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a b s t r a c t

A sensitive and reproducible stir bar-sorptive extraction and high-performance liquid chromatography-UV
detection (SBSE/HPLC-UV) method for therapeutic drug monitoring of carbamazepine, carbamazepine-
10,11-epoxide, phenytoin and phenobarbital in plasma samples is described and compared with a
liquid:liquid extraction (LLE/HPLC-UV) method. Important factors in the optimization of SBSE efficiency
such as pH, extraction time and desorption conditions (solvents, mode magnetic stir, mode ultrasonic
stir, time and number of steps) assured recoveries ranging from 72 to 86%, except for phenytoin (62%).
Separation was obtained using a reverse phase C18 column with UV detection (210 nm). The mobile
phase consisted of water:acetonitrile (78:22, v/v). The SBSE/HPLC-UV method was linear over a work-
ing range of 0.08–40.0 �g mL−1 for carbamazepine, carbamazepine-10,11-epoxide and phenobarbital and
0.125–40.0 �g mL−1 for phenytoin, The intra-assay and inter-assay precision and accuracy were studied
at three concentrations (1.0, 4.0 and 20.0 �g mL−1). The intra-assay coefficients of variation (CVs) for
all compounds were less than 8.8% and all inter-CVs were less than 10%. Limits of quantification were
0.08 �g mL−1 for carbamazepine, carbamazepine-10,11-epoxide and phenobarbital and 0.125 �g mL−1 for
phenytoin. No interference of the drugs normally associated with antiepileptic drugs was observed. Based

on figures of merit results, the SBSE/HPLC-UV proved adequate for antiepileptic drugs analyses from ther-
apeutic levels. This method was successfully applied to the analysis of real samples and was as effective

od.

o
o
i
i
a

as the LLE/HPLC-UV meth

. Introduction

Therapeutic drug monitoring (TDM) of antiepileptic drugs is
ecessary to optimize patients’ clinical outcome by managing their
edication regimen with the assistance of measured drug con-
entrations [1]. Plasma concentration monitoring is widely used
or the clinical management of patients with epilepsy receiving
henytoin (PHT), phenobarbital (PHB) and carbamazepine (CBZ).
BZ is metabolized to carbamazepine-10,11-epoxide (CBZ-E) and

∗ Corresponding author at: Departamento de Análises Clı́nicas, Toxicológicas and
romatológicas, Faculdade de Ciências Farmacêuticas de Ribeirão Preto, Universi-
ade de São Paulo, Avenida do Café s/n, Monte Alegre, CEP 14040-903, Ribeirão
reto, São Paulo, Brazil. Tel.: +55 1636024703; fax: +55 1636331092.

E-mail address: rqueiroz@fcfrp.usp.br (R.H.C. Queiroz).
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ther metabolites in the liver by the CYP3A4 and CYP2C8 subtypes
f the cytochrome P450 system. From a clinical standpoint, CBZ-E
s the most important of the 33 metabolites of CBZ that have been
solated, because CBZ-E appears to show pharmacological activity,
s does its parent compound (CBZ) [2].

Several methods have been published for the determination of
ne or more antiepileptic drugs in biological fluids for TDM or
or toxicology purposes. There are several high-performance liq-
id chromatography (HPLC) methods for determination of CBZ and

ts metabolites, including CBZ-E, in biological fluids and drug prod-
cts [2–6] and there are various HPLC methods for the simultaneous

etermination of PHT, PHB and CBZ [7–13].

The advantages of HPLC for antiepileptic analysis are its ver-
atility and simplicity of sample preparation, as well as a broad
inearity in detectors, making HPLC the method of choice for TDM of
he antiepileptic [2–16]. Liquid:liquid extraction (LLE) [2–6,10–13]

http://www.sciencedirect.com/science/journal/07317085
mailto:rqueiroz@fcfrp.usp.br
dx.doi.org/10.1016/j.jpba.2008.03.020
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Fig. 1. Chemical structures of antiepileptic drugs.

r solid-phase extraction [8–9,15–18] have been used for sample
lean-up followed, in some cases, by column-switching [19] and
eproteinization [9]. Solid-phase microextraction (SPME) has been
uccessfully applied to analyze drugs in biological fluids by chro-
atography techniques. More recently, stir bar-sorptive extraction

SBSE) [18,20–27], a sample-preparation technique based on the
ame principles as SPME, the partitioning coefficient of the solutes
etween the silicone phase and the aqueous phase, has been eval-
ated for the enrichment of organic solutes from biological fluids
27–29].

In SBSE, a stir bar coated with a polydimethylsiloxane (PDMS)
ayer is stirred for a given time in the sample solution. After this
oncentration step, the stir bar is placed in a small vial and sol-
ent desorption is performed followed by liquid chromatographic
nalysis. In SBSE the amount of PDMS typically coated, 24–126 �L is
ubstantially higher than on an SPME fibre, for which the maximum
olume is usually 0.5 �L (100 �m film thickness). Consequently the
ensitivity is increased by a factor of 50 and 250, reducing detec-
ion limits to sub-ng L−1 levels. The analytical methods described
n the literature to analyze antiepileptics in biological fluids usually
se conventional sample pre-treatment techniques that is labori-
us, time-consuming and require large amounts of organic solvents.
orptive extraction has proven to be interesting and environmental
riendly alternative to liquid extraction [21]. Benanou et al. demon-
trated that loaded stir bars can be stored at 4 ◦C for a week without
oss of solutes. This opens interesting prospects for on-site sampling
nd extraction. The loaded stir bars are sent to the laboratory for
nalysis, not the samples [30].

A very interesting application area is described by Soini et al.
31]. SBSE was used to characterize chemical signal compounds in
nimal urine samples and gland excretion. Based on the detailed
rofiles obtained, gender and age could be differentiated using
hemometric data processing [31]. Wahl et al. [32] described
he analysis of barbiturates in urine [32] and phthalates and the

etabolites 2-ethyl-hexanol and 4-heptanone in body fluids and
nfusates [32]. Other applications of SBSE for the determination
f environmental contaminants in biological samples include the

etermination of PCBs in sperm [33], the determination of phenols
nd chlorophenols in urine [34], the determination of pesticides in
reast milk [35], the determination of aroma compounds in vinegar
36], the determination of brominated flame retardants in environ-

d
c
s
t

ig. 2. Effect of the matrix pH on the SBSE efficiency of antiepileptics in a plasma
ample.

ental samples and pyrethroids [37–38], phenols, pharmaceuticals
nd herbicides [39] in water samples.

As LLE, SBSE can also be combined with prior enzymatic hydrol-
sis, as is often used for the analysis of organic compounds in
iological samples. Overviews of different in situ derivatization
echniques for the determination of steroids, drugs of abuse and
harmaceuticals in biological samples have been described [21]
eng et al. reported a determination of glyoxal and methylglioxal

n beer, biological fluids and in water samples by SBSE with in situ
erivatization [40].

The aim of this study was to evaluate SBSE and compare it with
he LLE method followed by HPLC analysis for the determination of
BZ, CBZ-E, PHT and PHB (Fig. 1) in plasma samples.

. Experimental

.1. Reagents and analytical standards

CBZ and CBZ-E, PHB, PHT, analytical standards were pur-
hased from Sigma–Aldrich Inc., St. Louis, USA and 5-ethyl-5-p-
olylbarbituric acid (IS) from Aldrich Chemical Company Inc., USA.

Methanol, HPLC grade, was obtained from J.T. Baker (Phillips-
urg, USA), acetonitrile and dichrometane, HPLC grade, were
urchased from Merck (Darmstadt, Germany). The reagents used
or drug extraction were analytical grade and were purchased from

erck (Darmstadt, Germany). The water used was deionised and
ltered with a Milli-Q water processing system (Millipore, São
aulo, Brazil), acetic acid and sodium acetate were obtained from
erck (Damstadt, Germany).

.2. Calibration curve

Separated stock solutions of each antiepileptic were prepared
y dissolving accurately weighed amounts of each reference com-
ound in methanol to yield a 1 mg mL−1 drug concentration. A
mg mL−1 stock solution of (IS) in methanol was prepared and fur-

her diluted in methanol to give a 0.1 mg mL−1 working solution.
ll stock solutions were stored at −20 ◦C and they were stable for
months.

Routine daily calibration curves were prepared by the addi-
ion of 25 �L of each standard solution at concentrations of
.01, 0.04, 0.08, 0.16, 0.8 and 1.6 mg mL−1 of methanol to 1 mL
f blank plasma ((plasma from a patient not exposed to any

rug for at least 2 months) aliquots, resulting in plasma drug
oncentrations of 0.25, 1.0, 2.0, 4.0, 20 and 40 �g mL−1. Each
piked plasma was processed as described in sample prepara-
ion.
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1 mL of plasma. After shaking in a vortex-type shaker for 1 min
and centrifugation at 1800 × g for 5 min, an aliquot (4.4 mL) of the
organic phase was transferred to conic tubes and was evaporated
under a constant air-flow at room temperature. The dry residue was
Fig. 3. SBSE time extraction profiles of a

.3. SBSE accessories

The commercial stir bar Twister for sorptive extraction was
btained from Gerstel (Gerstel GmbH, Mulheim an der Ruhr, Ger-
any). It consists of a 10 mm long glass-encapsulated magnetic stir

ar, externally coated with 22 �g of PDMS. This layer is 0.5 mm
hick, corresponding to a volume of 24 �L of PDMS. Prior to
he first use, the stir bars were placed in a vial containing an
cetonitrile:methanol solution (80:20, v/v) and conditioned for
4 h. Among the successive extractions, the used stir bars were
leaned in methanol for 30 min at 50 ◦C, under magnetic stir-
ing rate of 1200 rpm, followed by a drying step using a lint-free
issue.

.4. Instrumentation

The analysis was performed on HPLC system consisting of a Shi-
adzu Model (Japan) LC 10 AD pump, a Shimadzu Model SPD 10 A

ltraviolet detector, a chromatopac C-R6A integrator (Shimadzu,
apan). Chromatographic separation was achieved at room tem-
erature on a LiChrospher 100 RP-18 column (125 mm × 4 mm,
�m particle size (Merck, Damstadt, Germany). The mobile
hase consisted of water:acetonitrile (78:22, v/v). Flow-rate was
.0 mL min−1. The ultraviolet detector was set at 220 nm.

.4.1. Optimization of SBSE process
The influence of the pH matrix on antiepileptic drug extractions

as the first step evaluated, investigating different pH values from
.0 to 8.0 (sodium acetate buffer, 0.75 mol L−1). In a glass vial (5 mL)
ealed with a silicone septum, 25 �L of IS and 4 mL of 0.75 mol L−1

odium acetate buffer were added to 1 mL of plasma sample spiked
ith the standard solutions. The vial was heated up to 50 ◦C on a
otplate, the stir bar was then immersed into the sample, and the

xtraction was performed at a magnetic stirring rate of 1200 rpm
or 50 min.

The influence of ionic strength of the matrix solutions (NaCl
ddition), extraction time (10–60 min) and temperature (38, 50, 60
nd 70 ◦C) in the SBSE process were also investigated.
leptics at different temperatures values.

To determine the best desorption conditions: solvents (ace-
onitrile and mobile phase), modes (magnetic stir and ultrasonic),
esorption time (5, 15, 30 and 60 min), number of desorption
teps and the control of the carryover were all individually eval-
ated. For the desorption, the stir bars were removed with clean
weezers, rinsed lightly with Milli-Q water (1.0 mL), dried with
int-free tissue, and placed in a glass vial containing 1.0 mL of
olvent, ensuring total immersion. Desorption was performed by
ltrasonic treatment for 15 min at room temperature (25 ◦C) or
y magnetic agitation for the same period at the same tempera-
ure. After the desorption process, the stir bars were removed by

eans of a magnetic rod and the solvent was evaporated until dry-
ess. The dry residues were re-dissolved in 200 �L of the mobile
hase, and 100 �L of this extract were injected into the HPLC-UV
ystem.

.4.2. Sample preparation for LLE
The extraction consisted of the addition of 25 �L of IS, 1 mL of

odium acetate buffer 0.75 M (pH 5.0) and 5 mL dichrometane to
Fig. 4. SBSE desorption time profile of antiepileptics in plasma samples.
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Table 1
Comparison of linearity, limit of quantification and recovery of antiepileptic drugs by stir bar-sorptive extraction vs. liquid:liquid extraction followed by HPLC-UV analysis in
plasma samples

LLE, liquid:liquid extraction; vs., versus; SBSE, stir bar-sorptive extraction; LOQ, limit of quantification.

Table 2
Comparison of intra- and inter-day precision and accuracy of the antiepileptic drugs by stir bar-sorptive extraction vs. liquid:liquid extraction followed by HPLC-UV analysis
in plasma samples

Drugs (�g mL−1) Precision intra-assay CV (%) n = 10; SBSE vs. LLE Precision inter-assay CV (%) n = 5; SBSE vs. LLE Accuracy error (%); SBSE vs. LLE

Phenobarbital
20 6.3 vs. 3.5 6.5 vs. 7.7 6.4 vs. 4.2
4 5.2 vs. 4.5 6.8 vs. 6.6 6.0 vs. 3.5
1 7.6 vs. 7.8 6.3 vs. 5.8 8.2 vs. 8.2

Carbamazepine
20 3.7 vs. 5.4 7.8 vs. 6.9 4.3 vs. 3.3
4 6.8 vs. 5.2 9.5 vs. 8.9 3.7 vs. 5.2
1 8.8 vs. 6.3 9.0 vs. 9.6 9.2 vs. 8.6

CBZ-E
20 6.4 vs. 4.2 9.5 vs. 8.9 9.2 vs. 8.5
4 7.7 vs. 6.2 7.1 vs. 8.8 8.6 vs. 9.1
1 8.5 vs. 5.8 8.4 vs. 7.8 9.2 vs. 8.9

Phenytoin
20 5.9 vs. 3.6 7.2 vs. 9.8 9.3 vs. 8.5
4 5.9 vs. 6.6 5.0 vs. 5.9 6.5 vs. 8.2
1 8.3 vs. 9.7 9.7 vs. 8.3 9.4 vs. 9.6

CV, coefficient of variation; LLE, liquid:liquid extraction; SBSE, stir bar-sorptive extraction.
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ig. 5. (A) Chromatogram obtained from a blank (without internal standard) and (B
arbamazepine-10,11-epoxide, (3) internal standard (5-ethyl-5-p-tolylbarbituric ac

e-dissolved in 200 �L of the mobile phase and 100 �L of hexane.
fter shaking for 10 s in a vortex-type shaker, 100 �L of the mobile
hase was injected into the HPLC-UV system.

.4.3. Validation of the method
The recovery of the drugs was determined at three different con-

entrations in blank plasma. Plasma samples with the drugs were
xtracted in triplicate according to the procedure proposed. The
ecoveries were calculated by comparing the UV-peak areas of the
piked samples with the direct injection of standards solutions of
qual concentrations.

To determine the intra-assay precision, aliquots (n = 10) of blank
lasma containing the standard solutions of the drugs at three con-
entrations were analysed by the method proposed. To determine
he inter-assay precision, blank plasma containing the standard
olutions at the same concentrations were analysed on 10 con-
ecutive days. Linearity was obtained by analysing blank plasma
amples (n = 3) containing standard solutions of drugs at concentra-
ions of 0.01–40 �g mL−1. The concentration range was estimated
n the basis of the regression curve (y = ax + b) and correlation coef-
cient (r2).

The limit of detection (LOD) was determined as the lowest
oncentration giving a response of three times the average of
he baseline noise defined from five determinations. The limit
f quantification (LOQ) was considered the lowest concentration
uantified with a coefficient of variation less than 10% obtained
rom five determinations. The selectivity of the method was eval-
ated by analysing several drugs normally combined with these
ntiepileptic drugs.

.5. Blood samples

Blood samples from patients receiving antiepileptic drugs were

ollected after filling out a protocol containing the patients name,
ex, age, weight, prescribed medication, dose and combined med-
cations. Blood samples from patients in steady-state plasma
oncentrations of antiepileptic drugs were obtained in the morning
ith heparin (Liquemine®) immediately before drug administra-

(
T
p

i

matogram obtained from a plasma spiked with 20 �g mL−1. (1) Phenobarbital, (2)
phenytoin and (5) carbamazepine.

ion. After centrifugation, plasma samples were stored at −20 ◦C
ntil analysis. Stability studies carried out directly on plasma indi-
ated that samples were stable for at least 3 months when stored
t −20 ◦C.

Pooled blank plasma samples used for development and valida-
ion of the procedure were obtained from a local blood bank. The
rinciples embodied in the Helsinki Declaration were adhered to,
nd the Ethics Committee at the University of São Paulo in Ribeirão
reto, Brazil approved the study.

. Results and discussion

PDMS, homogeneous polymer coating, extract analytes via
bsorption, where the analytes dissolve in the coating and diffuse
nto the bulk of it during the extraction process. This process is non-
ompetitive (compared to adsorption) and the amount of analyte
xtracted from a sample is independent of the matrix composition.
his interaction is much weaker and the degradation processes of
nstable analytes are significantly less than adsorption on an active
urface. Furthermore, the retaining capacity of the PDMS material
s not influenced by other analytes because each analyte has its own
artition equilibrium in the PDMS phase [21].

The SBSE variables, such as time, temperature, pH matrix, ionic
trength and desorption conditions were optimized to reach drug
artition equilibrium in shorter analysis time, and to obtain ade-
uate sensitivity to work in the therapeutic interval. The sample
olume, stirring speed and stir bar dimensions were maintained
onstant throughout optimization.

The sensitivity of the SBSE/HPLC-UV method was improved
y diluting the samples with the acetate buffer solution, to pH
.0, in which the drugs (phenobarbital and phenytoin, pKa 7.3
nd 7.4 and carbamazepine, pKa 13.4) were partially in the non-
onic form that enable them to be extracted by the PDMS phase

Fig. 2). The sample dilution favours the stirring SBSE process.
he addition of NaCl did not alter the efficiency of the SBSE
rocess.

Fig. 3 shows representative time extraction profiles (15–60 min)
n different temperature values (38–70 ◦C). We observed that an
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ig. 6. Clinical plasma samples containing (A) (1) carbamazepine-10,11-epoxide, (2
2) IS (5-ethyl-5-p-tolylbarbituric acid); (C) (1) IS (5-ethyl-5-p-tolylbarbituric acid)

ncrease in extraction temperature from 38 to 50 ◦C results in an
ncreased amount of the extracted drugs. This occurs because at
ower temperature, extraction is further from equilibrium, and
herefore, a low level of analyte is extracted. At higher tempera-
ure under the same extraction time, however, the absorption-time
rofile will be closer to equilibrium, and therefore, the amount
xtracted is generally greater. The results obtained at 50 and 60 ◦C
ere very similar for some drugs, and followed by a lowering of

xtraction level at 70 ◦C. As a result, the SBSE conditions of temper-
ture at 50 ◦C and time extraction of 50 min were selected.

Rinsing the stir bar slightly with 1.0 mL of the Milli-Q grade
ater to remove adsorbed proteins did not cause drug loss because

he sorbed drugs are present in the PDMS phase.
The conditions of desorption were tested to ensure effective

emoval of the extracted analytes from the SBSE device. Acetoni-
rile yielded the best results of the desorption solvent investigated
dichrometane and mobile phase). The time of desorption was var-
ed from 5 to 60 min (Fig. 4). The peak areas increased from 5
o 15 min, but remained nearly constant for desorption time of
5–60 min that corresponds to the complete desorption drugs from
he SBSE bar (magnetic stirring), as no detectable carryover was
bserved. The magnetic stirring desorption (t = 70 ◦C), using ace-
onitrile was more effective than sonication performance in the
ame period (15 min, ambient temperature, t = 25 ◦C). It is likely that
esorption process was factored at higher temperature. Therefore,
hermal magnetic stirring was selected for desorption process.

The efficiency of the desorption process (magnetic stirring)
as also confirmed by two consecutive acetonitrile desorptions, in
hich a unique step provides maximum yield. Furthermore, no evi-
ence of interference was found during blank assays and the PDMS
hase of the stir-bars was highly stable, with no evidence of deteri-
ration. The robustness of the stir bar was confirmed by Frank and
andra with over 50 extractions with a minimum loss of extrac-
ion efficiency [21]. Lambert et al. observed some degradation of

he restricted access material stir bar coating, after 30 desorption
ycles, using sonication process [41].

Although it is possible to re-use stir bars without addi-
ional clean up, a cleaning procedure was implemented using

ethanol for 30 min at 50 ◦C, under magnetic stirring rate

d
l
T
h
s

-ethyl-5-p-tolylbarbituric acid) and (3) carbamazepine; (B) (1) Phenobarbital and
) phenytoin.

f 1200 rpm, between extractions, to assure efficient protein
emoval.

Based upon these data, we concluded that the best SBSE experi-
ental conditions, among those investigated for antiepileptic drugs

ssays (Figs. 2–4) were as follow: 1.0 mL of plasma sample modified
ith 4 mL acetate buffer (pH 5.0), extraction temperature at 50 ◦C,
nder magnetic stirring during 50 min, followed by the drugs off-

ine liquid desorption by immersion of the PDMS bar on acetonitrile
t 50 ◦C, under magnetic stirring during 50 min.

The average recovery and linearity of the SBSE and LL/HPLC
ethods were determined with plasma samples spiked with ana-

ytical standards that result in a concentration ranging from the
imit of quantification up to 40.0 �g mL−1. The regression equations
nd corresponding correlation coefficients for all drugs are given in
able 1.

The accuracy and intra- and inter-days precision of the SBSE
nd LLE/HPLC methods were assessed by replicate analysis of
lasma samples spiked with standards in three different concen-
rations (Table 2). The specificity (selectivity) of the developed

ethod is demonstrated by representative chromatograms from
rug-free human plasma sample, and the same sample spiked with
ntiepileptic drugs in therapeutic interval concentrations (Fig. 5A
nd B), which showed the ability of the method to measure the
rugs unequivocally in the presence of endogenous plasma com-
onents. Additional drug-free human plasma samples from several

ndividuals were tested and showed no significant interference at
he retention times of the analytes.

Antiepileptic drugs may be prescribed in combination with dif-
erent psychotropic agents and other drugs, so it was important
o assess probable interferences from potentially co-administered
ompounds. No interference was observed after the extraction
rocedures (SBSE and LLE) of the drugs normally associated
ith antiepileptic drugs in patients with epilepsy: primidone,

amotrigine, zonizamide, haloperidol, chropromazine, risperi-

one, moclobemide and several benzodiazepines (diazepam,

orazepam, flurazepam, triazolam, clonazepam and alprazolam).
he same was true for methyldopa, captopril, furosemide,
ydrochlorothiazide, methoclopramide, acetaminophen, caffeine,
alicylic acid, diclophenac, indomethacin, sulphamethazaxol,
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etoprolol, propanolol, amiodarone, cimetidine, ranitidine and
rednisone.

. Clinical application of the method

The method was used for therapeutic drug monitoring of
pileptic patients under the treatment of different antiepileptic
rugs (CBZ, CBZ-E, PHB and PNT). Peak shapes and resolu-
ion were very similar to those obtained using spiked blank
lasma and no interference was apparent. Drug concentrations
ound in these samples were 10.4 �g mL−1 for carbamazepine,
0.6 �g mL−1 for carbamazepine-10,11-epoxide, 13.8 �g mL−1 for
henobarbital and 13.6 �g mL−1 for phenytoin (Fig. 6). The plasma
amples were colleted from patients with epilepsy in therapy with
egretol® (400 mg/day), Gardenal® (140 mg/day) and Hidantal®

400 mg/day), respectively.

. Conclusion

The SBSE/HPLC-UV methodology developed presents high sen-
itivity and enough reproducibility to permit the quantification
f carbamazepine, carbamazepine-10,11-epoxide, phenytoin and
henobarbital in human plasma. The method has been success-
ully applied to analysis of real samples demonstrating that it works
qually as well as the routine extraction method for therapeutic
rug monitoring of antiepileptic drugs.
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