
Analysis of Antioxidants from Orange Juice Obtained by
Countercurrent Supercritical Fluid Extraction, Using Micellar

Electrokinetic Chromatography and Reverse-Phase Liquid
Chromatography
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Antioxidants from orange juice were determined by the combined use of countercurrent supercritical
fluid extraction (CC-SFE) prior to reverse-phase liquic chromatography (RP-LC) or micellar electro-
kinetic chromatography (MEKC). The separation of antioxidants found in the SFE fractions was
achieved by using a new MEKC method and a published LC procedure, both using diode array
detection. The characterization of the different antioxidants was further done by LC-mass
spectrometry. Advantages and drawbacks of LC and MEKC for analyzing the antioxidants found in
the different orange extracts are discussed. Although LC yields higher peak area and slightly better
reproducibility than MEKC, the latter technique provides information about the CC-SFE extracts in
analysis times 7 times faster than by LC. This analysis advantage can be used for the quick adjustment
of CC-SFE conditions, thus providing a fast way to obtain orange fractions of specific composition.
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INTRODUCTION

There is a growing interest in developing new processes
devoted to obtaining high added-value products from natural
sources. In previous studies, we have demonstrated the pos-
sibilities of using supercritical fluid extraction (SFE) to isolate
compounds having antioxidative properties, for example, rose-
mary leaves and olive oil byproducts (1, 2).

Among the different natural compounds that can show
antioxidant properties, flavonoids are a particularly interesting
group. Flavonoids are polyphenolic compounds widely distrib-
uted in nature exhibiting health-related properties based on their
antioxidant activity. These properties include anticancer, anti-
viral, and anti-inflammatory activities, among others (3). Some
in vitro and animal studies have demonstrated that flavonoids
have antioxidant and antimutagenic activities and may reduce
the risk of cardiovascular disease and stroke (4).

The presence of flavonoids in citrus fruits and in citrus peel
and seeds has been described (5, 6). Although antioxidants from
orange are usually isolated by extraction with organic solvents
(7), two studies have shown the possibilities of using SFE to

obtain antioxidative components from orange seeds (8) and
orange juice (9). However, the isolated fractions are usually
composed of active substances plus other impurities making a
separation-identification step necessary.

The usefulness of liquid chromatography (LC) with mass
spectrometry (MS) and diode array detection (DAD) has been
already demonstrated to identify, for example, nonvolatile
components in lemon peel (10). Thus, LC has been widely used
for the characterization of SFE extracts from different samples
(11, 12). In two previous works, we have demonstrated the
suitability of the use of reversed-phase liquid chromatography
(RP-LC) coupled to MS and DAD to fully identify the
antioxidant fraction of different extracts from SFE (1, 9).
However, these LC separations usually required analysis times
of >30 min, making the characterization of the multiple extracts
obtained during the optimization of the SFE protocol a time-
consuming task.

Capillary electrophoresis (CE) has emerged as a powerful
analytical technique for the separation of ionic and neutral
compounds and is able to provide high separation efficiencies
in short migration times (13-17). Among the different modes
of CE, micellar electrokinetic chromatography (MEKC) (18)
continues to be the technique of choice for analyzing neutral
compounds such as food antioxidants (19, 20). The main feature
of MEKC is its high separation power, which brings about fast
and well-resolved separations of compounds having very similar

* Author to whom correspondence should be addressed (fax+34-91-
5644853; e-mail acifuentes@ifi.csic.es).

† Instituto de Fermentaciones Industriales (CSIC).
‡ Universidad Auto´noma de Madrid.
§ Universidad San Pablo-CEU.

6648 J. Agric. Food Chem. 2002, 50, 6648−6652

10.1021/jf025590u CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/02/2002



structures. Moreover, the sample volume consumption is
minimal because each injection needs only a few nanoliters.
These mentioned features make of MEKC a good alternative
to the classical LC protocols. Although the possibilities of
MEKC for the separation of different food antioxidants have
already been demonstrated (19-22), to our knowledge no
MEKC method has been developed so far for the separation of
antioxidants from orange.

The goal of the present work was to demonstrate the
possibilities of applying MEKC to the analysis of orange extracts
from countercurrent supercritical fluid extraction (CC-SFE). A
comparative study of the capabilities of LC and MEKC to
characterize orange SFE extracts was also carried out.

MATERIALS AND METHODS

Sample and Reagents.Oranges used in this study belong to the
species of sweet oranges (Citrus sinensis) variety Valencia-Late. The
orange juice was freshly squeezed using a manual juice squeezer for
domestic use and filtered to remove pulp.

All chemicals were of analytical reagent grade and used as received.
Sodium dodecyl sulfate (SDS) from Merck (Darmstadt, Germany) and
boric acid from Aldrich (Milwaukee, WI) were used for the MEKC
running buffers at the different concentrations and pH values indicated
below. The organic solvent methanol (MeOH) from Merck was of LC
grade. Distilled water was deionized by using a Milli-Q system
(Millipore, Bedford, MA). CO2 (SFC quality) was kindly donated by
AL Air Liquide España S.A. (Madrid, Spain).

Instrumentation Extraction Method. The CC-SFE system em-
ployed in this study has been previously described (9). The CC-SFE
pilot plant has the following features: a countercurrent stainless steel
extraction column (180 cm× 1.8 cm i.d. packed with 5 mm i.d. stainless
steel balls) with three levels of sample introduction, two separator cells
(270 mL capacity each), where a cascade decompression of the
extruction fluid takes place, and a cryogenic trap at atmospheric
pressure. Both CO2 and sample were preheated at the exit of their
respective pumps (from Dosapro, Milton Roy) before introduction into
the CC-SFE pilot plant. The plant has a computerized PLC-based
instrumentation and a control system. During the extraction, a continu-
ous flow of CO2 was introduced into the column, through the bottom
side. When the operating pressure and temperature were reached, the
liquid sample was pumped at the selected flow rate. The liquid sample
introduction was carried out of the middle point of the packed column,
located over the inlet of the CO2, creating a countercurrent between
the sample flow (downward) and the CO2 flow (upward).

The variable selected for the CC-SFE process was the solvent-to-
feed ratio (S/F) that was tested at three different levels: 3, 7, and 11.
For all of the conditions tested, the CO2 flow rate was kept constant at
2400 mL/h while the sample flow rate was modified (220, 340, and
800 mL/h) to obtain the desired solvent-to-feed ratios.

Extraction and fractionation conditions were kept constant throughout
the experiments: extraction pressure was chosen as 160 bar, and the
cascade fractionation was achieved by setting pressures in separators
1 and 2 equal to 80 and 20 bar, respectively. These values were selected
to test the countercurrent conditions over a wide range with minimum
experimental problems. Extraction temperature was maintained at 40
°C to avoid sample degradation, whereas the temperatures in separators
1 and 2 were fixed to 35 and 25°C, respectively. The total extraction
time was 20 min.

LC-DAD and LC-MS Analysis of the Extracts. The analysis of
the extract components was carried out in an LC apparatus (Varian
ProStar series), with an injection loop of 20µL, equipped with a
Spherisorb ODS2 column, 5µm particle, 250× 4.6 mm. The mobile
phase was a mixture of solvent A (methanol) and solvent B (water)
used in a step gradient. The LC run time lasted 50 min in changing
from 99% B to 5% B at a flow rate of 1 mL/min. Detection was
accomplished using a ProStar 330 photodiode array detector; storing
the signal at a wavelength of 280 nm. A personal computer system
running Varian software was used for data acquisition and processing.

Identification of compounds was confirmed by using a quadrupole
1100 MSD (Hewlett-Packard, Waldbronn, Germany) with an electro-
spray interface (ESI). In the LC-ESI-MS method, the eluted compounds
were mixed with nitrogen in the heated nebulizer interface, and polarity
was tuned to positive. Adequate calibration of ESI parameters (needle
potential, gas temperature, nebulizer pressure) was required to optimize
the response and to obtain a high sensitivity of the molecular ion. The
selected values were as follows: needle potential, 4000 V; gas
temperature, 335°C; drying gas, 12.0 mL/min; and nebulizer pressure,
50 psi.

MEKC Conditions. The analyses were carried out in a PACE-MDQ
(Beckman Instruments, Fullerton, CA) CE apparatus, equipped with a
DAD. The capillary used was a bare fused silica with 31.2 cm total
length (21 cm effective length), 50µm i.d. and 360µm o.d., purchased
from Composite Metal Services (Worcester, U.K.). Injections were
made at the anodic end using an N2 pressure of 0.5 psi for 2 or 3 s (1
psi ) 6894.76 Pa). The instrument was controlled by an IBM PC
running the 32 Karats software from Beckman. All measurements were
carried out at 25°C. Separation voltage was 20 kV, with detection at
280 nm.

The separation electrolytes were prepared by weighing appropriate
amounts of SDS and boric acid, dissolving in water, adjusting the pH
by adding 1 M sodium hydroxide, and measuring with a pH meter
model 40 from Beckman.

Before first use, a new capillary was preconditioned by rinsing with
0.1 M NaOH for 30 min, followed by a 15 min rinse with deionized
water. Between introductions of samples, the capillary was rinsed with
0.1 M sodium hydroxide for 0.5 min, with water for 0.5 min, and with
the separation electrolyte for 1 min. At the end of each day, the capillary
was rinsed with deionized water for 2 min.

RESULTS AND DISCUSSION

In previous studies, we concluded that the sample flow rate
was the main parameter controlling the efficiency and the
selectivity of the CC-SFE system (9); therefore, in the present
study this was the variable selected by means of the use of
different solvent-to-feed ratios, S/F. As mentioned under Materi-
als and Methods, to achieve the different ratios, a constant
solvent flow rate was set at 2400 mL/h and the sample flow
rate was changed at three different levels (800, 340, and 220
mL/h) to provide a wide range of S/F ratios, 3, 7, and 11
(experiments 1, 2, and 3, respectively). Extraction was per-
formed at 160 bar and 40°C, that is, using a solvent density of
0.8 g/mL, whereas the fractionation conditions selected implied
a density of ∼0.5 g/mL in the first separator and total
decompression of the fluid in the second separator. Three
different products were obtained after extraction and fraction-
ation of the orange juice: those in separators 1 (F1) and 2 (F2)
and the raffinate (R). Extraction yields obtained in the different
experiments decreased at higher sample flow rates and ranged
from 0.6% (experiment 1) to 2% (experiment 3) in both
separators.

The extracts F1, F2, and R for experiment 3 (S/F ratio) 11)
were arbitrarily chosen to carry out an intensive optimization
of the MEKC conditions. This was done because no CE method
had been developed for the separation of antioxidants from
orange. To develop a MEKC method, different SDS concentra-
tions, buffer ionic strengths, and pH values were tested. In each
case, three fractions were injected until a good separation of
the different compounds of each fraction was obtained. It has
to be noted that the most demanding fraction in terms of peak
resolution was the R fraction (vide infra), whereas the peaks of
the other two fractions, F1 and F2, were well resolved in
practically all of the tested conditions. The initial MEKC
conditions consisted of 100 mM boric acid/sodium tetraborate
buffer at pH 9, and SDS concentrations of 0, 30, 50, 80, 100,
125, and 150 mM were tested. From this experiment it could
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be concluded that the best results in terms of resolution and
analysis speed were achieved using 100 mM SDS. Next, keeping
constant the SDS concentration (100 mM), and the pH equal to
9, different boric acid/sodium tetraborate concentrations (i.e.,
25, 50, 75, and 100 mM) were tested. The best separation for
the three fractions was obtained in this case using a 50 mM
buffer. Finally, three different separation pH values were studied
(8, 8.5, and 9) using 50 mM boric/tetraborate plus 100 mM
SDS running buffers. The optimum buffer was determined to

be 50 mM boric acid/sodium tetraborate and 100 mM SDS at
pH 8. Under these conditions, adequate separations of the
different compounds from the three fractions (i.e., F1, F2, and
R) were achieved. As can be seen inFigure 1, it was possible
to obtain well-resolved separations of the different antioxidants
and impurities from the three orange juice fractions with no
detectable overlapping as demonstrated by using the peak-purity
function of the diode array detector (i.e., absorbance ratioing).
Moreover, the separation was completed in<5 min.

Peaks in the MEKC electrophoregrams were tentatively
assigned by comparing their UV spectra obtained from the CE
diode array equipment with those obtained using the LC diode
array instrument. A comparison between the LC and MEKC
profiles is shown inFigures 2and3, where electrophoregrams
and chromatograms of fractions F1, F2, and R from experiment
1 (S/F ratio) 3) are given. As can be seen, LC provides much
better sensitivity than MEKC at the expense of much longer
analysis times (30 versus 5 min). Therefore, LC should be
chosen when detection of minor compounds is needed, whereas
MEKC should be used when rapid analysis of the extract
composition is required. A detailed discussion about the
compounds found in each fraction is given below.

The peaks obtained from LC were further characterized by
using LC-MS (9). Among the compounds in the orange juice
detected by both LC-DAD-MS and MEKC-DAD, it was
possible to determine the presence of different flavanones. Thus,
some of the compounds extracted in the present work by using
CC-SFE have the typical spectra of flavanones, with a maximum
at around 285 nm and a shoulder in the region from 320 to 350
nm. This information together with the mass spectra obtained
by LC-MS allowed us to determine the presence of narirutin,
hesperidin, and naringin (peaks 5, 6, and 7, respectively, in all
of the figures). It is well-known that these flavanones play an
important role in human nutrition and are also used in the
determination of citrus quality. The profile of flavanones

Figure 1. MEKC separation of antioxidants from the F1, F2, and R extracts
of orange obtained by CC-SFE from experiment 3. Capillary, 27 cm of
total length, 20 cm of detection length with 50 µm i.d.; injection, 0.5 psi
for 2 s of each orange extract; temperature, 25 °C; detection at 280 nm;
buffer, 100 mM SDS, 50 mM boric acid/sodium tetraborate at pH 8; run
voltage, 20 kV. Peaks: 2, BA1; 5, naringin; 6, hesperidin; 7, narirutin; for
the rest of the peaks, see the text.

Figure 2. LC profiles obtained for experiment 1 fractions F1, F2, and R. DAD signal was at 280 nm. Peaks: 2, BA1; 5, naringin; 6, hesperidin; 7,
narirutin; 9, flavanone 1; 10, flavanone 2; for the rest of the peaks, see the text.

6650 J. Agric. Food Chem., Vol. 50, No. 23, 2002 Simó et al.



obtained in the present work is similar to the one described
previously for the same variety of orange (23).

The presence of benzoic acid 1 (BA1) could be detected in
both LC-DAD-MS and MEKC-DAD separations (peak 2 in all
figures). Although this compound could not be completely
identified, the family of compounds to which it belongs could
be assigned on the basis of the data of the UV and MS spectra.
Thus, for BA1, the large and symmetric UV absorption
maximum obtained at 283 nm can be assigned to a 4-substituted
benzoic acid (e.g.,p-hydroxybenzoic acid) and/or symmetric
substitutions in the 3- and 5-positions of this compound (e.g.,
gallic acid). The major MS fragment obtained atm/z 121 could
correspond, for example, to the ion HO-C6H4-CO+ derived
from p-hydroxybenzoic acid. Moreover, the second UV maxi-
mum obtained at 230 nm can be assigned to some glycosylated
derivative of benzoic acid (e.g., via an ester bond). These types
of benzoic acids and their glycosides have been already reported
in C. sinensis(24). Other peaks, such as 1 and 3, showed a
typical polyphenolic UV profile (i.e., peak 1 showed a maximum
at 300 nm, and peak 3 showed a shoulder at 220 nm and a
maximum at 290 nm); however, they could not be identified
further.

Interestingly, we could detect compounds by LC that could
not be detected by MEKC, and vice versa, due to sensitivity
differences (e.g., peaks 9 and 10 inFigure 3). On the other
hand, some compounds that showed a typical polyphenolic UV
profile detected by MEKC using the diode array detector (e.g.,
peak 4 in all MEKC electrophoregrams from R extracts) could
not be assigned to any peak in the corresponding LC separation.
This would seem to indicate that probably this is an ionic
compound that elutes in LC within the unretained front and
migrates in MEKC due to its electrical charge. Interestingly,
also peak 8 inFigures 3and4 (vide infra) showed a flavanone
UV spectrum in MEKC, but it could not be correlated to any
peak obtained by LC. This indicates that the peak corresponds
to an isomeric form of some detected flavanone that could not
be resolved by LC. These differences support the complementary
nature of these two techniques, LC and MEKC, even when the
fact that hydrophobicity is a common factor for both is
considered.

Using both techniques allowed the semiquantitative deter-
mination of the percentages of the different compounds found

in the SFE extracts. To permit this comparison, two chromato-
grams that do not show unretained compounds were compared
with their respective electrophoregrams. Namely, LC separations
corresponding to fractions F1 and F2 ofFigure 2 were compared
with their respective electrophoregrams inFigure 3. Thus, the
percentages of BA1 (peak 2) determined by LC were 87 and
81% in F1 and F2, respectively. The corresponding BA1 values
determined by MEKC were 81 and 75%. Moreover, the
determination of the other polyphenolic compounds (peaks 1
and 3 ofFigures 2and3) also showed good agreement. Thus,
the percentages determined by LC were, respectively, 7 and
6% in F1 and 15 and 4% in F2. Their corresponding percentages,
determined by MEKC, were 8 and 11% in F1 and 18 and 6%
in F2. The agreement between the results from both techniques
is relatively good, corroborating the usefulness of both proce-
dures for this type of analysis.

On the other hand, LC shows a better reproducibility in terms
of peak area than MEKC, and both techniques show similar
analysis time reproducibility as can be deduced from the results
shown inTable 1. However, the higher analysis speed of MEKC
compared with that of LC has to be taken into account, because
by using the MEKC procedure, a 7-fold decrease in analysis
time is obtained (e.g., 3.7 min in MEKC versus 26.8 min in
LC for hesperidin). Similar results have already been shown
using other different food compounds (21, 25), concluding that
both techniques LC and CE are complementary.

One of the main goals in the isolation of antioxidants from
natural sources is to be able to modify the extraction conditions
in such a way that a tailored composition of the extracts can be
obtained. This is also related to the interest of obtaining, for
example, a pure antioxidant compound with the highest activity
or a mixture of antioxidants with proved synergetic effect. The
main advantage of MEKC, that is, its high separation speed,

Figure 3. MEKC separation of antioxidants from the F1, F2, and R extracts
of orange obtained by CC-SFE from experiment 1. All conditions were as
in Figure 1.

Figure 4. MEKC separation of antioxidants from the F1, F2, and R extracts
of orange obtained by CC-SFE from experiment 2. All conditions were as
in Figure 1.

Table 1. Comparison of Peak Area Reproducibility and Analysis Time
Reproducibilitya Obtained by MEKC and LC Separations

tav (min) %RSDt areaav (au) %RSDarea

MEKC 3.7 0.3 2644 8.2
RP-LC 26.8 0.5 3685077 5.9

a All data are referred to hesperidin (peak 6) detected in orange SFE extract R
of experiment 3 and for n ) 5.
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can facilitate the rapid optimization of CC-SFE conditions. An
example of this can be seen by comparing the electrophoregrams
obtained from fractions ofFigures 1, 3, and4. As noticed, the
CC-SFE parameters can be optimized to improve the selectivity
of the extraction process, yielding a better recovery of BA1
(peak 2) in both fractions 1 and 2 while increasing the content
of flavanones (peaks 5-8) in the raffinate. This improvement
is intended because flavanones have been demonstrated to
possess a very high antioxidative power among different
compounds extracted from orange (23).
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