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a  b  s  t  r  a  c  t

The  quantification  of  voriconazole  concentration  in  lung  epithelial  lining  fluid to  facilitate  the  man-
agement  of  pulmonary  fungal  colonisation  or aspergillosis  is  of increasing  interest.  An  accurate  and
reproducible  high-performance  liquid  chromatography  method  to quantify  voriconazole  in  human
bronchoalveolar  lavage  (BAL)  fluid  was  developed  and  validated.  BAL  samples  were  concentrated  by
eywords:
oriconazole
PLC
luorescence

freeze-drying  and  reconstituted  with  water  prior  to  deproteinisation.  Separation  was  achieved  with  a
C18  column  employing  fluorescence  detection  (excitation:  260  nm, emission:  370  nm).  The  calibration
curves  were  linear  from  2.5  to 500  ng/mL.  The  intra-  and  inter-day  precisions  were  within  7%.  Accura-
cies ranged  from  102%  to 107%.  The  clinical  applicability  was  established  by successful  measurement  of
voriconazole  concentrations  in  lung  transplant  recipients.  The  assay  provides  an  alternative  approach  for

ess  to

ronchoalveolar lavage fluid

those  with  negligible  acc

. Introduction

Voriconazole (VRC, Fig. 1) is a triazole antifungal agent with an
xtended spectrum of activity against various pathogenic yeasts
nd moulds, including Scedosporium and Fusarium species [1].  It is
idely used for antifungal prophylaxis, and empirical and targeted

reatment of invasive fungal diseases. In adults, VRC displays non-
inear pharmacokinetics [2],  such that an increase in daily dose may
esult in a disproportionate increase in plasma or tissue concen-
ration. The high variability of serum/plasma VRC concentrations
3] is secondary to CYP2C19 polymorphism, drug–drug interactions
3] and the marked variation in oral bioavailability, which remains
npredictable and poorly defined [4–6].

Plasma VRC trough concentration (≥1 �g/mL) has been associ-
ted with a higher rate of successful treatment response [7,8] and
mproved survival [9] while elevated concentrations (≥5.5 �g/mL)
re associated with neurotoxicity [7,10,11] and hepatotoxicity
12–15]. Assessment of plasma VRC concentrations is therefore rec-
mmended to optimise clinical management [16]. Noting that the

ungs are particularly common target for fungal disease [17,18],
evelopment of a robust and simple assay to measure VRC levels

n pulmonary tissue is potentially useful clinically. Bronchoalveolar

∗ Corresponding author at: Centre for Medicine Use and Safety, Faculty of Phar-
acy and Pharmaceutical Sciences, Monash University, 381 Royal Parade, Parkville,
ictoria 3052, Australia. Tel.: +61 3 9903 9035; fax: +61 3 9903 9629.

E-mail address: david.kong@monash.edu (D.C.M. Kong).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.11.030
 liquid  chromatography–tandem  mass  spectrometry  instrumentation.
© 2012 Elsevier B.V. All rights reserved.

lavage (BAL) [19,20] is a simple non-invasive technique to sample
epithelial lining fluid (ELF) of the lungs; however, quantification
methods for VRC in BAL samples are sparse. To our knowledge, there
are only two  published HPLC methods utilising mass spectrome-
try (MS) detection to measure VRC concentration in BAL samples
[21,22]. Of these, the full assay protocol and validation results were
not provided in the brief report by Capitano et al. [21]. Crandon et al.
provided a more detailed description of their liquid chromatogra-
phy (LC)–tandem MS  assay, which involved dilution of BAL samples
with methanol and direct injection into the chromatographic sys-
tem [22]. Good sensitivity (1 ng/mL) was  achieved and the sample
volume required was  small (200 �L). The widespread use of LC–MS
methods, however, is restricted by high acquisition and running
costs of these instruments.

The natural fluorescent property of the triazole functional group
of VRC represents an opportunity to obtain adequate selectivity
and sensitivity with simple sample preparation using a fluores-
cence detector. Accordingly, the aim of this study was  to establish a
HPLC-fluorescence method for quantifying VRC in human BAL using
freeze-drying prior to chromatography.

2. Experimental
2.1. Chemicals

VRC was kindly provided by Pfizer (Australia). Ketoconazole,
acetonitrile (HPLC grade), ammonia 25% solution and ammonium

dx.doi.org/10.1016/j.jchromb.2012.11.030
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:david.kong@monash.edu
dx.doi.org/10.1016/j.jchromb.2012.11.030


172 S.C. Heng et al. / J. Chromatogr. B 913– 914 (2013) 171– 175

 (A) a

d
(
(

2
a

n
a
r
(
s
s
v
s
5
s

s
w
s
a

p
r
o
(
p

a
o
o

2

1
a
w
p
o
m
A
p
a
i
o
t
p
t

Fig. 1. Molecular structures of voriconazole

ihydrogen orthophosphate were purchased from Sigma–Aldrich
Australia). HPLC-grade water was from a Milli-Q Gradient system
Millipore Corp., Bedford, Mass).

.2. Preparation of calibration standards, quality control samples
nd internal standard

The stock solutions (1 mg/mL) of VRC and ketoconazole (inter-
al standard (IS), Fig. 1) were individually prepared in methanol
nd stored for a maximum of three months at −20 ◦C based on
eported stability data [23,24]. The series of VRC working solutions
200–1 �g/mL) were freshly prepared from VRC stock solutions by
erial dilutions with methanol–water (50:50, v/v). The IS working
olutions (3.2 �g/mL) were prepared in methanol–water (50:50,
/v). Normal saline was used as a surrogate matrix [22,25] to con-
truct the calibration standards at 2.5, 5, 10, 20, 40, 80, 200 and
00 ng/mL. These standard samples were used to generate regres-
ion equations for BAL calibration curve.

All routine saline-based (7.5, 75, 400 ng/mL) quality control (QC)
amples were prepared on the day of analysis. These QC samples
ere used for back-calculation of VRC concentrations by the regres-

ion equation, which acted as the criteria to accept or reject the
nalytical run.

To validate the saline-based calibration curve, blank BAL sam-
les (i.e. VRC-free) were collected from lung transplant (LTx)
ecipients under polymedication but not receiving VRC at the time
f bronchoscopy, to prepare BAL-based low (7.5 ng/mL) and high
400 ng/mL) QC samples. Saline-based QC samples were also pre-
ared for storage stability tests.

The collection and use of BAL samples from LTx recipients were
pproved by the institutional Human Research Ethics Committees
f Alfred Health and Monash University. Informed consent was
btained.

.3. Sample preparation

BAL samples collected were immediately centrifuged at
500 × g for 5 min  to harvest BAL supernatant, which was stored
t −80 ◦C until analysis. On an assay day, frozen BAL supernatant
as thawed and 4 mL  of the BAL supernatant (or saline-based sam-
le) was pipetted into a 10 mL  polypropylene tube. After addition
f 10 �L IS working solution, the resultant mixture was  vortex-
ixed and freeze-dried (for ∼48 h). A benchtop freeze dryer (VirTis
dVantage 2.0, SP Scientific, USA) was used, with the shelf tem-
erature set to −40 ◦C and the process condenser temperature
t −80 ◦C. The resultant lyophilised powder was reconstituted
n 200 �L of water and briefly vortex-mixed, after which 200 �L

f acetonitrile was added. The resulting mixture was then cen-
rifuged (4 ◦C) at 3200 × g for 10 min. An aliquot (70 �L) of the upper
hase (predominantly acetonitrile) was injected into the HPLC sys-
em.
nd the internal standard, ketoconazole (B).

2.4. Instrumentation and chromatographic conditions

The HPLC system used was  a Shimadzu system, with two
LC-20AD pumps, a SIL-20ACHT autoinjector (Shimadzu) and a RF-
10Axl variable wavelength fluorescence detector (Shimadzu, Kyoto,
Japan). Data collection and processing were carried out by a Multi-
chrom chromatography data acquisition and processing system.

The chromatographic separation was performed using a
Phenosphere-Next C18 5-�m (250 mm × 4.6 mm)  column, pro-
tected by a 4 mm × 3 mm C18 guard cartridge (Phenosphere-Next)
filled with the same material. Column temperature was main-
tained at 35 ◦C (to optimise chromatographic efficiency), with the
autosampler set to 4 ◦C (as per standard practice in our laboratory).
The mobile phase was adapted from Gage and Stopher [26], consist-
ing of 0.04 M ammonium dihydrogen phosphate buffer (adjusted
with ammonia 25% to pH 5.8) and acetonitrile (50:50, v/v). The flow
rate was 1 mL/min. Fluorescence detection was conducted with
excitation wavelength 260 nm and emission wavelength 370 nm.
The chromatographic run time was 13.5 min per injection.

2.5. Specificity and selectivity

The interference from commonly co-administered drugs in the
target patient population was investigated by analysing blank BAL
samples from six LTx recipients who  were receiving multiple med-
ications, but not VRC.

2.6. Accuracy, precision, recovery and lower limit of
quantification

In accordance with the US FDA Guidance for Industry-
Bioanalytical Method Validation [27], each analytical run included
one blank, eight standards and three replicate QC samples of low,
medium and high. Calibration curve was constructed by plotting
the chromatographic peak area ratios of VRC to IS against con-
centrations of VRC. The slope-intercept linear regression model:
y = mx + b was  selected to express linearity and a weighting factor
of 1/concentration2 was  used to achieve homogeneity of variance.
The best-fit line was  generated without forcing through zero. For
each calibration curve, a coefficient of determination (r2) of greater
than 0.99 was desirable. The unknown concentrations of VRC were
calculated from the linear regression equation for the calibration
curve. One set of calibration curve samples was prepared for each
inter-day run; calibration (and QC) samples were randomly dis-
tributed in the autosampler.

Accuracy was  defined by the difference between the
observed (Cobs) and nominal (Cnom) concentrations of low,
medium and high QC samples, expressed as percent bias:
%bias = [(Cobs − Cnom)/Cnom] × 100. Precision was estimated as the

percent coefficient of variation (%CV) of each QC, which was cal-
culated by standard deviation (SD) of the observed concentration
over the mean concentration: %CV = (SD/Cmean,obs) × 100. Intra-day
accuracy and precision were evaluated for the three levels of
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Cs with six replicate measurements within the same run, and
n three replicates per run on five separate days. The accuracies
nd precisions should be within ±15% of the nominal value. The
recision of the BAL-based QC samples was calculated using the
aline-based calibration curve.

Absolute recoveries were evaluated by comparing the chro-
atographic peak areas of extracted samples (Aext) with those of

he unextracted samples (Aun-ext), which represent 100% extraction
fficiency, for the three QC samples (low, medium and high), using
Aext/Aun-ext) × 100%. The unextracted samples were prepared by
piking corresponding VRC and IS working solutions in 9% sodium
hloride solution, vortexing the resultant mixture, centrifuging the
ixture and then injecting the upper phase. Mean recoveries of VRC

nd IS were obtained from six determinations of each QC level.
The lower limit of quantification (LLOQ) was  defined by the

owest concentration on the calibration curve that can be quan-
ified within ±20% accuracy and precision, and was  determined by
nalysing six replicates of samples spiked to LLOQ concentration of
nalyte.

.7. Stability

A stability study was performed to examine the effect of long-
erm storage at −80 ◦C on VRC in saline-based samples. The
ffect of repeated freezing–thawing was investigated by assaying
aline-based QC samples over three cycles. Each freeze–thaw cycle
onsisted of storage for at least 24 h at −80 ◦C, followed by a com-
lete thaw at room temperature. Samples were analysed before
eing re-frozen and after cycle 3. Post-preparative stability was
ested by storing the upper phase after sample preparation of
aline-based QC samples in the autosampler (4 ◦C) for 24 h prior to
nalysis. For all stability experiments, three replicates at each QC
evel were analysed. Stability was validated if measured concen-
rations did not deviate by more than 15% from freshly processed
amples.

. Results

.1. Chromatography

Fig. 2A shows a representative chromatogram for a BAL extract
rom a LTx recipient, who was not receiving VRC at the time
f sampling. Fig. 2B shows the chromatogram of VRC spiked at
he LLOQ concentration (2.5 ng/mL) while Fig. 2C displays a chro-

atogram of a BAL sample from a LTx recipient receiving VRC; the
ample contained 0.31 �g/mL VRC. The retention times for VRC and
S were 6.64 ± 0.01 and 11.6 ± 0.04 min, respectively. The retention
imes for VRC in BAL or saline-based samples were identical. No
ghost peaks’ or carryover were observed.

.2. Accuracy, precision, recovery and lower limit of
uantification

The intra- and inter-day results are presented in Table 1. The
ssay was accurate (mean accuracy ranging from 96.6% to 106.9%)
nd precise (intra-day CV ranged from 3.82% to 5.79% and inter-
ay CV from 2.88% to 6.88%). The BAL QC samples gave similar
esults as the saline-based QC samples, with accuracy and preci-
ion within the predefined acceptance limit of 15% (Table 1). The
ean recoveries of VRC in saline extract ranged from 72.0% to 81.3%.
ean recovery for IS was 62.4 ± 1.8% (n = 6). The LLOQ of the BAL

ethod was 2.5 ng/mL. The calibration curve (inter-day analysis,

 = 5) was linear over the range 2.5–500 ng/mL with mean val-
es for slope = 0.0214 ± 0.0016, intercept = −0.0122 ± 0.0083 and

2 = 0.9967 ± 0.0016.
Fig. 2. Chromatograms: (A) blank BAL sample from LTx recipient not receiving VRC;
(B)  saline spiked with 2.5 ng/mL of VRC (LLOQ) and 8 ng/mL of IS; (C) BAL sample
from LTx recipient receiving VRC 200 mg orally twice daily (VRC 0.31 �g/mL).

3.3. Specificity and selectivity

BAL samples collected from six LTx recipients who were
not receiving VRC, but were receiving other drugs commonly

co-administered in this patient population, showed no inter-
ference at the retention times of VRC and IS. These LTx
recipients were receiving immunosuppressants (tacrolimus, aza-
thioprine, mycophenolate mofetil, and prednisolone), antibiotics
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Table 1
Precision and accuracy data for VRC in saline and human BAL samples.

Parameter Conca (ng/mL) in saline Conca (ng/mL) in BAL

2.5 (LLOQ) 7.5 (QC-L) 75 (QC-M) 400 (QC-H) 7.5 (QC-L) 400 (QC-H)

Accuracy (% bias)
Intraday (n = 6) 8.00 6.89 6.18 2.08 4.44 −10.4
Interday (n = 15)b 2.54 0.00 −0.60 −3.44

Precision (% CV)
Intraday (n = 6) 6.20 5.49 3.82 5.79 5.16 5.21
Interday (n = 15)b 1.94 6.17 6.88 2.88

Recovery (n = 6, mean% ± SD) 108.0 ± 6.7 72.0 ± 3.6 81.3 ± 3.1 77.0 ± 4.3

Conc, concentration; CV, coefficient of variation; SD, standard deviation; QC, quality cont
a Nominal concentration of quality control samples in normal saline or BAL samples.
b The 15 replicates for inter-day analysis were pooled from five separate assay days (i.e

Table 2
Stability of VRC in saline.

Nominal conc (ng/mL) Mean observed
conc (ng/mL)

Precision
(% CV)

14 days stability at −80 ◦C (n = 3)
7.5 6.83 1.69

75  75.3 0.88
400 404.6 0.11

Three freeze–thaw cycles (n = 3)
7.5 6.90 3.83

75  73.8 7.00
400  392.6 2.65

Autosampler stability (4 ◦C) for 24 h (n = 3)
7.5  6.57 4.90

75 74.0 3.02
400  413.5 11.1

C
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onc, concentration; CV, coefficient of variation.

sulfamethoxazole and trimethoprim, ciprofloxacin, vancomycin,
nd nebulised tobramycin), antiulcer agents (ranitidine, panto-
razole, nizatidine, antacid, and esomeprazole), antiemetic agents
metoclopramide and domperidone), supplements (calcium, vita-

in  D, magnesium and iron), lipid-lowering drugs (atorvastatin,
ravastatin, and rosuvastatin) and miscellaneous agents (valgan-
iclovir, terbinafine, aspirin, alendronate, frusemide, perindopril,
rbesartan, Seretide® (i.e. fluticasone and salmeterol combination)
nhaler, Creon® (i.e. pancrelipase), insulin, oestradiol, oxycodone
nd Intragam® (immunoglobulin)). Fig. 2A presents the typical
hromatogram of BAL extracted from a LTx recipient who  was not
eceiving VRC.

.4. Stability

VRC in saline (as surrogate matrix for BAL sample) was stable
or at least 14 days when stored at −80 ◦C, throughout the three
reeze–thaw cycles and at 4 ◦C in the autosampler for 24 h (Table 2).

.5. Clinical application

The methods described in this report are currently in use to
nalyse BAL samples collected from an on-going clinical study
nvolving LTx recipients who are receiving oral VRC therapy and

ave been successful in the measurement of VRC concentrations.
ypically patients receive VRC therapy for an extended period
weeks/months). Thus, the BAL assay turnaround time of 48–72 h
which includes the freeze-drying step) is feasible in a clinical set-
ing and similar to that of many other tests that are used in diagnosis
r monitoring.
rol samples at low (QC-L), medium (QC-M) and high (QC-H) concentration points.

., three replicates for each concentration per day).

4. Discussion and conclusion

We  present a simple and sensitive analytical method to deter-
mine VRC concentration over the ranges clinically encountered in
BAL (2.5–500 ng/mL), with negligible interference from a number of
medications commonly prescribed to LTx recipients. When coupled
with simultaneous measurement of urea levels in BAL supernatant
and plasma, these assays can be used to estimate VRC concentra-
tion in pulmonary ELF. The use of ketoconazole as the IS controls
the variation in sample processing and improves robustness of the
methods. The relatively low recovery rates of VRC and IS were most
probably related to the large surface areas of the vessels used for
freeze-drying. Despite not being 100%, the recoveries were precise
and reproducible.

Our method of determining VRC concentrations in BAL samples,
involving freeze-drying, allows the BAL supernatant to be concen-
trated up to 10-fold and therefore enables a LLOQ of 2.5 ng/mL to be
reached. Sequential reconstitution of the lyophilised powder with
water and acetonitrile was required to firstly dissolve the sodium
chloride and then precipitate the proteins, which may be present
in a BAL sample. Although acetonitrile is miscible with water, the
presence of solvated salt increases the ionic strength and polar-
ity of water, thereby reducing the mutual miscibility, resulting
in phase separation (salting out) of acetonitrile from the aqueous
phase. Due to the specific physiochemical properties of VRC (weak
base, pKa = 1.76 and moderate hydrophobicity, log P = 1.8) [28], this
compound tends to partition into the salted-out upper acetoni-
trile phase. At the nominal pH of 5.5 (4.5–7.0) in sodium chloride
solution, ionisation of VRC is very low (0.03%), which enhances its
partitioning into the upper acetonitrile phase. Thus as expected,
the extraction recovery of VRC in BAL samples was good (∼75%).

In conclusion, a sensitive, accurate and reproducible HPLC assay
using fluorescence detection for quantification of voriconazole con-
centrations in BAL samples was developed and validated. The assay
can be readily adopted by laboratories, particularly those with
limited access to newer MS-based analytical instruments, to sup-
port monitoring of VRC concentrations in pulmonary ELF, optimise
VRC therapy and/or support ongoing clinical studies.
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