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We describe a reversed-phase HPLC method that uses
gradient elution and diode array detection to quantitate
eight biologically active phenolic constituents of wine: the
cis and trans isomers of resveratrol and their glucosides,
catechin, epicatechin, quercetin, and rutin. ODS Hypersil
served as the stationary phase; the gradient was formed
by acetic acid, methanol, and water. Each analysis
required an equilibration period of 10 min and a run time
of 40 min for completion. Satisfactory peak resolution
was achieved following direct injection of a 20-4L sample,
and validation was accomplished by on-line spectral
comparisons with known standards. Excellent linearity
was obtained for all constituents, and the detection limits
ranged from 30 ug/L (¢rans-resveratrol) to 1.5 mg/L
(catechin). Recoveries approximated 100% (range 95.2—
105.5%), and the method provided good precision, with
coefficients of variation between 1.17 and 3.38%. All of
the phenolics measured were reasonably stable in opened
wines protected against sunlight for up to 1 week at room
temperature or 4 °C, but most showed losses of 10—40%
when stored for 6 weeks at either temperature.

Reduced mortality from coronary heart disease (CHD) among
moderate consumers of alcohol is a well-established epidemiologic
phenomenon.!~* There is some evidence that those who regularly
drink wine may have lower CHD mortality than those whose
preference lies with other alcoholic beverages.5-8 This latter
possibility has provoked intense interest in constituents unique
to wine that may be responsible for these putative effects. Among
these, the antioxidant components of wine rank high.%-"! Many
of the latter, including catechin, epicatechin, quercetin and
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Figure 1. Chemical structures of phenolics measured by this
method.

resveratrol (Figure 1), have been shown to protect low-density
lipoproteins (LDLs) against oxidation more effectively than a-to-
copherol on a molar basis.*!? Several of the above, as well as an
extract of red wine phenolics, promote vascular relaxation through
the generation of nitric oxide by the endothelium.® Resveratrol
and quercetin inhibit human platelet aggregation in vitro and also
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modulate eicosanoid synthesis toward a pattern likely to be
protective against CHD.! Red wine phenolics protect rats against
the rebound hypercoagulability that follows excessive alcohol
consumption.'>! They have also been shown to protect rats
against the unfavorable lipid profiles that develop subsequent to
feeding diets high in fat and cholesterol,!'” with resveratrol,
quercetin, and morin perhaps the most significant in this re-
gard.’®! Finally, quercetin and its glucoside rutin have potential
anti-cancer effects that may provide a further dimension to the
health-promoting properties of wine consumption.?0-22

Many recent papers, including our own, have described
methods to assay the content in wines of the cis and trans isomers
of resveratrol as well as their corresponding glucosides, all of
which are believed to share in greater or lesser degree the
biological properties that have been well established for trans-
resveratrol.2?-3 Techniques to measure other individual wine
phenolics including quercetin, rutin, and the catechins, have also
been reported.®*-*! These methods have generally been devel-
oped to analyze specific classes of compounds in wine and grapes,
e.g., procyanidins and anthocyanins, and have been applied to the
examination of various aspects of fermentation chemistry. As
such, they are capable of measuring some of the components of
major biological interest described above. However, it is now
becoming apparent that an index of the potential health benefits
of individual wines requires knowledge of the concentrations of
all constituents, including those already mentioned, which may
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have biological properties favoring protection against the major
causes of adult mortality, such as CHD and cancer. A number of
more general methods based on high-performance liquid chro-
matography (HPLC) have been developed*2-# that allow quan-
titation of up to 20 wine phenolics simultaneously on a single
sample, but these have not been adequately described or char-
acterized as to their analytical performance; neither have they been
applied to a sufficiently representative number or range of wines
to establish their suitability and robustness for routine use; nor
do they necessarily include all of the major compounds of
biological interest. We now describe a HPLC technique based
on direct sample injection and diode array detection that meets
all of these criteria.

MATERIALS AND METHODS

Wines. Commercial wines, usually in 750-mL bottles, were
opened, and 10-mL aliquots were withdrawn for storage at 4 °C
in a glass vial filled to completion and protected by foil against
sunlight. Analyses were completed within a 3—5-day period.

Standards. The following were purchased from Sigma (St.
Louis, MO) and used for calibration: catechin (Catalog No.
C1251), epicatechin (Catalog No. E1753), trans-resveratrol (Cata-
log No. R5010), rutin (Catalog No. R5143), and quercetin (Catalog
No. Q0125). cis-Resveratrol was prepared from the trans isomer
by UV irradiation.* trans-Polydatin was isolated from the dried
roots of Polygonum cuspidatum, and a portion was converted to
the cis isomer by UV irradiation.* All standards were dissolved
in methanol at a range of concentrations described under Linearity
in the next section.

Instrumentation. An ODS Hypersil 5-4m column, 250 mm
x 4 mm i.d., was used as the stationary phase and was preceded
by a guard column of LiChrospher 100 RP-18, 5 um, 4 mm x 4
mm. Both were purchased from Hewlett Packard (Mississauga,
ON, Canada). The chromatography equipment, all from Hewlett
Packard, comprised the Series 1050 automatic sample injector,
solvent degasser, quaternary pump, and diode array detector
coupled to the HP Chem-Station utilizing the manufacturer’s 2.05
software package.

Procedure. Samples of 20 uL of wine or calibration standard
were directly injected onto the column and eluted with a gradient
comprising acetic acid (pump A), methanol (pump B), and water
(pump C). Zero-time conditions were 5% A, 15% B, 80% C at a
flow rate of 0.4 mL/min. After 5 min, the pumps were adjusted
to 5% A, 20% B, 75% C at a flow rate of 0.5 mL/min, and at 30 min
to 5% A, 45% B, 50% C at 0.5 mL/min until termination of the run
at 40 min. This was followed by a 10-min equilibrium period with
the zero-time solvent mixture prior to injection of the next sample.
Detection was routinely accomplished by monitoring the absor-
bance signals at 265, 280, 306, 317, and 369 nm with a bandwidth
of 5 nm. Match and purity checks were performed for all peaks
of interest as described in the next section. A standard was
injected after every five samples, and after every 16 samples the
column was washed for 2 h with water at 1 mL/min, followed by
2 h with methanol at the same rate. The column could be used
for at least 200 assays; the earliest manifestation of deterioration
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Figure 2. Chromatogram of wine showing the peaks for all eight phenolics measured by this method. (A) Absorbance monitored at 280 nm.
Peak 1, catechin; peak 2, epicatechin. (B) Absorbance monitored at 306 nm. Peak 1, trans-polydatin; peak 2, rutin; peak 3, trans-resveratrol;

peak 4, cis-polydatin; peak 5, cis-resveratrol; peak 6, quercetin.

was inadequate resolution of the cis-polydatin and trans-resveratrol
peaks.

RESULTS

Chromatographic Resolution. Figure 2 demonstrates the
satisfactory resolution accomplished for the major peaks of interest
when the eluate was monitored at wavelengths of 280 and 306
nm. Although some peaks show minor shoulders, the software
can apply adequate corrections during integration, which can also
be done manually for sharper definition of the true peaks. Match
factor spectral analysis of each peak assigned a value between 0
and 1000 for concordance between the spectrum of the peak and
that of the pure standard of the compound which it was assumed
to be. According to the manufacturer, values above 990 indicate
near-identity, and those below 900 suggest that the spectra are
different. We used a value of 950 as our criterion for acceptability
on the basis that, in analyses of 100 wines, 95% of all peaks gave
a higher match factor. Examples of peaks with acceptable (99.9%)
and unacceptable (82.5%) match factors are illustrated in Figure
3 parts A and B, respectively. Purity checks were also performed
at the inflexion points and apex of each peak, and the peak purity
plot comprising the three spectra was drawn in a normalized and
overlaved mode. By the same criterion as employed to define
the acceptable limit for match factor, purity factors >950 led us
to exclude hidden impurities and to consider the peak to be
consistent with the presence of a single component. Examples
of satisfactory (99.9%) and unsatisfactory (72.6%) purity factors
are provided in Figure 4 parts A and B, respectively.
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Table 1. Linearity of Assays for Eight Phenolic
Constituents of Wine Assessed by Regression Analysis
(y = Area Count; x = Concentration in mg/L)

constituent slope intercept SE P r range¢
catechin 0.9968 337 423 0.48 0999 10-200
epicatechin 09994 -331 205 0.18 1.000 10-100
rutin 09995 -—434 256 0.16 1.000 5-50
trans-resveratrol 0.9997 427 14.7 0.04 1.000 0.4-85
cis-resveratrol 0.9998 23.1 76 0.04 1.000 0.6-13.2
quercetin 0.9985 -—241.7 924 006 0999 5-50
trans-polydatin  0.9689 -659 1273 0.64 0984 09-6.8
cis-polydatin 0.9624 594 1326 0.68 0.980 1.4-10.2

9 Probability that intercept is significantly different from zero.
b Correlation coefficient. ¢ Lowest and highest concentrations in mg/L.

Linearity. Data for each constituent were pooled from at least
three experiments in which the constituent was analyzed over a
range of 6—10 concentrations individually, in a mixture of all eight
dissolved in methanol, and added to a white wine matrix. Multiple
regression analyses were performed using the formula y = ax® +
bx* + cx + d. From Table 1, it may be seen that the slope of the
calibration curve was almost perfectly linear in all instances, and
that for all but two, the correlation coefficient differed from unity
(if at all) only in the fourth decimal place. The range of
concentrations covered those seen in >95% of all red wines,
although many white wines have lower concentrations than the
lowest used for several constituents. The ranges of resveratrol
isomers and glucosides could not be strictly predetermined
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Figure 3. Match factor spectral analysis of two peaks eluting at retention time of epicatechin. The solid line is the spectrum of an actual
column effluent, and the broken line is the spectrum of pure epicatechin retrieved from a library. (A) Near-identity of spectra with match factor
of 99.9%. (B) Unacceptable identity with match factor of 82.5%. The spectrum of the effluent is closer to that of p-coumaric acid than to that of

epicatechin.

because they were obtained by UV irradiation of pure solutions
of the trans isomers, but all values were subsequently assigned
on the basis of analysis by our previously published GC/MS#73!
and normal-phase HPLC* methods and were confirmed by the
fact that the sum of the isomers and glucosides after irradiation
was equal to the initial concentration of the trans isomer.

Only with cis- and trans-resveratrol did the intercept (positive)
differ significantly from zero (P < 0.04 for each). This is
consistent with the notion of background or baseline interference
or lack of complete resolution in some matrixes. Numerically,
this was <2% of the average concentration of these compounds
in red wine and was insufficient to adversely affect other analytical
variables such as sensitivity, recovery, and precision. Moreover,
the match factor and purity checks eliminated any data that did
not meet stringent criteria and presumably protected against
errors due to such interference, especially at low concentrations.

Recovery. This was evaluated for each constituent by adding
two concentrations to red (wine A), rosé (wine B), and white (wine
C) commercial wines and performing quadruplicate assays before
and after each addition. Excellent recovery was obtained, which
on average (Table 2) ranged from 95.2 + 5.5% for catechin to 105.5
+ 4.3% for trans-resveratrol. There was no consistent difference
in recovery from any of the three wine matrixes.

Precision. Ten replicate analyses were performed on four
wines for each of the eight phenolics, selected from a number
previously assayed so as to cover a reasonable range for each
constituent. Rutin was not measurable in two and quercetin in

one because of match or purity factors that did not meet the
defined criteria. The mean coefficients of variation (CVs) indicated
in Table 3 ranged from 1.17 to 3.38%, and the highest single value
was for cis-resveratrol (5.7%) at a concentration of 0.79 mg/L. This
represents excellent precision for all constituents throughout the
range tested.

Detection Limit. Basing this on the lowest value that could
be distinguished from zero (baseline) at P < 0.001 with a CV of
<10% and acceptable spectral criteria (match and purity factors),
the lowest measurable values and best wavelengths were as
follows: catechin, 1.5 mg/L (280 nm); epicatechin, 1.2 mg/L (280
nm); cis-polydatin, 75 ug/L (285 nm); trans-polydatin, 48 ug/L (306
nm); cis-resveratrol, 135 ug/L (285 nm); trans-resveratrol, 30 ug/L
(306 nm); rutin, 0.8 mg/L (265 nm); and quercetin, 0.4 mg/L (369
nm).

Stability. Ten wines were analyzed immediately and divided
into two aliquots, which were stoppered in dark glass vials,
covered with aluminum foil, and kept in the dark for up to 6 weeks
at room temperature and 4 °C. Replicate analyses were performed
on both aliquots at 48 h, 1 week, and 6 weeks. Table 4 gives the
mean percentage change for each constituent; because of con-
siderable skewing of the data due to exaggerated changes in
certain constituents in some samples, the observed range of values
as a percentage of the zero-time analysis is also given. The paired
t-test was used to evaluate the significance of these changes. The
quercetin and rutin peaks met the spectral criteria in only six and
four samples, respectively, and the latter were not included in the
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Figure 4. Purity check spectral analysis of peak eluting at retention time of epicatechin. (A) Purity confirmed (99.9%). (B) Purity not confirmed
(72.6%).

Table 2. Recovery (%) of Eight Phenolic Constituents Added to Each of Three Wines at High Concentration (mg/L,
Indicated in Parentheses beside Each Constituent) and Low Concentration (Half of High Concentration)*

wine A wine B wine C overall®

constituent high low high low high low mean + SD
catechin (80) 829 92.2 103.9 106.3 96.2 99.3 95.2 £ 5.5
epicatechin (80) 116.6 101.5 94.4 99.1 103.7 104.7 103.5 £ 4.6
cis-polydatin (7.32) 101.1 94.3 1074 107.5 91.5 97.4 99.8 + 4.6
trans-polydatin (8.66) 1074 99.3 106.0 106.4 97.7 101.4 103.1 £ 23
cis-resveratrol (3.14) 82.2 924 98.7 101.3 105.7 104.8 97.5 £ 4.5
" trans-resveratrol (3.32) 112.1 98.2 115.1 114.1 95.2 97.9 105.5 + 4.3
rutin (36) 116.3 107.7 85.8 85.2 102.1 102.1 99.8 + 85
quercetin (38) 105.4 102.6 102.1 89.9 99.1 88.9 100.0 + 5.4

¢ Each wine was assayed four times before and after each addition, and average of results is presented ® Obtained by pooling all recovery data,
e, n=24.

statistical analysis. With the exception of epicatechin at room results may be expected for most wines protected from light when
temperature which showed a slight (1.72%) but significant (P < analysis is delayed for up to 48 h or for up to 1 week at 4 °C.
0.05) reduction, all constituents were stable over 48 h. At 1 week, Longer storage is not advisable once the bottle has been opened
minor losses of 2.95% (¢rans-resveratrol), 4.3% (epicatechin), 7.21% and exposed to air.

(catechin), and 10.62 (cis-polydatin) were recorded at room Application. This method has been in use for the analysis
temperature (P < 0.05), but at 4 °C, only a small reduction in of >250 wines, and we intend to complete a survey of at least
epicatechin concentration of 2.9% was significant (P < 0.05). After 1000 commercial wines in an effort to define the phenolic content
6 weeks, major losses occurred in all constituents at room of those from the major regions and countries of production. To
temperature ranging from 13.3% (epicatechin) to 43.5% (catechin). demonstrate the scope of the method and to provide an indication
At 4 °C, these losses were much reduced, ranging from 4.1% of the range of concentrations that may be expected for each
(epicatechin) to 25.3% (cis-polydatin), but all were highly signifi- constituent, Table 5 presents the results of analyses of two
cant. For practical purposes, it seems that reasonably reliable representative wines from each of nine different countries or

1692 Analytical Chemistry, Vol. 68. No. 10, May 15, 1996



Table 3. Precision of HPLC Assays for Eight Wine Phenolics*

mean SD Cv overall® mean SD Ccv overalld
constituent (mg/L) (mg/L) (%) mean CV (%) constituent (mg/L) (mg/L) (%) mean CV (%)
catechin 148 0.8 0.5 cis-resveratrol 4.7 0.07 1.5
48 1.1 23 29 0.10 34
34 0.6 1.8 0.79 0.045 5.7
296 1.2 0.4 1.25 2.8 0.08 29 3.38
epicatechin 49 0.5 1.0 trans-resveratrol 43 0.06 14
20 05 25 1.72 0.08 4.7
108 0.5 0.5 1.66 0.02 1.2
71 0.5 0.7 1.17 1.85 0.01 0.5 1.95
cis-polydatin 1.7 0.03 18 quercetin 9.5 0.14 15
1.1 0.02 1.8 13.6 0.38 2.8
15 0.03 2.0 20.6 0.42 24 2.23
0.95 0.036 38 2.35 rutin 92 0.35 3.8
trans-polydatin 4.1 0.10 24 11.6 0.13 1.1 2.45
44 0.12 27
1.98 0.02 1.0
1.32 0.03 2.3 2.10

¢ Each value is derived from 10 replicate analyses on up to 4 wines of varying concentration for each constituent. ® Obtained by averaging the
CVs for all wine samples, i.e., n = 4 for all except quercetin (# = 3) and rutin (n = 2).

Table 4. Stability of Wine Phenolics Based on Replicate Analyses of the Same 10 Wines Stored at Two

Temperatures over Three Time Intervals*

48 h 1 week 6 weeks
constituent rt 4°C rt 4°C rt 4°C

catechin —175(102.2-94.9) -1.05(105.3-92.2) -7.21 (98.2-88.0) —3.79 (102.5-86.0) —43.5 (95.0—45.5) —8.66 (98.1-80.3)
epicatechin -1.72 (98.7-97.4) -0.11 (102.0-98.8) —4.3 (99.4—92.8) -2.9 (98.4-94.6) —13.3 (93.9-80.7) —4.1 (98.7-91.8)
cis-polydatin —-2.51 (110.4-86.5) —3.1 (104.4-87.6) —10.62 (102.7-80.4) —4.9 (105.5-84.9) —31.93 (89.4-51.2) —25.3 (94.6—55.4)
cis-resveratrol +4.74 (111.4-89.8) +5.56 (115.4-959) —3.55 (110.7-80.7) +2.01 (116.3—81.2) —17.49 (92.2-70.4) —11.66 (98.6-72.3)
trans-polydatin  +1.22 (104.5-96.0) +2.14 (106.9-97.2) —1.14 (107.7-92.7) 0.45 (106.3-89.7) —19.04 (95.6—61.8) —7.86 (102.4—-81.1)
trans-resveratrol —0.80 (104.3—-93.4) +0.55 (104.7-96.5) —2.95 (99.8-95.0) —1.24 (106.5-90.1) —27.55 (90.0-60.2) —15.61 (96.3—71.4)
rutin® -1.91 (100.4-92.2) -2.2 (100.5-954) —53(99.6-81.3) —4.8 (100.3-83.8) —14.4 (96.4-75.5) —11.2 (95.9-78.8)
quercetin? +1.11 (103.2-95.6) +1.46 (105.9-97.8) —4.42 (102.8-92.6) —1.94 (103.4-90.2) —42.77 (73.7—-41.1) —16.47 (95.3—70.8)

¢ The open figures represent the average percentage change under each condition, and the figures in parentheses represent the ranfe of values
es.

for each time point and storage condition, expressed as a percent of the zero time baseline. > Room temperature. ¢ Based on four samp

on six samples.

. 4 Based

Table 5. Phenolic Composition of Representative Commercial Wines (mg/L)

trans- trans- cis- cis-
wine catechin  epicatechin  polydatin  resveratrol  polydatin  resveratrol rutin  quercetin
1991 Chianti (Ttaly) 34.1 229 2.20 1.28 1.00 0.70 7.39
1990 Chianti 39.6 22.7 1.15 1.17 1.26 0.63 8.67
1990 Chateauneuf (France) 50.3 23.2 3.59 468 2.03 1.94 2.68
1991 Chateauneuf 55.2 235 2.66 3.82 132 1.12 0.29
1990 Medoc (France) 489 38.1 0.72 1.72 0.49 1.59 0.88
1990 Medoc 58.2 30.6 0.15 2.32 0.18 1.29 0.60
1989 Burgundy (France) 127.0 38.4 2.34 2.27 0.98 1.44 3.14
1989 Burgundy 136.0 50.7 2.22 1.17 1.12 0.98 2.20
1990 California Cabernet Sauvignon 33.5 214 0.24 0.30 0.10 0.30 14.6 3.15
1991 California Cabernet Sauvignon 44.4 23.1 1.86 2.23 1.52 1.11 242 1.17
1993 Australian Shiraz 44.2 349 1.45 2.62 0.19 1.95 6.53
1991 Australian Shiraz 33.9 33.7 0.72 2.26 0.32 1.16 9.89
1991 Oregon Pinot Noir 122 41.6 0.84 0.50 1.74 1.06 1.56
1991 Oregon Pinot Noir 119 38.6 0.83 0.45 2.05 0.94 2.70
1993 Beaujolais (France) 31.5 242 1.72 2.29 2.64 2.31 5.03
1993 Beaujolais 30.7 64.4 1.76 2.69 2.90 2.95 5.15
1988 Barolo (France) 23.6 16.7 0.98 0.31 1.17 0.50 4.55
1989 Barolo 59.0 34.3 1.46 1.04 0.79 0.44 9.41

regions. These data do not merit detailed description beyond
pointing out a few salient observations: (1) the concentrations of
catechin and epicatechin are at least an order of magnitude higher
than those of the other phenolics measured; (2) whereas the
concentrations of the resveratrol isomers and glucosides span a
rather narrow range, those of quercetin are much wider, and rutin

was measurable in only two of the 18 wines; and (3) a number of
trends appear worthy of investigation, including the high catechin
content of Burgundy and Oregon wine and the high quercetin
content of Italian and Australian wine, although these features
are as likely to be due to the grape cultivar as to environmental
factors.

Analytical Chemistry, Vol. 68, No. 10, May 15, 1996 1693



DISCUSSION
In this paper, we have described a method for the analysis of

eight phenolic constituents of wine by HPLC of a 20-4L sample
which is directly introduced without the need for prior preparatory
procedures. The analysis time of 40 min allows a relatively fast
throughput, and with automatic sample injection, 20 samples can
be run every 24 h, including time for standardization and column-
washing. Linearity, recovery, precision, and sensitivity were
highly satisfactory. Given the good peak resolution (Figure 2),
many more compounds can be analyzed than those now reported.
Since commencing this study, we have been able to measure
several additional compounds, including morin, salicylic acid, and
p-coumaric acid, although only the latter has been detected by
us in commercial wines with any regularity. In theory, it should
be possible to assay for any wine phenolic constituent for which
a standard is available, which absorbs over the range of wave-
lengths utilized, and which provides a reasonably discrete peak.
A number of such peaks, hitherto unidentified, are present in the
chromatograms illustrated in Figure 2 and are much more
prominent at other wavelengths. Several may turn out to be
among the constituents reported by other authors as measurable
in red wine extracts by various HPLC methods.

Although all of these phenolics have been measured in wine
previously, this is the first report documenting a method to
measure the eight compounds of interest simultaneously and by
a technique that requires no sample preparation. The character-
istics of the method have also been thoroughly delineated for each
constituent and compare favorably with those described by others,
although the requisite details are frequently not provided. Nagel
and Wulf*® gave no information for their method, which included
the assay of catechin and epicatechin. Although some authors

(45) Langcake, P.; Pryce, R J.J. Chem. Soc., Chem. Commun. 1977, 1412, 208—
210.
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have made general comments about linearity, only one presented
relevant data showing linearity for catechin and epicatechin to 30
mg/L and for quercetin to 20 mg/L.¥’ Recoveries have been
described for catechin and epicatechin of 91-92%,% 98—101%,%
and 79-92%.4° Very variable precision has been reported for
catechin and epicatechin: 1.2-3.5%,% 15—-27%,% 5.8%,% 2.8—3.2%,%
and 10%.4! For quercetin, precision values of 18%%7 and 5%*! have
been recorded, and for rutin 9.9%*! has been recorded. A clearly
defined detection limit of 1.2 mg/L has been documented for
catechin and epicatechin by only one author.®

The stability of wine phenolics once the bottle has been opened
has not been evaluated previously, except for trans-resveratrol.
In contrast to our previous results, which showed this compound
to be stable at 4 °C for up to 6 weeks,? a loss of 15.6% was noted
in the present study. It is possible that part of this loss is due to
oxidative dimerization, which is known te occur with resveratrol.*>
If so, it would not coelute with free resveratrol on HPLC, but its
fragmentation at the high temperatures employed in the direct
injection GC/MS assay used in our earlier investigation?” could
well generate a mass-ion pattern augmenting the resveratrol signal
and masking the loss. The chemical changes that underlie the
reduced concentrations of wine phenolics during storage merit
independent investigation in their own right.
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