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a b s t r a c t

Felbamate (2-phenyl-1,3-propanediol dicarbamate) is a second generation antiepileptic drug used to
treat seizures refractory to other antiepileptic drugs. With approximately 3500 new patients exposed
annually, several important pharmacologic interaction questions remain unanswered necessitating the
need for rapid and accurate methods of felbamate analysis in biological matrices. To this end, a rapid liquid
chromatography tandem mass spectrometry (LC–MS/MS) method was developed for the measurement
of felbamate in mouse plasma and tissues and human plasma. Plasma (100 �L) and tissues homogenates
(100 �L of 100 mg/mL) were spiked with internal standard (carisoprodol) prior to protein precipitation
uman plasma
ntiepileptic drug
iquid chromatography tandem mass
pectrometry

with acetonitrile. Samples were chromatographed on a XBridge Phenyl, 2.5 �m, 4.6 mm × 50 mm column
with quantitation by internal standard reference monitoring of the ion transitions m/z 239 → 117 for
felbamate and m/z 261 → 176 for carisoprodol. Calibration curves were linear from 2.5 to 500 ng/mL in
mouse or human plasma and 25–5000 pg/mg in tissue homogenates. Recoveries were greater than 97% for
plasma and homogenates with accuracies >92% in any of the mouse matrices and >88% in human plasma.
Comparable accuracies and precision were found with and without the use of the internal standard in

tion
preparation of the calibra

. Introduction

Felbamate (2-phenyl-1,3-propanediol dicarbamate) was
pproved in 1993 for the treatment of epilepsy. Felbamate was
he first ‘second-generation’ antiepileptic drug approved for use
o treat partial seizures in adults [1] and partial and generalized
eizures associated with Lennox–Gastaut syndrome [2] in children
ince approval of valproic acid in 1978 [3]; however, shortly after it
as black-labeled and only approved for treating seizures refrac-

ory to other antiepileptic drugs due to idiosyncratic side effects
ncluding aplastic anemia [4] and hepatotoxicity [5]. Upon further
xamination of the clinical data, it is currently reserved for use in
atients with severe epilepsy for whom the benefits outweigh the
isks and when administered in this situation, approximately 3500
ew patients are exposed annually [6].

Questions as to efficacy and pharmacologic interaction of fel-

amate with other epileptic drugs and medications remain to
e answered. Recently, it appears that use of antiepileptic drugs,

ncluding felbamate, nearly double the risk of suicidal thoughts or
ctions [7] and studies are underway to understand the mecha-

∗ Corresponding author at: Department of Clinical Sciences, Animal Cancer Cen-
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curves and suggest that the internal standard may not be required.
© 2010 Elsevier B.V. All rights reserved.

nism. Another unanswered issue is how felbamate induces CYP3A
expression as indicated in a pharmacokinetic interaction study [8].
In accordance with this, possible reduced contraceptive efficacy
(many being CYP3A4 substrates) cannot be ruled out as altered
hormone levels following concomitant treatment of felbamate with
oral contraceptives has been observed [8]. In addition, it is unknown
what the pharmacokinetics of felbamate are in infants or pregnant
women and only a few studies have investigated felbamate phar-
macokinetics in children [9–11], indicating an average increase of
20–65% for the apparent clearance in children compared to adults.
Therapeutic drug monitoring has become important for the proper
treatment of felbamate in patients taking the drug [12] and, if done
in a prospective manner, links between steady state felbamate lev-
els and treatment outcome may be possible.

While several groups have published HPLC-UV methods for the
analysis of felbamate [13–15], there are none that measure felba-
mate via LC–MS/MS. A previously published GC–MS method [16]
used liquid–liquid extraction, larger sample sizes (1 mL) and had
a run time greater than 12 min. No LLOQ was published for this
assay and blood was the only biological matrix utilized where the
method was described. An LC–MS method was also previously pub-

lished [17] utilizing LC and a mass analyzer. This method utilized
SPE sample preparation and had a run time of 12 min. Urine was
the only matrix utilized and no LLOQ was reported. It was our goal
to develop a fast (analytical run time of 4 min), simple (acetonitrile
drop) and sensitive (LLOQ of 2.5 ng/mL in plasma and 25 pg/mg of

dx.doi.org/10.1016/j.jchromb.2010.10.006
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:Daniel.Gustafson@colostate.edu
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ig. 1. Proposed structures of felbamate [MH]+ ion and product ions, and the produc
nd (B) the product ion spectrum for felbamate. (C) The reported [MH]+ parent ion f
nder the described mass spectrometric conditions noted in text.

issue) LC–MS/MS method to facilitate measurement of felbamate
o aid in preclinical and clinical studies.

. Experimental

.1. Chemicals and reagents

Felbamate and carisoprodol were purchased from Sigma–
ldrich Corporation (St. Louis, MO). Pooled blank sodium heparin
ollected mouse and human plasma was purchased from Inno-
ative Research (Novi, MI). Mouse tissues were obtained from
ntreated mice obtained from lab animal resources (LAR) at Col-
rado State University. The LAR facilities are specific pathogen free
nd are accredited by the Association for Assessment and Accred-
tation of Laboratory Animal Care International. All other reagents

ere of analytical grade and were purchased from commercial sup-
liers.

.2. Standards preparation

Standard dilutions of felbamate and carisoprodol were prepared
n methanol:water (1:1). For the analysis in plasma, felbamate was
dded to naïve pooled mouse or human plasma (2.5–500 ng/mL).
o analyze felbamate in tissues, felbamate (25–5000 pg/mg) was
dded to control tissue homogenate (100 mg/mL in water) and the
amples prepared as described in Section 2.3.
.3. Sample preparation

One hundred microliters (100 �L) of plasma or tissue
omogenate (100 mg/mL in water) was used for the sample prepa-
ation. Each sample was spiked with 1 ng (10 �L of 100 ng/mL)
pectra for felbamate and carisoprodol. (A) The proposed structures m/z 178 and 117
isoprodol and (D) the product ion spectrum for the internal standard, carisoprodol,

carisoprodol, vortexed briefly, and then 300 �L acetonitrile was
added. Samples were vortex mixed continuously for 10 min fol-
lowed by centrifugation for 10 min at 21,000 × g at RT. The
supernatant was collected then analyzed via LC–MS/MS.

2.4. Mass spectrometry

Positive ion electrospray ionization (ESI) mass spectra were
obtained with a MDS Sciex 3200 Q-TRAP triple quadrupole mass
spectrometer (Applied Biosystems, Inc., Foster City, CA) with a
turbo ionspray source interfaced to an Agilent 1200 Series Binary
Pump SL HPLC system (Santa Clara, CA). Samples were chro-
matographed with an XBridge Phenyl, 2.5 �m, 4.6 mm × 50 mm
column (Waters Corporation, Milford, MA) protected by a C18
guard cartridge, 4.0 mm × 2.0 mm (Phenomenex, Torrance, CA).
An LC gradient was employed with mobile phase A consisting
of 10 mM ammonium acetate and mobile phase B consisting of
acetonitrile. Chromatographic resolution was achieved by increas-
ing mobile phase B linearly from 10% to 85% from 0 to 1.5 min,
maintaining at 85% from 1.5 to 3 min, decreasing linearly from
85% to 10% from 3 to 3.25 min, followed by re-equilibration of the
column at 10% mobile phase B from 3.25 to 4 min. The LC flow rate
was 1 mL/min, the sample injection volume was 20 �L, and the
analysis run time was 4 min.

The mass spectrometer settings were optimized as follows:
turbo ionspray temperature, 600 ◦C; ionspray voltage, 5500 V;
declustering potential (DP), 11 V (felbamate) and 16 V (cariso-
prodol); entrance potential (EP), 8.5 V; collision energy (CE), 25 V

(felbamate) and 13 V (carisoprodol); collision cell entrance poten-
tial (CEP), 10 V; collision cell exit potential (CXP), 2 V; curtain gas,
N2, (CUR), 35 units; collision gas, N2, (CAD), medium; nebulizer
gas, N2, 65 units; and auxiliary gas, N2, 65 units. The product ion
scan obtained on infusion of felbamate is shown in Fig. 1. The pre-
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ig. 2. MRM chromatograms of spiked blank mouse plasma and brain homogenate
t 2.5 ng/mL (LLOQ) spiked with 1 ng carisoprodol (B). Blank mouse brain homoge
5 pg/mg (LLOQ) spiked with 1 ng carisoprodol (D). The solid line represents m/z
ransition from 261 → 176.3 (carisoprodol, Rt = 2.4 min).

ominant product ion was m/z 117. Samples were quantified by
nternal standard reference method in the MRM mode monitoring
on transitions m/z 239 → 117 for felbamate and m/z 261 → 176 for
he internal standard, carisoprodol (product ion scan is shown in
ig. 1). The dwell times for each ion transition were 100 ms. Q1 and
3 were both operated in unit resolution mode.

.5. Data analysis

Quantitation of felbamate was based on linear standard curves
n spiked matrix using the ratio of felbamate peak area to
arisoprodol peak area and 1/x2 weighting of linear regression.
dditionally, quantitation was determined using the felbamate
eak area alone with 1/x2 weighting to determine the necessity
f the internal standard. Parameters for the assessment of assay
erformance were calculated as follows:

ccuracy (%) =
(

1 −
∣∣∣Theoretical − Measured

Theoretical

∣∣∣
)

× 100

recision (RSD%) = Standard deviation calculated values
Mean calculated values

× 100

Matrix factor (MF)

= (Analyte peak area in post extraction spiked sample)
(Analyte peak area in solvent sample)

. Results and discussion

.1. Chromatography

Felbamate and carisoprodol eluted at 2.1 and 2.4 min, respec-

ively. Peaks were detected by monitoring ion transitions m/z
39 → 117 for the analyte felbamate and m/z 261 → 176.3 for
arisoprodol. No interfering peaks were detected at the mon-
tored ion transitions in extracted matrix (plasmas or tissue
omogenates). Chromatographic conditions were optimized for
mouse plasma spiked with 1 ng carisoprodol (A) and a felbamate plasma standard
spiked with 1 ng carisoprodol (C) and a felbamate brain homogenate standard at
tion from 239 → 117 (felbamate, Rt = 2.1 min) and the dashed line represents m/z

peak shape. Representative chromatographs observed in mouse
plasma (Fig. 2A and B) and mouse brain homogenate (Fig. 2C and
D) standards are shown.

3.2. Use of carisoprodol as an internal standard

Carisoprodol, a structurally similar dicarbamate (Fig. 1C), was
selected as an internal standard due to similar retention times dur-
ing the elution portion of the chromatography and its robust (the
average coefficient of variation (%CV) of the area under the curve
for the transition used to identify carisoprodol was 3.9% (±0.4%)
for all standard and quality control samples) and consistent frag-
mentation [18]. Accuracy and precision calculations in determining
felbamate concentrations within batch and between batches were
found to be slightly better when the internal standard was not used;
however, the fact that both accuracy and precision were within
acceptance for biological assay [19] using the felbamate/internal
standard ratio, inclusion of an internal standard in the assay can be
used to confirm injection of unknown samples with low amounts
or no felbamate.

3.3. Assessment of ion suppression and matrix effects

Ion suppression and matrix effects were assessed with this
method by the comparison of responses obtained from solvent
standards (standards added to water prior to an acetonitrile drop)
and extracted standards (mouse plasma and mouse brain tissue
homogenate) with compounds added post extraction, where the
amount of analyte was normalized to the extraction volume. For
felbamate, a slight ion enhancement was observed in mouse plasma
samples (average matrix factor (MF)) was 1.07) and no ion suppres-
sion was observed in mouse brain homogenate (average MF = 1.00).
For the internal standard, slight ion enhancement was observed

in mouse plasma samples (average MF = 1.12) and mouse brain
homogenate (average MF = 1.10). The use of small sample volumes
(100 �L) and subsequent final sample dilution with acetonitrile is
possible due to the high instrument sensitivity of the LC–MS/MS
assay.
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Table 1
Precision and accuracy for felbamate assay in mouse and human plasma within and between runs.

Concentrationa (ng/mL) Within representative run (n = 4) Between runs (n = 3)

Observed Accuracy Precision (RSD%) Observed Accuracy Precision (RSD%)

Mouse
2.5 2.30 ± 0.22 92.0 9.5
5 5.12 ± 0.33 97.6 6.5 5.00 ± 0.32 100 6.3

10 10.2 ± 0.4 98.0 3.7
25 26.2 ± 0.3 95.2 1.3
50 50.7 ± 2.5 98.6 4.9 53.2 ± 1.9 93.6 3.6

100 104 ± 4 96.0 3.9
250 243 ± 9 97.2 3.7
500 455 ± 10 91.0 2.1 468 ± 13 93.6 2.7
Human

2.5 2.43 ± 0.10 97.2 4.1
5 5.56 ± 0.18 88.8 3.1 5.16 ± 0.41 96.8 8.0

10 10.3 ± 0.3 97.0 2.5
25 25.7 ± 1.0 97.2 4.1
50 50.7 ± 0.9 98.6 1.7 52.7 ± 2.4 94.6 4.6

100 98.9 ± 2.4 98.9 2.5
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250
500 475 ± 3 95.0 0.

a Values are concentration in the plasma (100 �L) that was extracted for analysis

.4. Linearity and LLOQ

Standard curves in spiked mouse plasma and human plasma
ere linear over the range of 2.5–500 ng/mL. The linearity of stan-
ard curves in all matrices was greater than r2 = 0.99 using uniform,
/x, or 1/x2 weighting. While all three forms of weighting gave lin-
ar regression analysis with r2 values approaching 1, the use of
/x2 weighting for the standard curve resulted in higher accuracy
t lower standard values.

As measured in mouse and human plasma, the lower limit of
uantitation (LLOQ), based on standard analytical method valida-
ion guidelines [19], was determined to be 2.5 ng/mL in plasma.
he LLOQ as measured in mouse brain and liver homogenate is
5 pg/mg of tissue. An injection volume of 20 �L allows for quan-
ification of 12.5 pg (∼52.5 fmol) per sample injection using the
cetonitrile-based sample preparation and analysis described.
.5. Precision, accuracy and recovery

The precision and accuracy of felbamate measurement were
ssessed in spiked mouse and human plasma (Table 1), and mouse

able 2
recision and accuracy for felbamate assay in mouse brain and liver within and between

Concentrationa (ng/mL) Within representative run (n = 4)

Observed Accuracy Precisio

Brain
25
50 52.0 ± 4.4 96.0 8.4

101
250
500 525 ± 21 95.0 4.0

1000
2500
5000 4740 ± 17 94.8 0.4
Liver

25
50 50.2 ± 1.9 99.6 3.8

100
250
500 518 ± 25 96.4 4.8

1000
2500
5000 5060 ± 181 98.8 3.6

a Values are concentration per unit of mass brain or liver tissue in the spiked homogen
237 ± 3 94.8 1.1
475 ± 12 95.0 2.5

brain and liver homogenate (Table 2). The accuracy of within-run
drug measurements in both mouse and human plasma at con-
centrations 5, 50 and 500 ng/mL ranged from 88.8 to 98.4% with
the precision (as measured by RSD) ranging from 0.6 to 6.5%.
The between-run accuracy at concentrations ranging from 2.5 to
500 ng/mL in either mouse or human plasma was from 92.1 to
100% and the precision from 1.1 to 9.5%. The within-run accuracy
of the assay at concentrations of 50, 500 and 5000 pg/mg in mouse
brain and liver tissue was from 94.1 to 97.1% with the precision
ranging from 0.4 to 8.4%. The between-run accuracy at concen-
trations ranging from 25 to 5000 pg/mg in mouse brain and liver
tissue was from 92.5 to 99.7% with the precision ranging from 1.1
to 5.9%. All accuracy and precision measurements were within the
minimum accuracy (85%) and precision (±20%) ranges for accept-
able analytical method validation [19]. The average recovery of
felbamate from spiked mouse plasma and mouse brain tissue was

100% and 97%, respectively. Recovery was determined by the com-
parison of the ratios of the felbamate peak area to IS peak area
of standards added to matrix followed by sample preparation to
the peak area ratio in post addition of standards following sample
preparation.

runs.

Between runs (n = 3)

n (RSD%) Observed Accuracy Precision (RSD%)

24.5 ± 0.3 98.0 1.1
52.0 ± 1.7 96.0 3.3
99.2 ± 4.4 99.2 4.5
252 ± 11 99.2 4.2
526 ± 25 94.8 4.8

1010 ± 41 99.0 4.0
2480 ± 147 99.2 5.9
4620 ± 127 92.4 2.7

25.2 ± 0.6 99.2 2.2
49.3 ± 2.8 98.6 5.6
101 ± 3 99.0 3.4
246 ± 6 98.4 2.5
498 ± 8 99.6 1.6

1000 ± 21 100 2.1
2480 ± 40 99.2 1.6
5110 ± 169 97.8 3.3

ate.



3 atogr

3

m
p
s
w
5
t
s
a
A

4

e
b
c
f
a
i
s
m
c
a
b
p
p
i
o
d

[

[

[
[

[

[

436 R.J. Hansen et al. / J. Chrom

.6. Stability of felbamate samples

Felbamate stability in plasma at 5, 50 and 500 ng/mL was deter-
ined for three freeze–thaw cycles and long-term stability in

lasma (21-day at −70 ◦C). At 50 and 500 ng/mL, felbamate was
table under freeze–thaw and long-term conditions, while there
as a slight reduction (∼10%) in felbamate concentration at the
ng/mL concentration under both stability conditions. Post extrac-

ion mouse plasma samples spiked with felbamate proved to be
table after 72 h at room temperature. To assess stability, standards
nd QC samples were re-injected after 72 h at room temperature.
ll samples met acceptance criteria [19].

. Conclusion

Felbamate is an anticonvulsant drug used for the treatment of
pilepsy. The current literature does not present an LC–MS/MS
ased assay for the measurement of felbamate in biological matri-
es. Therefore, we developed a quick and robust analytical method
or the measurement of felbamate in mouse plasma, brain, liver,
nd human plasma. Carisoprodol was used as an internal standard
n this analysis, although data analysis proved that the internal
tandard was not necessary for accurate determination of felba-
ate, the internal standard did served as an injection volume

onsistency. In summary, we have developed and validated a rapid,
ccurate method for felbamate quantitation in plasma and tissues
y LC–MS/MS utilizing a fast and simple sample preparation that

rovides a format for therapeutic drug monitoring in clinical and
reclinical studies in addition to pharmacokinetic and bioavailabil-

ty studies. While reported levels in adult patients is in the range
f 9–60 �g/mL [12], it has previously been shown samples can be
iluted with naïve matrix [15].

[
[

[
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