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    Chapter 23   

 Capillary Electrophoresis in Wine Science                     

     Christian     Coelho     ,     Franck     Bagala    ,     Régis     D.     Gougeon    , 
and     Philippe     Schmitt-Kopplin     

  Abstract 

   Capillary electrophoresis appeared to be a powerful and reliable technique to analyze the diversity of wine 
compounds. Wine presents a great variety of natural chemicals coming from the grape berry extraction and 
the fermentation processes. The fi rst and more abundant after water, ethanol has been quantifi ed in wines 
via capillary electrophoresis. Other families like organic acids, neutral and acid sugars, polyphenols, amines, 
thiols, vitamins, and soluble proteins are electrophoretically separated from the complex matrix. 

 Here, we will focus on the different methodologies that have been employed to conduct properly 
capillary electrophoresis in wine analysis. 

 Two examples informing on wine chemistry obtained by capillary electrophoresis will be detailed. 
They concern polyphenol analysis and protein profi ling. The fi rst category is a well-developed quantitative 
approach important for the quality and the antioxidant properties conferred to wine. The second aspect 
involves more research aspects dealing with microbiota infections in the vineyard or in the grape as well as 
enological practices.  

  Key words     Capillary electrophoresis  ,   Wine compounds  ,   Polyphenols  ,   Proteins  ,   Sulfur compounds  

1      Introduction 

 Numerous applications of capillary electrophoresis have grown 
since its fi rst introduction in 1981 by Jorgenson and Lukacs [ 1 ]. 
They concern a variety of fi elds like pharmaceutical, food, or bio-
logical sciences requiring powerful and reliable analyses in complex 
matrices. Among them, wine presents a great variety of aromatic 
and nonvolatile compounds mixed within a highly diverse—yet 
partly unknown—oligomeric and  macromolecular      pool made of 
polysaccharides,  proteins  , and condensed tannins. Such diversity 
has been revealed with electrophoresis techniques involving con-
ductimetric, amperometric, and photometric detection in the last 
two decades. Table  1  provides a non-exhaustive classifi cation of the 
various wine compounds that have been separated by capillary 
electrophoresis with their analytical conditions including  electrolyte 
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composition and pH, capillary parameters, injection/detection 
modes, and limit of detection of each molecules.

   Wine is a subtle matrix due to its direct acidic and ethanolic 
constitution. Low pH requires the use of alkaline buffer to facili-
tate the migration of phenolic type of wine constituents except 
strong organic  acids  . The presence of ethanol directly affects the 
viscosity of the electrolyte inside the capillary and modifi es the 
 electroosmotic fl ow   of wine compounds facilitating the migration 
and improving analyte solubility [ 2 ]. However such organic modi-
fi cation of the electrolyte by ethanol renders unique the analysis of 
wine constituents not necessarily applicable to non-ethanolic sam-
ples like must, for instance. 

   Phosphate or borate buffers with appropriated ionic strength and pH 
are mostly used electrolytes to separate a large class of wine com-
pounds: fl avonoids and non-fl avonoids, amines, polypeptides,  neutral 
sugars  , vitamins, and cofactors. Wine polypeptides and soluble  pro-
teins   have also been separated with tris(hydroxymethyl)aminoethane. 

 For the separation of  acid   sugars  and   organic acids, β-resorcylic 
acid, 2-(N-morpholino) ethanesulfonic acid, and dinitrobenzoic 
acid appeared to be good background electrolytes. However,  addi-
tional      organic fl ow modifi ers, acting as cationic surfactant (tetradec-
yltrimethylammonium hydroxide, tetradecyltrimethylammonium 
bromide, or cetyltrimethylammonium bromide), have to be added 
to the buffer in order to reverse the electroosmotic fl ow and facili-
tate the separation of wine analytes. 

 Alternative methods also used other organic modifi ers, such as 
methanol or acetonitrile, in order to alter the relative order of sol-
ute migration or selectivity [ 3 – 5 ]. 

 Other electrophoretic methodologies were based on sodium 
dodecyl sulfate for the preparation of the electrolyte [ 6 – 9 ]. In this 
case, sodium dodecyl sulfate was used above its critical micellar con-
centration in order to build spherical micelles with the negatively 
charged sulfate groups pointing at the surface, thus providing addi-
tional partition between the pseudo-stationary phase and the elec-
trolyte buffer for wine compounds. Such micellar electrokinetic 
 chromatography      clearly exhibited enhanced selectivity [ 6 ,  7 ,  10 ].  

   Wine electrophoresis mostly employs  UV detection  , either in the 
direct mode if wine compounds absorb in the UV or have been 
modifi ed to present chromophores or in the indirect mode if wine 
compounds do not absorb UV radiation, as in the case of the 
detection of cations, acid sugars, and organic acids [ 11 – 13 ]. 
Conductimetry has also proven to effi ciently detect wine organic 
acids [ 5 ]. Concerning important biologically  peptides  , amines, 
proteins, and vitamins that are present at trace levels in wine, laser- 
induced fl uorescence appeared to be a powerful detector [ 7 ,  14 , 
 15 ]. Very low limits of detection were reached, down to 20 pg/L 
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in the case of glutathione [ 15 ].  Mass spectrometry   has also been 
coupled to capillary electrophoresis for the detection of phenolic 
compounds in red wines [ 16 ], biogenic amines [ 17 ,  18 ], and  pro-
tein   contents [ 19 ,  20 ]. The only limitation when using this detec-
tion is that the running buffer should be volatile and compatible to 
electrospray, ion trapping, and time-of-fl ight implementations.   

2    Applications of Capillary  Electrophoresis      to Wine Research 

 Capillary electrophoresis provides high  resolution  , is fast and simple 
technique, consumes very few reagents and samples, and requires 
minimum preparation of sample even in complex matrices. It can 
advantageously replace usual separative techniques like gas chroma-
tography for volatile compounds [ 6 ], or liquid chromatography for 
fl avonoids [ 21 ]. It can even go further in the separation of isomers 
in the case of sugars [ 4 ] or stilbene analyses [ 3 ,  22 ,  23 ]. Among 
wine compounds that have been precisely quantifi ed in the last 
decades, fl avonoids and non-fl avonoid  polyphenols   take a large place 
in wine analyses [ 3 ,  14 ,  16 ,  21 – 24 ].  Peptides   and proteins started to 
be explored but were not so much exploited to deepen wine research 
[ 9 ,  19 ,  20 ,  25 – 27 ]. Due to the diffi culty to separate such analytes 
(or cationic analytes in general) new suitable capillary modifi cation is 
the fi rst stage to perform to reduce analyte—capillary interactions. 

   Qualitative observation on L-arabinose and D-galacturonic  acid   
contents, obtained from Riesling wine electropherograms, enabled 
to differentiate vintages due to differences in fermentation routes, 
infection processes by  Botrytis cinerea  during the grape matura-
tion, and enzyme treatments occurring during winemaking [ 4 ]. 

  Trans -resveratrol and  cis -resveratrol present in red wines are eas-
ily distinguishable by electrophoresis [ 3 ,  22 ]. Table  2  indicates con-
centrations for each enantiomer in red wines.  Trans -resveratrol is the 
most abundant isomer, with concentrations ranging from 1 to 
25.5 μmol/L. Generally  trans - and  cis -resveratrol is present in grapes 
in their glycosylated forms and aglycones can be released after hydro-
lysis during fermentation. Differences in concentrations can be attrib-
uted to the cultivar, the growing region, and the yeast strains. In 
general Merlot and Pinot Noir wines exhibited the  highest contents 
of resveratrol.       The highest resveratrol amount of 25.5 μmol/L was 
obtained for the Oregon Pinot Noir.  Trans-  and  cis -Piceid, the glyco-
sylated forms of resveratrol, has also been identifi ed in red wines [ 23 ].

      Wines present a large amount of phenolic compounds that can be 
readily oxidized by signifi cant amounts of oxygen. The total 
amount of phenolics is quickly obtained by the Folin-Ciocalteu 
colorimetric assessment, usually expressed as a concentration in mg 
of gallic  acid   equivalent per liter. Global concentrations spanning 
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   Table 2  
  Resveratrol  concentration      in red wine, from [ 3 ]   

 Variety or name  Maker  Vintage   Trans  a    Cis  a   Total 

 California 

 Cabernet  J. Lohr-Cypress  1994  2.41 ± 0.16  ND  2.41 

 Zinfandel  Karly–Pokerville  1996  3.26 ± 0.08  ND  3.26 

 Cabernet Sauvignon  Sutter Home  1995  1.73 ± 0.09  ND  1.73 

 Special Reserve Red  Mountain View  none  10.16 ± 0.57  4.29 ± 0.13  14.45 

 Cabernet Sauvignon  Hawk Crest  1995  1.90 ± 0.29  0.65 ± 0.01  2.56 

 Merlot  Saintsbury  1996  1.90 ± 0.13  0.68 ± 0.10  2.58 

 Pinot Noir  Parducci  1996  7.93 ± 0.26  2.44 ± 0.07  10.37 

 Cabernet Sauvignon  Frey Mendocino  1995  0.99 ± 0.10  ND  0.99 

 Oregon 

 Pinot Noir  Bethel Heights  1996  25.49 ± 2.34  ND  25.49 

 Washington 

 Merlot  Paul Thomas  1995  11.78 ± 0.38  3.34 ± 0.07  15.12 

 France 

 Cotes-Du-Rhone  George Duboeuf  1993  7.62 ± 0.62  1.18 ± 0.07  8.79 

 Beaujolais Villages  George Duboeuf  1996  6.52 ± 0.16  2.98 ± 0.11  9.50 

 Bordeaux  Chauteau Larose  1994  7.60 ± 0.31  1.66 ± 0.07  9.26 

 Bordeaux  Christian Moueix  1995  12.71 ± 0.89  2.37 ± 0.15  15.08 

  Chile      

 Merlot  Sunrise-Concha Toro  1997  5.80 ± 0.29  2.52 ± 0.05  8.32 

 Cabernet Sauvignon  Castillero del Diablo  1996  4.02 ± 0.16  1.19 ± 0.06  5.21 

 Spain 

 Tinto Reserva Pendes  Mont Marcal  1989  5.66 ± 0.15  0.69 ± 0.02  6.35 

 Red Navarra  Guelbenzu  1995  10.10 ± 0.27  1.47 ± 0.123  11.57 

 Australia 

 Shiraz  Rosemount Estate  1997  6.78 ± 0.29  2.46 ± 0.08  9.24 

 Cabernet Sauvignon  Rosemount Estate  1995  6.40 ± 0.29  1.42 ± 0.07  7.82 

 Argentina 

 Cabernet Sauvignon  Santa Julia  1995  5.11 ± 0.37  ND  5.11 

 Cabernet Sauvignon  Santa Julia  1995  6.78 ± 0.30  ND  6.78 

 Italy 

(continued)
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from 200 to 2000 mg/L were found, respectively, in white and red 
wines [ 28 ]. Simultaneously, individual polyphenolic identifi cation 
and quantifi cation could be achieved by means of a reliable analyti-
cal separative tool such as capillary electrophoresis. The key factor 
for the polyphenolic compounds to be separated is based on their 
charge-to-mass ratio, which is totally dependent on the electrolyte 
buffer pH and ionic strength. 

 Most of polyphenols have p K a comprised between 7 and 12, 
and in the presence of an appropriate buffer electrolyte with pH 
above 8, all phenolic substrates should be completely or partially 
ionized [ 29 ]. For that purpose, phosphate and borate buffers were 
mostly used for electrophoretic separations in wine. However, 
modifi cation of the buffer ionic strength could affect the  resolu-
tion   and the analytical times [ 21 ]. 

 As fl avonoids and non-fl avonoids are chromophoric structures, 
thanks to their aromatic rings, they are easily detectable spectro-
photometrically with a diode array detector in the ultraviolet region.  

   The diversity of yet-unknown sulfur compounds in wines has been 
described previously by ultrahigh- resolution   FTICR-MS [ 30 ]. 
However, these results also emphasized the need for selective ion-
ization strategies in order to overcome ion suppressions in the elec-
trospray. Capillary electrokinetic fractionation (CEkF) was thus 
investigated as a simple and robust approach for semi-preparative 
and analytical sample analysis based on p K a-dependant pH-driven 
 electrophoretic mobility   [ 31 ]. Capillary electrokinetic fraction-
ation/mass spectrometry (CEkF/MS): Technology setup and 
 application      to  metabolite   fractionation from complex samples cou-
pled at line with ultrahigh-resolution mass spectrometry. In this 
study, CEkF was optimized with contactless conductivity detection 
and coupled on/at line to  electrospray ionization (ESI)    mass 
spectrometry (MS)  . A semi-empirical  model      was proposed, based 

2.3  Recent Advances 
in the  Sulfur   
Chemistry of Wines

Table 2
(continued)

 Variety or name  Maker  Vintage   Trans  a    Cis  a   Total 

 Vino Nobile  Montepalciano  1991  2.88 ± 0.20  ND  2.88 

 Chianti Classico  Castello D’alboa  1995  4.99 ± 0.23  0.83 ± 0.03  5.82 

 Valpolicella Classico  Zenato  1994  5.06 ± 0.33  0.75 ± 0.03  5.82 

  Portugal      

 Porto  Warre’s  None  2.26 ± 0.10  0.70 ± 0.02  2.95 

   ND  not detected 

  a Values for  trans-  and  cis- resveratrol represent micromolar concentrations ± SD of the mean of three determinations  
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on the correlation between sample/ medium   pH regulating the par-
tial charge and thus the electrokinetic loading of the  capillary   and 
intensity ( I ) of the highly resolved single-mass signals of the ana-
lytes as obtained after fl ow injection of the electrokinetically fi lled 
capillary into electrospray ion cyclotron-Fourier transform/mass 
spectrometry (ICR-FT/MS). According to the model, an empirical 
function ( I  =  f  (pH)) could be derived to calculate the  acid   dissocia-
tion constant (p K a) of various  model   compounds based on their 
pH-dependant MS intensity profi les. Using the ultrahigh resolution 
of ICR-FT/MS, the p K a model was further illustrated in real sam-
ples through the structure prediction of important compounds in 
wine for two different wine samples only differing by their age in 
bottle. The established CEkF was successfully used to selectively 
fractionate sulfur compounds from the complex wine samples, and 
it showed that S-containing compounds dominated the low-pH 
fractionations, especially in the old vintage, thus suggesting a spe-
cifi c stability of S-conjugated compounds over time. Moreover, the 
sulfur compounds found in low-pH fractionations were typically 
located in the van Krevelen area of sulfonated phenols and antho-
cyanins. The visualization indicated that CEkF conducted at 
extreme low pH preferentially orientates to sulfur compounds, 
which are highly polar and can be dissociated at extreme low 
pH. The proposed CEkF method is thus able to extract compounds 
with high polarity from highly complex matrices.  

   Many macromolecules and proteins in particular tend to adsorb to 
the inner capillary surface of the capillary due to electrostatic and 
 hydrophobic interactions  . Adsorption leads to analytical problems 
(zone broadening, non-reproducible migration times, errors in 
quantifi cation …). Two different approaches are offered to the 
analyst. The fi rst consists in changing the chemistry of the 
 electrolyte by changing its pH or its ionic strength or by adding 
specifi c additives. The second strategy involves a modifi ed  coating   
of the fused silica surface that in some cases appeared to be the 
most suitable strategy for the analysis of such biomolecules [ 32 ]. 

 Analyses of variations in  the      concentrations of biomolecules 
(proteins, peptides, natural products) that occur either naturally or 
in response to environmental or genetic infl uences can provide 
 important      insights into complex biological processes. Wine is a 
complex system requiring a separation step before quantifi cation of 
variations in the individual components. Several isolation methods 
have been tested: ultrafi ltration, dialysis, and centrifugation [ 9 , 
 27 ]. Centrifugation fi lter devices appeared to be the most conve-
nient for isolate and concentrate wine proteins [ 9 ]. 

 For wine samples, the large number of different proteins pres-
ent and the small concentrations at which they can exist make such 
experiments diffi cult. SDS-PAGE has proven to be a powerful tool 
for the profi ling of protein expression [ 33 ]. Combining isoelectric 
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focusing for charge-based separation to SDS-PAGE for size-based 
separation enabled to have hundreds of separated proteic compo-
nents [ 34 ]. Improvements could be achieved by using capillary 
electrophoresis, which offers many advantages for the separation of 
a wide variety of molecules. 

 The fi rst parameter, which conditions the proteinaceous pool 
of wine, has been shown to be the grape variety from which the 
wine has been elaborated. Very little difference was noted for wines 
coming from the same grape variety. However, the protein profi les 
differ slightly from a cooler growing region compared to a warmer 
one. The cooler one displayed fewer and smaller protein peaks [ 9 , 
 27 ]. However, enological practices occurring during winemaking 
appeared to have little impact on the protein content. Skin contact, 
for instance, has been proven to increase the protein concentration 
without changing the profi le of wine. 

 Capillary electrophoresis  enabled      to determine that the pool of 
high-molecular-weight proteins were more specifi cally involved in 
haze formation mechanism in white wines [ 27 ].   

3    Materials and Equipment 

       1.    Analytes: Tyrosol,  cis -resveratrol,  trans- resveratrol, catechin, 
epicatechin, hydroxytyrosol, sinapic  acid  , epicatechin gallate, 
syringic acid,  o -coumaric acid,  p -coumaric acid, vanillic acid, 
gentisic acid,  p -hydroxybenzoic acid,       salicylic acid, caffeic acid, 
gallic acid, protocatechuic acid.   

   2.    Sample: White wines (grape variety:  Chardonnay ,  Riesling  and 
 Cabernet Blanc ,  Greco di Tufo ,  Pinot Grigio ,  Verdicchio , 
 vintages: 2007 and 2008) from Argentina, Brazil, and Italy; 
rosé wine from Italia (vintage 2008); red wines (grape variety: 
 Pinot ,  Cabernet Sauvignon ,  Barbera ,  Montepulciano , vintages: 
2006 and 2008) from Brazil, Chile, Portugal, and Italy   

   3.    Sample preparation: A liquid/liquid extraction with diethyl 
ether was carried twice in the dark and under  nitrogen   atmo-
sphere. The diethyl extract was dried and resuspended in the 
electrophoretic buffer with 10 % of methanol.   

   4.    CE instrument and capillary: Beckman P/ACE Station 5000 
Software equipped with a Diode Array Detector. Uncoated 
fused silica capillary tube of 75 μm with effective and total 
lengths of 50 and 57 cm, respectively.   

   5.    CE buffer: The buffer was obtained by mixing H 3 BO 3  
(100 mmol/L) and Na 2 HPO 4  (100 mmol/L) and NaOH 
(2 mol/L) to reach the fi nal composition of phosphate 
25 mmol/L, borate 10 mmol/L, and a fi xed pH of 8.8.      

3.1  Wine  Polyphenol   
Quantifi cation [ 14 ]
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       1.    Analytes: Standard proteins from 14.2 to 205 kDa are used as 
molecular weight markers: α-lactalbumin (14.2 kDa), carbonic 
anhydrase (29 kDa), ovalbumin (45 kDa), bovine serum albu-
min (66 kDa), phosphorylase b (97.4 kDa), β-galactosidase 
(116 kDa), mysosin (205 kDa).   

   2.    Sample: White wine from Tenerife island and red wines from 
Tenerife, Lanzarote, and Gran Canaria islands. Grape varieties 
used to produce these wines are  Listan ,  Negro , and  Negramoll .   

   3.    Sample preparation: The  wine      is pre-concentrated by using 
centrifugal fi lter devices with a centrifugation for 30 min at 
13,000 ×  g  and a molecular weight membrane cutoff of 10 kDa. 
The retentate is transferred to an Eppendorf vial after a new 
centrifugation for 3 min at 1000 ×  g . The retentate is dissolved 
in the electrophoretic buffer by adding Orange G Reference 
Marker and 2-mercaptoethanol. The fi nal  solution   is stirred 
and heated at 100 °C for 10 min in a closed microfuge vial, 
prior to cooling for 3 min and fi ltering with a 0.22 μm fi lter.   

   4.    CE instrument and capillary: Beckman P/ACE Station 5510 
Software equipped with a Diode Array Detector. Coated fused 
silica capillary tube of 100 μm with effective and total lengths 
of 40 cm and 47 cm, respectively.   

   5.    CE buffer: Tris/HCl/sodium dodecyl sulfate 1 %, at pH 6.6.       

4    Methods 

       1.    The capillary is pre-rinsed with ultrapure water for 1.5 min and 
electrophoretic buffer for 1.5 min. Before each measuring, the 
capillary is rinsed with a solution of HCl (0.1 mol/L) for 
1.5 min, NaOH (0.1 mol/L) for 1.5 min, and ultrapure water 
for 1.5 min.   

   2.    Inject the sample hydrodynamically for 7 s with 3.45 kPa.   
   3.    Run sample under 15 kV with running buffer and detect peaks 

at the specifi c wavelength corresponding to the maximum of 
absorption of each wine analytes, in order to improve 
sensitivity.   

   4.    Figure  1  shows an electropherogram for a diethyl ether extract 
white wine.

       5.    Calibration is used for the determination of the analyte con-
centration from integrated peak area. Concentrations of cali-
brated samples spanned from 1 to 50 mg/L.      

       1.    The new capillary is pre-conditioned with HCl (1 mol/L) for 
10 min. The capillary is daily conditioned with HCl (1 mol/L) 
for 5 min and electrophoretic buffer for 10 min. After each 
injection, the capillary is  rinsed      with a solution of HCl 

3.2  Analysis of Wine 
 Proteins   
and Polypeptides [ 9 ]

4.1  Wine  Polyphenol   
Analysis
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Analysis
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  Fig. 1     Electropherogram      of a white wine diethyl ether extract, with its 18 identifi ed  polyphenols  . Conditions: 
uncoated fused silica capillary of 57 cm total length (500 cm of effective length) with 75 μm of inner diameter. 
The electrophoretic buffer is a mixture of phosphate 25 mmol/L and borate 10 mmol/L, at pH 8.8.  UV detection  . 
Injection for 7 s at a pressure of 3.45 kPa. Figure adapted from [ 14 ]       

  Fig. 2    Protein profi ling of three red wines from Lanzarote, Gran Canaria, and 
Tenerife islands after a concentration step using centrifugal fi lter devices. 
Conditions: Coated capillary of 47 cm total length (40 cm of effective length)       with 
100 μm of inner diameter. The electrophoretic buffer is a mixture of Tris/HCl/
sodium dodecyl sulfate 1 %, at pH 6.6. Detection at 214 nm. Injection for 40 s 
using N2 pressure (0.5 psi). Standard  protein   migration times are ranging from 
15.2 min (corresponding to 14.2 kDa) to 27. 5 min (corresponding to 205 kDa). 
Figure adapted from [ 9 ]       
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