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Abstract

Background: Dasatinib, nilotinib, and bosutinib, second-generation tyrosine ki-
nase inhibitors (TKIs), and ponatinib, a third-generation TKI, are approved pharma-
ceuticals used in the treatment of chronic myeloid leukemia (CML). Although liquid
chromatography-tandem mass spectrometry assays for simultaneous quantifica-
tion of the four TKls in human serum have been reported in the literature, a high-
performance liquid chromatography (HPLC) assay that simultaneously quantifies
these compounds has not yet been developed. This study aims to establish and vali-
date an efficient HPLC analytical method using a photodiode array (PDA) detector for
the simultaneous quantification of the four TKis.

Methods: Calibration standards were prepared by serial dilution of serum samples
containing the four TKis, followed by solid-phase extraction. The four TKls were
eluted in order within 10 min using a binary HPLC gradient system.

Results: The calibration ranges were 2-500ng/ml for dasatinib, 100-5000 ng/ml for
nilotinib, and 10-500 ng/ml for bosutinib and ponatinib. Intra-day and inter-day preci-
sion and accuracy values were found to be in accordance with the U.S. Food and Drug
Administration guidelines. The recovery rates were 92.9%-96.0%, 80.7%-86.1%,
91.6%-99.0%, and 86.4%-92.6% for dasatinib, nilotinib, bosutinib, and ponatinib,
respectively.

Conclusion: To the best of our knowledge, this is the first report of an HPLC-PDA
analytical method that allows efficient simultaneous quantification of the four TKls in
the serum of patients with CML. We believe that the method developed herein can
improve the efficiency of therapeutic drug monitoring in patients with CML in clinical

practice.
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1 | INTRODUCTION

Since 2001, when imatinib was introduced as a tyrosine kinase in-
hibitor (TKI), the prognosis of chronic myeloid leukemia (CML) has
improved considerably; however, one-third of patients still experi-
ence treatment failure because of developed resistance or intoler-
ance to imatinib. To overcome this limitation, new-generation TKls
with greater potency against BCR-ABL1 kinase, and different safety
profiles have been developed. Dasatinib and nilotinib, which are
second-generation TKiIs, are effective against imatinib-resistant or
imatinib-intolerant CML.22 In 2010, these agents were used to treat
newly diagnosed CML patients, achieving a higher optimal response
rate and a lower risk of progression. Compared to imatinib, dasatinib,
and nilotinib have shown 325-fold and 25-fold higher inhibitory ef-
fects against BCR-ABL1, respectively; thus, they are expected to be
as effective as imatinib as standard treatments for CML patients.*
Use of bosutinib, another second-generation TKI, is also an effective
treatment option for patients who have developed resistance or in-
tolerance to other TKls. The major molecular response (MMR) rate
was significantly higher in patients taking bosutinib, compared to
imatinib.>¢ Moreover, ponatinib, a third-generation TKI, is effective
in patients with acquired T351l-mutated BCR-ABL and those with
resistance or intolerance to other TKls.”

However, these TKIs are associated with frequent adverse events
(AEs) such as pleural effusion when using dasatinib,®? total bilirubin
or lipase increase when using nilotinib,*® and diarrhea when using
bosutinib.!! Such AEs are the most significant factors responsible for
treatment discontinuation. In addition, a higher dose of ponatinib is
associated with a higher incidence of AEs.*?

The efficacy of therapeutic drug monitoring (TDM) for dasati-
nib and nilotinib treatment may depend on the association between
drug concentrations in the blood and the therapeutic effect or AE
development.9’13 The treatment efficacy and AEs associated with
other TKIs may also be correlated with the serum and plasma drug
concentrations. If there is a correlation between drug concentra-
tions in blood and drug efficacy, as indicated by MMR, cytogenetic
response (CyR), and hematological response (HR), optimizing the
dosing regimen could improve patient survival rate and quality of
life. Therefore, the relationship between pharmacokinetic/pharma-
codynamic parameters and the efficacy and safety of TDM in clinical
patients with CML should be determined.

Although multicenter studies on liquid chromatography-tandem
mass spectrometry (LC-MS/MS) assays for multiple TKls have been
conducted, "8 clinical use remains challenging. In addition, high-
performance liquid chromatography (HPLC) assays that quantify

each TKI separately have already been reported in literature.1417-2°

Efficient simultaneous quantification of second-generation and
later-generation TKls using HPLC with photodiode array (PDA) de-
tectors would improve TDM; however, such a method for dasatinib,
nilotinib, bosutinib, and ponatinib has not yet been developed.

This study aims to establish and validate an HPLC-PDA analytical
method for the simultaneous quantification of the four TKls. The
method was used for serum concentration analyses of samples ob-

tained from patients with CML.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Dasatinib (98.44%), nilotinib (99.77%), and ponatinib (98.96%) were
obtained from ChemScene; bosutinib (298%) was obtained from
Cayman Chemical; HPLC-grade acetonitrile was obtained from
Merck KGaA; and potassium dihydrogen phosphate, phosphoric
acid, HPLC-grade methanol, and isopropanol were obtained from

Nacalai Tesque. Pooled human serum was obtained from Cosmo Bio.

2.2 | HPLC settings

An integrated HPLC system with PDA detector LC-2040C 3D Plus
(Shimadzu Corporation) was used with a Cadenza CX-C18 analytical
column (3.0 pm, 250mmx 3 mm, IMTACT, Japan). The column tem-
perature was 40°C. The injection volume of the prepared sample
was 20pl. The autosampler temperature was 4°C. Mobile phase A
was 0.5% KH,PO, (pH 3.5) - methanol (80:20). Mobile phase B was
acetonitrile-methanol (80:20). The flow rate was 0.5 ml/min. The
binary gradient program was 30%-70% B at 0-3 min, held 70% B at
3-4.5 min, 70%-30% B at 4.5-4.51min, held 30% B at 4.5-10 min.
The ultraviolet detection wavelengths for PDA were 233 nm for da-
satinib, 261 nm for nilotinib, 267 nm for bosutinib, and 285nm for
ponatinib. The wavelengths were individually set by considering the
maximum absorbance wavelengths and the suppression of the influ-

ence of interfering components.

2.3 | Calibration standards and quality controls

Stock solutions for the four TKls were mixed and diluted to a con-
centration of 0.5 mg/ml, prepared in methanol, and then diluted with
methanol to a concentration of 50 ug/ml. The solutions were stored

at -80°C. Calibration standards were prepared using blank human
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serum at the following concentrations: 2, 5, 10, 25, 50, 100, 250, and
500ng/ml for dasatinib; 10, 25, 50, 100, 250, and 500 ng/ml for bo-
sutinib and ponatinib; and 100, 250, 500, 1000, 2500, and 5000ng/
ml for nilotinib.

For quality control (QC), four concentration levels for the TKls
were prepared: (1) lower limit of quantification (LLOQ), (2) within
three times the LLOQ (low QC), (3) medium-range (medium QC),
and (4) high-range (high QC). The concentrations were 2, 5, 100, and
500ng/ml for dasatinib; 10, 25, 250, and 500 ng/ml for bosutinib and
ponatinib; and 100, 250, 2500, and 5000 ng/ml for nilotinib corre-
sponding to (1), (2), (3), and (4), respectively.

2.4 | Sample extraction

The four TKI analytes were extracted from human serum using
a solid-phase extraction (SPE) cartridge. Four TKI-spiked serum
samples (400 ul) were added to 600l of 2% phosphoric buffer
solution and vortexed for 5 s. This mixture was used for the SPE
procedure with a Phenomenex Strata-X (30mg/1 ml) cartridge
preconditioned with 1.0 ml of methanol and 1.0 ml of water. The
cartridge was then washed with 1.0 ml of water and 1.0 ml of
60% methanol and the analytes were eluted with 100% metha-
nol (1.0 ml). The eluate was evaporated to dryness under a gentle
stream of nitrogen using an MGS-3100B spray-on concentrator
(Tokyo Rikakikai Co. Ltd.). The residue was dissolved in 25pl of
methanol and vortexed for 30s. Next, 25 pl of the mobile phase
was added, and the solution was vortexed for 30s. The final ex-
tract (50 ul) was transferred into a vial, and 20l of each sample
was injected into the HPLC apparatus.

2.5 | Analytical method validation

The method was validated in accordance with the U.S. Food and
Drug Administration (FDA) guidelines for bioanalytical method
validation.?¢

2.5.1 | Calibration curve

Calibration curves were generated for each analyte by plotting the
peak area vs. the theoretical concentration for eight (for dasatinib)
or six (for bosutinib, ponatinib, and nilotinib) nonzero calibration
standards, as described in Section 2.3. The peak areas were ob-
tained from measurements on six different days, and the stand-
ards were prepared daily. A linear equation was obtained using
least-squares linear regression with weighting factors of 1/x, 1/x2,
1/y, and 1/y?, and without weighting, where x is the analyte con-
centration and y is the analyte peak area. The weighting factor
corresponding to the lowest total percentage relative error was

then selected.

2.5.2 | Precision and accuracy

To evaluate precision and accuracy, intra-day and inter-day precision
and accuracy values were determined by analyzing the QC samples
at four concentration levels (LLOQ, low QC, medium QC, and high
QCQ) in quintuplicates for 1day and in triplicates for three different
days. Accuracy (%) is calculated as the percent of the mean observed
concentration divided by the nominal concentration. Precision (%
CV) is calculated as the percentage of standard deviation divided by
mean observed concentration.

The dilution integrity evaluation of each analyte was performed
using serum samples with concentrations five-fold higher than high
QC. The serum samples of each analyte were diluted five-fold using
blank serum.

The limits of detection (LOD) and quantification (LOQ) for each
analyte were determined as the lowest concentrations with signal-
to-noise ratios of three and 10, respectively.

2.5.3 | Selectivity

To determine the selectivity of the analytical method, six blank
human serum samples from six different lots were selected and
spiked with each analyte, whose LLOQ levels were then analyzed.

2.54 | Extraction recovery

The extraction recovery of the four TKls from serum by SPE was
determined by comparing the observed concentrations of three of
the processed QCs (low, medium, and high QC) with those of the

extracted blank serum spiked to the corresponding concentrations.

2.5.5 | Stability

The stability experiments were performed at two QC levels (low
QC and high QC, n = 3) for each analyte in the human serum
under the following conditions: (1) freeze-thaw stability for three
freeze-thaw cycles where in each cycle, the samples were fro-
zen at -80°C for at least 12h, and then thawed at ambient tem-
perature for 10 min before another freeze cycle.; (2) autosampler
stability, which was performed by reinjecting the processed QC
samples after 24 h at 4°C.

2.6 | Patient samples

Steady-state serum concentrations for dasatinib, nilotinib, and bosu-
tinib in 10 patients (15 samples) with CML were obtained between
August 2020 and January 2021 and assayed using the validated ana-
lytical method. This study was approved by the ethics committees
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of Keio University School of Medicine and the Faculty of Pharmacy
(Approval No. 20140223, 200612-4). To participate in the study, all

patients were informed about the study and informed consent was

obtained.
3 | RESULTS
3.1 | Chromatography

Representative chromatograms of blank human serum and blank
human serum spiked with 500ng/ml of dasatinib, bosutinib, and
ponatinib, and 5000ng/ml of nilotinib (Figure 1) were produced.
There were no interfering peaks from the endogenous or exogenous
compounds. Each of the four analytes showed no interference ef-
fect on the detection of the other TKils. These four analytes were
detected simultaneously within 10 min. The retention times for da-
satinib, bosutinib, ponatinib, and nilotinib were 3.55, 4.21, 4.95, and
7.01min, respectively. The additional peaks in each chromatogram
that appear between the blank and the analyte derive from the other

three analytes.

3.2 | Calibration curves

The calibration curves were linear in the range of 2-500ng/ml for
dasatinib, 10-500ng/ml for bosutinib and ponatinib, and 100-
5000ng/ml for nilotinib (n = 6) (Figure 2). A strong correlation was
determined (R?20.987 for the four analytes). The regression lines

are presented in Table 1. The weighting factor was 1/x2.

3.3 | Precision and accuracy

The intra-day and inter-day precision and accuracy values are sum-
marized in Table 2. The intra-day precision and accuracy values at
LLOQ (n = 5) were within 20%. The precision values were within
9.0% and the accuracy values were within +14.4% for all the ana-
lytes. The intra-day precision values and accuracy values at three
QC levels (low QC, medium QC, and high QC) (nh = 5) were within
15%. The precision values were within 10.1%, and the accuracy val-
ues were within +12.6% for all the analytes. The inter-day precision
and accuracy values at LLOQ (n = 3) were within 20%. The preci-

sion values were within 17.9%, and the accuracy values were within
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FIGURE 1 Representative chromatograms of extracts from (A) blank human serum (233 nm), (B) blank human serum spiked with 500ng/
ml dasatinib (233 nm), (C) blank human serum (261 nm), (D) blank human serum spiked with 5000 ng/ml nilotinib (261 nm), (E) blank human
serum (267 nm), (F) blank human serum spiked with 500 ng/ml bosutinib (267 nm), (G) blank human serum (285 nm), and (H) blank human

serum spiked with 500 ng/ml ponatinib (285nm)
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FIGURE 2 Calibration curves for (A) 2-500ng/ml for dasatinib, (B) 100-5000ng/ml for nilotinib, (C) 10-500 ng/ml for bosutinib, and (D)

10-500ng/ml for ponatinib (n = 6)

TABLE 1 Calibration data for dasatinib, nilotinib, bosutinib, and ponatinib (linear regression equation: y = ax + b) (n = 6)

Regression line

Slope, a Intercept, b
Dasatinib 633.0 £153.3 -2.8 £326.6
Nilotinib 905.8 +128.0 21,909.2 +16,134.2
Bosutinib 1049.8 £141.5 -2728.3 £399.3
Ponatinib 731.4 +£95.9 174.3 +1983.0

Abbreviation: LLOQ, lower limit of quantification.

+13.8% for all the analytes. Those at three QC levels (n = 3) were
within 15%. The precision values were within 13.7%, and the accu-
racy values were within +£6.3% for all the analytes.

In the dilution integrity evaluation, CV values were below 6.4%
and accuracy was 85.3%-99.0%.

The LODs for dasatinib, bosutinib, ponatinib, and nilotinib were
2, 16, 16, and 4 ng/ml, respectively, and LOQs were 2, 16, 40, and
16 ng/ml, respectively.

3.4 | Selectivity

The average of the areas of six blank human serum samples from six
different lots was <18.9% of the LLOQ of the analytes.

Calibration range

Linearity (R?) (ng/ml) LLOQ (ng/ml)
0.987 +0.006 2-500 2
0.998 +0.001 100-5000 100
0.992 +0.008 10-500 10
0.993 +0.005 10-500 10

3.5 | Extraction recovery

Recovery experiments for the four analytes were performed for the low,
medium, and high QC concentrations. The mean extraction recoveries
obtained using the SPE method were in the range of 92.9%-96.0%; the
CVs were within 9.5% for dasatinib, 80.7%-86.1% and within 6.8% for
nilotinib, 91.6%-99.0% and within 6.0% for bosutinib, and 86.4%-92.6%
and within 10.0% for ponatinib, as shown in Table 3 (n = 4).

3.6 | Stability

Stability of the analytes was determined under two stability condi-

tions for each analyte (Table 4). The degradation of each analyte in
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spiked serum after three freeze-thaw cycles and autosampler stabil-
ity were within 14.5% and 4.6%, respectively.

3.7 | Clinical application

The clinical application data for 10 patients (15 serum samples) with
CML are summarized in Table 5. The serum concentrations for the
TKls at steady state (1.4-27.6 h after administration) in patients
with a mean age of 46.9+11.4years (mean+SD) were analyzed.
Dasatinib (50-100mg/day), nilotinib (600mg/day), and bosutinib
(400-600mg/day) were analyzed in five, three, and two patients,
respectively, and the measured concentrations were 5.4-140.8,
789.9-1897.3, and 92.4-299.9 ng/ml, respectively. In all the patients,

TABLE 3 Extraction recovery of each analyte of QC samples at
three concentrations (n = 4)

Extraction recovery

Target (%)
concentration _—
Analyte Level (ng/ml) Mean cvV
Dasatinib Low QC 5 94.0+8.4 9.0
Medium 100 96.0 £6.7 7.0
QC

High QC 500 929 +8.8 9.5

Nilotinib Low QC 250 86.1 +3.8 4.4
Medium 1000 80.7 +4.8 5.9

QC
High QC 5000 83.3+5.7 6.8
Bosutinib Low QC 25 99.0+5.1 51
Medium 250 98.5 +3.0 3.1

QC
High QC 500 91.6 £5.5 6.0
Ponatinib Low QC 25 879 +76 8.6
Medium 250 86.4 +6.7 7.8

QC

High QC 500 92.6 +£9.2 10.0

Abbreviations: CV, coefficient of variation; LLOQ, lower limit of
quantification; QC, quality control.

TABLE 4 Stability of each analyte in
the QC samples at two concentrations

Analyt
(n=23) nalyte

Dasatinib

Nilotinib

Bosutinib

Ponatinib

Abbreviation: QC, quality control.

WILEY-L7°™

the serum concentration of each analyte in the clinical sample was

within the range of the calibration curve.

4 | DISCUSSION

To the best of our knowledge, this is the first report on an efficient
HPLC-PDA analytical method for simultaneous quantification of da-
satinib, nilotinib, bosutinib, and ponatinib in human serum. Although
several methods have been developed for the quantification of each
TKI by HPLC literature,***?"2> and simultaneous quantification of
TKls with other analytes by LC-MS/MS has also been reported,'4-8
this method is more efficient. This simultaneous measurement has
the advantage that TDM can be performed quickly in the same
measurement run, without the need to change the HPLC conditions
for each drug when measuring the concentrations of several patients
administered with four different TKils.

The gradient conditions were optimized to separate and detect
the peaks of the four TKls without interference. The organic solvent
ratio (B pump) started at 30%, and the binary gradient was adjusted.
Previous studies have reported longer retention times (14.5 min for
dasatinib,2* 34 min for nilotinib,?° 15 min for bosutinib,?® and 14 min
for ponatinib®Y); however, this method can separate the four ana-
lytes within 10 min in the following order: dasatinib, bosutinib, pona-
tinib, and nilotinib. The shorter run time could be more useful for
serum concentration analysis of multiple patients administered with
different TKils in clinical practice.

The validation study met FDA guidelines. Good extraction
recoveries (80.7%-98.5%) were obtained for the four TKIs. This
study demonstrated a recovery rate (Table 3) similar to or higher
than those reported in previous studies using similar SPE meth-
ods (recovery rates of 74%-76% for dasatinib,?° 72%-78% for
nilotinib,?° 84%-85% for bosutinib,?> and 78%-88% for ponati-
nib®). Although the SPE pretreatment method was the same as
the one used in previous studies, our use of 2% phosphoric acid
as a dilution solvent for the serum samples may have contributed
to the higher recovery rate. The accuracy and precision values for
dasatinib (2-500ng/ml) were within +14.3% and 17.9%, nilotinib
values (100-5000 ng/ml) were within +14.4% and 7.3%, bosutinib

Target concentration  Freeze-thaw Autosampler

Level (ng/ml) stability (%) stability (%)
Low QC 5 104.5 +134 101.1 +6.9
High QC 500 87.5+2.7 103.8 +8.4
Low QC 250 101.1 +6.6 107.5 +11.0
High QC 5000 102.1+£2.0 109.3 +2.4
Low QC 25 85.5+7.8 95.4+8.5
High QC 500 92.5+3.0 112.6 +14.8
Low QC 25 103.7 +4.2 109.0 +6.6
High QC 500 92.5+34 110.3 £4.3
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Time after the

Sample number TKI Dose regimen last dose (h)
1 Dasatinib 100mg QD 2.5
2 Bosutinib 400mg QD 20.4
3 Nilotinib 600mg BID? 15.7
4 Dasatinib 100mg QD 27.6
5 Bosutinib 600mg QD 21.6
6 Dasatinib 100mg QD 3.3
7 Dasatinib 100mg QD 2.5
8 Nilotinib 600mg BID® 4.4
9 Dasatinib 50mg QD 3.0
10 Nilotinib 600mg BID® 10.6
11 Bosutinib 400mg QD 2.4
12 Nilotinib 600mg BID® 2.4
13 Bosutinib 600mg QD 9.4
14 Nilotinib 600mg BID® 3.0
15 Nilotinib 600mg BID® 1.4

Note: QD, once daily; BID, twice daily.
2400 and 200 mg.
300 and 300mg.

values (10-500ng/ml) were within +12.8% and 7.3%, and ponati-
nib values (10-500ng/ml) were within +11.9% and 10.1%, respec-
tively. On the other hand, the accuracy and precision values in the
previous single analyte assays for dasatinib (10-1000 ng/ml) were
within +4.1% and 15.8%,%° the values for nilotinib (10-5000ng/
ml) were within +10.5% and 10.4%,%° the values for bosutinib
(25-1500ng/ml) were within +10.2% and 8.7%,%> and the values
for ponatinib (1-250ng/ml) were within +9.0% and 10.8%.%° The
simultaneous measurement of multiple drugs and concentration
range of the calibration curves resulted in similar or higher accu-
racy and precision than previous assays; however, they all met the
criteria of FDA's validation guideline. The CV values from the dilu-
tion integrity experiments were below 6.4% and accuracy was in
the range 85.3%-99.0%, which are consistent with the criteria of
the validation guidelines of the FDA. Clinical samples exceeding
the calibration range after the first analysis were reanalyzed after
diluting them using blank serum up to a five-fold dilution based on
the dilution integrity experiments.

Good calibration curve linearity was obtained for the four ana-
lytes (0.987 < R?<0.998). Measurement of each analyte at a specific
wavelength using the PDA detector resulted in a linear calibration
curve and high sensitivity; however, the gradient program for si-
multaneous measurement caused a baseline drift, resulting in poor
concentration analysis. Therefore, the LLOQ for dasatinib (2.0 ng/
ml) was set to a higher value than that used in previous HPLC assays
(0.5 ng/ml).?” Although internal standards are generally used in the
analysis of clinical samples, no internal standards were used in this
assay method. This method met the FDA validation criteria; how-
ever, since spiked serum samples tend to have significantly fewer

TABLE 5 Serum concentrations of TKls

Serum in patients with chronic myeloid leukemia

concentration
(ng/ml)
140.8
924
1242.8
5.4
1121
60.3
19.9
954.9
103.2
1503.9
299.9
1897.3
275.0
789.9
1250.5

patient-specific interferences, a larger sampling of true patient spec-
imens is necessary to better interpret the experimental variability of
clinical sample analyses.

The results of the stability experiments were consistent with
those of previous reports;2>?8 the stability of the serum samples in
an autosampler at -4°C for 24 h enables the quantification of mul-
tiple samples.

The calibration range of each analyte was determined based on
patients' initial and steady-state trough and peak concentrations
reported in previous studies.'¥*'>1 The therapeutic efficacy of
the dosage adjustment of each drug based on target blood concen-
trations was confirmed. The range of the calibration curve covered
the specific TDM concentrations for dasatinib (C;<4.3 ng/ml and
C.hax> 50ng/ml) and nilotinib (C, = 800 ng/ml).>* The clinical appli-
cability of the validated HPLC-PDA method for dasatinib, nilotinib,
and bosutinib was confirmed using patient samples. In all the clinical
samples, the serum concentrations were within the range of the cal-
ibration curve. This HPLC-PDA method can be applied to the TDM
of the four TKls for CML patients, enabling the construction of an

optimal dosing regimen.

5 | CONCLUSIONS

We established a novel and efficient method for the simultaneous
quantification of dasatinib, nilotinib, bosutinib, and ponatinib in
serum using HPLC-PDA. We believe that the method could be used
to increase the efficiency of TDM for the four TKIs in patients with
CML in clinical practice. The quantification method has been applied
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to an ongoing clinical trial on the pharmacokinetics of the four TKls
in patients with CML.
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