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Abstract

A method for the simultaneous determination of the three selective serotonin reuptake inhibitors (SSRIs) citalopram,
fluoxetine, paroxetine and their metabolites in whole blood and plasma was developed. Sample clean-up and separation were
achieved using a solid-phase extraction method with C non-endcapped columns followed by reversed-phase high-8

performance liquid chromatography with fluorescence and ultraviolet detection. The robustness of the solid-phase extraction
method was tested for citalopram, fluoxetine, paroxetine, Cl-citalopram and the internal standard, protriptyline, using a
fractional factorial design with nine factors at two levels. The fractional factorial design showed two significant effects for
paroxetine in whole blood. The robustness testing for citalopram, fluoxetine, Cl-citalopram and the internal standard revealed
no significant main effects in whole blood and plasma. The optimization and the robustness of the high-performance liquid
chromatographic separation were investigated with regard to pH and relative amount of acetonitrile in the mobile phase by a
central composite design circumscribed. No alteration in the elution order and no significant change in resolution for a
deviation of 61% acetonitrile and 60.3 pH units from the specified conditions were observed. The method was validated for
the concentration range 0.050–5.0 mmol / l with fluorescence detection and 0.12–5.0 mmol / l with ultraviolet detection. The
limits of quantitation were 0.025 mmol / l for citalopram and paroxetine, 0.050 mmol / l for desmethyl citalopram,
di-desmethyl citalopram and citalopram-N-oxide, 0.12 mmol / l for the paroxetine metabolites by fluorescence detection, and
0.10 mmol / l for fluoxetine and norfluoxetine by ultraviolet detection. Relative standard deviations for the within-day and
between-day precision were in the ranges 1.4–10.6% and 3.1–20.3%, respectively. Recoveries were in the 63–114% range
for citalopram, fluoxetine and paroxetine, and in the 38–95% range for the metabolites. The method has been used for the
analysis of whole blood and plasma samples from SSRI-exposed patients and forensic cases.  1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction tryptamine; 5-HT) reuptake inhibitors (SSRIs). The
SSRIs have a different, and generally better toler-

The antidepressants fluoxetine (FLU), paroxetine ated, adverse effect profile when compared to the
(PAR) and citalopram (CIT) (Fig. 1a–d) belong to tricyclic antidepressants (TCAs) with approximately
the class of selective serotonin (5-hydroxy- equivalent antidepressant efficacy [1]. Additionally,

Fig. 1. (a) Structures and molecular masses (M ) of citalopram and its metabolites. (b) Structures and molecular masses (M ) of fluoxetiner r

and norfluoxetine. (c) Structures and molecular masses (M ) of paroxetine and its metabolites. (d) Structure and molecular masses (M ) of ther r

internal standard protriptyline.
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Fig. 1. (continued)
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some SSRIs are indicated for obsessive–compulsive, Analytical methods for the determination of SSRIs
panic and anxiety disorders [2,3]. Therefore, SSRIs and their metabolites are of obvious use for phar-
are currently widely prescribed medications. macokinetic studies and in situations where the

Patients with depression are at high risk of suicide patients do not respond as expected due to drug
attempts [1,4]. Although the toxicity of the SSRIs is interactions, non-compliance or other causes. Several
comparatively low, there have been case reports of high-performance liquid chromatography (HPLC),
deaths in which CIT [5,6] or FLU [7,8] were gas chromatography (GC), and thin-layer chroma-
strongly suspected as causative agents. Deaths re- tography (TLC) methods have been published for
lated to a combination of a SSRI with other drugs or the determination of CIT, PAR, FLU, sertraline
ethanol have been reported [5,9–13]. The blood (SER) and fluvoxamine (FLUV) and their metabo-
concentrations which are reported to be toxic or lites in plasma or serum [19–23,25]. A few methods
lethal are .3.1 mmol / l for CIT [4], .9.1 mmol / l for which allow determination of SSRIs in whole blood
PAR [4] and .4.2 mmol / l for FLU [13]. In the have also been published [24]. Little has been
treatment of depressive disorders with FLU, CIT and published on analytical methods for the simultaneous
PAR, respective plasma concentrations in the approx- determination of several compounds of the SSRI
imate ranges 0.16–1.5 mmol / l (0.05–0.45 mg/ml) class.
[14], 0.12–0.6 mmol / l (0.04–0.2 mg/ml) [15], and A common situation in forensic toxicology is the
0.061–0.58 mmol / l (0.020–0.19 mg/ml) [14] have paucity of information concerning which drugs have
been observed. The concentrations of the metabolites been ingested prior to death. For screening of
are generally lower than that of the parent com- antidepressants in forensic blood samples, the meth-
pound. ods should be applicable for simultaneous determi-

FLU, PAR and CIT are metabolized by the nation of as many antidepressants as possible. In
cytochrome P450 system (CYP) in the liver. The addition, the methods should be able to quantify
metabolites of PAR are unlikely to exert significant SSRIs in whole blood which is the most common
inhibitory activity with respect to 5-HT or norad- sample matrix in forensic analysis. Eap et al. [26]
renaline uptake mechanisms [16]. A metabolite of reported that simultaneous determination of CIT,
PAR, BRL 36583A (Fig. 1c), has been demonstrated PAR, SER and their N-demethylated metabolites, and
in vitro to inhibit CYP2D6 [17]. CIT and FLU are possibly FLU, NFLU and FLUV, in plasma could be
demethylated to desmethylcitalopram (DCIT) and achieved by liquid–liquid extraction and GC–mass
norfluoxetine (NFLU), respectively. DCIT is further spectrometry (MS). To our knowledge, this is the
N-demethylated to di-desmethylcitalopram (DDCIT). only published method which allows the simulta-
NFLU has similar potency and selectivity with neous determination of at least three SSRIs. The
regard to 5-HT reuptake and liver enzyme inhibition ability of this method to determine SSRIs in bio-
as the parent compound [17,18]. The CIT metabo- logical samples other than plasma is not reported.
lites, DCIT and DDCIT, have SSRI properties, but In this paper, we present an automated and rapid
are unlikely to contribute substantially to the thera- solid-phase extraction (SPE) and isocratic HPLC
peutic effect of CIT since they are present in lower method with fluorescence and ultraviolet (UV) de-
concentrations and are less potent serotonin reuptake tection which simultaneously determines the SSRIs
inhibitors compared to CIT [15]. Nevertheless, in CIT, PAR, FLU and their metabolites DCIT, DDCIT,
forensic analysis and therapeutic drug monitoring it citalopram-N-oxide (CITNO), NFLU, BRL 36610A
is beneficial to quantify the metabolites as this and BRL 366583A in either plasma or whole blood
information may be useful to shed light on time at therapeutic and overdose concentrations. In con-
relations, including the time lapse between drug trast to most published methods, we present an assay
ingestion and subsequent events, and unusual which is optimized and robustness tested by sys-
metabolizing patterns. An example of the latter tematically searching for satisfactory conditions by
include the report that a high level of DDCIT and multivariate techniques including fractional factorial
CIT can cause fatal cardiac arrhythmias in dogs [6]. design and response surface methods [27].
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2. Experimental plasma when correcting for the times five volume
reduction during sample preparation. The HPLC

2.1. Reagents calibration solutions of PRO contained 0.1, 0.25 and
0.5 mmol / l PRO which corresponds to 0.02, 0.05

PAR hydrochloride hemihydrate, (2)-trans 4-(4- and 0.1 mmol / l in whole blood or plasma. Drug-free
fluorophenyl) - 3 - (3 - hydroxy - 4 - methoxyphenoxy- citrated plasma and sodium fluoride whole blood
methyl)piperidine hydrochloride (BRL 36583A) from healthy donors were supplied by The Blood
and (2)-trans 4-(4-fluorophenyl)-3-(4-hydroxy-3- Centre at Ullevaal Hospital (Oslo, Norway). Whole
methoxyphenoxymethyl)piperidine hydrochloride blood and plasma samples were spiked with CIT,
(BRL 36610A) were kindly provided by SmithKline PAR and FLU to a final concentration of 0.5 mmol / l
Beecham (Worthing, UK). CIT hydrobromide, DCIT of each and stored at 2788C. Before the SPE
hydrochloride, DDCIT tartrate monohydrate, CITNO analysis, 50 ml of an aqueous solution containing
hydrochloride, CIT propionic acid (CITPA) and Cl- 0.50 mmol / l PRO and 5.0 mmol / l CITCl was added
citalopram oxalate (CITCl) were gifts from H. to the whole blood and plasma samples.
Lundbeck (Copenhagen, Denmark). Eli Lilly (In- For method validation experiments HPLC cali-
dianapolis, IN, USA) kindly supplied FLU hydro- bration solutions including all the analytes were
chloride and NFLU hydrochloride. Protriptyline hy- prepared in HPLC mobile phase at the concentration
drochloride (PRO) was purchased from Sigma (St. levels 0.25 (0.60), 0.50 (1.25), 2.5, 5.0, 12.4 and
Louis, MO, USA). 25.0 mmol / l which corresponds to 0.05 (0.12), 0.1

Potassium dihydrogenphosphate, dipotassium hy- (0.25), 0.5, 1.0, 2.5 and 5.0 mmol / l in whole blood
drogenphosphate trihydrate and formic acid, all or plasma, and where the figures in parentheses
analytical grade, and gradient grade methanol were represent the concentration of FLU, NFLU, BRL
obtained from Merck (Darmstadt, Germany). HPLC- 36610A and BRL 36583A. The concentration of the
grade acetonitrile was purchased from Mallinchrodt internal standard PRO was 0.25 mmol / l in the HPLC
Baker (Deventer, The Netherlands), while gas phase calibration solutions. Drug-free plasma and whole
sequencer grade trifluoroacetic acid (TFA) was pur- blood were spiked with appropriate aliquots of the
chased from Rathburn (Walkerburn, UK). Ammo- stock solutions to give concentrations in the range
nium formate was obtained from BDH (Poole, UK). 0.050 to 5.0 mmol / l for each of the analytes. The
Deionised water from a Milli-Q station (Millipore, spiked plasma and whole blood samples were stored
Bedford, MA, USA) was used for all procedures. at 2788C. Before SPE 50 ml of an aqueous 0.50

mmol / l internal standard solution of PRO was added
to the whole blood and plasma samples.

2.2. Preparation of standard solutions
2.3. Instrumentation

Stock solutions of PAR, CIT, FLU, BRL 36610A,
BRL 36583A, DCIT, DDCIT, CITNO, CITPA, The automatic SPE procedure was performed on
CITCl and NFLU as well as stock solution of the two RapidTrace SPE Workstation modules from
internal standard PRO were prepared in methanol at Zymark (Hopkinton, MA, USA).
a concentration of 2500 mmol / l using 20-ml volu- The HPLC system consisted of a GT-104 online
metric flasks. The stock solutions were stored at degasser, a FCV-10AL low-pressure gradient flow
2788C. control valve, an LC-10AT solvent delivery module,

For robustness testing of the SPE procedure HPLC a SIL-10AXL automatic sample injector, a CTO-10A
calibration solutions of CIT, PAR, FLU and CITCl column oven, a SPD-10A spectrophotometric detec-
were prepared in HPLC mobile phase at the con- tor, a RF-10AXL spectrofluorometric detector, a
centrations 0.5, 2.5 and 5.0 mmol / l which corre- CBM-10A communication module and a CLASS-
sponds to 0.1, 0.5 and 1.0 mmol / l in whole blood or LC10 integrator, all from Shimadzu (Kyoto, Japan).
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2.4. Chromatographic conditions IST C non-endcapped extraction column (Interna-8

tional Sorbent Technology, Mid Glamorgan, UK).
HPLC separation was performed on a Symmetry The SPE procedure is described in Table 1. The

C column (15033.9 mm, 5 mm) which was eluate was evaporated to dryness under a stream of18

protected by a Sentry guard column (2033.9 mm), N at 408C (Turbovap, Zymark) and redissolved in2

both from Waters (Milford, MA, USA). The mobile 100 ml mobile phase before HPLC analysis.
phase consisted of 45 mM ammonium formate (pH
4.0)–acetonitrile (70:30, v /v). Formic acid (5.0 M)

2.6. Quantificationwas used to adjust the pH of the mobile phase. The
mobile phase flow-rate was 1.2 ml /min and the

Peak height was used for all quantifications. Thecolumn temperature was maintained at 4560.18C.
recovery of the analytes from spiked samples wereUV detection of FLU and NFLU was carried out at
obtained by external standard quantification with230 nm. Two separate conditions were used for
HPLC mobile phase standards.fluorescence detection. CIT, its metabolites and

HPLC mobile phase standards were also used forCITCl were detected at an excitation wavelength of
the internal standard quantification based on peak245 nm and an emission wavelength of 295 nm.
height ratios which was used for the method valida-PAR, its metabolites and the internal standard PRO
tion and for determination of SSRIs in patientwere detected at an excitation wavelength of 295 nm
samples. Due to the difference in recovery of theand an emission wavelength of 350 nm. The fluores-
analyte and the internal standard, recovery correctioncence detector settings were set to low sensitivity
was performed. The recovery factor (RF) was de-and a gain of 4. The injection volume was 15 ml.
termined from the uncorrected concentrations ob-
tained from the between-day results as described in2.5. SPE procedure
Eq. (1)

A 0.5-ml volume of whole blood or plasma was Added concentration
]]]]]]]]mixed with 50 ml of the aqueous 0.50 mmol / l Recovery factor (RF) 5 Uncorrected concentration

internal standard solution and sonicated in an ul-
(1)trasonic bath for 15 min at ambient temperature. The

sample was diluted with 5.0 ml of 0.1 M KH PO2 4

(pH 7.0)–methanol (90:10, v /v), mixed on a Whir- The corrected concentrations were obtained by
limixer and centrifuged at 2000 rpm (780 g) for 10 multiplying the uncorrected concentrations with the
min. The supernatant was applied to a 3-ml, 100 mg recovery factor.

Table 1
SPE procedure for the determination of PAR, CIT, FLU and their metabolites in human plasma and whole blood using RapidTrace SPE
workstation

Step Process Reagent Flow rate (ml /min)

1 Condition 2 ml methanol 2.0
2 Condition 1 ml water 2.0
3 Condition 1 ml 0.1 M KH PO , pH 7.0 2.02 4

4 Load 5.7 ml diluted whole blood or plasma 1.5
5 Rinse 2.0 ml water 2.0
6 Purge cannula 6.0 ml water 30
7 Rinse 2.0 ml 0.1 M KH PO , pH 7.0 2.02 4

8 Rinse 1.0 ml acetonitrile–water (50:50, v /v) 2.0
9 Purge cannula 6.0 ml 2% (v/v) trifluoroacetic acid in methanol 30

10 Elute 0.75 ml 2% (v/v) trifluoroacetic acid in methanol 1.5
11 Purge cannula 6.0 ml water 30
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2.7. Samples Regression coefficients which were non-significant
for all the responses were excluded from the models.

The method has been used for the determination of All the experimental design experiments were carried
PAR in whole blood and plasma samples from out in a randomized order. Three center points were

˚patients who were treated with 20 mg/day and 40 used. MODDE 4.01 software from Umetri (Umea,
mg/day Seroxat (Novo Nordisk, Copenhagen, Den- Sweden) was used for design and evaluation of the
mark). In addition, we used the assay to measure chemometric studies.
PAR in two autopsy samples. The ingested dose was
unknown. Two sample replicates were used.

4. Results and discussion

3. Experimental design
4.1. Chromatographic separation

The recovery of the analytes related to the average
The Symmetry C HPLC column was chosen18recovery obtained for the center points was used as

because of minimal batch-to-batch variation. Col-response in the SPE optimization and robustness
umns from three different batches have been tested,experiments. The resolution, retention time and
and gave highly reproducible results (not shown).alteration in retention order were used as responses
The chromatographic separation of the SSRIs andfor the optimization and robustness testing of the
their metabolites is shown in Fig. 2a–f. FluorescenceHPLC method. The resolution was generally calcu-
detection was used for the determination of CIT,lated by the integrator system according to the
PAR and their metabolites. FLU and NFLU wereequation
detected with UV, however at high concentrations

(t 2 t )R Rp fluorescence detection could be used. The com-
]]]Resolution (R ) 5 2 (2)s W 1 W pounds were separated isocratically in less than 15p

min. The resolution of each pair was $1.5.
where t and t are the retention times of theR Rp To establish the HPLC method, the effect of
analyte and the previous peak, while W and W arep different mobile phase parameters was investigated
the peak width of the analyte and the previous peak, in screening designs with regard to resolution, altera-
respectively. The peak width is the time width tion in retention order and retention time. The factor
between two intersections by tangent line at the levels which were found to be satisfactory in the
inflection point right and left of the peak and screening design experiments were set as center
baseline. Second-order regression models were de- points values in a central composite design cir-
veloped by means of multiple linear regression cumscribed (CCC). The aims were; firstly, to investi-
(MLR) gate the factors that from screening designs had

2 2 showed to be significant, and, secondly, to determineY 5 b 1 b x 1 b x 1 b x 1 b x 1 b x x (3)0 1 1 2 2 3 1 4 2 5 1 2 the method specifications which would ensure a
where Y is the resolution or the retention time, satisfactory performance of the HPLC separation,
b . . . b represent the regression coefficients, and x and thereby recommend factor settings where robust-0 5 1

and x are the coded levels for the pH and relative ness could be assured. Satisfactory performance2

amount of acetonitrile (Table 2). criteria were identified by R $1.4, no alteration ins

Table 2
The two-factor central composite design circumscribed used for the evaluation of the HPLC method

Factor 2a 21 0 11 1a

x : pH 3.4 3.6 4.0 4.4 4.61

x : Relative amount of acetonitrile (%) 23 25 30 35 372
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Fig. 2. Chromatograms of a drug free human whole blood sample (a) and (b), a whole blood sample spiked with 0.050 mmol / l PRO (IS)
and 0.50 mmol / l BRL 36610A, BRL 36583A, DDCIT, DCIT, CIT, CITNO, PAR, NFLU and FLU (c) and (d), and a whole blood sample
from a forensic case (autopsy) after PAR exposure (e) and (f).
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Fig. 2. (continued)

retention order, and a retention time of maximum 25 which the relative amount of organic solvent was
min. varied from 23% to 37% and the pH from 3.4 to 4.6

In the CCC 11 experiments were performed in (Table 2). A summary of the statistical evaluation of



238 L. Kristoffersen et al. / J. Chromatogr. B 734 (1999) 229 –246

Fig. 2. (continued)

the model is given in Tables 3 and 4. The MLR As expected, a decrease of the relative amount of
regression analysis gave an acceptable summary of acetonitrile in the mobile phase increased the res-

2 2fit R $0.936 and Q $0.741. All models were olution and retention time of all the analytes except
significant (P #0.001). the resolution between PAR and PRO. The resolutionreg
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Table 3
aModel equations for the resolution of the drugs based on scaled and centered coefficients

2 2Drug Equation R Q P Preg lack of fit

2 2PAR–PRO 1.9720.010x 20.030x 10.009x 20.29x 0.944 0.741 ,0.001 0.0171 2 1 2
2 2BRL 36610A–BRL 36583A 2.4610.052x 21.98x 10.012x 10.76x 0.998 0.991 ,0.001 0.221 2 1 2
2 2DCIT–CIT 1.5110.071x 20.63x 10.018x 10.009x 0.994 0.977 ,0.001 0.351 2 1 2
2 2DDCIT–DCIT 1.7010.058x 20.77x 10.009x 10.045x 0.995 0.978 ,0.001 0.391 2 1 2

2 2CIT–CITNO 2.4720.36x 21.43x 20.19x 10.21x 0.991 0.972 ,0.001 0.431 2 1 2
2 2NFLU–FLU 3.9610.028x 20.52x 10.046x 20.25x 0.936 0.747 0.001 0.0591 2 1 2

a 2The fraction of variation of the response explained by the model (R ), the fraction of variation of the response predicted by the model
2(Q ) and the P-values for regression and lack of fit obtained in the ANOVA for the second-order models are also shown. All the models

were significant (a 50.05). x : pH, x : relative amount of acetonitrile in the mobile phase.1 2

between PAR and PRO was only influenced by the deviated from the specifications. CITPA was not
quadratic term of relative amount of acetonitrile in extracted under the validated SPE conditions (Table
the mobile phase, and show a maximum ridge which 1).
passes through the experimental domain, Fig. 3. The CCC was used to determine the method
Furthermore, the resolution between CIT and CITNO specifications which would ensure satisfactory per-
was dependent of the linear and quadratic terms of formance of the HPLC separation. The results re-
pH and relative amount of acetonitrile in the mobile vealed that the HPLC method was robust with regard
phase. As seen from the response surface, Fig. 3, the to resolution (R $1.4), retention time (,23 min)s

reduction in resolution was most pronounced at high and consistency in retention order when the relative
pH, independently of the amount of acetonitrile. In amount of acetonitrile in the mobile phase is kept in
addition, the retention of CIT was dependent of pH, the range 29–31% and the pH in the range 3.7–4.4.
while the retention of CITNO was not affected by a
pH change. This may account for the decrease in 4.2. Choice of internal standard
resolution between CIT and CITNO at higher pH,
and can be explained by the fact that the amount of PRO was chosen as internal standard because this
protonated CIT decreases by increasing pH and in drug showed no interference with endogenous com-
reversed-phase chromatography this is a known pounds in whole blood and plasma samples and was
effect which prolongs the retention time of basic baseline separated from the other analytes. Further-
analytes. more, PRO is not used therapeutically in our country

No alteration in retention order was observed for and problems caused by co-medication are thus not
the analytes studied. However, a metabolite of CIT, of major concern. For the determination of CIT, PAR
CITPA, showed alteration in elution order with and their metabolites with fluorescence detection, an
regard to FLU. The alteration, i.e., elution of CITPA analog of CIT, CITCl, can also be used as internal
prior to FLU, was only seen at conditions which standard. In this work PRO was used since this

Table 4
aModel equations for the retention time of the drugs based on scaled and centered coefficients

2 2Drug Equation R Q P Preg lack of fit

2 2CIT 4.910.17x 23.7x 20.006x 11.6x 0.998 0.992 ,0.001 0.151 2 1 2
2 2CITNO 5.610.082x 24.6x 20.073x 12.0x 0.997 0.988 ,0.001 0.161 2 1 2
2 2PAR 7.310.30x 27.25x 20.020x 13.4x 0.996 0.984 ,0.001 0.131 2 1 2

2 2PRO 8.110.30x 27.7x 20.026x 13.5x 0.997 0.988 ,0.001 0.111 2 1 2
2 2FLU 14.710.63x 217.5x 20.10x 18.5x 0.995 0.981 ,0.001 0.0791 2 1 2

2 2NFLU 12.610.52x 214.9x 20.066x 17.2x 0.996 0.981 ,0.001 0.0891 2 1 2
2 2CITPA 18.021.7x 215.9x 20.84x 16.8x 0.994 0.976 ,0.001 0.0471 2 1 2

a See text to Table 3.
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Fig. 3. Response surface of the resolution between adjacent peaks in the HPLC separation obtained by the central composite design circumscribed.
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internal standard could be used both with UV and CITPA was not extracted at the validated SPE
fluorescence detection. conditions (Table 1). Preliminary screening design

experiments used in the optimization of the method
4.3. Solid-phase extraction showed that the extraction recovery of the com-

pounds was dependent on the pH of the washing
FLU, CIT and PAR are highly protein-bound. To buffer. When reducing the pH to 3.0 and using 30%

obtain the desired interaction between analytes and acetonitrile in the washing solution, the recovery of
sorbent, the analytes must be in an unbound form. CITPA was approximately 85% (results not shown).
Low flow-rates and dilution of the sample are The marked increase in the recovery of CITPA may
reported to increase the concentration of unbound be due to increased hydrophobic interactions and
drug available for sorbent interaction. Biological possibly also enhancement of polar interaction be-
samples are generally viscous and dilution will also tween the protonated analyte and the protonated
ease their passage through the sorbent bed. When a silanol groups. However, the recovery of the basic
large volume of aqueous sample is loaded, the silica analytes decreased at these acidic conditions. These
based material may no longer be wetted and a observations indicate that the secondary interactions
reduction in recovery and poor reproducibility might between the ionized silanol groups and the ionized
be observed. The addition of methanol to the sample basic analytes are important for the retention and
before SPE analysis may help to maintain the elution of the analytes. Nevertheless, the recovery of
equilibrium between the stationary and mobile CIT, its metabolites DCIT, DDCIT, CITNO and
phases and hence ensure a wetted sorbent. In the CITPA and an analog of CIT, CITCl, was $70% at
SPE procedure non-endcapped C columns were these SPE conditions. This SPE procedure was only8

used. The interaction between the basic analytes and valid when employed with fluorescence detection.
residual silanol groups of the sorbent was enhanced Due to reduced recovery and interferences in the UV
at pH 7.0. Elution was achieved with acidified chromatograms at these conditions, the pH and
methanol, thus suppressing the secondary interac- relative amount of acetonitrile in the washing steps
tions. The SPE procedure is listed in Table 1. of the final SPE method were set to 7.0 and 50%,

Low recovery of the CIT metabolites DDCIT and respectively.
CITNO was observed when the SPE conditions were In order to investigate the robustness of the sample
as specified in Table 1. The recovery of these clean-up, the SPE procedure was tested at modest
metabolites could easily be increased by reducing the deviations from the conditions specified in the

a-5amount of acetonitrile in the washing solution to method (Table 1). A fractional factorial design 2
30%. Unfortunately, at these conditions interfering III was performed (Table 5). The factor levels that
peaks in the UV chromatograms were observed. were satisfactory in the preliminary screening design

Table 5
a-5The factor levels used in the fractional factorial design, 2 III, for the robustness testing of the SPE procedure

Factor Abbreviation Units 21 11 0

pH of dilution buffer (A) pH 6.5 7.5 7.0
% Methanol in the dilution buffer (B) % methanol 8 12 10
Application rate (C) ml /min 1 2 1.5
Elution rate (D) ml /min 1 2 1.5

aWash solution composition (E) % acetonitrile 45 55 50
Elution volume (F) ml 0.65 0.85 0.75

bElution solution composition (G) % TFA 1 3 2
SPE column (H) Batch 1 Batch 2 Batch 1

cDrying (I) s 0 30 0
a This level was set to 35 (21), 40 (0) and 45 (11) in the robustness experiment for the plasma samples.
b TFA5Trifluoroacetic acid.
c The drying was performed before the elution.
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experiments were set as center point values in the using a signal to noise ratio of 10:1. The LOQ was
robustness experiment. The response was the re- 0.025 mmol / l for CIT and PAR, 0.050 mmol / l for
covery of CIT, FLU, PAR, PRO and CITCl related to DCIT, DDCIT and CITNO, and 0.12 mmol / l for
the average recovery obtained for the center points. BRL 36610A and BRL 36583A with fluorescence

The fractional factorial design showed two signifi- detection. For FLU and NFLU the LOQ was 0.10
cant effects (a 50.05), i.e., elution solution com- mmol / l using UV detection. Thus, the method seems
position (G) and drying (I), for PAR in whole blood. suitable for the therapeutic drug monitoring of the
With respect to CIT, FLU, PRO and CITCl the three SSRIs [14,15].
robustness testing showed no significant main effects Recovery of PAR, CIT and FLU were in the range
in either whole blood or plasma. The descriptive 63–114%, and in the 38–95% range for the metabo-
statistics for the experimental design showed mini- lites (Tables 6 and 7). The calibration curve was
mal variation in the response for all the analytes, forced through origo since this gave a more con-
with relative standard deviation (RSD)#5.6. The sistent recovery over the entire concentration range.
effects of the factors, for all the compounds of As can be seen from the results, the recoveries of
interest, were less than or equal to 6% of the average some of the analytes differed between plasma and
response (data not shown). Hence, the SPE method whole blood. The recovery correction saves time and
showed satisfactory robustness to small (and inevit- extra work since otherwise two calibration curves
able) changes in the procedure. would have been necessary; one for plasma and one

for whole blood.
The within- and between-day precision is shown

4.4. Method validation in Tables 6–8. The between-day precision was
estimated by performing the same determination

Since the method was intended for both plasma during a period of one month by the same analyst.
and whole blood samples, we chose to develop a The validation was performed with two RapidTrace
method based on HPLC calibration in combination SPE Workstation modules and different batches of
with control samples of the appropriate type carried SPE columns, plasma and whole blood. RSD for the
through the whole procedure. The HPLC calibration within-day and between-day precision were in the
curves were found to be linear over the investigated range 1.4 to 10.6% and 3.1 to 20.3%, respectively.

2range with coefficients of correlation (r ).0.999. The between-day precision was satisfactory at higher
The HPLC calibration curves combined with re- concentrations. At the 0.050 mmol / l and 0.12 mmol /
covery factors were used for quantification. In addi- l levels a comparatively high RSD was observed for
tion, we sought a method that could be used for most of the analytes, which can be expected as these
therapeutic drug monitoring of SSRIs as well as concentrations were near the LOQ.
forensic analysis after SSRI overdoses. Hence, the The selectivity of the HPLC determination was
method was validated for a wide concentration evaluated by injecting quinine, venlafaxine,
range, 0.050–5.0 mmol / l, in whole blood and plas- clozapine, mianserin, doxepin, imipramine,
ma. The validated concentration range exceeds those alimemazine, nortriptyline, clonazepam, verapamil,
reported previously [19,20,24]. fluvoxamine, amitriptyline, levomepromazine, clomi-

The recovery correction results in increased stan- pramine and nefazodone. No interference was ob-
dard deviation since both the recovery factor and the served from any of these compounds.
individual measurements are subjected to random
errors. However, in our method the results are given
as the average of two sample replicates, and hence 4.5. Application
the precision is comparable to the uncorrected results
[28]. Control samples, carried through the whole A single RapidTrace SPE Workstation module can
procedure, is used to control the recovery factor. process up to ten samples sequentially. Each work-

The limit of quantification (LOQ) was determined station can include up to 10 modules for a total
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Table 6
Within-day precision, recovery and recovery factors (RFs) for the determination of PAR, CIT, FLU and their metabolites in human whole

ablood
b cAdded concentration Uncorrected concentration RSD RF Corrected concentration Recovery RSD

(mmol / l) (mmol/ l) (%) (mmol/ l) (%) (%)

CIT
0.050 0.07460.0031 4.1 0.699 0.052 11165 4.2
0.50 0.7860.016 2.0 0.699 0.54 10963 2.5
5.0 7.160.15 2.1 0.699 5.0 10161 1.2

DCIT
0.050 0.06160.0033 5.4 0.861 0.052 8965 5.7
0.50 0.5960.019 3.2 0.861 0.50 8263 3.6
5.0 5.460.13 2.3 0.861 4.6 7761 1.8

DDCIT
0.050 0.03860.0034 8.8 1.435 0.055 5464 7.8
0.50 0.3160.024 7.7 1.435 0.44 4363 7.2
5.0 2.6260.078 3.0 1.435 3.8 3861 3.6

CITNO
0.050 0.03360.0019 5.7 1.559 0.052 5062 4.7
0.50 0.30960.0044 1.4 1.559 0.48 4361 2.1
5.0 2.7560.053 1.9 1.559 4.3 3960.6 1.6

PAR
d0.05 0.06060.0034 5.7 n.c. 7165 7.0

0.5 0.4660.034 7.5 n.c. 6364 6.8
5.0 5.260.16 3.1 n.c. 7462 2.1

BRL 36610A
0.12 0.11360.0053 4.7 1.338 0.15 5963 5.5
0.50 0.3560.010 3.0 1.338 0.47 5462 3.2
5.0 a 3.260.11 3.3 1.338 4.3 5562 3.6

BRL 36583A
0.12 0.11660.0034 3.0 1.381 0.16 6763 4.1
0.50 0.3760.019 5.0 1.381 0.51 5963 4.6
5.0 b 3.460.19 5.6 1.381 4.7 5863 5.5

FLU
0.12 0.11860.0050 4.2 0.956 0.11 8764 4.1
0.50 0.6160.019 3.1 0.956 0.59 8562 2.3
5.0 5.560.30 5.5 0.956 5.3 8060.7 0.8

NFLU
0.12 0.10860.0078 7.2 n.c. 7564 5.4
0.50 0.5160.024 4.6 n.c. 7064 5.3
5.0 4.260.21 5.0 n.c. 6260.7 1.2

a The corrected concentration is obtained by multiplying the uncorrected concentration with the recovery factor.
b Mean6SD, n56, a: n55, b: n54.
c The curve was forced through origo.
d n.c.5No correction.
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Table 7
aWithin-day precision, recovery and recovery factors (RFs) for the determination of PAR, CIT, FLU and their metabolites in human plasma

b cAdded concentration Uncorrected concentration RSD RF Corrected concentration Recovery RSD
(mmol / l) (mmol/ l) (%) (mmol/ l) (%) (%)

CIT
0.050 0.08760.0030 3.4 0.724 0.063 11464 3.8
0.50 0.7060.014 1.9 0.724 0.51 11162 2.2
5.0 6.760.54 8.1 0.724 4.9 10964 3.6

DCIT
0.050 0.07960.0022 2.8 0.834 0.066 9563 3.3
0.50 0.6060.019 3.2 0.834 0.50 9363 2.9
5.0 5.660.47 8.5 0.834 4.6 9065 5.5

DDCIT
0.050 0.06060.0048 8.0 1.282 0.076 6368 11.9
0.50 0.3660.030 8.3 1.282 0.46 5464 8.1
5.0 3.060.31 10.6 1.282 3.8 4865 11.0

CITNO
0.050 0.05760.0057 9.9 1.301 0.075 6169 14.5
0.50 0.3660.020 5.4 1.301 0.47 5563 5.6
5.0 3.260.27 8.4 1.301 4.21 5263 6.3

PAR
0.050 0.08760.0021 2.4 0.829 0.072 9063 3.7
0.50 0.5760.015 2.7 0.829 0.47 8762 2.6
5.0 5.960.46 7.9 0.829 4.9 9563 2.8

BRL 36610A
d0.12 0.1660.099 6.1 n.c. 6766 9.6

0.50 0.4760.024 5.1 n.c. 6664 5.6
5.0 3.860.33 8.7 n.c. 6264 6.8

BRL 36583A
0.12 0.13260.0058 4.4 n.c. 6364 6.0
0.5 0.4460.018 4.1 n.c. 6663 4.3
5.0 4.260.35 8.4 n.c. 6764 6.5

FLU
0.12 0.13960.0035 2.5 0.910 0.13 9764 4.0
0.50 0.6060.014 2.3 0.910 0.55 9262 1.7
5.0 5.960.6 10.2 0.910 5.4 9363 2.9

NFLU
0.12 0.13360.0077 5.8 0.949 0.13 9062 2.2
0.50 0.5960.015 2.5 0.949 0.56 8961 1.5
5.0 5.660.58 10.3 0.949 5.4 8963 3.6

a The corrected concentration is obtained by multiplying the uncorrected concentration with the recovery factor.
b Mean6SD, n56.
c The curve was forced through origo.
d n.c.5No correction.
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Table 8
aBetween-day precision for the determination of PAR, CIT, FLU and their metabolites in human plasma and whole blood

b cAdded Whole blood a Plasma e
concentration
(mmol / l) Uncorrected RSD Corrected Uncorrected RSD Corrected

concentration (%) concentration concentration (%) concentration
(mmol / l) (mmol / l) (mmol/ l) (mmol/ l)

CIT
0.050 0.07960.0089 11.3 0.055 0.07660.0093 12.2 0.055
0.50 0.7260.043 6.0 0.50 0.6960.051 7.5 0.50
5.0 6.660.39 5.9 4.6 6.560.47 7.3 4.7

DCIT
0.050 0.06760.010 15.1 0.057 0.06860.0088 12.9 0.056
0.50 0.5860.037 6.4 0.49 0.5960.053 8.9 0.50
5.0 5.360.30 5.6 4.6 5.660.44 7.9 4.6

DDCIT
0.050 0.04660.0088 18.9 0.067 0.04960.0081 16.7 0.063
0.50 0.3560.038 10.9 0.50 0.3960.054 13.8 0.50
5.0 2.960.24 8.2 4.2 3.460.45 13.3 4.3

CITNO
0.050 0.03960.0069 17.6 0.061 0.04560.0075 16.7 0.059
0.50 0.3260.025 7.8 0.50 0.3860.047 12.5 0.49
5.0 2.860.23 8.3 4.4 3.660.35 9.8 4.6

PAR
d0.050 0.06460.0089 14.0 n.c. 0.07060.010 14.4 0.058

0.50 0.4960.032 6.5 n.c. 0.5760.034 5.9 0.47
5.0 4.960.33 6.9 n.c. 5.760.33 5.7 4.7

BRL 36610A b
0.12 0.1260.014 12.2 0.15 0.1460.021 14.9 n.c.
0.50 0.3660.031 8.6 0.48 0.4960.064 13.1 n.c.
5.0 3.260.23 7.2 4.34 4.060.55 13.7 n.c.

BRL 36583A c, f
0.12 0.1060.012 11.6 0.14 0.1360.015 11.9 n.c.
0.50 0.3560.051 14.4 0.49 0.4860.053 11.1 n.c.
5.0 3.360.35 10.6 4.6 4.460.49 11.3 n.c.

FLU
0.12 d, g 0.1160.021 18.3 0.11 0.1260.014 11.8 0.11
0.50 d, g 0.5860.039 6.8 0.55 0.5860.034 5.8 0.53
5.0 h 5.560.43 7.7 5.3 5.860.18 3.1 5.2

NFLU
0.12 d, g 0.1060.019 20.3 n.c. 0.1260.017 14.1 0.12
0.50 d, g 0.4960.025 5.1 n.c. 0.5560.031 5.6 0.52
5.0 g 4.360.37 8.6 n.c. 5.460.20 3.8 5.2

a The corrected concentration is obtained by multiplying the uncorrected concentration with the recovery factor. The recovery factors are
listed in Tables 6 and 7.

b Whole blood: a (mean6SD, n59), b: n57, c: n56, d: n510.
c Plasma: e (mean6SD, n512), f: n511, g: n515, h: n515.
d n.c.5No correction.



246 L. Kristoffersen et al. / J. Chromatogr. B 734 (1999) 229 –246

sample capacity of 100 samples. Twenty minutes References
were required to complete one SPE, and up to 30
samples could be processed in 1 h when using 10 [1] P. Mourilhe, P.E. Stokes, Drug Safety 18 (1998) 57.

[2] R. Lane, D. Baldwin, S. Preskorn, J. Psychopharmacol. 9modules. Hence the method is rapid and suitable for
(1995) 163.automated routine analysis.

[3] N.S. Gunasekara, S. Noble, P. Benfield, Drugs 55 (1998) 85.
The method has been used for the analysis of [4] G. Isacsson, P. Holmgren, H. Druid, U. Bergman, Acta

whole blood and plasma samples from PAR-exposed Psychiatr. Scand. 96 (1997) 94.
patients and forensic cases. Fig. 2e and f show [5] K. Worm, C. Dragsholt, K. Simonsen, B. Kringsholm, Int. J.

Legal Med. 111 (1998) 188.chromatograms from an autopsy sample where 0.50
¨ ¨[6] M. Ostrom, A. Eriksson, J. Thorson, O. Spigset, Lancet 348mmol / l PAR was measured in whole blood. The

(1996) 339.ingested PAR dose was unknown. It must be empha- ¨[7] H. Druid, P. Holmgren, Lakartidningen 93 (1996) 4149.
sised that the death was not related to PAR ingestion. [8] R.L. Kincaid, M.M. McMullin, S.B. Crookham, F. Rieders,
In addition, we have used the assay to measure PAR J. Anal. Toxicol. 14 (1990) 327.

[9] P.S. Singer, G.R. Jones, J. Anal. Toxicol. 21 (1997) 518.in plasma and whole blood samples submitted for
[10] P.J. Neuvonen, S. Pohjola-Sintonen, U. Tacke, E. Vuori,therapeutic monitoring of patients. The observed

Lancet 342 (1993) 1419.PAR concentration range was 0.048–0.25 mmol / l in
[11] T.P. Rohrig, R.W. Prouty, J. Anal. Toxicol. 13 (1989) 305.

plasma and whole blood, the metabolites BRL [12] H. Sternbach, Am. J. Psychiatry 148 (1991) 705.
36610A and BRL 36583A were not detected. These [13] K.E. Ferslew, A.N. Hagardorn, G.C. Harlan, W.F. McCor-

mick, J. Forensic Sci. 43 (1998) 1082.data were in agreement with those reported in the
[14] A. Kratz, K.B. Lewandrowski, New Engl. J. Med. 339literature [14]. The results suggest that the method is

(1998) 1063.well suited for use in both forensic and clinical
[15] R.J. Milne, K.L. Goa, Drugs 41 (1991) 450.

settings. [16] R.E. Haddock, A.M. Johnson, P.F. Langley, D.R. Nelson,
J.A. Pope, D.R. Thomas, F.R. Woods, Acta Psychiatr. Scand.
80 (1989) 24.

[17] H.K. Crewe, M.S. Lennard, G.T. Tucker, F.R. Woods, R.E.5. Conclusion
Haddock, Br. J. Clin. Pharmacol. 34 (1992) 262.

[18] A.C. Altamura, A.R. Moro, M. Percudani, Clin. Phar-
This method allows automated and simultaneous macokinet. 26 (1994) 201.

quantification of CIT, DCIT, DDCIT, CITNO, PAR, [19] C.B. Eap, P. Baumann, J. Chromatogr. B 686 (1996) 51.
˚ ¨[20] K.K. Akerman, J. Jolkkonen, H. Huttunen, I. Penttila, Ther.BRL 36610A, BRL 36583A, FLU and NFLU over a

Drug Monit. 20 (1998) 25.wide concentration range in whole blood and plasma
[21] G. Aymard, P. Livi, Y.T. Pham, B. Diquet, J. Chromatogr. Bsamples. Response surface and fractional factorial

700 (1997) 183.
design were successfully used to optimize and test [22] J.-C. Alvarez, D. Bothau, I. Collignon, C. Advenier, O.
the robustness of the HPLC and SPE procedures. In Spreux-Varoquaux, J. Chromatogr. B 707 (1998) 175.

[23] B. Carlsson, B. Norlander, J. Chromatogr. B 702 (1997) 234.addition, the combination of two detectors makes
[24] J.A. Crifasi, N.X. Le, C. Long, J. Anal. Toxicol. 21 (1997)possible the screening of samples for a series of

415.drugs, as well as selective detection of a few of
[25] C.B. Eap, N. Gaillard, K. Powell, P. Baumann, J. Chroma-

these. Published methods have mainly been de- togr. B 682 (1996) 265.
veloped for therapeutic drug monitoring of single [26] C.B. Eap, G. Bouchoux, M. Amey, N. Cochard, L. Savary, P.
compounds of the SSRI class in either plasma, Baumann, J. Chromatogr. Sci. 36 (1998) 365.

[27] G.E.P. Box, W.G. Hunter, Statistics For Experimenters – Anserum, urine or tissue samples. The present method
Introduction to Design, Data Analysis and Model Building,is suitable for routine drug monitoring at therapeutic
Wiley, New York, 1978.

and overdose concentrations in plasma and whole [28] W. Horwitz, in: M. Parkany (Ed.), The Use of Recovery
blood samples and therefore may have a greater area Factors in Trace Analysis, Royal Society of Chemistry,
of application. Cambridge, 1996, p. 1.


