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a b s t r a c t

We describe a selective and a highly sensitive high-performance liquid chromatography–electron spray
ionization-collision induced dissociation-tandem mass spectrometry (HPLC–ESI-CID-MS/MS) assay for
the Aurora A kinase inhibitor MLN8237 in human plasma. The intra-day precision based on the standard
vailable online 3 July 2010
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deviation of replicates of quality control samples ranged from 0.2 to 4% and with accuracy ranging from 96
to 102%. The inter-day precision ranged from 0.5 to 7% and the accuracy ranged from 93 to 105%. Stability
studies showed that MLN8237 was stable both during the expected conditions for sample preparation
and storage. The lower limit of quantification for MLN8237 was 5 ng/mL. The analytical method showed
excellent sensitivity, precision, and accuracy. This method is robust and is being successfully employed
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. Introduction

The Aurora family of serine/threonine kinases are key regulators
f mitosis and play a critical role in the regulation of chromo-
omal segregation and cytokinesis during mitotic progression.
ver-expression of Aurora A kinase is associated with aneuploidy
nd centrosome amplification resulting in transformation of nor-
al cells. Thus, it is thought that Aurora A kinase is involved directly
ith oncogenesis [1]. Reduction of Aurora A using ribonucleic acid

nterference (RNAi) decreases Aurora A protein content and results
n mitotic spindle defects, mitotic delay, and apoptosis in cancer
ell lines [2].

MLN8237 (sodium 4-{[9-chloro-7-(2-fluoro-6-methoxyphe-
yl)-5H-pyrimido[5,4-d][2]benzazepin-2-yl]amino}-2-
ethoxybenzoate) is a selective Aurora A kinase inhibitor that

ignificantly increases event free survival in both neuroblastoma
nd acute lymphoblastic leukemia (ALL) xenograft models [3].

LN8237 is currently being studied in pediatric clinical trials for

he treatment of relapsed or refractory solid tumors and leukemia.
The objective of this investigation was to develop and validate a

imple, selective and sensitive LC–ESI-CID-MS/MS method for the

� Supported in part by grants to the Children’s Oncology Group from the National
ancer Institute (U01 CA97452) and Millennium Pharmaceuticals.
∗ Corresponding author at: Division of Clinical Pharmacology and Therapeutics,

he Children’s Hospital of Philadelphia, 3615 Civic Center Blvd, ARC 916, Philadel-
hia, PA 19104-4318, United States. Tel.: +1 215 590 6359; fax: +1 215 590 3296.

E-mail address: adamson@email.chop.edu (P.C. Adamson).

570-0232/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2010.06.037
Phase 1 Consortium study of MLN8237 in children with cancer.
© 2010 Elsevier B.V. All rights reserved.

quantification of MLN8237 in human plasma to support an early
phase pharmacokinetic study of MLN8237 in pediatric patients.
Although previous assays for other Aurora kinase inhibitors have
been reported [4,5], to our knowledge this is the first method devel-
oped for the detection of MLN8237 in human plasma.

2. Experimental

2.1. Reagant and chemicals

Sodium 4-{[9-chloro-7-(2-fluoro-6-methoxyphenyl)-5H-
pyrimido[5,4-d][2]benzazepin-2-yl]amino}-2-methoxybenzoate
(MLN8237) and MLN8237-D3

13C15N2 were provided by Millen-
nium Pharmaceuticals (Cambridge, MA, USA) (Fig. 1). The different
lots of drug-free (blank) human plasma were obtained from the
blood bank at The Children’s Hospital of Philadelphia. HPLC-grade
acetonitrile was purchased from Fisher-Scientific (Pittsburgh, PA,
USA) and reagent-grade formic acid (∼96%) was purchased from
Sigma–Aldrich Co. (St. Louis, MO, USA). Deionized water was
prepared using a Milli-Q water purifying system from Millipore
Corp. (Bedford, MA, USA).

2.2. Liquid chromatography
The Shimadzu HPLC system consisted of two LC-20AD delivery
pumps, a DGU-20A5 Shimadzu vacuum degasser, a SIL-20AC Shi-
madzu autosampler and a CBM-20A system controller (Shimadzu
Scientific Instruments; Columbia, MD, USA). HPLC separations were
performed on a Thermo Scientific Hypersil Gold C18 analytical col-

dx.doi.org/10.1016/j.jchromb.2010.06.037
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:adamson@email.chop.edu
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2370 E. Lipsitz et al. / J. Chromatogr. B 878 (2010) 2369–2373

intern

u
o
a
l
0
m
0
T
t
R
fi

2

q
S
i
C
c
(
w
c
o
i
o
u
M

d
5
d
e
t
T
l
1
6
t
w

Fig. 1. MLN8237 and MLN8237

mn (50 mm × 2.1 mm, 3.5 �m 120 A). Mobile phase A consisted
f water with 0.1% formic acid and mobile phase B consisted of
cetonitrile with 0.1% formic acid. The linear gradient was as fol-
ows: 0.00–0.25 min mobile phase A 80%, mobile phase B 20%;
.25–2.25 min mobile phase A 10%, mobile phase B 90%; 2.26–4 min
obile phase A 80%, mobile phase B 20%. The flow rate was

.25 mL/min and 25 �L of the sample was injected for each analysis.
he column and autosampler were maintained at room tempera-
ure and 10 ◦C, respectively. An electronic valve actuator with a
heodyne selector valve was used to divert LC flow to waste, at the
rst 1 min, when no data acquisition was taking place.

.3. Mass spectrometry analysis

Samples were analyzed with an ABI/Sciex 4000 triple
uadropole mass spectrometer equipped with Turbo Ionspray.
oftware for controlling this equipment, acquiring and process-
ng data was Analyst version 1.4.1 software (MDS Sciex; Toronto,
anada). Nitrogen was used as the nebulizer, auxiliary, collision and
urtain gases. Analytes were detected by low energy CID-MS/MS
positive ion mode) using multiple reaction monitoring (MRM)
ith a dwell time of 100 ms. For the initial determination of the pre-

ursor and product of ion spectra a solution of 1 �g/mL MLN8237
r internal standard in mobile phase was infused directly into the
on sources with a Harvard Apparatus syringe pump at a flow rate
f 10 �L/min. The most intense precursor-to-fragment transitions
sing positive turbo spray were: MLN8237, m/z 519.22/328.10;
LN8237IS-525.24/329.10.
The conditions for ionization of MLN8237 and internal stan-

ard were optimized using individual standard solutions, each at
00 ng/mL, which were infused by a syringe pump through a Tee
evice at a flow rate of 10 �L/min into the stream of mobile phase
luting from the LC column through a mixing Tee and then into the
urbo spray source, to mimic the LC–ESI-CID-MS/MS conditions.
he main working parameters of the mass spectrometer were: col-

ision activate dissociation (CAD) gas, medium; curtain gas, 35; Gas

(nebulizer gas) 50; Gas 2 (heater gas) 50; source temperature
00 ◦C. The optimized declustering potential (DP), entrance poten-
ial (EP), collision energy (CE), collision cell exit potential (CXP)
ere set at 101, 10, 49, 4 for MLN8237; 111, 10, 45, 8 for MLN8237IS.
al standard molecular structure.

2.4. Preparation of standards and quality control (QC) samples

Two independent MLN8237 stock solutions were prepared:
standard solutions were prepared from one stock solution and QC
samples were prepared from the other. The primary stock solutions
of MLN8237 were prepared by dissolving MLN8237 in 1% formic
acid in acetonitrile producing a concentration of 1 mg/mL and were
stored at −20 ◦C. The primary stock solution was diluted in ace-
tonitrile to prepare intermediate stock solutions of 100 �g/mL.
Working solutions of MLN8237 were freshly prepared by appro-
priately diluting the respective stock solutions with plasma. Seven
standards containing MLN8237 concentrations of 5, 20, 50, 200,
500, 2000 and 5000 ng/mL were prepared by adding the appro-
priate volumes of working solution into 1.5 mL eppendorf tubes
containing plasma. Four QC concentrations were prepared in the
same manner by adding appropriate volumes of working solution
to obtain concentrations of 8, 40, 400 and 4000 ng/mL, representing
low, medium and high QCs. The internal standard stock solution
was prepared by dissolving 1 mg MLN8237-D3

13C15N2 per mL of
0.1% formic acid in acetonitrile and diluting into acetonitrile to a
concentration of 10 �g/mL. Internal standard working solution was
prepared by diluting the internal standard stock solution with 0.1%
formic acid in acetonitrile into a single working solution with a
final concentration of 10 ng/mL. Amber glass vials for storing stock
solution were used.

2.5. Sample preparation

To 100 �L of human plasma sample, 500 �L of acetonitrile con-
taining 10 ng/mL of internal standard was added in a 96-well
plate. The sample was vortex-mixed for 10 min and centrifuged
at 4000 rpm for 20 min. A volume of 25 �L of the supernatant was
injected into the LC–MS/MS system.

2.6. Method validation
Method validation and documentation were performed accord-
ing to guidelines set by the United States Food and Drug
Administration (FDA) for bioanalytical method validation [6]. This
method was validated in terms of linearity, specificity, low limit
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Fig. 2. Calibration curve for MLN8237 in human plasma.

f quantitation (LLOQ), recovery, intra- and inter-day accuracy and
recision, and stability of the analyte during sample storage and

rocessing procedures. Each analytical run included a double blank
ample (without internal standard), a blank sample (with internal
tandard), seven standard concentrations for calibration, and repli-
ate sets of QC samples: low (LQC) 8 ng/mL, medium QCs (MQC)
0 ng/mL, 400 ng/mL, and high QC (HQC) 4000 ng/mL.

ig. 3. Chromatograms of MLN8237 in human plasma. (a) Double blank; (b) LLOQ 5 ng/m
tandard 5 ng/mL (MRM: 525.24/329.10).
B 878 (2010) 2369–2373 2371

2.6.1. Linearity and sensitivity
For the evaluation of the linearity of the standard calibra-

tion curve, the analyses of MLN8237 in plasma samples were
performed on three independent days using fresh preparations.
The calibrations curves were prepared over a linear range of
5–5000 ng/mL at seven concentrations of 5, 20, 50, 200, 500, 2000
and 5000 ng/mL. Each calibration curves consisted of a double
blank sample, a blank sample, a plasma blank sample and seven
calibrator concentrations. Another double blank sample was ana-
lyzed immediately following the highest concentration standard
in each run to monitor for carry-over of MLN8237 or the internal
standard.

The calibration curve was developed using the following cri-
teria: (1) the mean value should be within ±15% of the theoretical
value, except at the LLOQ, where it should not deviate by more than
±20%; (2) the precision around the mean value should not exceed
a 15% coefficient of variation (CV), except for LLOQ, where it should
not exceed a 20% CV. (3) at least 75% of the non-zero standards
of each nominal concentration should meet the above criteria;
(4) the correlation coefficient (r) should be greater than or equal
to 0.98.

Each calibration curve was constructed by plotting the ana-
lyte to internal standard peak area ratio (y) against the analyte

concentrations (x). The calibration curves were fitted using a least-
square linear regression model y = ax + b, weighted by 1/x2 using the
Analyst® software. The resulting a, b and c parameters were used
to determine back-calculated concentrations, which were then sta-
tistically evaluated.

L (MRM: 519.22/328.10); (c) ULOQ 5000 ng/mL (MRM: 519.22/328.10); (d) internal
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Table 1
Accuracy and precision of MLN8237 calibration standards in human plasma.

Nominal concentration (ng/mL) Mean CV (%) Accuracy (%)

5 4.96 0.89 99.1
20 21.2 6.26 106
50 46.6 6.66 93.3

200 201 0.77 100.7
500 482 3.67 96.3
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.6.2. Specificity
The specificity was defined as non-interference at retention

imes of MLN8237 from the endogenous plasma components and
o cross-interference between MLN8237 and internal standard
sing the proposed extraction procedure and LC–ESI-CID-MS/MS
onditions. Six different lots of blank (MLN8237 free plasma) were
valuated with and without internal standard to assess the speci-
city of the method.

.6.3. Accuracy and precision
The intra- and inter-assay precisions were determined using the

V (%), and the intra- and inter-assay accuracies were expressed
s the percent difference between the measured concentration
nd the nominal concentration. The % accuracy of the method
as expressed by the formula: % accuracy = (measured concentra-

ion)/(nominal concentration) × 100.
Intra-assay precision and accuracy were calculated using repli-

ate (n = 5) determinations for each concentration of the spiked
lasma sample during a single analytical run. Inter-assay precision
nd accuracy were calculated using replicate (n = 5) determination
f each concentration made on three separate days.

.6.4. Recovery (extraction efficiency) and matrix effect
The extraction efficiency of MLN8237 was determined by ana-

yzing three replicates of MLN8237 plasma samples at four QC
oncentrations of 8, 40, 400 and 4000 ng/mL, respectively. Recov-
ry was calculated by comparing the peak areas of MLN8237 added
nto blank plasma and extracted using the protein precipitation
rocedure with those obtained from MLN8237 spiked directly into
ost-protein precipitation solvent at the four QC concentrations.
he matrix effect was measured by comparing the peak response
f the post-extracted spiked sample with those of the pure stan-
ards containing equivalent amounts of the MLN8237 prepared in
obile phases.

.6.5. Stability study
The stability of MLN8237 in human plasma was assessed by

nalyzing replicates QC samples at concentrations of 8, 40, 400
nd 4000 ng/mL, during the sample and storage procedure. For all
tability studies, freshly prepared and stability testing QC samples
ere evaluated by using a freshly prepared standard curve for the
easurement. The short-term stability was assessed after exposure

f the plasma samples to room temperature for 4 h. The freeze/thaw
tability was determined after three freeze/thaw cycles (room tem-
erature to −20 ◦C). The concentrations obtained from all stability
tudies were compared to freshly prepared QC samples, and the
ercentage concentration deviation was calculated. The analytes

ere considered stable in human plasma when the concentration
ifference was less than 15% between the freshly prepared samples
nd the stability testing samples. Ta
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. Results

.1. Linearity and sensitivity

The method was validated at the above criteria and found to be
inear from the concentrations of 5 to 5000 ng/mL. A representative
alibration curve for MLN8237 is shown in Fig. 2. The correlation
oefficient from inter-day analysis was found to be greater than
.98 in all cases. The LLOQ was 5 ng/mL, demonstrating a %CV of

ess than 5% (precision) and an accuracy of greater than 95%, with
signal-to-noise (S/N) ratio of greater than 10. A representative

hromatogram of double blank, LLOQ and the upper limit of quan-
ification samples (ULOQ) and internal standard are shown in Fig. 3.
o carry-over of peaks were observed at the retention time or ion
hannels of MLN8237 or IS.

.2. Precision and accuracy

At the seven calibration standards, the inter-day precision
anged from 0.5 to 7% and the accuracy ranged from 93 to 105%
Table 1). All subsequent validation results are depicted in Table 2.
he intra-day precision ranged from 0.2 to 4% with the accuracy
anging from 96 to 102%. The inter-day precision ranged from 1 to
.5% with the accuracy ranging from 101 to 103%. These data con-
rm that the present method has a satisfactory accuracy, precision
nd reproducibility for the quantification of MLN8237 throughout
wide dynamic range.

.3. Recovery

At 8, 40, 400 and 4000 ng/mL QC concentrations the percent
xtraction recoveries (mean ± % SD) after five replicates were
7 ± 27, 91 ± 2.6, 101 ± 0.9, and 100 ± 4, respectively (Table 2). Data

ndicated that the extraction efficiency for MLN8237 using protein
recipitation was satisfactory and was not concentration depen-
ent.

.4. Assay specificity and ionization suppression (matrix effect)

Matrix effect can affect the reproducibility from the analyte or
he internal standard of the assay. The matrix effect, or intensity

f ion suppression or enhancement is caused by co-eluting matrix
omponents. The matrix effect of MLN8237 and IS were calculated
sing the following formula: % matrix effect = (A/B) × 100%. A repre-
ents the corresponding peak areas of the analytes in spiked plasma
ost-precipitation and B represents peak responses of the pure

[
[
[
[
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standards prepared in mobile phases. A value of >100% indicated
ionization enhancement, and a value of <100% indicated ioniza-
tion suppression. The matrix effect was tested on the four QC
concentrations and three individual lots of blank plasma were eval-
uated. As shown in Table 2, only minor differences were observed
between the pure standards and the post-extracted spiked samples,
illustrating that the HPLC separation conditions had little effect
by background signal of plasma after simple protein precipitation
clean up step.

3.5. Analyte stability

The stability of MLN8237 was investigated to cover expected
conditions during sample preparation and storage for all samples,
which include stability data from freeze/thaw and bench-top, or
short-term, stability. The precision for freeze/thaw samples ranged
from 9 to 16% and the accuracy ranged from 109 to 116%. The results
indicated that the analyte was stable in plasma for three cycles
when stored at −80 ◦C and thawed to room temperature. The pre-
cision for bench-top stability ranged from 8 to 20% and the accuracy
ranged from 108 to 119% (Table 2). This indicated reliable stability
under the experimental conditions of the analytical runs.

4. Discussion

We developed a MLN8237 assay that has a simple and rapid
sample preparation and a selective and sensitive LC–ESI-CID-
MS/MS method capable of analyzing small volumes of plasma
samples, needed for use in pediatric patients. The LC–ESI-CID-
MS/MS assay reported here accurately and precisely quantitates
MLN8237 concentration in 100 �L plasma specimens with a limit of
quantification of 5 ng/mL. The intra-day and inter-day coefficients
of variation were less than 4 and 5%, respectively, at all concen-
trations tested. With linearity up to 5000 ng/mL, the assay is well
suited for use in pediatric pharmacokinetic studies. We currently
are utilizing this assay to support a Children’s Oncology Group
Phase 1 Consortium study of MLN8237.
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