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A test mixture of five phytohormones [naphthaleneacetic acid (NAA), naphthoxyacetic acid (NOA),
indoleacetic acid (IAA), indolebutyric acid (IBA), and indolepropionic acid (IPA)] was investigated.
These compounds were cleanly separated with good resolution by capillary zone electrophoresis
with a UV diode array detector using 20 mM sodium phosphate buffer (pH 7.25). The lowest detection
limit was obtained for IPA (0.45 mg L-1 or 0.005 mg kg-1) and the highest for NAA (1.04 mg L-1 or
0.014 mg kg-1). The method has been applied for tomato samples fortified with the five phytohormones
using a liquid-liquid extraction procedure, obtaining recovery percentages ranging from 91 to 109.0%.
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INTRODUCTION

Liquid chromatography (LC) and gas chromatography (GC)
are the main workhorses in agricultural analytical laboratories,
but in recent years, capillary electrophoresis (CE) has become
a versatile and powerful tool for numerous types of analysis
(1-4), especially for compounds unstable at higher temperatures.

CE is a powerful microanalytical technique based on the
electrophoretic separation in narrow capillaries. The fast speed
of analysis, high resolution, and sensitivity make CE an
attractive method to separate a wide range of compounds.
Initially, only charged analytes were studied by the capillary
zone electrophoresis methodology (CZE) (5), but the high
separation efficiency of CE became accessible also for the
separation of neutral compounds with the introduction of another
mode of operation being called micellar electrokinetic capillary
chromatography (MEKC) (6). The high-resolution separation
power of both CZE and MEKC has permitted their application
to many charged and uncharged analytes, including food
products (7, 8), industrial and drug analysis (9, 10), or substances
of agricultural interest, such as pesticides (11, 12).

Application of CE for the analysis of agrochemicals is gaining
in popularity. A number of reports have been published in past
years describing the use of CZE for the separation and detection
of several pesticides including herbicides (13-17) and insec-
ticides (18-21) and demonstrating the potential application of
CE techniques to environmental issues.

Phytohormones are substances that, at low concentration,
influence plant growth and differentiation. Formerly referred
to as plant hormones or phytohormones, these terms are now
suspect because some aspects of the hormone concept, notably
action at a distance from the site of synthesis, do not necessarily

apply in plants (22,23). Hormonal involvement in physiological
processes can appear through several distinct manifestations (as
environmental sensors, homeostatic regulators, biotime adjusters,
etc.) (24). In addition, it is known that phytohormones play a
role in sex expression in plants (25).

In agriculture phytohormones are used to influence the growth
of cultivated plants and especially to prevent fruit fall. Their
toxicity decreases 3-4 weeks after application, so fruit treatment
and picking are especially regulated in all countries.

Phytohormones are recommended for the alteration of the
hormonal system in women and have a regulator effect, which
increases the activity of the estrogens when the body needs them.
However, if these cells are present in an excess, phytohormones
reduce this amount. Phytohormones are used in treatment against
cancer (26-28).

The problems associated with analyses for these compounds
are always related to the problem that, in most instances, the
history of the product is unknown, so analytical methods that
permit the identification and determination of all of the residues
present are required.

The aim of this work is to demonstrate the applicability of
capillary zone electrophoresis in the analysis of a test mixture
complex of charged phytohormones using UV diode array
detection. This is the first report of the simultaneous analysis
of the five phytohormones (seeFigure 1) extensively used in
an intense agricultural zone in southern Spain.

MATERIALS AND METHODS

Reagents and Materials.All solutions were prepared with water
purified by a Milli-Quv Plus system. Ammonium chloride was supplied
by Panreac (Montcada I Reixac, Barcelona, Spain). Acetone and sodium
phosphate were purchased from Merck (Darmstadt, Germany). Sodium
dodecyl sulfate was from Sigma (St. Louis, MO), and sodium hydroxide
was from Riedel-de-Häen (Seelze, Germany).
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The phytohormones indolebutyric acid (IBA), indolepropionic acid
(IPA), indoleacetic acid (IAA), naphthoxyacetic acid (NOA), and
naphthaleneacetic acid (NAA) were purchased from Aldrich (Madrid,
Spain) and used as such. Stock solutions of each analyte were prepared
in acetone, at a concentration of 1000 mg L-1. Working standard
solutions were prepared by diluting the stock standard solutions with
30 mM sodium phosphate solution (pH 7.25). The background
electrolyte was prepared by dissolving the required amount of the
substance in Milli-Q water to obtain the indicated final concentration.

Apparatus. Experiments were carried out on a Beckman P/ACE
System MDQ capillary electrophoresis instrument. The system com-
prised a 0-30 kV high-voltage built-in power supply, equipped with
a diode array UV-vis detector, and the P/ACE System MDQ software
for system control and data handling. The voltage was applied through
platinum electrodes. The separation capillary was made from bare fused
silica obtained from Beckman Instrument, Inc. (Fullerton, CA) and had
an internal diameter (i.d.) of 75µm and a external diameter (e.d.) of
375µm, with 57 cm of total length (LT) with a 50 cm effective length
(LD) and a detector window of 100× 800 µm.

Electrophoretic Conditions. The capillary was conditioned prior
to its first use by flushing with 0.5 M NaOH for 10 min, followed
with deionized water for 5 min, and finally with the background
electrolyte solution for 5 min. This was important to maintain a
consistent electrophoretic flow (EOF) from run to run because any
variation results in poor migration time precision. To prevent difficulties
owing to adsorption and to ensure a consistent EOF, the capillary was
regenerated by rinsing with 0.5 M NaOH for 2 min, with ultrapure
water for 2 min, and with fresh buffer for 2 min between runs.

Samples were injected by hydrodynamic injection for 10 s (50 nL).
The electrolyte and operating potential were varied according to the
experiments. Separations were carried out at a temperature of 25°C
with 30 kV (155µA) and at a wavelength detection of 228 nm.

Sample Preparation.Samples of tomatoes were purchased at the
local supermarket. A liquid-liquid extraction methodology (LLE) has
been applied to extract the phytohormones. A representative portion
of the vegetable samples was chopped and homogenized in a food
processor (Ultra Turrax). Then, 150 g was weighed and placed into a

centrifuge tube and homogenized with 300 mL of acetone by sonication
for 30 s. Afterward, 300 mL of dichloromethane and 300 mL of
petroleum ether were added to the mixture, and the homogenization
was again carried out for 30 s. The resulting sample was centrifuged
in a centrifuge tube for 2 min at 4000 rpm. The water-soluble layer
was discarded, and the upper layer, corresponding to the organic extract,
was decanted and evaporated to dryness. The dry residue was
reconstituted in 2 mL of water.

Extraction recoveries were determined by fortifying fresh samples
(150 g) with 0.01 mg of each analyte.

RESULTS AND DISCUSSION

The separation of the five charged phytohormones was carried
out using the CZE technique. When CZE is employed, it is
necessary to optimize the pH because it is important that the
analytes are in their ionic forms. The influence of the pH using
NaH2PO4/Na2HPO4 on the migration times and resolution of
the analytes is presented inFigure 2.

Figure 3 shows the effect of the ionic strength of the run
buffer on the migration times and peak heights of a standard
mixture of the five phytohormones. The sample components
were dissolved in water. When the run buffer concentration was
increased from 10 to 30 mM, increases in peak efficiency and
peak height were observed.

The difference in conductivity between the sample zone and
the run buffer permits focusing (also referred to as sample

Figure 1. Molecular structures for the five phytohormones studied.

Figure 2. Electropherograms of the five phytohormones (5 mg L-1) at
different pH values. Operating conditions: 30 kV, 25 °C, 10 s injection.
Experimental variables: 20 mM sodium phosphate buffer.
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stacking). Under established conditions, a 5-10-fold increase
in detection sensitivity can be obtained by using sample stacking.
In this case, the electric field in the sample zone is relatively
high, causing the analytes to migrate rapidly until they reach
the interface between the sample buffer and the run buffer. This
causes the sample to be “stacked” at that interface. Thus, the
sample should be applied in a medium of relatively low
conductivity. In the opposite case, uneven migration and zone
spreading will result.

By dissolving analytes in water and using a pH 7.25
phosphate buffer, a 5-10-fold increase in signal can be obtained
as compared to a sample matrix made of run buffer. The effect
of salts dissolved in the sample matrix on peak shape is
demonstrated inFigure 4. In this figure can be observed the
good reproducibility in migration times of the phytohormones.

Calibration graphs were obtained by using liquid standards
containing from 2 to 10 mg L-1 of the investigated phytohor-
mones, to check the repeatability of the method. Each point of
the calibration graph corresponds to the mean value obtained
from three independent area measurements. These calibration
graphs showed good correlation between peak areas of the
phytohormone concentrations, with a regression coefficient of
0.99 in all cases.

The limits of detection (LOD) and quantification (LOQ) were
calculated using the approach of Cuadros et al. (29) and were
below 1.04 mg L-1 (0.014 mg kg-1) for the different analytes
under study. Calibration curves were studied by a series of
injections of standard mixtures containing different concentra-
tions of phytohormones. The different performance parameters
for the five phytohormones under study are summarized in
Table 1.

IBA, IPA, NOA, NAA, and IAA have been analyzed in
vegetable samples of tomatoes. The CZE method was validated
by a standard addition calibration methodology and applied to
the determination of the five phytohormones in tomato samples.

Tomato samples were fortified at a 0.066 mg kg-1 level of
each phytohormone by adding 10µL of a solution of 1000 mg

L-1 of each phytohormone over 150 g of tomato, and then the
extraction procedure was applied. An electropherogram of a
fortified tomato sample is shown inFigure 5. An electrophero-
gram of the tomato sample before fortification was registered,
but no peaks were obtained. The recovery values obtained for
seven samples are given inTable 2.

These satisfactory results demonstrate the applicability of the
CZE method to the separation and analysis of the five

Figure 3. Electropherograms of the five phytohormones (5 mg L-1) at
different sodium phosphate buffer concentrations. Operating conditions:
30 kV, 25 °C, 10 s injection. Experimental variables: pH 7.25.

Figure 4. Electropherograms of the five phytohormones (5 mg L-1) at
different sodium phosphate concentrations in the sample. Operating
conditions: 30 kV, 25 °C, 10 s injection. Experimental variables: pH 7.25
and 20 mM sodium phosphate buffer.

Table 1. Analytical Parameters of Proposed Method

IBA IPA NOA NAA IAA

linear range (mg L-1) 2.3−10 1.48−10 2.86−10 3.46−10 1.99−10
detectn limit (mg L-1) 0.71 0.45 0.86 1.04 0.59
quantifn limit (mg L-1) 2.30 1.48 2.86 3.46 1.99
RSD (%)

2 mg L-1 11.6 6.8 13.4 16.3 9.3
4 mg L-1 5.3 3.4 6.8 8.4 4.6
6 mg L-1 3.0 2.0 3.7 4.4 2.6
8 mg L-1 2.5 1.6 3.0 3.7 2.1
10 mg L-1 2.3 1.4 2.7 3.3 1.9

Table 2. Recovery Values and Relative Standard Deviation (RSD) of
Phytohormones in Tomato Samples

phytohormone recovery (%) RSD (%)

IBA 108 7.3
IPA 93 8.9
NOA 118 2.3
NAA 110 6.0
IAA 91 6.8
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phytohormones. The analysis time was found to be dependent
on pH, buffer concentration, and applied voltage. The present
method required only small sample sizes and small solvent
volumes. It showed satisfactory recovery values, repeatability,
and reproducibility, and it was sensitive and specific.
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Figure 5. Electropherogram of tomato sample fortified with the five
phytohormones. Experimental conditions: 30 kV, 25 °C, 10 s injection.
Experimental variables: pH 7.25 and 20 mM sodium phosphate buffer.
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