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a b s t r a c t

Axitinib (AG-013736) is a potent investigational drug that has antitumor activity in patients with
metastatic renal cell carcinoma and other types of cancers. In this study, ion mobility spectrometry and
“direct analysis in real time” (DARTTM) mass spectrometry were used to rapidly identify AG-013736 in
drug substance samples and 1 mg Axitinib tablets. The plasmagrams of the sample solutions exhibited a
major peak with a reduced ion mobility that was within ±0.0002 cm2 V−1 s−1 of that for AG-013736 in
eywords:
on mobility spectrometry
irect analysis in real time
ass spectrometry

xitinib

an external reference standard solution. The DART ionization source was coupled with both a time-of-
flight mass spectrometer and a lower-resolution ion trap mass spectrometer. Samples were analyzed
by this technique in as little as 5 s with minimal to no sample preparation required. The isotopic
masses of the protonated dimer ions of AG-013736 were used to identify AG-013736 in the active
tablet. Both techniques were also used to develop low-level limit tests for rapidly verifying the pres-
ence or absence of AG-013736 in blinded clinical supplies of active and matching placebo tablets of

Axitinib.

. Introduction

Axitinib (AG-013736) is a potent and orally bioavailable drug
hat has exhibited promising antitumor activity, both as a single
gent and in combination with other anticancer agents, during clin-
cal trials in patients with metastatic renal cell cancer [1], advanced
on-small-cell lung cancer [2], advanced thyroid cancer [3], and
ther types of tumors [4]. The chemical structure of AG-013736 is
hown in Fig. 1.

Ion mobility spectrometry (IMS) and “direct analysis in real
ime” (DARTTM) mass spectrometry are rapid and sensitive tech-
iques that have been used to detect trace levels of numerous
ompounds, including illicit drugs [5–8], explosives [7,8], and
hemical warfare agents [9,10]. These techniques have also been
sed to distinguish between authentic and counterfeit drug prod-
cts [5,11]. In addition, ion mobility spectrometry has been used to

etect undeclared drugs in dietary supplements [12,13], and to dif-
erentiate 10 mg baclofen tablets from matching placebo tablets in
linded clinical supplies [14]. Unlike UV spectrometry, both of these
echniques can detect analytes without chromaphores; in addition,
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columns and mobile phase solvents are not required as in HPLC.
IMS is a gas-phase electrophoretic technique that utilizes a weak

electric field to separate ionized compounds based on factors such
as their charge, mass, size, shape, and electrostatic interactions
with the neutral molecules of the surrounding “drift gas,” which
is present at ambient pressure [15,16]. As they migrate through
the drift gas, each ionic species quickly reaches a constant and
characteristic “drift velocity” that is proportional to the applied
electric field strength. The proportionality constant, corrected to
standard temperature and pressure conditions, is known as the
reduced mobility (K0) of the ion. The time required for each ion-
ized compound to reach the detector at the end of the drift tube is
defined as its “drift time.” A plot of ion intensity versus drift time
is known as a plasmagram.

DART-MS, on the other hand, combines an ambient ionization
source with a mass analyzer that separates the ions based on their
mass-to-charge ratio (m/z) [7,17]. This ionization source generates
a heated stream of excited-state gaseous atoms or molecules that
are sprayed across an open-air gap toward the inlet of the mass
spectrometer. The sample is placed within this stream and ionized
before entering the mass spectrometer.

In this paper, we demonstrate how IMS and DART-MS can be

used as orthogonal techniques to rapidly identify AG-013736 in
AG-013736 drug substance samples and to verify the presence
or absence of AG-013736 in 1 mg Axitinib and matching placebo
tablets. These tablets were chosen because AG-013736 is present in
the active tablets at only about 1.0 wt%, which can make absence of
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Fig. 1. Chemical structures of AG-013736 and PF-03986964.

rug tests challenging to develop. In addition, Axitinib and match-
ng placebo tablets have been used in double-blind clinical studies,

here the identity of each drug product batch must be confirmed
rior to dosing patients.

. Materials and methods

.1. Samples and sample preparation

The reference standard lots of AG-013736 and PF-03986964
ere greater than 99.0% and 97.5% pure, respectively. The 1 mg
xitinib and matching placebo tablets were manufactured using
tandard pharmaceutical excipients [18]. HPLC solvent grade
ethanol was obtained from J.T. Baker (Phillipsburg, NJ) or

igma–Aldrich (St. Louis, MO). Ultra-high purity compressed
elium (99.999%) was obtained from ABCO Welding Supply (Water-

ord, CT).
Unless otherwise stated, all solutions for ion mobility analy-

is were prepared at a concentration of ≈20 �g/mL in methanol
nd analyzed in duplicate. In addition, the average K0 for each
ompound from these two analyses is reported. For identification
esting, a 1 mg Axitinib tablet was crushed and transferred into
n amber glass vial along with 50.0 mL of methanol. The vial was
apped and shaken at about 200 oscillations per min for 30 min. The
esulting suspension was then centrifuged to yield a clear super-
atant, which was transferred into a 2-mL amber glass HPLC vial. A
crew-on cap with a PTFE/silicone/PTFE septum was used to seal
his vial. For absence of drug testing, the same procedure was
ollowed except that 10 tablets were crushed and the combined
owder was shaken in 10.0 mL of methanol.

For DART-MS analysis, the reference standard or drug substance
owder was deposited onto a melting point capillary constructed
f borosilicate glass. The film-coated Axitinib tablets were cut in
alf and a melting point capillary was used to scratch off some
f the tablet core material for analysis. For absence of drug test-
ng, 10 tablets were crushed and transferred into an amber glass
ial. Approximately 10 �g of PF-03986964 dissolved in 10.0 mL of
ethanol was then added to this vial, and the sample was shaken

nd centrifuged as described above. The sample solution was then
oncentrated by allowing the methanol to evaporate to a final vol-
me of about 1 mL. A melting point capillary was then dipped into
he solution in order to obtain a sample for analysis.

.2. Ion mobility spectrometry

The plasmagrams were obtained using a Model 400B
ONSCAN®-LS ion mobility spectrometer that was equipped with

COBRA L/S autosampler and controlled using IM-Station v.

.389 software from Smiths Detection Scientific (Danbury, CT).
he spectrometer was operated in the positive ion mode using
efault control parameters and dried air as the drift gas. A 1-�L
liquot of the sample solution was deposited onto the PTFE fil-
er in the sample introduction tray, the methanol was allowed
Biomedical Analysis 55 (2011) 569–573

to evaporate, and the sample was vaporized using desorber and
inlet heater settings of 300 and 295 ◦C, respectively. The ana-
lyte was then ionized, presumably to the protonated molecular
ion [15,16], by atmospheric pressure chemical ionization using
a 15 mCi 63Ni radioactive source. The two-dimensional plasma-
gram of the sample was obtained using a scan period of 25 ms,
50 co-added scans per segment, 80 segments per analysis, and
an analysis time of 100 s. Nicotinamide was used as an internal
calibrant to calculate the K0 of the analyte as K0 = K0,nic(td,nic/td),
where K0,nic is the reduced ion mobility of nicotinamide (preset to
1.8600 cm2 V−1 s−1) and td,nic and td refer to the drift times of the
nicotinamide and analyte ions, respectively.

2.3. DART mass spectrometry

The mass spectra were obtained by coupling a Model DART
100 ion source from IonSense, Inc. (Saugus, MA) to either a
high-resolution time-of-flight (TOF) mass spectrometer or a lower-
resolution ion trap instrument. In both cases, the ion source was
operated in the positive ion mode. IonSense’s DART v.1.55 software
was used for instrument operation and data acquisition.

The individual samples were analyzed in as little as 5 s by man-
ually positioning the melting point capillary between the gas flow
exit of the ionization source and the orifice of the mass spectrom-
eter while monitoring the total ion chromatogram. It is generally
believed that the electronically excited helium atoms generated by
the DART ion source react with ambient water vapor to produce
hydronium ions that subsequently transfer a proton to the ana-
lyte [17,19]. Both the protonated molecular ion and the protonated
dimer ion of AG-013736 were observed.

2.4. DART time-of-flight mass spectrometry

The DART-TOF mass spectra were obtained using the DART ion-
ization source and a Model JMS-T100LC AccuTOF-DARTTM mass
spectrometer from JEOL USA, Inc. (Peabody, MA). A helium flow
rate of 1.2 L/min, needle electrode voltage of 3.5 kV, and gas tem-
perature of 300 ◦C were used for the DART ionization source. The
mass spectrometer was controlled using typical parameters and
JEOL’s MassCenter Main v. 1.3.0.1000 software.

2.5. DART ion trap mass spectrometry

The DART source was also interfaced to an LCQTM Deca XP ion
trap mass spectrometer from Thermo Fisher Scientific (Waltham,
MA) using a custom-built stage from IonSense. The ion trap instru-
ment was operated in selective ion monitoring mode centered at
m/z 387 and 389 for singly charged ions of AG-013736 and PF-
03986964, respectively. An m/z of 773 and 777 were used for the
corresponding dimer ions of these compounds. An m/z window of
20 was used in each case. Typical instrument parameters for the
LCQ Deca XP were used for these analyses.

3. Results and discussion

3.1. Identification test by ion mobility spectrometry

The plasmagram of the AG-013736 reference standard is shown
in Fig. 2. The K0 values of AG-013736 and PF-03986964, which is a
potential process-related impurity of AG-013736 [20], ranged from
0.9411 to 0.9413 and 1.0180 to 1.0182 cm2 V−1 s−1, respectively,

based on six injections of a 20-�g/mL solution of AG-013736 and
a 1-�g/mL solution of PF-03986964. These compounds are well
resolved (e.g., R ≈ 2.0 for a mixture containing 10 �g/mL of each)
[13], even though they have similar masses and chemical structures
as shown in Fig. 1.
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Fig. 3. Representative plasmagrams of a composite sample of 10 placebo tablets
spiked with (top) and without (bottom) 10 �g of AG-013736.
ig. 2. Representative plasmagrams of the AG-013736 reference standard solution
top), a 1 mg Axitinib tablet preparation (middle), and a placebo tablet preparation
bottom).

The K0 of AG-013736 was also independent of drug concen-
ration over a wide range, even though the peak height response
ecomes nonlinear at concentrations greater than ≈6.0 �g/mL.
or example, thirteen solutions were prepared between 0.6 and
9.3 �g/mL and the K0 of AG-013736 ranged from 0.9404 to
.9409 cm2 V−1 s−1.

In addition, 20-�g/mL solutions of AG-013736 were ana-
yzed on different days over a one-year period using two ion

obility spectrometers located in different laboratories within
he same building, and the K0 for AG-013736 was found to be
eproducible—ranging from 0.9404 to 0.9412 cm2 V−1 s−1.

This method was also used to identify AG-013736 in three drug
ubstance lots prepared at a concentration of ≈3 �g/mL. The plas-
agrams of the sample solutions exhibited a major peak with a

0 value that was within ±0.0002 cm2 V−1 s−1 of that for the AG-
13736 peak in the plasmagram of the external reference standard
olution.

The plasmagrams of the 1 mg Axitinib and placebo tablet prepa-
ations are compared to that of the AG-013736 reference standard
olution in Fig. 2. The plasmagram of the active tablet solution
lso exhibited a major peak with a K0 value that was within
0.0002 cm2 V−1 s−1 of that for AG-013736 in the reference stan-
ard solution. In addition, there are no excipient-related peaks that

nterfere with the identification of AG-013736.
This method was also used to correctly differentiate between

ctive and matching placebo tablets that were submitted as blinded
amples for analysis.

.2. Absence of drug test by ion mobility spectrometry

Ion mobility spectrometry can also be used with more concen-
rated solutions to demonstrate the absence of drug in placebo
ablet samples. For example, the plasmagrams in Fig. 3 show that
his technique is sensitive enough to detect less than 0.1% of the
otal amount of AG-013736 that would be present in a composite
ample of 10 active tablets. This level is the same as the ICH report-

ng threshold for degradation products in new drug products with

aximum daily doses of 1 g or less [21]. Therefore, this method
an be used as a limit test to demonstrate that AG-013736 is not
resent in these tablets above this threshold.
3.3. Identification test by DART mass spectrometry

The DART-TOF mass spectrum of AG-013736 was collected
in the region of the protonated molecular ion, [M + H]+ where
M = C22H18N4OS, and the protonated dimer ion, [2M + H]+. The
spectra in both regions were similar to the simulated spectra that
were calculated using JEOL’s Isotopic Simulator v. 1.3.0.0 program
and a resolution of 6000 (FWHM); however, the protonated dimer
region was selected for use in the development of an identification
test because there were fewer interfering background ion peaks
observed in this region. In fact, Table 1 shows that the isotope peaks
in the spectrum of the protonated dimer ion of AG-013736 have
centroid masses and relative intensities that are within ±3.5 ppm
and ±2.6% of the theoretical values, respectively.

As shown in Fig. 4, the mass spectrum of the 1 mg Axitinib
tablet matches that of the AG-013736 reference standard. In fact,
the four most intense peaks in the active tablet spectrum have
masses and relative intensities that are within ±2.6 ppm and
±1.8% of those in the spectrum of the reference standard, respec-
tively. In addition, the spectrum of the placebo tablet shows that
there are no interfering excipient-related peaks in this spectral
region.

The well-resolved isotope pattern obtainable with a time-of-
flight mass spectrometer offers unambiguous identification of
AG-013736 in drug substance and tablet samples with multiple
degrees of confirmation. However, a high-resolution mass spec-
trometer is not required for this identification test. For example, the
mass spectra of the AG-013736 reference standard and 1 mg Axi-
tinib tablet samples exhibited major peaks with masses and relative

intensities that were indistinguishable compared to the resolution
of an ion trap mass spectrometer.
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Table 1
Isotope peaks in the protonated dimer ion region of the DART-TOF mass spectrum of AG-013736.

Mass (m/z) Relative intensity (%)

Measureda Calculated Error (ppm)b Measureda Calculated

773.2498 (21) 773.2481 2.2 100 100
774.2524 (33) 774.2510 1.8 52.7 (1.2) 52.6
775.2473 (70) 775.2499 −3.5 22.6 (0.5) 23.0
776.2508 (6) 776.2503 0.7 7.4 (0.4) 7.2

a Mean and standard deviation based on five measurements.
b Error (ppm) = [(measured mass − calculated mass) × 106]/(calculated mass).

Fig. 4. Representative DART-TOF mass spectra of AG-013736 (top), 1 mg Axitinib
tablet (middle), and placebo tablet (bottom) samples. The spectrum of the placebo
t
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The authors would like to thank Charles Palmer, James Morgado,
ablet has been expanded to show that there is no evidence of AG-013736 in this
ample.

.4. Absence of drug test by DART mass spectrometry

DART-MS can also be used to demonstrate that AG-013736 is
ot present in the placebo tablets above the ICH reporting threshold
f 0.1%. In this case, PF-03986964 was added to the sample solu-
ion in order to demonstrate that the melting point capillary was
roperly positioned between the ionization source and the mass
pectrometer and that a compound similar to AG-013736 could
e detected at the 0.1% level. In addition, the protonated molecu-

ar ion region of AG-013736 and PF-03986964 was used instead of
he protonated dimer region in order to achieve the lowest limit
f detection possible. As shown in Fig. 5, PF-03986964 was eas-
ly detected in this sample; in addition, there was no evidence of
he AG-013736 peak at m/z 387 in the bottom spectrum. There-

ore, DART-MS can be used as a limit test to demonstrate that
G-013736 is not present in these tablets above this reporting

hreshold.
Fig. 5. Representative mass spectra of a 1 mg Axitinib tablet sample (top) and a
composite sample of 10 placebo tablets spiked with 10 �g of PF-03986964 (bottom)
using DART ion trap mass spectrometry.

4. Conclusions

This study demonstrates that ion mobility spectrometry and
DART mass spectrometry can be used as rapid identification meth-
ods for AG-013736 in AG-013736 drug substance and 1 mg Axitinib
tablet samples with minimal to no sample preparation required
prior to analysis. These techniques were also used to develop low-
level limit tests in order to demonstrate the absence of drug in
matching placebo tablets of Axitinib. Therefore, these methods can
be used to verify the presence or absence of AG-013736 in blinded
clinical supplies of active and matching placebo tablets of Axitinib.
In addition, these methods should be useful for identifying coun-
terfeit Axitinib tablets that do not contain AG-013736.
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