 580.20 4 26.64 4.59 516.78 £ 53.61 10.37 1096.98 1.12
Henan (HN) 293.61+23.89 8.14 167.154+6.12 3.66 460.75 1.76
@The concentration data of analytes are shown as content = means & SD (n = 6).
2800 — — —r—T T 2600
4 - 2400
—4+—Total Resveratrol -
2400 B Trans-Resveratrol - 2200
B Cis-Resveratrol L =
1 ~2000
= 2000 I @
E 7 ~ 1800 n‘)
G 4 F =
g L1600 2
= 1600 - Q
[<] - 1400 @
F—’- i [ 1200 D
2 1200 - [ g
3 L1000 &
= ) [s00 =
Bt [ @
o -
~ 600
B s % g
400 - 400 3
] — 200
0+ -0

JL GS SH YN

HB SD1 SDII HN -

Wine Region

Figure 5. Resveratrol concentrations of eight red wine samples from seven regions of China. (The former two peaks in each chromatogram might be the

glycosides of resveratrol.)

In summary, a fully automated methodology, based on online
SPE-HPLC-MS/MS analysis, has been developed for rapid
determination of TRA and CRA in red wines. A multiwalled
carbon nanotube-packed trapping column was used for extrac-
tion and cleanup of the sample, and a fused-core C18 column was
used for target analyte separation. Compared to the existing
methods, the proposed approach affords high-throughput (6 min
per sample), improved accuracy (because aqueous calibration
standards are processed in the same way as samples), high
sensitivity (LOQ values usually <0.06 ng L™"), and high selec-
tivity. Moreover, no laborious and time-consuming sample pre-
treatment steps were needed in this assay. The risk of analyte loss
was decreased as well, because the analysis and sample extraction
took place in a closed, automated system. Additionally, red wines
from seven regions of China were analyzed. The results showed
the concentration of resveratrol appeared to be mostly influenced
by the place of production. Wines from Gansu presented the
highest total resveratrol concentration. The TRA/CRA ratios
were <1.0 except for red wines from Henan, Shanghai, and
Shandong (I and IT) province, which could be due to the different
winemaking processes that contribute to cis-isomer formation.
These facts demonstrate that the whole system was of great
potential to be applied for the analysis of TRA and CRA in red
wines. This proposed method could also be utilized for resveratrol

analyses in grape juice, jams, and jellies and other related
products.

ABBREVIATIONS USED

LC-MS/MS, liquid chromatography—tandem mass spectro-
metry; TRA, trans-resveratrol; CRA, cis-resveratrol; MRM,
multiple-reaction monitoring; ESI, electrospray ionization.
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