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Sensitive Determination of Phenolic Acids in Extra-Virgin Olive
Oil by Capillary Zone Electrophoresis
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A sensitive, rapid, efficient, and reliable method for the separation and determination of phenolic
acids by capillary zone electrophoresis has been carried out. A detailed method optimization was
carried out to separate 14 different compounds by studying parameters such as pH, type and
concentration of buffer, applied voltage, and injection time. The separation was performed within 16
min, using a 25 mM sodium borate buffer (pH 9.6) at 25 kV with 8 s of hydrodynamic injection. With
this method and using a liquid—liquid extraction system, with recovery values around 95%, it has
been possible to detect small quantities of phenolic acids in olive oil samples. This is apparently the
first paper showing the quantification of this specific family of phenolic compounds in virgin olive oil
samples.

KEYWORDS: Phenolic acids; food analysis; capillary zone electrophoresis; antioxidant; olive oil

INTRODUCTION the monomeric phenols in a large class of aromatic plant
metabolites named simply phenolics, which exhibit certain
sensorial and physiological properties of great inter@t (

In recent years, capillary electrophoresis (CE) has proven to
be a high-resolution technique and has been applied successfully
in the analysis of phenolic compounds of a large variety of
samples [honey (9 plant extracts (10), wine (11), oils (123),
and olive mill wastewater (14)], requiring only small amounts
of sample and buffer and short times of analysis. CE offers the
analyst a number of key advantages for the analysis of the
components of food (1516).

Despite these characteristics, the quantitative determination
of the special family among the phenolic compounds, the
phenolic acids, in olive oil samples has never been done before
by capillary zone electrophoresis (CZE) with diode array
detection.

For this reason, the aim of the present work has been to
demonstrate the potential of the CE technique with ultraviolet
(UV) detection for the fast and sensitive simultaneous deter-
mination of 14 compounds in extra-virgin olive oils from
different varieties.

In recent years, interest in natural antioxidants from vegetable
substances has been related to their therapeutic propéiies (
Among the different vegetable oils, extra-virgin olive oil is
unique because it is obtained from the olive fr@it€a europaea
L.) solely by mechanical means, without further treatment other
than washing, filtration, decantation, or centrifugation. This
process retains minor compounds originally present in the olive
fruit, which are usually removed from other vegetable oils during
various stages of refining.

The cultivars of olive fruit vary considerably in size, shape,
oil content, and flavor; for this reason several commercially
important olive oil varieties are grown in Spai)(

The increasing popularity of olive oil is mainly attributed to
its high content of oleic acid, which may affect the plasma lipid/
lipoprotein profiles 8), and its richness in phenolic compounds,
which act as natural antioxidant4, ), and may contribute to
the prevention of human disease.

Among the various components of the unsaponifiable fraction
of olive oil, phenolic compounds are one of the most important
because they are natural antioxidants and a factor to be
considered in the evaluation of the quality of an extra-virgin
olive oil due to their role in its autoxidation stability, nutritional MATERIALS AND METHODS
value, and flavor [bitternes$) and astringency], and organo- Apparatus. Experiments were performed with a Beckman P/ACE
leptic characteristics in general (7). System MDQ CE instrument comprising &80 kV high-voltage built-

In discussions of plant metabolites, the term “phenolic acids” in power supply, a diode array detector, and the Gold software for

refers to a distinct group of organic acids. Phenolic acids are system control and data handling. All capillary tubing (bare fused silica)
was from Beckman Instruments (Fullerton, CA). The temperature was

Add d 1o this author at R hG FOM-297 controlled by use of fluorocarbon-based cooling fluid.
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ugr.es; fax+34958249510). (4-hydroxy-3-methoxybenzoic acid), protocatechuic acid (3,4-dihy-
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Figure 1. CZE separation of a standard mixture composed of 14 phenolic compounds under optimized conditions. Separation conditions: capillary, 57
cm x 75 um; applied voltage, 25 kV; applied temperature, 25 °C; buffer, 25 mM sodium borate (pH 9.60); hydrodynamic injection, 0.5 psi for 8 s.
Detection was performed at 210 nm. Peaks: 1, trans-cinnamic acid; 2, 4-hydroxyphenylacetic acid; 3, sinapinic acid; 4, gentisic acid; 5, (+)-taxifolin; 6,
ferulic acid; 7, o-coumaric acid; 8, p-coumaric acid; 9, vanillic acid; 10, caffeic acid; 11, 4-hydroxybenzoic acid; 12, dopac; 13, gallic acid; 14, protocatechuic
acid.

droxybenzoic acid), caffeic acid (3,4-dihydroxycinnamic acid), dopac migration time and spectral data obtained from real samples and
(3,4-dihydroxyphenylacetic acid);coumaric acid (4-hydroxycinnamic  standards and also with spiked real samples at different concentration
acid), sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic actcjns- levels. Peak areas were used for quantification of the analytes.
cinnamic acidp-coumaric acid (2-hydroxycinnamic acid), ferulic acid Before the first use of a new capillary, it was preconditioned by
(4-hydroxy-3-methoxycinnamic acid), and gentisic acid (2,5-dihydroxy- rinsing with 0.5 M NaOH for 10 min, followed by a 5 min rinse with
benzoic acid) were obtained from Sigma-Aldrich (St. Louis, MO). Milli-Q water.

4-Hydroxybenzoic acid was acquired from Fluka. The flavanosdt ( Analysis of Extra-Virgin Olive Oils. Extra-virgin olive oil samples

taxifolin was obtained from Extrasynthese (Genay, France), and all of \yere obtained using dual phase decanter centrifugation from six Spanish

the analytes were used as received. monovarietal olive oils named Picual, Hojiblanca, Cornicabra, lrechi
The stock solution containing all 14 compounds was prepared in de Granada, Lechin de Sevilla, and Arbequina.

methanol/water (50:50, v/v) at a concentration of @@L for each Different refined olive oils and commercial mixtures of refined and

analyte. virgin olive oils were used to compare the amounts of phenolic acids.

Sodium hydroxide was purchased from Merck (Darmstadt, Ger-
many); sodium borate (borax), glycine (aminoacetic acid), and 3-(cy-
clc_)he;);lam|rg)-z-hydrgxy-é_—propangsulfomc e;‘cuéll (CAPS? were 0b- o .stem were optimized and, finally, phenolic acids were extracted from
tar11||ne_d rc;m |g|;jma an Sé) |um| car Cénat_e an %’ rr?us an ﬁmmo(;"umextra-virgin olive oils as follows: Oil (6@ 0.001 g) was dissolved in
chioride from Fanreac (Barcelona, paln), which were all USed as g m) of hexane, and the solution was extracted successively with
running buffers at dn‘ferent concentrations and pH values. Methanol four 20 mL portions of 60% aqueous methanol. The combined extracts
and T"hexane were acqqlre_d from Pa_nreac a_n_d were of HPI_‘C_: grade. of the hydrophilic layer were brought to dryness in a rotary evaporator

Distilled water was deionized by using a Milli-Q system (Millipore, under reduced pressure and a temperature Gic4Gand the residue

Beglford, Mﬁ‘)' ic p d CE . ¢ d was redissolved in 500L of methanol/water (50:50, v/v) and filtered
ectrophoretic Procedure. separation was performed on a through a 0.2Qum filter before the CE analysis.

fused silica capillary (7%m i.d., 375um o.d., total length= 57 cm,
effective length= 50 cm). Good repeatability was assured by rinsing
the capillary with 0.1 M sodium hydroxide for 5 min followed by 2 ~RESULTS AND DISCUSSION

min with Milli-Q water at the beginning of each experimental session. Selection of Analytes.To obtain a representative phenolic

The capillary was equilibrated with the running buffer (25 mM sodium id mixt t tent vtical thod for th
borate adjusted to pH 9.6) for 5 min before each sample injection. The acid mixture 1o propose a potent analytical method for the

optimized running buffer was prepared by dissolving an appropiate @nalysis of these compounds in any kind of olive oil, all of the
amount of solid salt in Milli-Q water and adding a proper amount of Varieties we used had been previously studied in depth to check

1.0 M NaOH. what compounds were present. With this information and all
Samples were injected hydrodynamically in the anodic end with a of the data of compounds previously reported from virgin olive
low-pressure mode (0.5 psi) for 8 s (1 psi6895 Pa), oil, we made a family of phenolic acids and another compound,
Each electrophoretic run was carried out at 25 kV with the capillary (+)-taxifolin (flavanonol), very appropriate for real samples.
temperature maintained at 2&, resulting in a current of~95 uA. (+)-Taxifolin was included in the family because it was
After each electrophoretic run, the capillary was flushed with Milli-Q extracted with the LLE system used and appeared in the zone

water for 5 min. All samples, buffers, and solutions were filtered through . e i Al
a 0.20um syringe filter. The running buffer was changed after five gifl [;f;enrqlgllécsauds in the electropherograms of extra-virgin olive

runs.

UV detection was performed at 210 and 275 nm simultaneously.  OPtimization of the separation conditions was achieved
Diode array detection was used over the range of-BID nm to through testing of the migration behavior of a standard mixture

achieve spectral data. Peak identification was done by comparing bothcontaining the 14 compounds under study.

Liquid—Liquid Extraction (LLE) of Phenolic Acids from Real
Samples. The extraction conditions and amounts of the extraction
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Figure 2. CZE electropherogram of phenolic fraction extracted from extra-virgin olive oil Arbequina by LLE. In the square at the right of the total
electropherogram are shown the last >8 min of a run. See Figure 1 for analyte identification numbers. Detection was performed at 210 nm (other

conditions as Figure 1).

Effect of Experimental Variables. The effect of pH on the Table 1. Recoveries Calculated by Analyzing, Three Times, Physically
peak resolution of the 14 standard compounds was first studied.and Chemically Refined and Purified Oil Spiked with a Mixture of 14
This effect was studied by adjusting the buffer pH to 7.5, 8.0, Standard Phenolic Compounds
8.5, 9.0, 9.5, 10.0, or 10.5 by adding proper amounts of 1.0 M
NaOH or 1.0 M HCI.

phenolic compounds recovery (%) (n = 3)

It was observed that at high pH values, the separation 20 ug/ml 50 ug/mL 200 ug/mlL
achieved was better than at lower pH values because the analyte av Sp? av SD av SD
phenolic acids have a double-negative charge and presentirans-cinnamic acid 99.2 553 989 632 9820 425
migration times longer than those of other compounds that can 4-hydroxyphenyl- 12511 428 11310 478 10235 578

also be extracted with the LLE method employed. A more  aceticacid

detailed study between pH 9 and 10 was carried out to obtain Sinapinic acid 9183 623 9174 589 8910 623

. . gentisic acid 9232 754 9198 798 89.74 6.8
the optimum pH va}luel for the correct resolution of the analytes (+)-taxifolin 8210 529 8010 629 7874 703
under study by adjusting the buffer pH to 9.2, 9.4, 9.6, or 9.8. ferulic acid 9131 644 8931 599 8610 6.12
A value of pH 9.6 was selected for the rest of the experimental - o-coumaric acid 9003 905 9103 853 89.98 954
work as providing reasonable analysis times and very good PCQIll!ma”%aC'd ggig 183; ggég 18'83 gi;i 18%8
: vanillic acl K . . A . .
resolution between peaks. o caffeic acid 9226 823 9201 763 8705 978
Five different aqueous buffers were tested: glycine, CAPSO, gnydioxybenzoicacid 9517 757  97.12  7.98 9612 525
ammonium chloride, sodium carbonate, and sodium borate, all dopac 9897 675 9797 851 9503 478
adjusted to range in pH between 9 and 10 (9.2, 9.4, 9.6, and galicacid 9420 825 9210 428 8916 682
9.8). protocatechuic acid 9880 515 9790 512 9402 725

Among the different buffers tested, sodium borate gave the
best separation plus a satisfactory analysis time. The influence
of sodium borate concentration on migration times and resolu-
tion was investigated using concentrations between 5 and 75higher separation efficiencies were obtained. As the voltage is
mM. It was concluded that migration and resolution increased increased, there is more joule heat generated in the capillary,
when the concentration of sodium borate also increased_WhiCh can be detrimental to the separation because it causes
However, at concentratiorss40 mM an unstable baseline and broader peaks, the possibility of sample decomposition, or the
bad|y Shaped peaks began to appear in the e|ectr0pherogram§prmati0n of bubbles in the capillary. The better the heat is
of the mixture compounds. For this reason, a 25 mM concentra- dissipated by the equipment, the higher the voltage that can be
tion of sodium borate buffer (pH 9.6) was selected for the rest Used. In the present work, it was possible to work at 25 kV
of the experimental work in order to reduce the analysis time Without losing resolution and reducing the duration of the run
and maintain good resolution. analysis.

Effect of Instrumental Variables. The effect of the applied Among the different injection modes, hydrodynamic injection
voltage on the resolution of the 14 compounds was studied usingwas selected. It is observed that as the sample plug length is
the optimized buffer composition. When the applied voltage increased, efficiency decreases and peaks broaden. An injection
was increased from 10 to 30 kV, shorter analysis times and time of 8 s was finally selected.

2 Standard deviation.
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Figure 3. CZE electropherogram of phenolic fraction extracted from real olive oil sample by LLE: (a) Arbequina; (b) Lechin de Sevilla; (c) Picual; (d)
Hojiblanca; (e) Lechin de Granada; (f) Cornicabra; (g) refined olive oil; (h) mixture of refined and virgin olive oils. For identification of the compounds
see Figure 1. Detection was performed at 210 nm (instrumental and experimental parameters as Figure 1).

At the optimized conditions, the optimum electropherogram mL). The two solutions containing all of the analytes were
of the mixture of the 13 phenolic acids and the flavanorg}( prepared and analyzed on the same day (intraday precision,

taxifolin is presented irFigure 1, where the elution order = 12) and on three consecutive days (interday precision,
observed is as followstrans-cinnamic acid, 4-hydroxyphenyl-  36). The relative standard deviations (RSDs) of peak areas and
acetic acid, sinapinic acid, gentisic acie)¢taxifolin, ferulic the RSDs of migration times were determined for each analyte

acid, o-coumaric acidp-coumaric acid, vanillic acid, caffeic  in the two standard mixtures.

acid, 4-hydroxybenzoic acid, dopac, gallic acid, and protocat-  The intraday repeatabilities on the migration time (expressed

echuic acid. As can be seen, the peaks were completely separateds RSD) were 0.45 and 0.89% for the 20 and 1@@mL

in only 16 min. concentrations, respectively, whereas the interday repeatabilities
Repeatability Study. Repeatability was assessed for each on the migration time were within 0.51 and 1.41% for the 20

standard compound at two concentration levels (20 and:@00  and 100ug/mL concentrations, respectively.
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Table 2. Results of the Analysis of Real Samples (n = 7)2

ug/L = ug of analyte/L of olive oil = ppb

Lechin Lechin refined mixture
analyte Arbequina Picual Hojiblanca de Sevilla de Granada Cornicabra oil of ails
frans-cinnamic acid nq 620.80+30.01 nd nd nd nd nd nq
4-hydroxyphenyl- 849.71 £45.48 1069.75 +53.45 3563.34 £178.15 2648.35+165.36 3493.21 +132.31 1333.58 +66.31 13242 +3.99 202.25+10.10
acetic acid
sinapinic acid nd 387.23+17.21 nd nd nd nd nd nd
gentisic acid 42373+£1931 499.38+2020 581.29+27.03  54532+26.05 1486.34+64.28  327.66+1525 nd 272.06 + 13.62
(+)-taxifolin 129.42 £ 5.47 107.69 = 4.89 nd nq nq nd nd nd
ferulic acid 41261 +17.63 116.45+5.32 337.50 + 16.88 351.30 £16.25 100.21 £4.28 17431 +7.11 nd nd
o-coumaric acid 10385+389  186.70+7.25  137.73+7.02 155.69 + 7.75 nq nq nd nd
p-coumaric acid 12525+£5.05  429.99+18.75 142.67+7.15 136.56 + 6.28 114.97 £5.53 nq nd nd
vanillic acid 156.24 +598  347.06+16.99 236.90+12.10 213.07+1025 31821+1491 23594987 nd nd
caffeic acid nq 145.06 +5.28 nq nd nq nq nd nd
4-hydroxybenzoic acid  nd nq nq nd nd nd nd nd
dopac nd nq nd 72.58 + 3.61 nd nd nd nd
gallic acid 12491 £5.12 181.71 £ 6.87 25142 +£11.23 1376.83 +£65.01 411.06 + 25.55 38261+17.25 nd nd
protocatechuic acid 37.02+1.63 110.24 £5.11 56.76 + 2.63 107.29 £4.98 80.47 +3.59 56.26 + 2.16 nd 3391+1.28
2Values are given as X = SD. nd, nondetectable. ng, nonquantified.
Table 3. Analytical Parameters of Proposed Method
detection quantification
linearity RSD (%) limit limit calibration
analyte (%) (mean value) (mg/mL) (mg/mL) range (mg/mL) calibration eqs r?
trans-cinnamic acid 98.56 3.86 3.22 10.75 5-200 y=1720.3x - 1802.5 0.998
4-hydroxyphenylacetic acid 98.59 1.61 1.32 4.40 5-500 y=893.6x +2069.3 0.997
sinapinic acid 96.79 6.51 5.35 17.83 5-200 y=1232.3x—2820.2 0.994
gentisic acid 98.79 3.62 2.99 9.78 5-300 y=2427.6x - 3854.6 0.997
(+)-taxifolin 98.68 2.63 2.16 722 5-100 y=1573.8x +2200.8 0.996
ferulic acid 97.67 5.28 3.05 10,51 5-200 y=2407.2x — 2052.6 0.996
o-coumaric acid 98.74 315 3.04 10.16 5-100 y=1672.5x - 4413.0 0.996
p-coumaric acid 97.52 11.10 350 12.25 5-200 y=1638.2x — 5950.3 0.995
vanillic acid 98.94 315 2.86 9.21 5-300 y = 2180.5x — 3266.5 0.995
caffeic acid 96.98 5.25 3.02 11.15 5-100 y=1923.2x — 4475.2 0.997
4-hydroxybenzoic acid 97.17 3.09 2.53 8.01 5-100 y=2559.9x - 1432.2 0.997
dopac 97.47 2.99 2.37 7.90 5-100 y=3309.0x + 1129.6 0.997
gallic acid 98.31 2.00 1.58 5.28 5-300 y=2995.6x — 3840.8 0.998
protocatechuic acid 98.97 1.22 0.96 321 5-200 y=4323.4x-17998.5 0.998

The intraday repeatabilities on the total peak area (expressedJV spectra of unknown peaks with those of a standard, by
as RSD) were 1.3 and 2.5% for the 20 and 1@§/mL comparing migration times, and by spiking the samples with
concentrations, respectively, whereas the interday repeatabilitiesstandard compounds at several concentration levels to clarify
on total peak area were 2.9 and 5.6% for the 20 and &fl0 their identifications.

mL concentrations, respectively. Foi-)taxifolin only, the To determine the real amount of olive oil phenolic acids, it
precision obtained (expressed as RSD) wa$6, which could is very important to completely extract this fraction from the
be due to the closeness to the gentisic acid peak. extra-virgin olive oil. In the literature it is often possible to find

Despite the intraday precision being higher than the interday references disagreeing about effectiveness of extraction methods
precision, as could be expected, good overall repeatability hasyacad on solid-phase extraction (SPE) or LLE,(8—24). The
been obtained. effectiveness of different extraction methods of phenolic acids

O_lldgntlflcatlon ar;\c: Quﬁm'f'c"’}t'qn O.f Extfrar-]ngln d(_)_llve ; was compared by evaluating the percentage recoveries for each
Il Components. After the optimization of the conditions o analyte under study and the number of analytes that were
the CZE for the separation of the mixture of 14 standard extracted

compounds, its usefulness was further checked by analyzin . .
real Zamples. y yzing The results obtained indicated that the LLE procedure
The present method has been applied to extra-virgin olive permitted the extraction of a higher number of phenolic acids,

oil samples of different geographical origins and different Which give a greater potential to the present methodology for
varieties of one type of olive fruit named Picual, Hojiblanca, the analysis of these compounds in any kind of olive oil. The

Cornicabra, Lechin de Granada, Lechin de Sevilla, and Arbe- SPE procedures do not allow a sufficient amount of oil to be
quina. Also, refined olive oils and commercial mixtures of passed across the cartridge to produce more diluted extracts and,

refined and virgin olive oils were analyzed to compare the consequently, it is more difficult to detect compounds at sub-

amounts of phenolic acids present. All samples were injected Parts per million levels with diode array detection.

in the CE instrument seven times € 7). To study the recoveries of each extraction, a phenolic standard
In Figure 2 is shown a typical electropherogram of a virgin - mixture was added to a physically and chemically refined and

olive oil extract. The compounds were identified by comparing purified oil after it was checked that this olive oil did not contain
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any amount of the compounds under study; only a small amountis typical for each type of extra-virgin olive oil and its

of 4-hydroxyphenylacetic acid was detected.
All of the olive oil extracts were analyzed by CE, and the

relationship with the different factors that affect these profiles.

amount of each standard was compared to that of the standargACKNOWLEDGMENT

mixture not subjected to any extraction procedure. Tests were
performed in triplicater{ = 3) and for three different concentra-
tion levels (20, 50, and 200g/mL) to simulate the extraction
system possibilities at real concentration levels found in olive
oils.
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