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Abstract

The purpose of this study was to develop and validate a robust and sensitive LC-MS/MS method
for simultaneous determinations of various tyrosine kinase inhibitors (TKIs) in biological samples
and to apply the method to their pharmacokinetic studies. Processed samples were injected into
the UHPLC system coupled to an ESI-triple quadrupole mass spectrometer. The compounds were
separated on an AcQuity UHPLC BEH C18 column (50 mm x 2.1 mm ID, 1.7 ym) using a
gradient elution of acetonitrile/0.1% formic acid in water. The mass analysis was performed

in an APl 3200 Qtrap mass spectrometer via selective reaction monitoring operated under a
positive scanning mode. The method was validated over a linear range of 3.13-800 nM for
erlotinib; 6.25-1600 nM for sunitinib, pazopanib, and axitinib; and 12.5-3200 nM for sorafenib,
dasatinib, lapatinib, and nilotinib, respectively. The intra-day and inter-day precision were <16.7%
for quality control samples of the analytes at the low concentration level and <13.7% for all

other concentrations. The accuracy (bias) for all analytes at three different concentration levels
ranged from —12.2% to 15.0%. The recovery, matrix effect, and stability were all in the range of
acceptance. Only 10 pl of blood were needed, demonstrating the method’s high sensitivity. The
presented method was shown to be suitable for the analysis of serial blood samples collected from
each mouse in a pharmacokinetic study, after the oral administration of 11 TKIs (each at 1 mg/kg)
as a mixture.
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Introduction

Tyrosine kinase inhibitors (TKIs) have revolutionized the treatment of many cancers as

a targeted therapy in the last two decades. Since the first TKI imatinib was approved in
2001 by the FDA, a total of ~30 TKIs have been approved as of 2016 [1]. TKIs are

small molecules that are orally administered to target specific tyrosine kinases. Tyrosine
kinases are important enzymes that regulate cellular signal transduction, as well as cellular
proliferation, differentiation, migration and apoptosis. Deregulation of tyrosine kinase
function (e.g., via mutation) has been implicated in the development of many cancers. TKIs
mediate the anti-tumor effects by interfering in the specific molecule pathways involved in
tumor cell growth [2,3].

Despite the great benefits gained from TKI therapy, increasing cases of treatment failure

due to drug resistance and toxicity have been reported [4,5]. There are a variety of
underlying mechanisms leading to acquired resistance, including point mutations within

the kinase domain, bypass of signaling pathways, and the overexpression of ABC (ATP-
binding cassette) transporters [6-8]. One of the most promising approaches in overcoming
the resistance utilizes different combinations of TKIs to target additional tyrosine kinases
beyond the primary target, or these combinations may reverse the pathway responsible

for transporter-mediated resistance [8-11]. Compared to conventional chemotherapy, TKIs
have well-defined molecular targets and different toxicity profiles. The most common side
effects of TKIs are rashes, diarrhea, hypertension, bleeding, and hepatotoxicity [5,12,13].
Hence, more effective therapies via combinational approach are warranted in order to
improve the therapeutic outcomes. In fact, several preclinical and clinical trials of combining
different TKIs are actively ongoing [11,14-16]. Moreover, TKIs show high interpatient
pharmacokinetics variability, possibly due to food intake, co-administered drug, disease or
other factors. This variation in drug levels would lead to drug toxicity or sub-therapeutic
efficacy. Several reports have suggested that plasma concentrations are more predictive than
administered dose in predicting treatment response [17-19]. Therefore, in order to explore
potential TKIs combinations, investigate the drug-drug interactions (DDI) of different TKIs,
and monitor the targeted drug exposure after combination therapy, it is essential to develop a
robust and sensitive bioanalytical assay to quantify commonly used TKIs simultaneously.

Several analytical methods using UHPLC-MS/MS for quantification of various TKIs have
been published so far. Most of the assays were developed for the determination of a

single TKI or its metabolites. A few methods were able to quantify more than six TKIs
simultaneously. Bouchet et al. reported an assay quantifying 9 TKIs simultaneously using
96-well solid-phase extraction [20]. Andriamanana et al. and Huynh et al. described the
methods for the simultaneous analysis of 9 TKIs and 14 TKIs in human plasma, respectively
[21,22]. However, all these methods required 50-300 pl plasma for the sample preparation,
which is difficult to achieve in small animal models, especially mice. Therefore, to fulfill
this gap, we developed and validated a simple and sensitive UHPLC-MS/MS method for
the simultaneous quantification of 8 commercial TKIs in rodent blood, erlotinib, sorafenib,
sunitinib, dasatinib, lapatinib, nilotinib, pazopanib, and axitinib. All procedures followed
the FDA guidelines for bioanalytical method validation, because of need to perform the
preclinical pharmacokinetic studies of various TKIs when used in combination [23].
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Experimental

2.1. Chemicals and reagents

2.2.

Imatinib, gefitinib, erlotinib hydrochloride, sorafenib tosylate, sunitinib malate, dasatinib,
lapatinib, nilotinib, pazopanib hydrochloride, axitinib, and afatinib were purchased from

LC laboratories (Woburn, MA, USA). Testosterone was purchased from Sigma—Aldrich (St.
Louis, MO, USA). Acetonitrile, methanol, and water (LC—-MS grade) were purchased from
EMD (Gibbstown, NJ, USA). Formic acid was purchased from Fisher Chemical (Pittsburgh,
PA, USA). DMSO was purchased from Corning (Manassas, VA, USA). All other chemicals
were used as received.

Instruments and conditions

2.2.1. UHPLC—The ultra high-performance liquid chromatography (UHPLC) conditions
for the separation of 8 TKIs and testosterone (IS) were the following: system, Waters
Acquity™ with diode array detector (DAD); column, Acquity UHPLC BEH C18 column
(50 mm x 2.1 mm 1.D., 1.7 ym, Waters, Milford, MA. USA); mobile phase A, 0.1% formic
acid in water; mobile phase B, 100% acetonitrile; gradient: 0-0.5 min, 10% B, 0.5-1.5 min,
10-30% B, 1.5-3.5 min, 30-70% B, 3.5-3.8 min, 70-95% B, 3.8-5.5 min, 95% B, 5.5-6.0
min, 95-10% B, 6.0-6.5 min, 10% B; flow rate, 0.45 ml/min; column temperature, 45°C;
sample temperature, 10°C; and injection volume, 10 pl.

2.2.2. MS—The MS analysis was performed on an APl 3200 Qtrap triple quadrupole
mass spectrometer (AB Sciex, Foster City, CA, USA) equipped with a Turbolon Spray™
source. The detection of the agents was performed by using selective reaction monitoring
(SRM) scan type in the positive ion mode. The instrument dependent parameters were set

as follows: ionspray voltage, 5.5 kV; ion source temperature, 550°C; nebulizer gas (gas

1), nitrogen, 20 psi; turbo gas (gas 2), nitrogen, 40 psi; curtain gas, nitrogen, 30 psi. The
selected m/ztransitions and compound dependent parameters were listed in Table 1 [24-27].

2.3. Preparation of calibration standards and quality control samples

The stock solutions for each analyte, erlotinib, sorafenib, sunitinib, dasatinib, lapatinib,
nilotinib, pazopanib, and axitinib, were prepared in DMSO at a concentration of 4 mM.

The stock solutions were stored in amber glass containers at —20°C. To prepare standard
curve samples in blood, the stock solutions of different analytes were mixed and further
diluted with acetonitrile to obtain the working solutions from 31.3 to 8000 nM for erlotinib;
62.5-16000 nM for sunitinib, pazopanib, and axitinib; and 125-32000 nM for sorafenib,
dasatinib, lapatinib, and nilotinib. Subsequently, the working solutions (10 pl) were spiked
into 10 pl blank rodent blood, and 100 pl internal standard (2 uM testosterone in acetonitrile)
was added for protein precipitation. The mixture was vortexed vigorously for 1 min and
centrifuged at 15,000 rpm for 15 min. Then a volume of 100 pl supernatant was transferred
to a new tube and evaporated to dryness under a stream of air. The residue was reconstituted
in 100 pl of 50% acetonitrile. After centrifuge at 15,000 rpm for 15 min, 10 ul of the
supernatant was injected for analysis. The final concentrations of these agents were 3.125,
6.25, 12.5, 25, 50, 100, 200, 400, 800 nM for erlotinib; 6.25, 12.5, 25, 50, 100, 200, 400,
800, 1600 nM for sunitinib, pazopanib, and axitinib; and 12.5, 25, 50, 100, 200, 400, 800,
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1600, 3200 nM for sorafenib, dasatinib, lapatinib, and nilotinib. The quality control (QC)
samples at three different concentrations were prepared in the same way as calibration
standards.

2.4. Method validation

2.4.1. Linearity and lower limit of quantification—Calibration curves were
prepared as described in 2.3. The linearity of each calibration curve was determined by
plotting the peak area ratio of each analyte to IS versus the concentrations of the analyte.
A least-squares linear regression method (1/x2 weight) was fitted to determine the slope,
intercept and correlation coefficient of linear regression equation. The lower limit of
quantification (LLOQ) is the lowest concentration which could be determined accurately
and precisely with a signal-to-noise ratio (S/N) of at least 5:1.

2.4.2. Selectivity—The selectivity was assessed by comparing the chromatograms of
eight different batches of blank mice blood with the corresponding spiked LLOQ blood
samples. As a multi-analyte assay, cross-analyte and IS interference was evaluated by
spiking blank blood samples with each analyte (the 8 studied TKIs in the assay, imatinib,
gefitinib, and afatinib) at upper limit of quantification (ULOQ) level and IS at working
concentration separately. The method is considered selective if the response is less than 20%
of analyte at LLOQ level and less than 5% for IS at the working concentration.

2.4.3. Precision and accuracy—The intra-day and inter-day precision and accuracy
were determined by analysis of QC samples at three different concentrations (low, medium,
and high) on the same day or three different days. The coefficient of variation (CV, %)

was taken as a measure of precision, and the percentage of deviation between the measured
concentration and the nominal value was considered a measure of accuracy.

2.4.4. Recovery and matrix effect—The extraction recovery of the 8 TKIs was
determined by comparing the peak areas obtained from samples where blank blood was
spiked with the analytes before the extraction against samples where the analytes were
spiked into these post-extracted blood samples. The matrix effect was determined by
comparing the response obtained from blank blood extracts spiked with analytes to those
aqueous standards dried and reconstituted. Both recovery and matrix effect were examined
at low, medium, and high concentration QC levels for each drug.

2.4.5. Stability—The stabilities of these compounds were evaluated by analyzing three
replicates of QC samples at low and high concentrations following storage at room
temperature for 8 h, at —80°C for 7 days, and after three freeze-thaw cycles (from -80°C
to 25°C). The postpreparative stability was determined by keeping the QC samples in the
autosampler at 10°C for 12 h. The stock solutions of each analyte were also evaluated for
stability at —20°C in dark for ~2 months.

2.5. Application of the method for mice pharmacokinetics study

2.5.1. Animals—The animal protocols used in this study were approved by the
University of Houston’s Institutional Animal Care and Use Committee. Male FVB wild-type
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mice (25-30 g, 10-12 weeks old) were from Harlan Laboratory (Indianapolis, IN) and kept
in an environmentally controlled room (temperature: 25 + 2°C, humidity: 50 + 5%, 12 h
dark-light cycle) for at least 1 week before the experiments.

2.5.2. Experimental design—The mice were fasted overnight with free access to water
before the day of the experiment. A mixture of 11 TKIs (imatinib, gefitinib, afatinib, and

the 8 studied drugs in the assay) was suspended in oral suspension vehicle with a final
concentration of 0.06 mg/ml for each and administered to mice by oral gavage at a dose of

1 mg/kg. Blood samples (about 15 pl) were collected in heparinized tubes from the tip of
the mouse tail at 15, 30, 45, 60, 120, 240, 360, 480, and 1440 min. The blood samples were
stored at —80°C until analysis.

2.5.3. Sample preparation—The blood sample (10 pl) was spiked with 10 pl of
acetonitrile and 100 pl of IS. The following steps were in the same way as described in
Section 2.3, except that the final residue was reconstituted in 50 ul of 50% acetonitrile,
instead of 100 pl, in order to increase the response of each analyte.

2.5.4. Pharmacokinetic parameters calculation—The pharmacokinetic parameters
were calculated by the non-compartmental model using WinNonlin 3.3 (Pharsight, Mountain
View, CA).

3. Results and discussion

3.1.

Method development

The method was developed by optimizing both UHPLC and MS conditions to obtain

the optimal peak shapes, chromatographic separation, and sensitivity. Ammonium acetate
(2.5 mM, pH 6.5), and 0.1-0.2% formic acid in water were used as mobile phase A.
Methanol, acetonitrile, and 0.1-0.2% formic acid in acetonitrile were used as mobile phase
B. The mobile phases were finally set as 0.1% formic acid in water (mobile phase A) and
acetonitrile (mobile phase B) according to the peak separation, shape and intensity. The
analysis was 6.5 min per run. All the TKIs and IS were eluted within 4 min, followed

by a 1.7 min rinsing step with 95% acetonitrile and a 0.5 min conditioning step with

10% acetonitrile. No carryover was detected in the blank blood sample after injecting the
calibration standard with the highest concentration.

For the MS conditions, positive mode was selected for all agents. Selective reaction
monitoring (SRM) scan type was used to improve the specificity in this analysis. The
product ion with the highest abundance was selected as the transition for each analyte.

The product ion spectra and the proposed fragmentation pathways for the eight TKls and

IS are shown in Fig. 1 [24-27]. To improve the sensitivity, the instrument dependent
parameters and the compound dependent parameters were optimized by tuning these
analytes separately. Testosterone was selected as IS because it possesses the chromatography
behavior that is similar to the analytes of interest. The optimized MS/MS transitions and

the compound dependent parameters of all the analytes and IS are summarized in Table 1
[24-27]. A typical chromatogram of a standard sample containing all TKIs and IS is shown
in Fig. 2. Sunitinib was present with two peaks at the same MS/MS transition (77/2399.4 —
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283.1) because of an E/Z isomerization reaction as reported before. It has been demonstrated
that the transition of E/Z configurations with an equal MS response is induced by light
exposure and is reversible [28,29]. Therefore, the sum of both sunitinib isomers was used for
quantification.

Method validation

The method was validated in agreement with the Food and Drug Administration (FDA)
guidance for bioanalytical method validation [23].

3.2.1. Linearity and lower limit of quantification—The standard curve was linear
from 3.13 to 800 nM for erlotinib; 6.25-1600 nM for sunitinib, pazopanib and axitinib; and
12.5-3200 nM for sorafenib, dasatinib, lapatinib, and nilotinib. The correlation coefficients
(r?) were at least 0.99 for all calibration curves. The accuracies were within 85% — 115% for
the blood calibration standards at all concentration levels. The lower limit of quantification
(LLOQ) was 3.13 nM for erlotinib; 6.25 nM for sunitinib, pazopanib, and axitinib; and 12.5
nM for sorafenib, dasatinib, lapatinib, and nilotinib.

3.2.2. Selectivity—Selectivity is the ability of an analytical method to differentiate and
quantify the analyte in the presence of other components in the sample [23]. No peaks
from endogenous matrix components were observed at the retention time of all the analytes
and IS in the blank blood from the eight mice. In addition, as the method was applied to
quantify more than one analyte, it was also important to check the potential interference
from different compounds that might be present in the real samples. Therefore, in addition
to the 8 studied TKIs in the present assay, another three commonly used TKIs (imatinib,
gefitinib, and afatinib) in patients were also added to blank blood separately to assess the
cross-interference. The response detected at the retention time for each TKI was <20% of
that at LLOQ and <5% for IS at working concentration, which was within the acceptance
criteria.

3.2.3. Precision and accuracy—The intra-day and inter-day precision and accuracy
were determined by analyzing QC samples at low, medium, and high concentration levels

of the calibration range with five replicates. The assay performance is summarized in Table
2. The intra-day precision was <14.3% for all QC samples at three different concentration
levels. The inter-day precision of the analytes was <9.6% at high and medium concentration
levels and <16.7 for low concentrations. The intra-day and inter-day deviation (bias) from
the nominal concentrations was within £15% for all analytes at all concentration levels. The
results showed that the precision and accuracy fell into the acceptance range, suggesting that
the method was reproducible for the quantification of the investigated TKIs.

3.2.4. Extraction recovery and matrix effect—The extraction recovery and matrix
effect were determined using three replicates of QC samples at three concentration levels
as listed in Table 3. Acetonitrile was used to extract the 8 TKIs in blood samples. The
recoveries were not less than 85% for all analytes at low, medium, and high concentration
levels, indicating that the analyte was recovered during the sample preparation process.

J Pharm Biomed Anal. Author manuscript; available in PMC 2021 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heetal.

Page 7

As for the matrix effects on the LC-MS analysis, the results showed that the relative peak
areas of the analytes after spiking evaporated blood samples at three concentration levels
were comparable to those similarly prepared aqueous standard solutions, which suggested
that the method was not adversely affected by matrix effects in the quantification of the
analytes in blood.

3.2.5. Stability—Short-term (25°C for 8 h), long-term (-80°C for 7 days), three freeze-
thaw cycles, and post-preparation stabilities were determined for all analytes in triplicate

at each of the low and high concentrations. No significant degradation was observed under
these storage conditions. The concentrations of all analytes in the stability test samples fell
within 85%-115% of the concentrations in the fresh prepared controls. The results of the
stock solution stability experiments showed that all the analytes were stable when stored at
—20°C for ~2 months. The percentage of deviation for the measured concentrations between
post-storage and the freshly prepared stock solutions was less than 10% for each analyte.

3.3. Application in pharmacokinetic study in mice

The applicability of the validated method was demonstrated by studying the
pharmacokinetic behaviors of 11 TKIs (at 1 mg/kg each) as a mixture in FVB wild-type
mice (n = 4) after an oral administration. In addition to the eight studied drugs in the present
method, another three TKIs, imatinib, gefitinib, and afatinib were added to determine if

the presence of these three agents would interfere with the determination of the eight
investigated TKIs, as well as the feasibility of the method to be extended to analyze more
TKis.

The results showed that at this dose, only pazopanib and sorafenib produced complete 24

h pharmacokinetic profiles. The mean blood concentration-time profiles of pazopanib and
sorafenib are shown in Fig. 3. The estimated pharmacokinetic parameters are listed in Table
4. It revealed that pazopanib reached a maximum concentration (Cynax) of 717.0 + 205.5
ng/ml at approximately 97 min. For sorafenib, the Cyax Was 154.3 + 30.4 ng/ml, and T max
was 60 min. The AUC (area under the curve) values reflected that the systemic exposure

to pazopanib (248812.5 + 65971.3 min ng/ml) was 7.5 times higher than that of sorafenib
(33489.4 + 6766.4 min ng/ml) in mice.

The other compounds could only be detected at certain time point(s) due to low dose as
summarized in Table 5. Erlotinib reached the Cypax 147.1 + 62.2 ng/ml in 15 min, suggesting
that erlotinib was absorbed rapidly after administration. No interference was observed for
the determination of the drugs studied in the assay at the presence of imatinib, gefitinib,

and afatinib as described in Section 3.2.2. In addition, both imatinib and gefitinib could

also be detected and possibly measured by simply adjusting their compound-dependent mass
parameters to the present assay. Afatinib was not detected at this dose.

Although we successfully applied the validated method for the simultaneous measurement
of the selected TKIs, we were not able to fully describe their PK profiles because the
concentrations at some sampling points were not measurable (below LLOQ). Because of

the distinct pharmacokinetic characteristics and complex drug-drug interactions among these
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compounds, PK studies with higher and yet reasonable doses for different agents are needed
in order to determine their PK parameters and profiles [30-33].

4. Conclusion

A rapid, specific and sensitive UHPLC-MS/MS method was developed and validated for
the simultaneous determination of 8 tyrosine kinase inhibitors in rodent blood. The main
advantages of this method are: (1) a small volume of blood sample (10 pl) is needed; (2)
sample preparation procedures are simple and fast; (3) rapid analysis (6.5 min); (4) good
recovery and minor matrix effect; and (5) the IS (testosterone) is easy to access for lab
experiments. The method was successfully applied to the pharmacokinetic study in mice. In
addition, even though eight TKIs were studied as representatives for this class of drugs in the
present method, this assay is expected to be applied to the analysis of other TKIs as these
drugs possess similar chemical properties. Furthermore, this method is also valuable for
therapeutic drug monitoring in patients as well as the investigation of drug-drug interactions
of different TKIls in clinical trials. It should allow a higher sensitivity than that reported here
because a larger volume of blood sample is usually available in human, which may be used
to concentrate the compounds of interest before analysis.
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Fig. 1.
The MS/MS chromatograms and proposed fragmentation pathways for the eight tyrosine

kinase inhibitors (TKIs) and testosterone (1S).
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Fig. 2.

A representative SRM chromatogram of a calibration standard spiked in blank blood
containing 1) sunitinib, 2) pazopanib, 3) axitinib, 4) dasatinib, 5) erlotinib, 6) nilotinib,
7) lapatinib, 8) sorafenib, and 9) testosterone (IS).
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Blood concentration of sorafenib and pazopanib after oral administration of 1 mg/kg as a
mixture of 11 TKIls in FVB wild-type mice. Each point is the average of four determinations
and the error bars are standard deviations of the mean.
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Table 3

Extraction recovery and matrix effect of eight TKIs.

Analyte Nominal Concentration (nM)  Extraction Recovery (%) (n=3) Matrix Effect (%) (n=3)
Erlotinib 400 87.6 96.6
50 100.3 100.7
6.25 91.6 110.7
Sorafenib 1600 106.5 110.1
200 106.8 111.0
25 105.2 118.9
Sunitinib 800 113.8 103.4
100 104.6 97.4
125 110.1 82.3
Dasatinib 1600 85.0 104.4
200 96.2 102.1
25 102.2 93.6
Lapatinib 1600 97.4 110.3
200 100.1 105.1
25 108.3 116.8
Nilotinib 1600 96.3 97.4
200 108.3 114.1
25 116.0 113.7
Pazopanib 800 101.1 85.1
100 100.7 85.1
125 93.8 82.9
Axitinib 800 102.0 92.1
100 93.2 88.5
125 88.2 90.8
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Table 4

Pharmacokinetic parameters of sorafenib and pazopanib after oral administration of 1 mg/kg as a mixture of
11 TKIs in mice (n = 4).

Analyte Chmax (Ng/ml)  Tpax (Min)  AUCq; (min ng/ml)

Sorafenib 1543304  60.0+40.6 33489.4 +6766.4
Pazopanib  717.0+205.5 97.5+66.5 248812.5+65971.3
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