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A quantitative bioanalytical liquid chromatography-tandem mass spectrometric (LC-MS/MS) assay for
the ALK inhibitor crizotinib was developed and validated. Plasma samples were pre-treated using pro-
tein precipitation with acetonitrile containing crizotinib-'3C,-?Hs as internal standard. The extract was
directly injected into the chromatographic system after dilution with water. This system consisted of
a sub-2 wm particle, trifunctional bonded octadecyl silica column with a gradient using 0.1% (v/v) of

Iée,ngrd,;" ammonium hydroxide in water and methanol. The eluate was transferred into the electrospray inter-
rizotinib face with positive ionization and the analyte was detected in the selected reaction monitoring mode of

ALK inhibitor . . . . >

LC-MS/MS a triple quadrupole mass spectrometer. The assay was validated in a 10-10,000 ng/ml calibration range

with 12 =0.99980 + 0.00014 for double logarithmic linear regression (n=>5). Within day precisions (n=6)
were 3.4-4.8%, between day (3 days; n=18) precisions 3.6-4.9%. Accuracies were between 107% and
112% for the whole calibration range. The drug was sufficiently stable under all relevant analytical con-
ditions. Oxidative metabolites of crizotinib were monitored semi-quantitatively. Finally, the assay was
successfully used to assess drug pharmacokinetics in mice.

Oxidative metabolites
Mouse plasma

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Crizotinib (PF-02341066; Fig. 1) is an inhibitor of translo-
cated anaplastic lymphoma kinase (ALK) [1,2]. The first discovered
ALK-rearrangement was EML4-ALK and this oncogenic driver is fre-
quently present (2-7%[3]) in patients suffering from non-small cell
lung cancer (NSCLC). Crizotinib showed promising results in the
treatment of NSCLC patients with ALK translocations [1,2,4] and
therefore received accelerated approval for ALK positive NSCLC in
August 2011 by the FDA [4]. Presently, two Phase III clinical stud-
ies are ongoing investigating crizotinib as an alternative to current
treatments in patients with ALK-rearranged adenocarcinoma of the
lung [1,5].

Abbreviations: ALK, anaplastic lymphoma kinase; AUC, area-under-the-plasma-
time curve; HESI, heated electrospray ionization; k,, absorption rate; LLOQ, lower
limit of quantification; NSCLC, non-small cell lung cancer; SRM, selected reaction
monitoring; Ty, elimination half-life; QC, quality control.

* Corresponding author. Tel.: +31 6 20289970; fax: +31 30 2539166.
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In humans, crizotinib is thought to be extensively metabo-
lized by cytochrome P450 3A4/5 into mainly the active metabolite
crizotinib-lactam (PF-06260182; Supplemental Fig. 1); other Phase
I metabolites, including their sulfate and glucuronide conju-
gates can also be observed [6]. In rats and dogs, other oxidative
metabolites like crizotinib-N-oxide (Supplemental Fig. 1) and
hydroxy-crizotinib can additionally be observed [5,7]. In female
rats, however, sulfated crizotinib is the main metabolite [7].
Pharmacokinetic data of this drug have been reported both in
humans, the registered 250 mg twice daily oral administration
of crizotinib resulted in average trough plasma levels of ca.
300ng/ml and terminal half-lives of 40-50h [1,6], and in mice
[8,9].

So far only concise descriptions of bioanalytical assays for
crizotinib have been reported [8,9]. We now report on the devel-
opment and validation of a bioanalytical LC-MS/MS assay for
crizotinib in FVB mouse plasma using protein precipitation as
a simple pretreatment procedure and using sub-2 pm LC parti-
cles to obtain a high sample throughput. Oxidative metabolites
of the drug were assessed semi-quantitatively. The applicabil-
ity of the assay was demonstrated in a pharmacokinetic mouse
study.
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Table 1

Mass spectrometric settings in SRM mode of the protonated molecules ([M+H]*) at 0.7 full width at half height resolutions of both quadrupoles.

Compound Parent ion (m/z) Ion tube off set [V] Daughter ions (m/z) Collision energy [V] at Skimmer off set [V] Dwell time [ms]
1.6 mTorr argon
Crizotinib 450.2 120 260.2 -23 -6 50
177.1¢ -35 -12 100
Crizotinib-'3C,-?Hs 457.2 120 267.2 -23 -6 50
M+142 464.2 130 177.1 -25 0 50
M+16° 466.2 130 276.2 -23 -12 100

@ Crizotinib-lactam and crizotinib-N-oxide.
b Hydroxy-crizotinib.
¢ This transition was not used for quantification.

2. Experimental
2.1. Chemicals

Crizotinib (>99%) was obtained from Sequoia Research Prod-
ucts (Pangbourne, UK) and crizotinib-13C,-2Hs (>99%, internal
standard (IS), Supplemental Fig. 1) from Alsachim (Strasbourg,
France). Water (LC-MS grade), methanol (HPLC grade) and ace-
tonitrile (HPLC-S grade) were from Biosolve (Valkenswaard, The
Netherlands). Water, not used as eluent, was home purified by
reversed osmosis on a multi-laboratory scale. Ammonium hydrox-
ide was of reagent grade and originated from Sigma-Aldrich
Chemie (Steinheim, Germany). Formic acid was of analytical grade
originating from Merck (Darmstadt, Germany) and pooled mouse
EDTA-disodium plasma was supplied by Seralab Laboratories Inter-
national (Haywards Heath, UK).

2.2. Equipment

The LC-MS/MS equipment consisted of an Accela quaternary
pump and autoinjector and a TSQ Quantum Ultra triple quadrupole
mass spectrometer with heated electrospray ionization (HESI;
Thermo Fisher Scientific, San Jose, CA, USA). Data were recorded
and the system was controlled using the Thermo Fisher Xcalibur
software (version 2.07).

2.3. LC-MS/MS conditions

Partial-loop injections (3 1) were made on an Acquity UPLC®
BEH C18 column (30mm x 2.1 mm, dp=1.7 uwm, Waters, Mil-
ford, USA), protected by the corresponding VanGuard pre-column
(Waters, 5mm x 2.1 mm). The column temperature was main-
tained at 40°C and the sample rack compartment of the
autosamplerat4°C. Agradient (0.6 ml/min) using 0.1% (v/v) ammo-
nium hydroxide (A) and methanol (B) was used. After injection, the
percentage of solvent B was increased linearly from 55 to 75% (v/v)
during 1.5 min. Next, the column was flushed with 90% (v/v) ace-
tonitrile (C) and 10% (v/v) A for 0.3 min and finally, the column was
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Fig. 1. Chemical structure and product spectrum of crizotinib: m/z 450.2 @ —30V.

reconditioned at the starting conditions (55% (v/v) B and 45% (v/v)
A) for 0.7 min resulting in a total run time of 2.5 min. The whole elu-
ate was transferred into the electrospray probe, starting at 0.6 min
after injection by switching the MS divert valve until 2 min after
injection. The HESI was tuned in the positive ionization mode by
introducing 0.6 ml/min of a mixture of 0.1% (v/v) formic acid in
water (50%, v/v) and methanol (50%, v/v) and 5 pl/min of 10 pg/ml
of crizotinib. HESI settings of the assay were a 3000V spray voltage,
304 °C capillary and 391 °C vaporizer temperatures and the nitro-
gen sheath, ion sweep and auxiliary gasses were set at 50, 8 and
35 arbitrary units, respectively. Mass spectrometric settings of the
selected reaction monitoring (SRM) mode are reported in Table 1.

2.4. Sample pre-treatment

To avolume of 20 pl of mouse plasma, pipetted into a polypropy-
lene reaction tube, 30wl of 100ng/ml crizotinib-13C,-2Hs in
acetonitrile was added. The tubes were closed and shaken by vortex
mixing for 5-10s. After centrifugation of the sample at 10,000 x g
at 20°C for 1 min, 40 .l of the supernatant was transferred to a
250 pl glass insert placed in an autoinjector vial. Before closing the
vial, 100 .1 of water was added and finally, 3 .l of the mixture was
injected onto the column.

2.5. Validation

Alaboratory scheme based on international guidelines was used
for the validation procedures [10-12].

2.5.1. Calibration

Stock solutions of crizotinib and crizotinib-13C,-2Hs at 0.5, 1 or
2 mg/ml were prepared in methanol. A 1 mg/ml stock solution of
crizotinib was diluted to a 10,000 ng/ml working solution in mouse
EDTA plasma. All stock and working solutions were stored in a 1.5-
ml polypropylene tube at —30°C. Additional calibration samples
were prepared daily at 5000, 1000, 500, 100, 50, 20 and 10 ng/ml
by dilution with the same blank plasma. The highest and two lowest
calibration samples were processed in duplicate for each daily cal-
ibration, whereas the levels in between were processed only once.
Least-squares double logarithmic linear regression was employed
to define the calibration curves using the ratios of the peak area of
crizotinib and the labeled IS.

2.5.2. Precision and accuracy

A second stock solution of crizotinib (0.5 mg/ml) was used to
obtain validation (quality control, QC) samples in pooled human
EDTA-disodium plasma at 8000 (QC-high), 400 (QC-med), 20 (QC-
low) and 10ng/ml (QC-LLOQ). The QC samples were stored in
polypropylene tubes at —30°C. Precisions and accuracies were
determined by sextuple analysis of each QC in three analytical
runs on three separate days for all QCs (total: n=18 per QC). Rel-
ative standard deviations were calculated for both, the within and
between day precisions.
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2.5.3. Selectivity

Six individual mouse plasma samples were processed to test
the selectivity of the assay. The samples were processed without
crizotinib and IS and with crizotinib at the LLOQ level (10 ng/ml),
supplemented with the IS. Blank drug response should be below
20% of the LLOQ response [13].

2.5.4. Recovery and matrix effect

The recovery was determined (n=4) by comparing processed
samples (QC-high, -med, -low) with reference crizotinib solutions
in blank plasma extract at the same levels. The matrix effect was
assessed by comparing the reference solutions in blank plasma
extracts with the same solutions in acetonitrile-water (1:3, v/v)
at the three validation levels.

2.5.5. Stability

The stability of crizotinib was investigated in QC-high and -low
plasma samples stored in polypropylene tubes. Quadruplicate anal-
ysis of these samples from separate tubes was performed after
storage at 20°C (ambient temperature) for 24 h, three additional
freeze-thaw cycles (thawing at 20°C during ca. 2 h and freezing
again at —30°C for at least one day), and storage at —30°C for 2
months, respectively. Furthermore, QC samples (4 levels,eachn=6)
and study samples (n=10) were re-injected after additional stor-
age of the extracts at 4°C for three nights together with freshly
prepared calibration samples.

Finally, the responses of crizotinib from the stock solutions in
methanol after 6h at 20°C (n=2) and after 4 months of storage
in the freezer (-30°C; n=3) were compared to fresh stock solu-
tions with LC-MS/MS after appropriate dilution of the samples and
adding IS.
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Fig.2. SRM chromatograms of crizotinib and the labeled IS in plasma extracts: blank
mouse plasma (A) and LLOQ (10 ng/ml) spiked plasma (B). An artificial off set was
given to the chromatograms.

2.6. Mouse samples

Wild-type (FVB genetic background) male mice (n=5) were
housed and handled as reported previously [14] and were treated
with 50mg/kg crizotinib orally. The crizotinib solution was
obtained by dissolving the drug in dimethyl sulfoxide (25 mg/ml),
followed by five-fold dilution with 50mM acetate buffer (pH
4.6). Blood samples (~50 wl) were collected in EDTA containing
microvettes via the tail vein at 0.25, 0.5, 1, 2, 4 and 8 h after admin-
istration of the drug. At 24 h, blood was collected in EDTA tubes by
cardiac puncture. After centrifugation at 2100 x g for 6 min at 4°C,
plasma samples were stored at —30 °C prior to analysis.

Pharmacokinetic parameters (area-under-the-plasma-time
curve (AUC), both for 24h (AUCy_p4) and with extrapolation
to infinity (AUCo_); elimination half-life (T;j,); absorption
rate (k,)) of crizotinib were calculated based on a first-order,
one-compartment model. For calculation of the half-life and
extrapolation the 8 and 24 h time points were used and for cal-
culation of the absorption rate the 0.25-4h points using curve
stripping. Semi-quantitative analysis of crizotinib metabolites was
executed using crizotinib calibration samples.

3. Results and discussion
3.1. Method development

Before starting method development the possibility to include
one or more oxidative crizotinib metabolites in the assay was con-
sidered. No lactam, N-oxide or hydroxy metabolite of crizotinib
was, however, commercially available and chemical synthesis was
very expensive. Amounts that could be obtained by enzymatic syn-
thesis with liver microsomes were relatively small and very likely
insufficient to use for validation of a bioanalytical assay. There-
fore, we chose to monitor the oxidative metabolites in samples of
treated animals semi-quantitatively without validation with ref-
erence compounds. Distinction between the lactam and N-oxide
metabolites of crizotinib, both with a nominal mass defect of +14 Da
compared to crizotinib, was possible using rat liver microsomes
incubation products of crizotinib-13C,-2Hs (Supplemental Fig. 1).

HESI-MS/MS settings were optimized for the crizotinib assay to
obtain optimal sensitivity, a product spectrum, formed by collision
induced dissociation of the protonated molecule, is shown in Fig. 1.
The main product ion at m/z 260 was identical to the main frag-
ment observed in previous investigations [8,9]. The use of protein
precipitation as sample pretreatment procedure has been used suc-
cessfully earlier in our laboratory for several other kinase inhibitors
[15]. The choices between formic acid and ammonium hydroxide
and between methanol and acetonitrile in the eluent, were made
based on the higher crizotinib response using both, ammonium
hydroxide and methanol.

3.2. Validation

During a pilot experiment crizotinib plasma levels in the range
500-5000 ng/ml were found. Therefore, we decided to execute the
validation in the 10-10,000 ng/ml range. SRM chromatograms are
depicted in Fig. 2, showing chromatograms of blank and LLOQ
spiked plasma samples.

3.2.1. Calibration

The relative response of crizotinib showed a very small but
strongly significant deviation from a linear function (P=0.0014 fora
1-tailed Student’s t-distribution of the average double-logarithmic
slope (n=5) compared to 1); therefore, the double logarithmic
linear function was used for the assay calibration. For 5 cali-
brations (55 samples) the concentrations were back-calculated
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Fig. 3. SRM chromatogram of crizotinib and oxidative metabolites in a wild
type male mouse plasma, 15 min after oral administration of 50 mg/kg crizotinib.
(A) Crizotinib (2370ng/ml); (B) lactam and N-oxide metabolites; (C) hydroxy-
metabolite.

from the ratio of the peak areas (analyte and labeled IS) using
the calibration curves of the run in which they were included.
No deviations of the average of each level higher than 4% were
observed (data not shown), indicating the suitability of the log-
arithmic regression model. The average of the very reproducible
regression parameters of the double logarithmic regression func-
tions (n=5) were log(y)=—2.024(+0.055) + 0.9824(+0.0027) log(x)
with a regression coefficient of 0.99980 + 0.00014. Here, x is the
concentration (ng/ml) and y is the crizotinib response relative to
the IS.

3.2.2. Precision and accuracy

Assay performance data from the validation samples at four con-
centrations are reported in Supplemental Table 1. Within day and
between day variations lower than 5% were observed and devi-
ations of the accuracies were lower than 13%. The precision and
accuracy therefore met the required +15% (£20% for the LLOQ)
[10-12].

3.2.3. Selectivity

The analysis of six independent blank mouse plasma samples
showed no interfering peaks in the SRM traces for crizotinib and
its labeled analog. Blank crizotinib responses were all <20% of the
LLOQresponse [13]and blank IS responses below 0.5% of the normal
response. The signals at the LLOQ level (10 ng/ml) were all distin-
guishable from blank responses; concentrations found at the LLOQ
level (n=6)were 9.49 + 0.41 ng/ml, demonstrating the applicability
of the investigated LLOQ level [10-12].

3.2.4. Recovery and matrix effect

The extraction recoveries showed only small losses for crizotinib
and ranged from 79% to 92% (data not shown). Small matrix effects
were also observed; ionization recoveries ranged from 80% to 94%
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Fig. 4. Pharmacokinetic plots of crizotinib and oxidative metabolites in wild type
male mouse plasma after oral administration of 50 mg/kg crizotinib (n=5). (A) Abso-
lute levels of crizotinib; (B) responses, relative to the response of crizotinib at the
maximum concentration, of crizotinib and metabolites. Crizotinib (¢: ———— );
hydroxy-crizotinib (M: ----) crizotinib-lactam (a: ------ ); crizotinib-N-oxide
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for crizotinib at the investigated levels. Overall, the small extraction
losses and matrix effects contributed to a successful validation of
the assay [10-12].

3.2.5. Stability

The stability of crizotinib in mouse EDTA plasma after differ-
ent storage procedures is presented in Supplemental Table 2. Small
losses up to 13.9% were found without any decline of the precision.
Re-injection of validation (QC) samples after additional storage at
4°C for three nights resulted again in successful performances with
QC failures being far below a 33% frequency (data not shown) as
required [10,13]. For the re-injection of study samples (n=10) the
recovery was 85.9 & 3.3%, the 3 days of storage should therefore not
be exceeded. Recoveries of crizotinib in stock solutions were 98.9%
(after 4 months at —30°C; n=3) and 99.0% (after 6 h at 20°C; n=2),
respectively, and were therefore considered satisfactory (>95%) for
the validation [10-12].

3.3. Mouse pharmacokinetics

After the successful validation procedure, the new assay was
used to investigate the plasma pharmacokinetics of crizotinib in
wild type male mice with semi-quantitative monitoring of the
oxidative metabolites. Results of the animal experiments (n=>5) at
the 50 mg/kg oral dosage are depicted in Figs. 3 and 4. Crizotinib
levels in the range 218-4629 ng/ml were observed; average (+SD)
pharmacokinetic parameters were: AUCg_54=67+11ughml';
AUCo_»,=84+38ughml~!; Ty, =8+6h; k,=0.35:0.08 1.

4. Conclusions
The first validated assay for crizotinib has now been fully

reported for mouse EDTA-disodium plasma samples. The sensi-
tive LC-MS/MS assay uses a fast and simple sample pre-treatment
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method. The results show values of accuracy, precision, recovery
and stability allowed by international guidelines [10-12]. The new
assay was successfully used for a pharmacokinetic mouse study
of the drug with simultaneous semi-quantitative analysis of the
oxidative metabolites of crizotinib, and can be used for future stud-
ies in uptake, metabolism and clearance of crizotinib.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jchromb.
2012.08.021.
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