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Fast, fully automated analysis of voriconazole from serum by
LC–LC–ESI-MS–MS with parallel column-switching technique
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Abstract

Voriconazole is a novel broad-spectrum antifungal agent. We developed an on-line LC–LC–MS–MS method for fully automated and direct
analysis of voriconazole in raw human serum. After injection of human serum size-selective sample fractionation and analyte extraction was
achieved using an extraction column (25 mm× 4 mm) packed with a restricted access material (RAM, LiChrospher® ADS C8, 25�m). On-line
transfer of voriconazole from the extraction column was followed by chromatography separation on a C18 column. Detection was done by
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SI-MS–MS. The total analysis time was 13 min, managed by parallel extraction and chromatographic separation. This LC–MS
ully validated. The lower limit of quantification was 0.05�g/ml. The automated inline extraction of voriconazole described here elim
he need for difficult and time-consuming sample pre-treatment. Other advantages of the new method are that only a small quant�l) of
erum is needed and that the method is very specific.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Voriconazole ((2R,3S)-2-(2,4-difluorophenyl)-3-(5-flu-
ro-4-pyrimidinyl)-1-(1H-1,2,4-triazol-1-yl) -2 -butan-2-ol)
UK-109,496) (chemical structure inFig. 1A) is a novel
road spectrum antifungal agent. It is a derivative of
uconazole. Voriconazole is an antifungal triazole with an
xpanded spectrum of activity against a variety of yeasts and
lamentous fungi[1]. As with all triazole antifungal agents,
oriconazole works principally by inhibition of cytochrome
450 dependent lanosterol 14-�-demethylase (P450LDM )

1].
A number of clinical reports about voriconazole pharma-

okinetics have been published[2–11], as well as numerous
ata obtained in in vitro investigations on the pharmacoki-
etic properties and activity of voriconazole[12–25].
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K. Kümmerer).

Various analytical methods have been used in these
ies. To the authors’ best knowledge, so far, five HPLC
LC–MS methods had been published for the determina
of voriconazole in serum[3,26–29]and one LC–MS metho
for the determination of voriconazole in aqueous humor[30].

Gage and Stopher describe two different methods.
first [29] involves column-switching of three columns.
First, they inject plasma directly into a size-exclusion
umn, (ii) then they switch to a concentration column, and
finally to the analytical reversed-phase column. Their in
tion volume is 0.8 ml with 0.56 ml plasma and 0.24 ml inte
standard. One run takes approximately 15 min in the pa
mode. Detection is done by UV. Their second method[26]
is a very simple method for the determination of vorico
zole from plasma. This method utilises protein precipita
with acetonitrile as the only sample preparation invo
prior to reverse phase HPLC. The sample consists of 0
plasma and no internal standard. Detection is also don
UV (255 nm). Chromatographic separation requires 10
Pennick[27] use solid-phase extraction technology and n
0.5 ml plasma and an internal standard. They reached a
570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2004.10.069
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Fig. 1. (A) Chemical structure of voriconazole (B) postulated chemical structure of voriconazole fragment. Mass spectrum of voriconazole obtainedby direct
injection of aqueous voriconazole standard using a syringe pump. The MS ion mode is positive. (A) Not fragmented voriconazole: 350.4m/z is the relative
mass of voriconazole with a single charge (H+), 372.3m/z describes the relative mass of voriconazole with a positive sodium ion. A degradation product
from voriconazole has the specific massm/z= 281.4. (B) Mass spectrum of the fragmented voriconazole after isolation of the specific massm/z= 350 and
fragmentation with an amplitude of 0.8 V. The major voriconazole ion has the specific massm/z= 281.3, which we used for quantification. The other two
fragmentation masses (127.3 and 224.3m/z) can be used for additional identification.

of quantitation of 0.2�g/ml. Column conditioning was car-
ried out using three different solutions: two different solu-
tions for the washing step and methanol-glacial acetic acid
(99:1, vol/vol) for elution. The collected eluate was dried and
reconstituted in the mobile phase. One chromatography run
took 12 min. Detection was done by UV (254 nm). Perea et
al. [28] used acetonitrile precipitation followed by reverse-
phase HPLC on a C18 column. The sample consisted of 0.5
ml plasma and no internal standard. One chromatography run
took 10 min. Detection was done by UV (255 nm). The first
LC–MS method is described by Zhou et al.[30]. No sam-
ple preparation was required because of their clean aqueous
humor samples. They detected voriconazole by its mass of
350 m/z. Chromatographic separation was conducted on a
C18 column after 2�l injection and took 10 min. In a phar-
macokinetic study, Walsh et al.[3] refer to a previously val-
idated analytical procedure utilizing automated solid-phase
extraction with liquid chromatography for separation of the
analytes prior to tandem mass spectrometric detection. How-
ever, they cite the paper by Stopher and Gage[29], which
makes no mention of MS-detection.

The method given by Stopher and Gage[29] works with
three different columns and requires a complex experimen-
tal set up. Their simpler method[26], using acetonitrile for
protein precipitation, has the disadvantage that it lacks speci-
fi
e any
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simple and independent of personnel variation. Additionally,
the method has to be specific and reliable for routine thera-
peutic drug monitoring and laboratory experiments. Such a
method should be highly reproducible and suitable for the
determination of clinically or laboratory relevant voricona-
zole levels. For example, the concentration range iscmin–cmax
0.389–4.695�g/ml in plasma after a loading dose of 6 mg/kg
twice daily[6].

The parallel column-switching technique and online-
extraction system presented here is fast and uncomplicated
to use. It serves to enhance the sample pre-treatment and ex-
traction step. Pennick et al.[27] needed an SPE conditioning
step, washing step, sample evaporation step, etc. However,
many pre-treatment steps increase the possibility of interfer-
ences and are time consuming. Pennick et al.[27] used an
internal standard to reduce these problems. In contrast, we
use a fully automated online extraction system.

The LC–MS-integrated sample preparation described here
utilizes special column packing materials which allow for di-
rect and repetitive injection of untreated biofluids[31–32].
LiChrospher® RP-ADS belongs to the unique family of re-
stricted access materials (Fig. 2). It has two chemically dif-
ferent surfaces. Hydrophilic, electroneutral diolgroups are
bound at the outer surface of the spherical particles with a
diameter of 25�m. This chemically inert layer protects the
c nter-
a he
i hy-
d e
a lytes.
I cs in
s

city, similar to the method used by Perea et al.[28]. Pennick
t al. [27] used complex solid-phase extraction with m
ifferent solutions and many manual steps. All these

ished methods require a large sample volume or clean
us samples[30]. The objective of our study was to deve
method that requires only a very small injection volu

s fast and fully automated. Sample pre-treatment shou
olumn from any unwanted contamination caused by i
ction with the protein matrix, even if used repetitively. T

nner surface of the porous particles is covered with a
rophobic dispersion phase (C4, C8, C18 alkyl-chains). Thes
dsorption centres are accessible to low molecular ana

t has been used successfully for analyses of antibioti
erum (e.g.[33–34]).
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Fig. 2. Scheme of restricted access material (ADS), modified from
[36].

2. Experimental

2.1. Chemicals

Voriconazole was obtained from the stock of the
Institute of Environmental Medicine and Hospital Epidemi-
ology (Freiburg University Hospital, Germany). Acetoni-
trile (LiChrosolv®) and formic acid were purchased from
Merck (Darmstadt, Germany). Acetonitrile was of gradi-
ent grade and formic acid was of analytical grade. HPLC-
grade water was generated using a Milli-Q water-purification
system from Millipore (Molsheim, France). Pooled blank
serum samples were obtained from Freiburg University Hos-
pital. Dulbecco’s PBS was obtained from Cell Concepts
(Umkirch, Germany).

We prepared a stock standard solution of voriconazole in
water at a concentration of 100�g/ml. Calibration standards
at voriconazole concentrations of 0.05, 0.1, 0.5, 1.0, 2.0 and
5.0�g/ml in pool serum were prepared by appropriate addi-
tion of the stock solution to the blank pool serum. The stock
standard solution and the blank pool serum were stored at
−20◦C until analysis.

2.2. LC–MS-system

ll-
b de-
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t was
u

uker
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w bH,
B

2.3. Columns

The in-line-extraction system was constructed with a
LiChroCART® cartridge (25 mm× 4 mm) and packed with
LiChrospher® ADS C8, cartridge holder manu-CART®,
Merck KG (Darmstadt, Germany). Chromatography was per-
formed on a Nucleodur 100-5 C18ec—125 mm× 4.6 mm,
5�m analytical column preceded by a guardcolumn CC 8/4
Nucleosil 100-5 C18 (both from Macherey & Nagel, D̈uren,
Germany). The column oven was set to 40◦C.

3. Analytical procedure

3.1. Sample preparation

There was no need for manual sample pre-treatment.
Serum samples were injected directly into the LC–LC–ESI-
MS–MS system. The autosampler was set at an injection vol-
ume of 5�l. Extraction and chromatographic separation of
the analyte were carried out automatically by the LC–LC sys-
tem. The HPLC integrated extraction procedure steps were:
(i) sample application and extraction, (ii) transfer of the an-
alyte fraction and chromatographic separation, and (iii) re-
equilibration of the extraction column.

em
w in
F for
d and
p -
z ase
o as
d of
0 col-
u with
t out
o au-
t sfer
p n
w on-
t r of
p ase
w /v).
T xed
m idly
e ow-
r oni-
t and
t l col-
u the
a bile
p lysis,
t osi-
t p 1
w to-
g med
Agilent Series 1100 LC (Agilent Technologies, Wa
ronn, Germany) equipped with two binary pumps, a
asser, two six-port switching valves and a column oven
sed. Samples were injected via an automatic sample

or. The Chemstation software (Agilent Technologies)
sed for instrument control.

The MS-system consisted of an Esquire 3000 plus (Br
altonics, Bremen, Germany) with an orthogonal elec
pray ionisation source and an ion trap. The software
as Bruker Daltonics esquire 5.1 (Bruker Daltonik Gm
remen, Germany).
The configuration of the LC–LC–ESI-MS–MS-syst
ith the two switching valves is shown schematically
ig. 3A. The second valve (i.e. valve 1) is only needed
etermination of the rate of recovery. The autosampler
ump 1 were used to load 5�l of serum containing voricona
ole onto the extraction column (ADS). The mobile ph
f pump 1 was formic acid 0.1% in water (v/v) and w
elivered to the ADS-extraction column at a flow-rate
.8 ml/min. Voriconazole was retained on the extraction
mn, while matrix compounds were flushed to waste

he eluent. After 6 min, the matrix had been fully washed
f the extraction column. The software time-schedule

omatically switches the high-pressure valve 2 into tran
osition (Fig. 3B), thereby coupling the extraction colum
ith the analytical column. The reservoir of pump 2A c

ained formic acid (0.1%) in water (v/v) and the reservoi
ump 2B contained acetonitrile. The analytical mobile ph
as delivered from pump 2A and B in a ratio of 50:50 (v
o simplify changing a method we did not use pre-mi
obile phases. Within 6–10 min, voriconazole was rap
luted from the extraction column by back flushing at a fl
ate of 0.4 ml/min. The higher elution power of the acet
rile desorbed the analyte from the extraction column
ransferred the voriconazole desorbed to the analytica
mn (C18). The second chromatographic separation on
nalytical column was accomplished by an isocratic mo
hase gradient (50:50, v/v). 10 min after starting the ana

he high-pressure valve 2 switched back to the initial p
ion. The extraction column was re-equilibrated by pum
ith formic acid (0.1%) in water (v/v), while the chroma
raphic separation on the analytical column is perfor
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Fig. 3. Scheme of the HPLC-integrated sample preparation. Part (A) shows the system in initial position, ready for sample injection: HPLC–MS circulation is
isolated from extraction side. Part (B) displays the transfer and chromatographic separation step: the extraction column is connected with the analytical column.

simultaneously. Total sample preparation and analysis time
was 13 min. After 13 min, a new sample was injected and
extraction was started, while chromatographic separation of
the former sample was finished simultaneously. Parallel ex-
traction and separation is summarized inFig. 4.

3.2. Detection with mass spectrometry: isolation and
fragmentation

The HPLC column effluent was pumped to the ion-trap
mass spectrometer equipped with an electrospray ionsource,
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Fig. 4. The timetable of the presented method is schematically shown in this
figure. The overlapping analysis sequence is pictured.

which was used in the positive ion mode. The instrument
was tuned by direct injection of an aqueous solution of
20�g/ml voriconazole at 5�l/min. The following tune pa-
rameters were set for optimum voriconazole detection: neb-
ulising gas pressure 50.0 psi (1 psi = 6894.76 Pa); drying gas
flow 10.0 l/min; drying temperature 350◦C; spray voltage
4 kV; capillary exit 164.8 V; skimmer 40.0 V; octopole 1 dc
12.0 V; octopole 2 dc 1.70 V; octopole rf amplitude 150.0 V
p.-p.; trap drive 43.4; lens 1 voltage−5.0 V; lens 2 voltage
−60.0 V. We found the following optimum trap conditions:
rolling, on; rolling averages 5 cts; scan begin 100m/z; scan
end 1000m/z; maximal accumulation time 200 ms; ion charge
control target 150 000; charge control on. Optimum collision
energy in the MS–MS mode, corresponding to nearly 100%
fragmentation of the protonated molecule, was found to be
0.8 V. Further fragmentation parameters are: isolated specific
mass 350.0m/zwith width 4.0m/z; smartfrag on; smartfrag
start amplitude 30%; smartfrag end amplitude 200%; frag-
mentation width 10.0m/z, fragmentation time 40 ms; frag-
mentation delay 0�s.

3.3. Quantification and validation/qualification

Chromatographic peaks of voriconazole were identified
by their retention time and the detected mass of the fragment
i g-
m s
w s.
Q spe-
c
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N
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This LC–LC–ESI-MS–MS assay was validated for linear-
ity of calibration, inter-assay accuracy and precision, quantifi-
cation limit and specificity of the methodology. The accuracy
and precision of the method were assessed by analysing repli-
cates of pool serum samples spiked at different concentrations
with within-run and between-run data (seeTable 1). The ac-
curacy of the voriconazole serum assay was determined by
calculating the mean percentage differences between nominal
and measured concentrations. The assay precision was char-
acterised by mean value and coefficient of variation (C.V.)
from six replicates of spiked serum samples. Between run
precision and accuracy was studied by analysing the peak
area of spiked serum samples from six different runs (=inter-
run precision). The lower limit of quantification (LLOQ) was
defined as being the lowest quantity of analyte determined
with a precision and accuracy equal to or better than 20%
and an analyte signal at least five times the signal compared
to blank (noise)[35]. An analyte signal at least three times
the noise of the blank response was defined as the limit of
detection (LOD). The calibration curves were based on the
peak areas of each standard plotted versus the nominal an-
timykotic concentration using least squares linear regression.
To see possible ion suppression effects of different serum ma-
trices, seven different serum samples were tested. We spiked
these matrices with a concentration of 2.0�g/ml and made a
t

4
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ion.
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a sing
b 0%.

ell-
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w

on (281.3m/z). The main voriconazole product ion after fra
entation, i.e. MS–MS was 281.3m/z. Other daughter ion
ere 224.3m/z and 127.3m/z. They showed minor peak
uantification was carried out by peak area of the main
ific mass peak (281.3m/z).

able 1
tatistics of spiked voriconazole serum samples

ominal concentration
�g/ml)

Within-run

Precision

N Mean (�g/ml) C.V. (%)

.05 6 0.056 3.65

.0 6 2.10 6.81

.0 6 5.39 6.92

.V.: coefficient of variation;N: number of tested samples.
Between-run

ccuracy Precision Accura

) N Mean (�g/ml) C.V. (%) (%)

97.1 6 0.059 16.57 118.6
04.7 6 1.88 10.24 94.2
09.2 6 5.57 7.10 111.5

hreefold analysis.

. Results and discussion

.1. LC–LC

Fig. 3 shows a special column-switching configurat
y using two switching valves we have the opportunity
hoose two completely different analytical settings. val
seeFig. 3) offers two different modes for analysis: one
n analysing mode with column switching, the other with
olumn switching, i.e. an analysing mode like a HPLC
em without a switching valve. With voriconazole dissol
n Dulbecco’s Phosphate Buffered Saline, we were ab
uantify the recovery by using these two different mode
nalysis. Injection of the same voriconazole standard u
oth modes gives a recovery in total of approximately 10

By using formic acid (0.1%), we obtained narrow, w
haped peaks. Therefore, it was possible to extract and
ith the same mobile phase.
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Fig. 5. Chromatograms of spiked matrix vs. blank pooled serum matrix.
Serum spiked with 1�g/ml voriconazole monitored at 281m/z. Both chro-
matograms are obtained with the described on-line extraction LC–MS
method. Voriconazole was isolated and fragmented.

Another important parameter for inline extraction is the
transfer time, i.e. the time needed to transfer the substance
from the extraction column to the analytical column. A short
transfer time is favourable for sharp peaks and fast analy-
sis. Too long a transfer time results in peak broadening. At
the same time, all accumulated substances should be com-
pletely transferred to the analytical column. We were able
to realize a short transfer time of 4 min with a transfer rate
of at least 99.8%. A shorter transfer time of 3 min results in
a slightly lower transfer rate of 99.5%.Fig. 5 shows a typi-
cal chromatogram of pooled serum spiked with voriconazole
compared with a blank pooled serum sample.

The analytical LC–LC–ESI-MS–MS method with inline
extraction of voriconazole described here eliminates the need
for the time consuming and difficult procedures of the method
reported previously[27] such as SPE conditioning, washing,
sample evaporation, etc. No manual step for sample prepara-
tion is required in the method described here. The serum
assay is fully automated and allows the determination of
voriconazole levels within 13 min. Another advantage of the
new method is that only a small quantity of sample is neces-
sary. One analysis only requires 5�l of serum. All other pub-
lished methods for the detection of voriconazole from serum
use at least 500�l of serum samples. In some special cases,
e.g. pharmacokinetic studies involving children, use of small
s , it is
d fore,
a d.

4

tion
o cific

mass ism/z= 350.3, the specific fragment mass ism/z= 281.3
which results from loss of the triazole moiety (Fig. 1B).
Voriconazole shows another peak in the mass spectrum (see
Fig. 1A). We detected its sodium adduct (m/z= 372.3), also.

Roffey et al. showed that voriconazole has different
metabolites[13]. Due to the fact of specific mass isolation
we could separate the unchanged voriconazole from poten-
tial metabolites.

5. Quantification and statistics

Spiked pool serum standards were tested in a con-
centration range from 0.05�g/ml to 5.0�g/ml. The cal-
ibration curve was found to be linear over the entire
range examined. The equation of the calibration curve was
y= 6661359x+ 94397.x represents the analyte concentration
in �g/ml andy the corresponding peak area. The linear re-
gression coefficient wasR2 = 0.9992. The precision and accu-
racy of the voriconazole assay using spiked serum standards
is summarized inTable 1. The lower limit of quantification
(LLOQ) of the assay is 0.05�g/ml. The limit of detection
(LOD) is 0.03�g/ml. The linearity range achieved for this
assay (0.05 to 5.0�g/ml) effectively covers the plasma con-
centrations of voriconazole, which is, for example,cmin–cmax
0 le
d

rent
s n dif-
f s, not
t three-
f . of
a mples
o erum
s time
p ples
s sam-
p mass
i eted
d lites
w mass
a is is
h

6

lows
f zole
i of
p phy
s , the
m au-
t raphic
s n and
f of
ample amounts is beneficial to the patients. Currently
ifficult to obtain a reasonable internal standard. There
nother advantage is that no internal standard is require

.2. ESI-MS–MS

Voriconazole is detected by isolation and fragmenta
f the positive charged voriconazole molecule. Its spe
.165–4.309�g/ml in children (2–12 years old) after multip
osing of 3 mg/kg[3].

To see possible effects, e.g. on signal intensity of diffe
erum matrices the method was crosschecked with seve
erent spiked serum samples from seven different patient
reated with voriconazole. These samples were tested
old. The C.V. were 4.03%; 9.90% and 3.07%. The C.V
ll seven samples, measured threefold, was 4.09%. Sa
f patients treated with voriconazole were tested also. S
amples from two different patients at seven different
oints were analysed. The analysis of the real patient sam
howed no differences compared to the spiked serum
les. Therefore, one can conclude the detection with

solation and fragmentation results in a high specific targ
etection of unmetabolised voriconazole. Only metabo
ith the same chromatographic behaviour and the same
nd formation of the same fragments could interfere. Th
ighly improbable.

. Conclusion

The LC–LC–ESI-MS–MS assay presented here al
or the rapid and automated determination of voricona
n serum without deproteinisation or any other form
re-treatment. Automated inline-extraction chromatogra
hows sufficient performance and precision. In addition
ethod is very specific. The first step is an intensive

omated sample clean up, the second step chromatog
eparation and the third step mass sensitive selectio
ragmentation followed by detection and quantification
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the specific voriconazole fragment mass. These three steps
ensure specific voriconazole detection and effective elimi-
nation of potential contaminations. No internal standard and
only very small quantities (5�l) of serum are required. Us-
ing a column-switching technique, we were able to analyse
the voriconazole contained in the serum without any pre-
treatment. Combination of the in line extraction technique
with column-switching liquid-chromatography (LC–LC) and
electrospray ionisation mass spectrometry (ESI-MS–MS) en-
abled us to detect voriconazole in low concentrations and
with maximum specificity. The method fulfils the needs for
clinical routine use and for pharmacokinetic studies.
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