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a b s t r a c t

A capillary electrophoresis method was developed and validated for the first time for the analysis of clopi-
dogrel and its carboxylic acid metabolite. Prior to method optimization, the pH dependence of effective
mobility of both compounds was determined in order to define the initial pH of the running buffer. The
optimized method demonstrated to be selective, and linear in the concentration range of 2–100 �M for
eywords:
apillary electrophoresis
lopidogrel
arboxylic acid metabolite
ethod validation

both compounds. The method limits of detection and quantification were, respectively, 1.2 and 3.7 �M for
clopidogrel and 1.1 and 3.2 �M for the carboxylic acid metabolite. Moreover, method validation demon-
strated acceptable results for method repeatability (RSD < 7%), intermediate precision (RSD < 7%) and
accuracy (85–96%) and is suitable for the quantitative analysis of clopidogrel and its metabolite in serum
samples. The validated method was also applied to the determination of the kinetic parameters of the
enzymatic hydrolysis of clopidogrel. An apparent Km of 145 ± 30 �M and Vmax of 0.4, 1.5 and 3.4 �M/min,
respectively for the enzyme concentrations 1.0, 2.0 and 4.0 U/ml, were obtained.
. Introduction

Clopidogrel (Fig. 1A), a thienopyridine derivative, is a potent
ntiplatelet and antithrombotic agent which inhibits the binding
f adenosine diphosphate (ADP) to its platelet receptor and blocks
ubsequent platelet aggregation [1,2]. Clopidogrel is a prodrug,
equiring oxidation by the hepatic cytochrome P450 (CYP450) and
ubsequent hydrolysis to generate the active metabolite, a thiol
ompound. However, after oral administration in humans, the main
etabolite circulating in serum (85%) is the inactive carboxylic acid
etabolite (Fig. 1B), formed by hydrolysis of the ester function by

uman carboxylesterasel [2,3].
A few analytical methods have been reported in the literature for

he determination of clopidogrel and/or its carboxylic acid metabo-

ite. These are based on high-performance liquid chromatography
HPLC) with UV absorbance [4–7] or mass spectrometry (MS)
etection [8–15] and gas chromatography with mass spectrom-
try detection (GC-MS) [16]. Recently a capillary electrophoresis
CE) study has been published for the determination of clopidogrel

∗ Corresponding author. Tel.: +351 214469741; fax: +351 214421161.
E-mail address: anas@itqb.unl.pt (A.L. Simplício).
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© 2010 Elsevier B.V. All rights reserved.

and its impurities in pharmaceutical formulations [17] but no CE
method has been described for clopidogrel analysis in biological
samples.

CE has emerged as an alternative to the use of HPLC and as a
powerful tool in the pharmaceutical industry, with a wide range
of applications, such as drug formulation (active principle and
drug related impurities quantification), determination of physic-
ochemical properties (log P, solubility, etc.) or determination of
pharmacokinetic parameters. Several methods can be used for pKa

determination but due to its simplicity and selectivity, CE has
been frequently used for this purpose [18–24]. Besides the recent
improvements of liquid chromatography techniques, like UPLC,
CE still offers one major advantage, which is the ability to sepa-
rate both charged and non-charged molecules. Other advantages
include high separation efficiency, short analysis time, low sample
and electrolyte (buffer) consumption, low waste generation and
easy implementation of chiral separations.

The aim of the present study was to develop and validate a fast
electrophoretic method for the quantification of clopidogrel and its

carboxylic acid metabolite, which could be useful in metabolism
and kinetic studies and also in the analysis of biological samples.
Prior to the study, the pH dependence of effective mobility of
both compounds was obtained (also by capillary electrophoresis)
in order to determine the best working pH range.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:anas@itqb.unl.pt
dx.doi.org/10.1016/j.jchromb.2010.03.044
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Fig. 1. Protonation/deprotonation equilibria of clopidogrel (A) and clopidogrel ca

. Materials and methods

.1. Chemicals

Clopidogrel bisulfate was obtained from Hygro Chemical
harmtek Pvt. Ltd. (Hyderabad, India). Clopidogrel carboxylic acid
erivative was synthesised from clopidogrel by alkaline hydroly-
is. Clopidogrel bisulfate (23.0 mg, 0.07 mmol, 1 eq.) was dissolved
n MeOH (0.5 ml) to which LiOH (8.0 mg, 0.35 mmol, 5 eq.) and

ater (0.2 ml) was added. The mixture was stirred for 24 h at
0 ◦C. The reaction solvent was evaporated under reduced pres-
ure and the residue was partitioned between aqueous 1 N HCl
2 ml) and diethyl ether (2 ml). The two layers were separated
nd the aqueous phase was further extracted with diethyl ether
2 ml). The combined organic layers were dried with MgSO4 and
ltered. The organic solvent was gently evaporated to dryness
nder a stream of nitrogen to yield a residue (18.6 mg; yield:
1.2%; purity: 98.6%). The residue was confirmed to be clopido-
rel carboxylate by NMR assignments based on peak integration
nd multiplicity for 1D 1H spectra, and MS. ıH (400 MHz, DMSO):
.79 (1H, d, J = 7.6), 7.34 (1H, d, J = 7.6), 7.19–7.24 (3H, m), 6.71
1H, d, J = 4.8), 4.33 (1H, s), 3.65–7.69 (2H, m) 10.8, 2.58–2.81 (4H,

). ıC (100 MHz, DMSO): 25.35 (CH2), 48.10 (CH2CH2N), 50.48
CCH2N), 71.82 (CCOOH), 122.63 (SCHCHC), 125.64 (SCH), 126.38
ClCCHCHCHCH), 127.72 (ClCCHCHCH), 128.56 (ClCCHCH), 130.79
ClCCHCH), 132.79 (SCCH2), 133.76 (ClCCH), 134.75 (CCHCOOH),
38.72 (CHCCH2), 171.81 (COOH). m/z 308.8 (MH+).

.2. Instrumentation
Analytical separations were carried out in a Beckman P/ACE
DQ capillary electrophoresis system coupled with diode array

etector (DAD) (Palo Alto, CA, USA).
NMR spectra used for characterization of products were

ecorded on a Bruker Avance 400 instrument, operating at 400 MHz

able 1
omposition of running buffers used for the determination of the pKa by CE
I = 0.05 M).

pH range Constituent Stock solutions

2.5–3.0 Phosphate 0.5 M H3PO4, 1.0 M NaH2PO4

4.0–5.0 Acetate 1.0 M CH3COONa, 1.0 M CH3COOH
6.0–7.5 Phosphate 1.0 M NaH2PO4, 0.5 M Na2HPO4

8.0–9.0 Tris 0.2 M Tris, 0.2 M Tris.HCl
9.2–10.5 Ammonium 0.1 M NH3, 0.1 M NH4Cl

11.0–11.5 Phosphate 0.1 M K3PO4, 0.5 M K2HPO4
lic acid metabolite (B) according to the estimation by the MarvinSketch software.

for 1H spectra and at 100 MHz for 13C. The reference used for the
1H NMR measurements was tetramethylsilane. Peak assignments
are based on peak integration and multiplicity for 1D 1H spectra.

Mass spectrometry analysis was performed by direct infusion
of methanolic solution in a LCQ ion trap mass spectrometer from
Thermo Finnigan, equipped with an atmospheric pressure chemi-
cal ionization source (positive mode) and controlled by Excalibur
version 1.3 software (Thermo Finnigan–Surveyor, San Jose, CA,
USA).

2.3. Determination of the pH dependence of effective mobility

The apparent mobilities of clopidogrel and its carboxylic acid
were determined using running buffers with an ionic strength
of 0.05 and pH in the range of 2.5–11.5, prepared as described
in Table 1. Sodium dihydrogenphosphate (99%, Merck, Darm-
stadt, Germany), sodium hydrogenphosphate (99%, Riedel-de Haën,
Seelze, Germany), o-phosphoric acid (85%, Panreac, Castellar del
Vallès, Spain), potassium hydrogenphosphate (99%, Sigma–Aldrich,
Steinheim, Germany), potassium dihyrogenophosphate (≥98%,
Sigma–Aldrich, Steinheim, Germany), sodium acetate (99%, Riedel-
de Haën, Seelze, Germany), acetic acid (99.79%, Fisher Scientific
Ltd., Loughborough, UK), ammonia (25%, Panreac, Castellar del
Vallès, Spain), ammonium chloride (>99.5% %, Merck, Darmstadt,
Germany), Tris (Sigma–Aldrich, Steinheim, Germany) and Tris HCl
(99%, Sigma–Aldrich, Steinheim, Germany) were used to prepare
the buffer solutions.

Analyte solutions at 10 �M were prepared in water by dilution
from stock solutions (1000 �M in dimethylsulfoxide (DMSO, 99.5%,
Lab-Scan, Dublin, Ireland)). DMSO was used as neutral marker (1%,
v/v). A 75 �m, 50 cm (40 cm to detector) fused silica capillary was
used and maintained at 25◦C.

The pH dependence of the mobilities was evaluated and the
ionization constants were determined based on the relationship
between the electrophoretic mobility and the degree of dissociation
of species over a range of electrolyte pHs. The effective mobility, Me

(cm2 s−1 V−1) of an ionic species at a particular pH, defined as the
difference between the apparent mobility (Mapp) and the mobility
due to the electroosmotic flow (MEOF), can be calculated using the
following equation: ( )

Me = Mapp − MEOF = LcLd

V

1
tapp

− 1
tEOF

(1)

where Lc is the length of the capillary to the detector (cm), Ld is the
total capillary length (cm), V is the applied voltage (V) and tapp and
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EOF are the migration times of the analyte and the neutral marker
ompound (DMSO), respectively. A plot of effective mobility of an
onic species against the pH of the running buffer, affords a sig-

oidal curve whose inflection point corresponds to the analyte
Ka.

Prior the assay of each compound, the capillary was rinsed with
.1 mM NaOH, followed by water and the more basic running buffer.
obilities were then determined in this buffer. Before proceeding

o the determination of mobility with the buffer immediately fol-
owing in the pH scale, the capillary was rinsed with that buffer for
min. Injection was by pressure (1.5 psi) for 6 s and a potential of
0 kV was applied throughout the run.

Each sample was tested three consecutive times at each pH and
he mobilities were calculated based on the migration time of the
ample and of the tEOF, using Eq. (1). The average of the mobilities
f each sample was fitted by non-linear regression to a sigmoidal
urve using GraphPad Prism 5.0 (GraphPad software, Inc.).

.4. Method development and validation

The method for the separation and quantification of the two test
ompounds (clopidogrel and its carboxylic acid) was developed and
ptimized by studying different variables, such as buffer pH, modi-
er concentration (SDS and HP-�-CD), applied voltage and capillary
emperature. For that purpose a design of experiment (DoE) and
nalysis of variance were performed with the support of Minitab®

tatistical Software.
A multilevel factorial design with two factors (voltage and cap-

llary temperature) was developed using respectively 5, 7.5, 10, 15
nd 20 kV for voltage and 15, 20 and 25 ◦C for capillary tempera-
ure. Experiments with different combinations of these variables
ere conducted in triplicate and their effect on peak area, migra-

ion time, peak width and resolution was studied. Stock solutions
f clopidogrel bisulfate and its carboxylic acid derivative were pre-
ared in methanol (MeOH, HPLC grade, Lab-Scan, Dublin, Ireland)
t 2 mM, and kept in the dark at 4 ◦C. Working standards for calibra-
ion were prepared by dilution from the stock solutions in running
uffer in the range 2–100 �M.

After optimization, a 25 mM phosphate buffer pH 7.0 was chosen
s background electrolyte (BGE). In order to improve separation and
eak shape, 150 mM of sodium dodecyl sulfate (SDS, >98.0%, Fluka,
uchs, Switzerland) and 50 mM of hydroxypropyl-�-cyclodextrin
HP-�-CD, average Mw ∼1460, Steinheim, Germany) were added.
he applied voltage was 10 kV and the capillary was operated at
0 ◦C.

A fused silica capillary with 31 cm length and 75 �m internal
iameter was used. In order to have shorter analysis times, samples
ere introduced at the anode in the detector side (10 cm to the
etector), by hydrodynamic injection (1.5 psi, 4.0 s). Detection was
arried out at 240 nm.

Each new capillary was treated with 0.1 M sodium hydroxide
nd water for 30 min each. At the beginning of the day, the cap-
llary was rinsed with 0.1 M sodium hydroxide, water and the
ackground electrolyte for 10 min each. Prior to the injections, the
apillary was rinsed with 0.1 M sodium hydroxide, water and the
ackground electrolyte for 1 min each.

The method was validated for linearity, limits of detection and
uantification, precision, accuracy and robustness under the opti-
ized analytical conditions.
Calibration curves were constructed using the peak areas

btained at different concentrations of clopidogrel and its car-

oxylic acid metabolite in the range of 2–100 �M. Analyses were
onducted in triplicate. The slope and intercept were determined
y least-squares linear regression and the results were evaluated
ased on the determination coefficient of the linear regression (r2)
nd residual analysis.
878 (2010) 1480–1486

The limits of detection (LOD) and quantification (LOQ) were cal-
culated with the lower concentration standards (2 �M) using the
signal-to-noise ratio approach.

Instrumental repeatability was determined by calculating the
relative standard deviation (RSD%) of the peak area of six analy-
ses of three different standards (2, 25 and 100 �M), performed on
the same day and under the same experimental conditions. Pre-
cision of the method was measured as system repeatability and
intermediate precision.

For determination of method precision and accuracy, three
replicates of human serum samples were spiked with different
amounts of the test compounds and vortex-mixed for 30 s to obtain
final concentrations of 5, 25 and 50 �M. 100 �l of diethyl ether
(99.5%, Sigma–Aldrich, Steinheim, Germany) were added to 100 �l
aliquots of each sample and the test tubes were vortex-mixed
for 30 s and centrifuged at 2400×g for 10 min. The organic layer
was transferred to a clean test tube and evaporated under a gen-
tle stream of nitrogen. This procedure was repeated twice. The
dried residue was redissolved in 100 �l of running buffer. Method
repeatability was determined by analysing three replicates of each
spiked sample in the same day. Intermediate precision was studied
by analysing spiked serum samples on three different days. Robust-
ness of the method was evaluated from the results obtained in the
experimental designs described before.

2.5. In vitro metabolism study

Clopidogrel was diluted in phosphate buffer pH 7.0, with a final
concentration of 5% DMSO. The mixture was incubated at 37 ◦C for
5 min in the sample compartment of the capillary electrophore-
sis system and after that time the reaction was started by adding
porcine liver carboxylesterase (Sigma–Aldrich, St. Louis, MO, USA).
The reaction was done in triplicate and followed for approximately
60 min by multiple injections along time.

The Michaelis–Menten constant (Km) and the maximum
velocity (Vmax) of hydrolysis of clopidogrel by porcine liver car-
boxylesterase were determined. Five substrate concentrations (10,
25, 50, 75 and 100 �M) and three enzyme concentrations (1.0, 2.0
and 4.0 U/ml) were tested. Controls were prepared by incubation
of reaction mixtures without enzyme and/or substrate in the same
conditions.

3. Results and discussion

3.1. Determination of the pH dependence of effective mobility

Despite being a well known compound, there was no published
data relative to the ionization constant (pKa) of clopidogrel except
for one reference in the product description of Plavix® [25]. No stud-
ies of this kind were found for clopidogrel carboxylic acid either.

Since this information would be very useful in order to define the
pH for the running buffer of the analytical method, the pH depen-
dence of effective mobility of both compounds were determined.
The ionization curves were obtained by non-linear regression fit-
ting of a sigmoidal curve to the electrophoretic mobilities of the
test compounds as a function of buffer pH, in the range 2.5–11.5
and are shown in Fig. 2.

As indicated by the schematic diagram showing the proto-
nation/deprotonation equilibria of both compounds (Fig. 1) one
positively charged species together with a neutral species is

expected for clopidogrel, while for its carboxylic acid derivative
two charged species and a zwitterionic are predicted. However, for
this compound, only one inflexion point was observed in the ion-
ization profile. It was not possible to determine experimentally the
second inflexion point, because it would be outside of the exper-
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Fig. 3. Effect of the variation of concentration of surfactant in the running buffer,
on the migration time of the two test compounds: (A) 25 mM phosphate buffer (pH
7.0); (B) 25 mM phosphate buffer (pH 7.0) with 50 mM of SDS; (C) 25 mM phos-
ig. 2. pH dependence of the mobility of clopidogrel (�) and clopidogrel carboxylic
cid metabolite (�) determined by capillary electrophoresis at 25 ◦C (n = 3) using
ifferent buffer solutions. Other analytical conditions described in materials and
ethods.

mental pH range of this methodology (2.0–12.0). The ionization
onstants determined are shown in Table 2.

The hereby obtained pKa for clopidogrel was in agreement with
he previously reported value [25].

.2. Method development and validation

.2.1. Optimization of the electrophoresis conditions
According to the determined ionization constants, at pH above

.0 clopidogrel is in the neutral form and therefore should migrate
ith the EOF, while at pH under 6.0 the same happens with the car-

oxylic acid metabolite. Since it is not possible to find a pH where
oth compounds are ionized and in order to improve separation
nd reduce interference by neutral compounds, MEKC (micellar
lectrokinetic chromatography) had to be used. The use of sur-
actants is one of the most useful modes of CE to improve the
eparation of small molecules. One of the most used surfactants
s SDS (sodium dodecyl sulfate), an anionic surfactant. At neutral to
lkaline pH, EOF moves in direction of the cathode. However, if SDS
s included in the buffer solution, the electrophoretic migration of
he anionic micelles proceeds in the direction of the anode and the
verall micellar migration is slowed compared with the bulk flow
f solvent. Because different molecules have different affinities for
icelles, requirements for an improvement in the separation are

vailable.
The effect of the variation of the concentration of SDS on the sep-

ration of the two compounds was studied. The migration times of
he analytes at each analytical condition were confirmed by indi-
idual injection. Because, at pH 7.0, clopidogrel is neutral, it has
reater affinity for the micelle and has a slower migration compared
o clopidogrel carboxylate which is slightly negatively charged at
he same pH.

The use of cyclodextrins is also known to have impact in peak
esolution, peak shape, migration time and, in some cases, even

n migration order due to the formation of inclusion complexes

ith the solutes. In this case, better peak shape and resolution
ere achieved at 150 mM of SDS by adding 50 mM of HP-�-CD

Fig. 3). Although shortening the length of the capillary to 10 cm
llowed a faster analysis, the separation was not efficient even at

able 2
xperimental ionization constants determined by capillary electrophoresis.

Clopidogrel Clopidogrel carboxylic acid

Experimental* Literature Experimental*

pKa1 4.62 ± 0.28 4.55 [25] n.d.
pKa2 – – 7.70 ± 0.11

* Sigmoidal adjustment of CE mobilities against pH (GraphPad Prism 5).
phate buffer (pH 7.0) with 100 mM of SDS; (D) 25 mM phosphate buffer (pH 7.0)
with 150 mM of SDS; E–25 mM phosphate buffer (pH 7.0) with 150 mM of SDS and
50 mM of HP-�-CD. Analytes were at 50 �M. Other analytical conditions described
in materials and methods.

the highest SDS concentration. However, the separation and shape
of the peaks was improved by the addition of HP-ß-CD. A multilevel
factorial design with two factors (voltage and capillary tempera-
ture) was developed. Experiments with different combinations of
these variables were conducted in triplicate and their effect on peak
area, migration time, peak width and peak resolution was studied.
Results are shown in Table 3 and surface plots for the peak area
response are shown in Fig. 4. Relative to robustness, both volt-
age and capillary temperature affected significantly (p < 0.05) the
peak area and the migration time of both compounds, as expected,
bringing them to lower times. Migration time repeatability was
improved but a significant (p < 0.005) decrease in peak resolution
was noticed with the increase in temperature. Increased voltage
had a detrimental effect on the sensitivity of the method (lower
peak areas) and produced extremely high currents (180–200 �A)
limiting the capillary lifetime.

A second multilevel factorial design was developed in order to
study the influence of pH in combination with temperature. The
25 mM phosphate buffer pH was set at 6.0, 7.0 and 7.5. It was deter-
mined that, in the range studied, the buffer pH has little effect on
peak area and width (p > 0.05) but affects significantly the migration
time of both compounds (p < 0.05).

Optimum separation conditions were set in order to achieve a
compromise between lower migration times, higher sensitivity and
better resolution. With a voltage of 10 kV and a capillary tempera-
ture of 20 ◦C, short analysis time is achieved without compromising
method sensitivity and peak resolution.
3.2.2. Method validation
Results obtained for method validation are presented in Table 4.
Linearity was studied under the optimized analysis conditions

in the range of 2–100 �M. The calibration curves obtained for clopi-
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emperature.

ogrel and its carboxylic acid derivative were linear in this range
2
nd r < 0.95. All residuals were under 10%.

The limits of detection and quantification were calculated
sing the signal-to-noise ratio approach. The values obtained were
espectively, 1.2 and 3.7 �M for clopidogrel and 1.1 and 3.2 �M for
he carboxylic acid metabolite. Since the determined instrumental

able 3
esults obtained for optimization of the electrophoretic method for separation and quant

Tcap (◦C) Voltage (kV) Area Width

CLP CLPcarb CLP

15 5 29759.7 28158.3 0.520
15 7.5 18761.7 18309.0 0.397
15 10 13492.3 13218.3 0.283
15 15 7861.7 8046.3 0.157
15 20 4632.7 5077.7 0.103
20 5 29585.0 28872.0 0.447
20 7.5 18605.7 18179.0 0.353
20 10 13405.0 13388.3 0.273
20 15 7317.3 8065.0 0.153
20 20 4427.3 5076.7 0.093
25 5 29127.0 28232.0 0.397
25 7.5 18341.3 18167.7 0.337
25 10 13418.2 13575.0 0.273
25 15 7317.0 7986.0 0.147
25 20 4341.3 5074.3 0.093

Tcap (◦C) Buffer pH Area Width

CLP CLPcarb CLP

15 7.5 13510.7 13436.5 0.280
15 7.0 13492.3 13218.3 0.283
15 6.0 13409.8 13128.7 0.282
20 7.5 13412.5 13550.5 0.278
20 7.0 13405.0 13388.3 0.273
20 6.0 13400.0 13191.7 0.273
25 7.5 13428.8 13757.7 0.277
25 7.0 13418.2 13575.0 0.273
25 6.0 13426.8 13474.7 0.273
acid metabolite as a function of the parameters buffer pH, voltage and capillary

limit of quantification was higher than the lowest concentrations

in the calibration curves, the studies with spiked samples were
conducted at higher concentrations.

RSD for instrumental repeatability (n = 6) were under 5% and
therefore the use of an internal standard was considered not nec-
essary.

ification of clopidogrel and its carboxylic acid metabolite.

(min) tmig (min) Resolution

CLPcarb CLP CLPcarb

0.793 7.993 6.379 2.5
0.517 5.359 4.279 2.4
0.337 3.834 3.059 2.5
0.273 2.308 1.825 2.3
0.183 1.470 1.168 2.1
0.790 7.271 5.756 2.5
0.497 4.901 3.860 2.5
0.340 3.544 2.784 2.5
0.233 2.129 1.672 2.4
0.173 1.332 1.050 2.1
0.690 6.149 4.942 2.2
0.487 4.015 3.219 1.9
0.340 2.961 2.364 2.0
0.213 1.796 1.428 1.9
0.157 1.214 0.985 1.8

(min) tmig (min) Resolution

CLPcarb CLP CLPcarb

0.338 3.929 3.111 2.6
0.337 3.834 3.059 2.5
0.332 3.750 2.993 2.5
0.343 3.650 2.824 2.7
0.340 3.544 2.784 2.5
0.345 3.461 2.740 2.3
0.342 3.057 2.409 1.9
0.340 2.961 2.364 2.0
0.342 2.904 2.307 2.0
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Table 4
Statistical data obtained for the validation of the electrophoretic method.

Clopidogrel Clopidogrel carboxylic acid

Linearity
Range (�M) 2–100 2–100
Linear regression equation y = 314x + 808 y = 314x + 67
r2 0.998 0.999
Residuals < 10% < 10%

RSD % RSD %

Instrumental repeatability (n = 6)
2 �M 4.9% 3.1%
25 �M 2.6% 3.9%
100 �M 1.4% 1.2%

Method repeatability (n = 3)
5 �M 5.5 6.7
25 �M 5.0 2.6
50 �M 2.0 5.6

Intermediate precision (n = 3)
5 �M 5.2 6.8
25 �M 1.4 2.2
50 �M 0.2 4.2

Accuracy (n = 3) Er % Er %

5 �M 85.3 ± 5.6 83.1 ± 7.4
25 �M 92.9 ± 5.2 95.3 ± 2.5
50 �M 90.8 ± 1.9 86.6 ± 4.9
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Fig. 5. Electropherograms obtained at different injection times following the

The authors wish to thank Fundação para a Ciência e Tecnologia
Limit of detection (�M) 1.2 1.1

Limit of quantification (�M) 3.7 3.2

Precision of the method was measured as method repeatability
nd intermediate precision, by analysing respectively three repli-
ates of each spiked sample on the same day, and on three different
ays. For method repeatability RSD values were all under 5.5% for
lopidogrel and 6.7% for clopidogrel carboxylate. Inter day coef-
cients of variation were under 5.2% for clopidogrel and 6.8% for
lopidogrelcarboxylate.

Accuracy was evaluated as the extraction recovery of the three
piked serum samples (5, 25 and 50 �M), comparing the areas
f the samples subjected to extraction with the areas of unpro-
essed reference solutions. Each sample was prepared in triplicate.
xtraction recoveries (Er) ranged from 85.3% to 92.9% for clopi-
ogrel and between 83.1% and 95.3% for clopidogrel metabolite.
o interferences or matrix effects were detected and since high

ecoveries were obtained, the use of an internal standard was not
dopted.

To determine the robustness of the method, the results obtained
rom the experimental designs described before were used.
hanges in the voltage and in the capillary temperature affected
ignificantly the migration time and peak area (p < 0.05), but did
ot produce significant changes in resolution. Contrarily, different
ilutions of the analytes affected the peak resolution, as the res-
lution factors ranged from 1.8 to 2.6, due to larger peak widths
btained with more concentrated solutions. Such an effect may be
he result of a long injection plug (23.4 mm). Although solubiliza-
ion in water was considered, in order to elicit a stacking effect, this
as not possible due to the low solubility of clopidogrel.

.3. In vitro metabolism study

The enzymatic hydrolysis of clopidogrel and formation of the

arboxylic acid metabolite was tested using the validated method
Fig. 5) and the kinetic parameters for this reaction were deter-

ined.
The product concentrations were determined and the hydrolysis

nitial rates were calculated from the linear portion of the prod-
hydrolysis reaction of clopidogrel (A) with porcine carboxylesterase and the for-
mation of clopidogrel carboxylate (B). Other Analytical conditions described in
materials and methods.

uct concentration versus time curve. The kinetic parameters were
obtained from the Lineweaver–Burk plot, which yielded an appar-
ent Km of 145 ± 30 �M. For the Vmax 0.4, 1.5 and 3.4 �M/min, were
obtained respectively for 1.0, 2.0 and 4.0 U/ml enzyme concentra-
tions.

4. Conclusions

A capillary electrophoresis method was developed for the first
time for the separation and quantification of clopidogrel and its car-
boxylic acid metabolite. Ionization profiles were also determined
for the first time by CE for both compounds and demonstrated to
be useful during method development. Optimization studies were
performed by varying surfactant and cyclodextrin concentration,
voltage, buffer pH and capillary temperature.

The optimized method was validated with respect to accu-
racy, precision, linearity, limits of detection and quantification and
robustness. The developed method is quite simple, rapid and sen-
sitive and can be applied for separation and determination of both
compounds in serum samples in the range 4–100 �M. Although
the limits of detection and quantification could be too high for
detection of minute quantities of clopidogrel and its metabolite in
biological samples, the sensitivity of the method can be improved
by extracting the analytes from higher volumes of serum or by mak-
ing lower dilutions when redissolving after the extraction. The use
of staking by dissolution of the extracts in water was not possible
due to the low solubility of clopidogrel. However, sensitivity can
be improved by injecting the samples at the long end of the cap-
illary (data not shown). In this case, longer migration times and
higher peak areas are obtained and consequently, lower limits of
detection and quantification can be achieved. However, longer run-
ning times would be unsuitable for metabolism studies since fewer
injections would be possible in the same time interval. Taking into
account the analysis time and capillary rinses, total time between
injections was 8 min for the validated method which was sufficient
to follow the kinetics of the hydrolysis of clopidogrel within the
concentrations of enzyme and substrate used.
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