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Abstract

A reversed-phase liquid chromatography–ultraviolet (LC–UV) method is proposed for the rapid simultaneous analysis of the main carboxylic
a llic acids,
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cids and polyphenols in must and wine. Good resolution was obtained for citric, tartaric, malic, lactic, acetic, caffeic, ellagic and ga
−)-epicatechin, quercetin and resveratrol. A novel silica-based column containing ether-linked phenyl groups, with polar end-ca
uitable for low-pH aqueous mobile phases was used and found to be superior to others tested. The method employed a mixture o
n water and acetonitrile as eluents, showed linearity and precision, and was applied to samples of must and wine.
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. Introduction

The profile and concentration levels of organic acids,
ainly tartaric, malic and lactic acids are important param-
ters for must and wine during processing and in the final
roduct. The contents of organic acids in must and wine influ-
nce not only the balance of the flavor, but also the chemical
tability and pH, and thus the quality of the wine[1,2]. There-
ore, it is important to be able to quantify organic acids that
re present in must or wine for quality and process control.

Many analytical methods have been, and are still being
sed to detect and quantify organic acids and polyphenols in
ine. Liquid chromatography (LC) is the most widely em-
loyed technique for the analysis of individual components.
rganic acid detection and quantification can be achieved
y several methods. Some use columns packed with ion-
xclusion resin, thus requiring the removal of polyphenols

∗ Corresponding author. Fax: +972 8 9476189.
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from the sample prior to analysis. Elution systems are us
isocratic, with an acidified aqueous solvent[3–10]. Typical
elution times are from 5 min[6] to 20 min[5]. Sample prepa
ration is time-consuming and may decrease the reliabili
the results. Other methods, which make use of reversed-
columns, are of limited applicability to wine due to its alco
content[6,11] or the number of acids resolved[12].

Polyphenols contribute color (anthocyanins), astringe
(tannins), antioxidant activity and other health benefit
wine [1,2,13–15]. Their levels also influence the activity
important bacteria in the wine, such asOenococcus oeni[16].
The ability to identify and control polyphenols content
wine during its processing and evolution in the winery
valuable asset for the winemaker.

For the separation of polyphenols, both normal-phase
reversed-phase columns are available for use[17,18]. For
RP columns, elution systems are usually binary. Isocr
ternary and quaternary systems have also been desc
Run times are long, generally from 30 to 80 min[6,13,18–23],
thus limiting the number of analyses that can be carried
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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in a given period. A rapid method has been published[2],
but is suitable only for the polyphenolics in wine. A recently
developed method[11] offers separation and determination
of organic acids and phenolic compounds on a C18 column,
but it is time-consuming, taking 80 min, and does not tolerate
alcohol in the sample, making it unsuitable for wine analyses.
Here, we report the rapid quantification of both polyphenols
and organic acids in red grape must and wine using a novel
polar reversed-phase phenyl end-capped column adapted to
aqueous low-pH solvent, high flow and rapid analyses.

2. Experimental

2.1. Apparatus and LC conditions

The LC analyses were carried out using a Spectra HPLC
system with Chromquest software (version 2.51), a pump
(p4000), an autosampler (AS3000), and a diode-array de-
tector (UV6000LP) (Thermo Separation Products, San Jose,
CA, USA). The separation was carried out on a SynergiTM

Polar-RPTM column (250 mm× 4.6 mm i.d.) (Phenomenex,
New York, NY, USA) with a guard column (Phenomenex
polymerXTM, 1.0 mm× 4.6 mm i.d.). Other columns used
for comparison were:

1

2
3

4

ent
A rted
w , at
1 4%
B in;
1 jec-
t me,
1 0
a

2

O,
U
e ,
o in-
d r or
1 ined
2 tan-
d ame
s tra-
t tion
c e

LC separation conditions. The solutions were also applied to
observe the between-day stability of retention times and peak
areas. Stock solutions and diluted (up to 100 times) standards
were injected to evaluate linearity and detection limits. All
solutions were filtered through a PTFE 0.45-�m-membrane
filter before LC analysis, and the mobile-phase solvents were
degassed before use.

Must and wine samples were prepared from Cabernet
Sauvignon (Vitis vinifera L.) grapes, harvested from three
blocks in a single vineyard, and taken to the laboratory for
vinification. At crushing, 20-ml aliquots of must from each
replicate were sampled and frozen at−20◦C for later anal-
yses. Samples from all replicates were taken for vinifica-
tion. After 14 days of ethanolic fermentation and maceration
and 14 days of malo-lactic fermentation, wines were filtered
through paper filter (Whatman No. 1 filter paper, Whatman,
Maidstone Kent, UK) and kept in the refrigerator. Commer-
cially produced wines were purchased at a local liquor store.

2.3. Sample preparation

All standards and samples were filtered through a PTFE
0.45-�m-membrane filter prior to analysis by LC. For
the analysis of carboxylic acids on a C-610H column,
phenolics were removed as previously described: 0.5 ml
p ed
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1 sam-
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. Supelcogel C-610H (30 cm× 7.8 mm) 9�m particle size
(Supelco No. 59320, Sigma, St. Louis, MO, USA);

. Phenomenex Luna C-18 (250 mm× 4.6 mm, 5�m);

. Phenomenex SynergiTM Hydro-RPTM (250 mm ×
4.6 mm, 5�m);

. Agilent Zorbax SB-Aq (250 mm× 4.6 mm, 5�m) (Agi-
lent, Palo Alto, CA, USA).

Trifluoroacetic acid (TFA, 0.2% in water), pH 1.9 (solv
) and acetonitrile (solvent B) were used. Elution sta
ith an isocratic step of solvent A only, for the first 7 min
.5 ml/min. Then, a linear gradient was applied from 0 to
during the next 3 min, and up to 50% B in the next 20 m

0 min of equilibration were required before the next in
ion. Other parameters were as follows: injection volu
0�l; column temperature, 30◦C; detection wavelength, 21
nd 280 nm; and UV spectra, 200–600 nm range.

.2. Chemicals and standards

All standards were purchased from Sigma (St Louis, M
SA): acetic acid, caffeic acid, citric acid, ellagic acid, (−)-
picatechin, formic acid, gallic acid, lactic acid,l-malic acid
xalic acid, quercetin, resveratrol and tartaric acid. The
ividual organic acid standards were dissolved in wate
2% ethanol in deionized water. Stock solutions conta
0 mg/ml tartaric acid or 8 mg/ml of the other acids. S
ards of phenolic compounds were dissolved in the s
olution to 0.4 mg/ml, and were injected at four concen
ions to determine individual retention times and calibra
urves. Solutions were kept at 4◦C and used to optimize th
olyvinylpolypyrrolidone (PVPP; Polyclar VT) was add
o a 1.5-ml sample, vortexed for 30 s, and centrifuge
5,000 rpm for 6 min. This procedure was repeated until
les were clear. Clear samples were filtered through St®

18-E 100 mg/1 ml cartridge (Phenomenex, Torrance,
SA), and analyzed according to manufacturer direct

Sigma).

. Results and discussion

.1. Method development

An analytical method that combines the analysis of
rganic acids and phenolics in must and wine, usin
eversed-phase LC column, was developed. To date, th
ration of organic acids requires the use of specially des

on-exchange columns[8–12], while the separation of phen
ics is conveniently performed on RP columns. Moreover
se of ion-exchange columns requires the preceding rem
f phenolics from the sample. Using Synergi 4� Polar-RPTM

olumn, the separation of seven organic acids and six
henolics in a single LC run was achieved. This colum
n ether-linked phenyl phase with hydrophilic end-cap
esigned specifically to maximize retention and select

or both polar and aromatic analytes.
The separation of carboxylic acids required the use

urely aqueous mobile phase. Indeed, the polar end-ca
s designed to prevent ‘phase collapse’ when a purely aqu
luent is used. The elution program allowed carboxylic a
nd gallic acid to be resolved within only 6 min (Fig. 1a). To
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Fig. 1. LC–UV of mixed standards of (a) organic acids at 210 nm and (b)
phenolics at 280 nm. For peak numbers, seeTable 1; for LC conditions, see
Section 2.

achieve resolution of all tested phenolics, a mild gradient of
2.3% acetonitrile per minute for 20 min was used. Using this
gradient resulted in the elution of resveratrol and quercetin
at 26.7 and 27.2 min, respectively (Fig. 1b). Resveratrol and
quercetin are usually among the last phenolics to elute when
wine phenolics are separated on RP columns[2,14]. Aro-
matic selectivity may be enhanced due to the�–� interac-
tions between the aromatic rings of the analyte and the phenyl
functional group of Synergi Polar-RPTM.

Several other columns are available that combine hy-
drophobic resin with stability in pure aqueous eluents. Of
these, Synergi Hydro-RPTM (Phenomenex) and Zorbax SB-
Aq (Agilent) were tested for their ability to separate wine car-
boxylic acids, but showed lower resolution (data not shown).
The separation of standards served to compare the proposed
method with commonly used methods. Carboxylic acids
were separated with an ion-exchange column (Supelcogel C-
610H), according to manufacturer directions[5]. A relatively
rapid elution of all standards was achieved, within 1 min only,
using the Synergi Polar-RPTM column (Fig. 1), as compared
to the common separation on a C-610H column (Fig. 2). The
results obtained using Synergi Polar-RPTM column showed
resolutions greater than 1.4 for all peaks, except for malic
and formic acid which showed a value of 1.0. Integration of
the areas under the curve (AUC) resulted in similar values
f base
w
r ide
r ble
w and
w sing

Fig. 2. LC–UV of mixed standards of organic acids at 210 nm, separated
using (upper trace) SynergiTM Polar-RPTM column and (lower trace) Su-
pelcogel C-610H column. For peak numbers, seeTable 1; for LC conditions,
seeSection 2.

the proposed method, standards were also chromatographed
on a Phenomenex Luna C-18 column[14]. Linear correlation
was observed for the selected standard polyphenols in both
methods, showing much higher sensitivity to concentrations,
ranging from nM to�M (Table 1). These ranges are well-
suited to amounts found usually in must and wine[14]. It is
thus suggested that our proposed combined method provides
similar quantitation and recovery values as each of the two
methods used separately.

3.2. Analytical performance

In a recent work, methanol, ethanol or acetone concentra-
tions of 10% in the sample were shown to decrease the res-
olution, and to reducetR of the carboxylic acids[11]. In the
proposed method, carboxylic acids were well resolved when
authentic wine samples, containing 12% (v/v) ethanol were
analyzed (Fig. 3). Resolution was kept even when samples
of the same wine were fortified with ethanol up to 24% (v/v)
(Fig. 3). This demonstrates the applicability of the proposed
method to wines and fortified (desert) wines.

Table 1
Retention times and linear range of carboxylic acids and phenolic com-
pounds in wine

N /ml)

1
1
1
1

or both chromatographic processes. The average peak
idth in the proposed method was 5 s (Fig. 1). A linear cor-

elation of the AUC to the amounts was observed over w
anges for all acids (Table 1). These ranges are compati
ith currently used methods, and with amounts in must
ine[4,6]. To evaluate the separation of wine phenolics u
o. Common name Retention time (min) Linear range (mg

1 Oxalic acid 1.90 0.5–8
2 Tartaric acid 2.10 1.25–20
3 Formic acid 2.30 0.5–8
4 Malic acid 2.40 0.5–8
5 Lactic acid 2.60 0.5–8
6 Acetic acid 2.75 0.5–8
7 Citric acid 2.90 0.5–8
8 Gallic acid 5.90 0.025–0.4
9 Caffeic acid 18.90 0.025–0.4
0 (−)-Epicatechin 19.85 0.025–0.4
1 Ellagic acid 22.70 0.025–0.4
2 Resveratrol 26.70 0.025–0.4
3 Quercetin 27.25 0.025–0.4
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Fig. 3. LC–UV of wine samples containing either 12 or 24 (fortified) vol.%
of ethanol: (a) organic acids at 210 nm and (b) phenolics at 280 nm. For peak
numbers, seeTable 1; for LC conditions, seeSection 2.

Injection volumes of 10–20�l of wine are routine in the
analyses of wines[6,7,14]. To further determine the robust-
ness of the method, increasing volumes of wine or must sam-
ples were injected on the column. Similar resolution values
were obtained for the tested organic acids, up to 20�l in-
jection volumes. Increasing the injection volume over 20�l
resulted in reduced resolution not only of carboxylic acids
but also of wine phenolics. This might be due to close distri-
bution coefficients and the competitive adsorption behavior
of the latter.

The within-day repeatability (n= 5) and between-day pre-
cision (n = 3) of retention times were within 1.0% relative
standard deviation (R.S.D.), respectively. The repeatability
(n = 5) and between-day precision (n = 3) of peak area were
within 5% R.S.D. The accuracy of the method was confirmed
by spiking must or wine with known amounts of standards
and comparing their AUC values with the calibration curves.

3.3. Applications

Must contains a variety of carboxylic acids, mainly tartaric
and malic, which are essential for a high-quality end product.
An analysis of carboxylic acids in must gives a good indica-
tion of the ripening stage of the grapes, which is essential to
determining optimal harvest date. A sample chromatogram
o s in
m
c ter-

Fig. 4. LC–UV of organic acids at 210 nm in (a) (upper trace) must and
(middle trace) wine samples and (lower trace) mixed standards; (b) either
(upper trace) spoiled or (lower trace) characteristic Cabernet Sauvignon. For
peak numbers, seeTable 1; for LC conditions, seeSection 2.

mination and quantification of malic and lactic acids during
wine processing is required for setting the seized malo-lactic
fermentation[3]. The resultant wine contains less tartaric and
malic acids, and more lactic and (unfortunately) acetic acids
(Fig. 4a). Thus, the suggested method allows also the detec-
tion of levels of carboxylic acids that may not be acceptable in
wine. These may come from bad practice or from attempted
taste correction, as was demonstrated in our lab by chance.
While fermenting grape juice, we experienced a sluggish fer-
mentation in one of the containers. Following our attempts
to restart the fermentation, we were able to reach the correct
pH value. Tasting revealed a problem, later analyzed by our
LC–UV method to be lactic acid accumulation (Fig. 4b). To
further assess the applicability of the method, several com-
mercial wines were analyzed. An interesting example was
obtained in a single sauvignon blanc wine (three bottles) that
contained 8.07 g tartaric acid/l, while an average 4 g/l was
detected in all other red and white wines tested, suggesting
correction actions taken by the wine maker.

4. Conclusions

A simple and rapid method was developed for the simul-
taneous determination of carboxylic acids and phenolic com-
p rate
f must shows the levels of oxalic, tartaric and malic acid
ust produced from Cabernet sauvignon (Fig. 4a). Later, one

an follow fermentation development in the winery. De
 ounds in must and wine by LC. The capability to sepa
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wine carboxylic acids, in the presence of ethanol in the sam-
ple, using LC is the main advantage of the proposed method.
This provides the potential to analyze must and wine samples
in a single chromatographic run, eliminating the requirement
for sample preparation. Seven non-phenolic acids and six
common wine phenolics were eluted within 30 min, which is
rapid enough for a quality control unit. Separating and an-
alyzing polyphenols using LC is not new, thus calibrating
additional standards may be used to detect additional wine
polyphenols. Using a single rapid protocol may assist in de-
veloping quality criteria for the levels of both acids and phe-
nolics in wine. The established method was successfully used
to determine a variety of carboxylic acids and phenolic com-
pounds in wine and grape must samples. The robustness and
sensitivity of the method establishes a basis for its many po-
tential applications.
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