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Abstract Acute myeloid leukemia (AML) is characteristic by high concentrations of immature

bone marrow myeloid cells. Glasdegib (DaurismoTM, GSB) in combination with low dose cytarabin

(DepocytTM, CTB) have recently been approved by the US Food and Drug Administration for the

treatment of newly diagnosed AML in patients over 75 years of age or who have comorbidities that

are prohibitive to intensive induction chemotherapy. However, the pharmacokinetic characteristics

of the CTB and GSB is yet unknown. This study developed a selective, sensitive and fast analytical

method using liquid chromatography-electrospray ionization (ESI) with tandem mass spectrometry

(LC-MS/MS) to simultaneously quantify of CTB and GSB in rat plasma using duvelisib as internal

standard (IS). The LC-MS/MS instrument was performed in the ESI interface operating at positive

ionization and multiple reaction monitoring (MRM) mode. The CTB and GSB with the IS were

extracted from rat plasma by using cation exchange solid-phase extraction cartridge before the anal-

ysis. The cartridge gave high recovery rates for both drugs without interference from plasma

endogenous. Chromatographic separation was performed on reversed-phase polar-100 column
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(100 mm � 2.1 mm, 3 mm), with an isocratic mobile phase consisted of a mixture of water contain-

ing 0.1% formic acid and acetonitrile (85:15, v/v, pH 3.2) at a flow rate of 0.4 mL/min and the pro-

cess of analysis was run for 3.5 min. The developed method was validated as per the FDA guidelines

over a linear concentration range of 5–3000, for both CTB and GSB with high correlation coeffi-

cient (r2 � 0.99). The lower limits of detection (LLOD) were 2.0 ng/mL for both drugs. The overall

recoveries of CTB and GSB from rat plasma were in the range of 93.93–101.43%, and the mean

relative standard deviation (RSD) of the results was 2.99%. The validated-method was successfully

applied for the first time, to a pharmacokinetic study on concurrent oral administration of CTB and

GSB in rats (12.0 mg/kg of CTB and 8.5 mg/kg of GSB). The maximum plasma concentration

(Cmax) for CTB and GSB was 2312.23 ± 448.26 ng/mL and 1710.61 ± 166.04 ng/mL achieved

at 2.83 ± 0.14 h and 2.39 ± 0.10 h, respectively. The AUC0-1 for CTB and GSB was found to

be 8592.49 ± 1714.12 and 4527.67 ± 390.01 ng/mL.h; respectively. The elimination half-life

(t1/2kel) of CTB and GSB in rat plasma, were determined to be 2.00 ± 0.19 h and 1.58 ± 0.13 h,

respectively. The newly developed approach stands out for its high extraction recovery and absence

of matrix interference. Findings further demonstrated the high sensitivity of the developed method,

which allowed for effective routine tests in pharmacokinetic investigations with LLOD of 2.0 ng/mL

and a run time of 3.5 min.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acute myeloid leukemia (AML) is clinically and genetically heteroge-

neous myeloid stem cell disorders with a median age at onset of about

65 years (Klepin et al., 2014). Due to comorbidities and a higher preva-

lence of high-risk biological characteristics, which frequently result in

chemotherapy resistance, older patients with AML have few treatment

options and frequently are not eligible for intense chemotherapy.

Therefore, novel therapeutic strategies are needed to achieve more dur-

able responses, higher response rates, and improved survival. Hedge-

hog signaling is essential for embryonic development but is normally

inactive in adults (Ok et al., 2012). Hematologic cancers have been

linked to aberrant Hedgehog signaling, which is essential for leukemia

stem cell survival and growth (Heidel et al., 2015; Irvine et al., 2012;

Wellbrock et al., 2015). Chemotherapy-resistant myeloid leukemia cells

were shown to overexpress components of the Hedgehog system, and

pharmacological inhibition of the Hedgehog pathway significantly

increased the sensitivity to chemotherapy (Queiroz et al., 2010). These

findings provide the rationale for combining an inhibitor of Hedgehog

pathway with chemotherapy. GSB is a novel, potent and selective oral

inhibitor of Hedgehog signaling through binding to Smoothened. As a

single agent or in conjunction with chemotherapy, GSB generated

rapid and full tumor regression, lower expression of important leuke-

mia stem-cell regulators, and decreased leukemia stem-cell populations

in patient-derived AML cells (Fukushima et al., 2016; Sadarangani

et al., 2015). Leukemia cell generation is slowed with low-dose cytara-

bine (LDAC), which also encourages the bone marrow to create more

normal, healthy cells. Therefore, on November 21, 2018, the FDA

approved GSB (Daurismo, Pfizer Labs) in combination with LDAC,

for newly-diagnosed AML in patients who are 65 years old or older

or who have comorbidities that preclude intensive induction

chemotherapy (US-FDA Approves, 2018).

Few mass spectrometry-based methods, including liquid chro-

matography with tandem mass spectrometry (LC-MS/MS) have been

published for the quantification of CTB (Büttner et al., 2016;

Hilhorst et al., 2011; Sun et al., 2008; Wang et al., 2020; Wang

et al., 2016) and GSB (Shaik et al., 2019) individually. Analytical meth-

ods for determination of both drugs, have not yet been reported. This

work was aimed at the development of a rapid and sensitive analytical

method for simultaneous determination of GSB and CTB in rat

plasma using LC–MS/MS with the application to pharmacokinetic

study. In this study rats received 12.0 mg/kg of cytarabine and

8.5 mg/kg of glasdegib. The goal was to develop a method for high

sample throughput, thus we aimed at an analysis time of less than
3.5 min. The new developed validated method has a wide linear range,

lower sensitivity (0.2 ng/mL) and employs a lower plasma volume

(50.0 mL) for processing than other bioanalytical methods (Shaik

et al., 2019; Sun et al., 2008; Sun et al., 2008; Wang et al., 2020). As

far as we know, this newly developed approach is the first study

applied with desired accuracy and precision for monitoring the phar-

macokinetic behavior of GSB and CTB in rats and parameters such

as, Cmax, Tmax, t1/2, AUC0–24, and AUC0–1 were evaluated.

2. Experimental

2.1. Chemicals and reagents

Reference standards of CTB (99.0%), GSB (99.0%) and duve-
lisib (DVS, internal standard, IS, 98.7%) were purchased from
Med Chem Express (USA). HPLC-grade methanol, acetoni-

trile and formic acid (HCOOH) were procured from Sigma-
Aldrich (NJ, USA). HPLC-grade water was obtained from
an in-house Milli-Q plus purification system procured from

the Millipore Company (Millipore, USA). Rat plasma devoid
of drugs was purchased from the Animal Care Center (College
of Pharmacy, King Saud University, Saudi Arabia).

2.2. LC-MS/MS conditions

Chromatographic separation was performed using a Waters�
Acquity UPLC with model code (UPH) and serial number
(H10UPH), and mass analysis of peaks from eluted analytes
was performed using a Waters� Acquity TQD MS with model
code (TQD) and serial number (QBB1203) (Waters Corp.,

Milford, MA, USA). The electrospray ionization (ESI), oper-
ated in positive mode, was used for ionization processing,
and multiple reaction monitoring (MRM) was used for identi-

fication and quantification of analytes. The system was oper-
ated with the MassLynx program (Waters corporation,
Milford, MA 01757, USA), and the data acquisition used the

TargetLynxTM software. CTB, GSB and DVS (IS) were sep-
arated on a reversed phase polar-100 column (100 mm � 2.1
mm, 3 mm; Sepax Technologies, Inc., Newark, DE 19711,
USA) in isocratic mode. The mobile phase consisted of a mix-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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ture of water containing 0.1% formic acid and acetonitrile
(85:15, v/v, pH 3.2) at a flow rate of 0.4 mL/min. 25 �C room
temperature was maintained for the autosampler and column.

The overall run time was 3.5 min, and the injection volume was
5.0 mL. The solvents were filtered through membrane filters
(0.22 mm) obtained from Chrom Tech (Kent, UK). After each

injection, cleaning the needle with a methanol and water mix-
ture (80:20). Triple quadrupole mass analyzer (TQD MS) mass
spectrometry parameters were tuned to provide good separa-

tion of CTB, GSB, and IS with good sensitivity. To improve
chromatographic peak properties including signal intensity
and selectivity, IntelliStart� software’s tuning parameters for
CTB, GSB, and IS were manually readjusted in combined

mode (fluidics and LC). Nitrogen (650 L/H) was used as drying
gas at 350 �C. The cone gas flow rate was kept at 100L/H.
Argon (0.14 mL/min) was used as a collision gas inside the

fragmentation cell. The cone voltages for CTB, GSB and
DVS were set as 12 (V), 18 (V) and 30 (V), respectively. Extrac-
tor voltage, capillary voltage, and RF lens were set at 3.0 (V), 4

(kV), and 0.1 (V), respectively. To eliminate interference from
rat plasma endogenous components and to improve the selec-
tivity and sensitivity of the developed method, CTB, GSB, and

IS were detected using a multiple reaction monitoring (MRM)
mass analyzer in positive ion mode (Al-Shehri et al., 2020;
Hefnawy et al., 2023).

2.3. Preparation of stock, standard, calibrators and quality
control samples

Dimethyl sulfoxide (DMSO) was used to prepare primary

stock solutions of CTB, GSB, and IS. These solutions were
each prepared individually and stored at �20 �C. Additionally,
successive working solutions of CTB and GSB at concentra-

tions of 0.05, 0.5, 5 and 20 mg/mL were obtained by dilution
with ultrapure water. A working solution of IS was prepared
in ultrapure water at concentration 10 mg/mL. Calibrators at

concentrations of 5, 10, 15, 50, 100, 200, 400, 500, 1000,
2000, 2600 and 3000 ng/mL for CTB and GSB was prepared
in blank rat plasma from the intermediate solutions. Different
quality control samples at 5 ng/mL for the LLOQ, 15 ng/mL

for the QC sample at low concentration, 1500 ng/mL for the
QC sample at mid concentration and 2500 ng/mL for the
QC sample at high concentration were prepared by spiking

appropriate volume of the intermediate solutions with blank
rat plasma. The calibration curves for each drug were obtained
by treating the peak area ratios of each drug to IS. As an alter-

native, the appropriate regression equation was created.

2.4. Sample preparation

To a 50 mL aliquot of plasma sample, 20 mL of IS solution
(10 mg/mL) in 2.0 mL disposable polypropylene micro cen-
trifuge tubes. Each tube was diluted to 750 mL with ultrapure
water and vortex for 30 s. A cation exchange solid-phase

extraction cartridges (Waters) were attached to a vacuum man-
ifold (VacElute, Harbor City, CA, USA) and conditioned with
2 � 500 mL of methanol and 2 � 500 mL of deionized water.

Caution was taken to make sure that the cartridges did not
dry out. The blank and plasma sample was loaded into the car-
tridges and a vacuum was applied to gain a flow rate of

0.5 mL/min. The cartridges were washed with 2 � 500 mL of
deionized water. The cartridges were dried under a vacuum
for 3 min (15 psi). CTB and GSB were eluted with
2 � 100 mL of ammonium hydroxide in methanol (5:95, v/v).

The eluates were evaporated to dryness under nitrogen at
37 0C and then reconstituted in 2 � 100 mL of water by vortex
mixing (1 min). The resulting solution was transferred to an

autosampler vials and 5 mL was injected into the LC–MS/
MS system.

2.5. Pre-study validation

The proposed LC-MS/MS method was fully validated, guided
by the US-FDA guidelines for the validation of bioanalytical

methods (US-FDA Guidelines, 2018). The studied validation
parameters in the rat plasma involved determining method
selectivity, precision and accuracy, linearity and range, extrac-
tion recovery, dilution integrity, carry-over, matrix effect and

stability. By estimating the interference from endogenous com-
ponents at the retention times of CTB, GSB, and IS in blank
rat plasma from six different lots, method selectivity was car-

ried out. The response less than 20% of the LLOQ for CTB,
GSB and less than 5% of the IS were accepted (US-FDA
Guidelines, 2018).

Plotting the active response for each linearity solution
against its corresponding theoretical values allowed to assess
the calibration curves in rat plasma. The concentrations used
for CTB and GSB were 5, 10, 15, 50, 100, 200, 400, 500,

1000, 2000, 2600 and 3000 ng/mL. We calculated the calibra-
tion curve equations (y = mx + b) using the statistical least
squares approach. The coefficient of determination (r2) value,

which demonstrated linearity in the range of 5 to 3000 ng/mL,
was used to confirm the linear fit. The deviation of non-zero
calibrators should be ± 15% of the nominal values except at

LLOQ where the calibrators should be ± 20% of the nominal
concentrations (US-FDA Guidelines, 2018).

Analysis of a calibration curve (in triplicate), spiked plasma

samples at the lower limit (LLOQ), and three different QC
levels (LQC, MQC, and HQC, respectively) in six fold on three
different days were used to evaluate intra-day and inter-day
accuracy and precision. The examined levels were 5 ng/mL

(LLOQ), 15 ng/mL (LQC), 1500.0 ng/mL (MQC) and
2500.0 ng/mL (HQC) for CTB and GSB. The relative standard
deviation (RSD) must meet the LLOQ’s acceptance require-

ments and should be less than 20%. For all other concentra-
tions the RSD has to be less than 15%.

In order to make sure that there is no effect of carry-over of

the developed method on the accuracy of the study samples,
carry-over was examined by injecting a blank sample without
IS after injection of the HLOQ containing the two drugs and
IS. This procedure was carried out six times. The detected

response should be less than 20% of the LLOQ of each drug
and less than 5% of the IS.

Recovery was calculated for CTB and GSB by comparing

replies of extracted plasma at three levels (15, 1500, and
2500 ng/mL) with those achieved by direct injection of the
same concentration of CTB and GSB in the water in triplicate.

The mean percentage recoveries (n = 6) for both drugs were
assessed. Moreover, the extraction recovery of the IS at the
same concentration level of the method was calculated.

The concentration of the CTB and GSB in the blank rat
plasma above the ULOQ of the calibration standard was
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assessed to evaluate the dilution integrity of the method. The
samples were diluted to be in the range of the calibration
curve. After pre-treatment (Section 2.4), it was detected by

LC–MS/MS.
It is necessary to estimate the matrix factor (MF) between

different batches of sample matrices during method validation.

IS normalized MF is the ratio of the MF of the analytes to the
MF of IS had to be within 15% of RSD. The matrix effects
were calculated by comparing at least three replicates of

LLOQ and HCQ of CTB and GSB samples prepared from
six-individual rat blank plasma collected from rats with nom-
inal values. The accuracy (%) should be within ± 15 % of the
nominal concentration and precision (% RSD) should not be

greater than 15% (US-FDA Guidelines, 2018).
The stability of CTB and GSB in plasma was calculated by

analyzing the QC samples at LQC, MQC, and HQC under

short term stability at room temperature for 24 h, long-term
stability for 30 days at � 80 �C, and freeze–thaw treatment
(3 cycles, �80 �C). The stability of CTB and GSB in extracted

rat plasma stored in the autosampler for 24 h at 10 �C was also
determined. All sample accuracies should be ± 15% to be con-
sidered as stable.

2.6. Pharmacokinetic study

In order to evaluate the ability of the developed method to
measure CTB and GSB concentration in vivo samples, a phar-

macokinetic (PK) study was conducted in six Wistar healthy
male rats (220–250 g).). All experimental procedures were
reviewed in accordance with the guidelines of King Saud

University Institutional Research Ethics Committee (REC)
with an ethics reference number (SE-19–109). Rats were fasted
for 12 h before the experiment, while water was allowed ad li-

bitum. On the day of the experiments, rats were treated with a
single oral dose of cytarabine (12 mg/kg) and glasdegib
(8.5 mg/kg) dissolved in 1% DMSO/saline (Nair et al.,

2016). Blood samples (300 mL) were collected into tubes con-
taining ethylenediamine tetra-acetic acid dipotassium (EDTA
K2) (anticoagulant) at the following time points: zero (before
administration), 0.15, 0.5, 1, 2, 4, 6, 8, 12, 18 and 24 h. The

samples were directly centrifuged at 3500 rpm for 10 min at
4 �C. The plasma obtained was stored at � 80 �C until analy-
sis. The same method of extraction described under calibration

standards preparation (2.4.) was used for sample preparation.
The PK parameters were calculated by fitting the data to a
noncompartmental analysis (NCA) model with PK Solver

Add-In software (Zhang et al., 2010).

2.7. Statistical analysis

Statistical analysis for assessing the performance of the devel-
oped LC-MS-MS method in terms of linearity and range, pre-
cision and accuracy, extraction recovery, carry-over, dilution
integrity, matrix effect and stability was conducted according

to the FDA guidelines (US-FDA Guidelines, 2018). Results
was reported as mean ± SD of at least six independent exper-
iments. Comparisons between the control group and the trea-

ted group was performed by One-way Analysis of Variance
(ANOVA). Results with a p value less than 0.05 will be consid-
ered statistically significant. The pharmacokinetic parameters

such as Cmax, Tmax, t1/2kel, AUC0–24, and AUC0–1 was calcu-
lated by fitting the data to a non-compartmental analysis
(NCA) model with PK Solver Add-In software (Zhang et al.,
2010).

3. Results and discussion

3.1. Optimization of chromatographic conditions and MS

detections

Positive ionization mode produces potent mass responses for
cytarabine, glasdegib, and IS. The product spectrum of the
[M + H]+ ion of CTB is highly depended on the CE. At lower

CE (12–15 eV), a major fragment ion was at m/z 69. At high
CE (38 eV), a major fragment ion at m/z 111.9 was formed
(Fig. 1 and Table 1). The transition of m/z 244–111.9 gave a

considerably better response and a higher signal-to-noise ratio
than that of m/z 244–69. As a result, the transition of m/z 244–
111.9 at CE 38 eV was selected for use in MRM. In a similar
fashion, m/z 375.1–96 with CE of 22 eV for GSB and m/z 417–

135.9 with CE of 28 eV for IS were selected for the MRM
analysis.

Chromatographic conditions such as the stationary phases

and its types, nature of mobile phase and its composition, were
adjusted through many trials in order to obtain the best sepa-
ration and the highest signal for CTB and GSB and IS. Several

mobile phase compositions of ammonium acetate buffer,
ammonium format buffer, 0.1% formic acid, 0.1% acetic acid
and 0.1% trifluoracetic acid in water, with either acetonitrile or

methanol were tested in an isocratic mode regarding peak
shape, peak area, response, analysis time. Higher pH values
caused peak tailing and prolonged elution times, so the 0.1%
formic acid solution in the aqueous mobile phase had its pH

reduced to 3.2. Also, the effects of a chosen mobile phase with
various methanol or acetonitrile percentages (10–90%) and
water each mixed with 0.1% formic acid were studied

(Hefnawy et al., 2020; Hefnawy and Attwa, 2023). The separa-
tion and retention times of CTB, GSB, and IS were signifi-
cantly influenced by the percentage of acetonitrile in the

mobile phase. Long running times were observed by a decreas-
ing acetonitrile percentage, while overlapping peaks and poor
separation were caused by an increasing percentage of acetoni-
trile. With an improved signal-to-noise ratio, the optimized

mobile phase of 0.1% formic acid in water (85%) and 15%
acetonitrile was found to be appropriate for the chromato-
graphic separation of the analytes at a flow rate of 0.4 mL/

min. For chromatographic separation, various stationary
phases, both polar and non-polar, were tested using various
column packs, with different dimensions including cyano-,

phenyl-, octyl (C8), and octadecyl (C18). A reversed-phase
C18 (150 mm � 0.46 cm, 5 mm, Diamosil, DIKMA) was even
tried to separate CTB, GSB and IS under the chosen mobile

phase. However, CTB was not retainable, as reported by other
studies (Hsieh et al., 2007). A satisfactory resolution between
CTB, GSB and IS were achieved using polar-100 column
(100 mm � 2.1 mm, 3 mm; Sepax Technologies, Inc., Newark,

DE 19711, USA).
As well as, we investigate the use of different internal stan-

dards, such as binimetinib, sulpride encorafenib, repaglinide,

nateglinide, pemigatinib and chloroquine, however, these
internal standards either produced poor peaks or lead to over-
lapping with CTB and GSB. Duvelisib was chosen as the meth-



Fig. 1 Multiple reaction monitoring (MRM) mass spectra and the expected fragmentation pathway of cytarabine, (A), glasdegib (B),

and duvelisib (C) (IS).
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od’s IS because it is chemically comparable to CTB and GSB

and has similar extraction recovery and performance
properties.

In the current study, the SPE method was a useful extrac-
tion procedure related to protein precipitation that has been

reported in the previous studies (Hilhorst et al., 2011; Shaik
et al., 2019), where it provided less solvent consumption, less
time-consuming, low background noise and high recoveries

of the CTB, GSB and IS from rat plasma. For plasma sample
cleanup, six different SPE cartridges including Water oasis

HLB, C18, C8, C2, CN and strong cation exchange (SCX)
were investigated. The eluting capabilities of numerous sol-
vents toward CTB, GSB and IS were studied. Of these sol-
vents, only ammonium hydroxide in methanol (5:95, v/v)

rather than a mixture of methanol with water or acetonitrile
was able to disrupt all types of interactions in the case of
CTB, GSB and IS and thus to extract them from the SCX sor-

bent. High recoveries and clean chromatograms for CTB, GSB



Table 1 LC-MS/MS optimized parameters for the determination of decitabine, venetoclax and IS.

Drug Retention

time (min)

Ion mode Precursor

(m/z)

Quantification

trace (m/z)

Qualification

trace (m/z)

Cone Voltage (V) Collision energy

(CE, eV

DCB 0.98 +ve 229.03 113.03 98.94 8 10/22

VTX 2.44 +ve 868.28 177.05 321.13 50 38/44

ENF (IS) 1.48 +ve 540.10 359.10 116.00 54 46/44

6 A. Alnasser et al.
and IS were achieved with SCX cartridge. The recoveries ran-
ged from 90.73 to 95.89 and 98.77 to 103.23 for CTB and GSB

in the rat plasma, respectively. Chromatographic separation of
CTB, GSB, and IS was achieved with good separation over a
run time of 3.5 min (Fig. 2).

3.2. In-study validation

Following the United States FDA’s guidelines for the valida-

tion of bioanalytical methods, the proposed LC-MS/MS
method was fully validated (US-FDA Guidelines, 2018).
Method linearity and range, selectivity, precision and accu-
racy, carry-over, extraction recovery, matrix effect, dilution
Fig. 2 Representative total ion chromatograms for blank rat

plasma spiked with duvelisib (IS) at a concentration of 500.0 ng/

mL (A) and overlays of the LC–MS/MS analysis of cytarabine

(CTB), glasdegib (GSB) at concentrations of 5–3000 ng/ml, and

duvelisib (IS) at a concentration of 500.0 ng/mL (B).
integrity and stability were the studied validation parameters
in the rat plasma. A linear range of the developed method

was recognized over a wide concentration range 5 to
3000 ng/ mL in rat plasma. The linear regression of CTB
and GSB achieved during the method validation is listed in

Table 2. The regression equations attained by least squared
regression for CTB and GSB were; y = 0.0047x + 0.0352,
r2 = 0.997, and y = 0.0045x + 0.0209, r2 = 0.998; for

CTB and GSB, respectively, where y is the peak area ratio of
D/IS and � is the concentration (ng/mL). The results estab-
lished the linearity and reproducibility of the developed
method. The application of the developed assay for the mea-

surement of trace amounts of CTB and GSB in plasma was
confirmed by the LLOD of CTB and GSB in rat plasma, which
was 2 ng/mL.

The analysis of blank plasma samples and plasma spiked
with lower limit quality control (LLOQ), lower quality control
(LQC), middle quality control (MQC), and high quality con-

trol (HQC) levels revealed that there were no interferences at
the retention times of CTB, GSB, and IS, confirming the meth-
od’s selectivity. Representative total ion chromatograms of
CTB, GSB, and IS in rat plasma are established in Fig. 3.

The carry-over in the blank sample, following injection of
the upper limit of quantification (ULOQ) of the calibration
curve, was less than 20% of LLOQ for CTB and GSB and less

than 5% of response for IS (US-FDA Guidelines, 2018).
To assess the intra- and inter-assay precision and accuracy,

six replicates of four concentrations of QC samples (LLOQ,

LQC, MQC, and HQC) were used. Table 3 provides an over-
view of the accuracy and precision findings from CTB and
GSB determination. The values for intra-day and inter-day

precision and accuracy were 1.19–3.38 % and 93.55–97.95 %
Table 2 Regression parameters to determine decitabine

(DCB) and venetoclax (VTX) using the developed LC-MS/

MS method.

Parameters DCB VTX

Concentration range (ng/mL) 5–––3000 5––1000

Intercept (a) 7.29 � 10-2 2.88 � 10-2

Slope (b) 4.65 � 10-3 1.55 � 10-3

Coefficient of determination (r2) 0.999 0.998

SY/N
a 3.92 � 10-3 2.94 � 10-3

Sa
b 1.30 � 10-3 1.03 � 10-3

Sb
c 1.30 � 10-4 2.64 � 10-4

LLOQ (ng/mL) 5.0 5.0

LLOD (ng/mL) 2.0 2.0

a SD of the residual.
b SD of the intercept.
c SD of the slope.



Fig. 3 Representative total ion chromatograms of rat plasma

spiked with LLOQ (A), LOQ (B), MQC (C), and HQC (D); for

cytarabine (CTB), glasdegib (GSB) and duvelisib (DVS, IS).
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for CTB and 0.66–2.72 % and 93.67–101.7 % for GSB, respec-
tively; these values is met the acceptance criteria of the guide-
lines; LLOQ within 20% and the other QCs within 15% (US-
FDA Guidelines, 2018).

After SPE sample preparation, CTB and GSB were

extracted from the plasma matrix and examined at three QC
levels (15, 1500, and 2500 ng/mL) in six duplicates. The mean
percent recoveries were 93.93% and 101.43%, respectively.

For all of the tested samples shown in Table 4 the mean%
recovery of IS was not less than 97.11 ± 2.36.

By dividing the peak area in the presence of matrix compo-

nents by the peak area in the neat standard solution of the ana-
lyte, the matrix factor (MF) for CTB, GSB, and IS was
calculated as low and high QC samples. By dividing the MF
of the analyte by the MF of the IS, the IS normalized MF is

calculated. The six batches of plasma had an RSD of IS-
normalized MF that was less than 15%. For LQC and HQC
for CTB, it was 1.05 and 0.84, respectively. Also, it was 1.02

and 1.72 for LQC and HQC of GSB, respectively, showing
that plasma ion suppression/enhancement was insignificant.

To examine the precision of the developed method after

dilution, six replicates of plasma samples spiked with with high
concentrations of each drug beyond the linear range were pro-
cessed and analyzed using dilution factors 2 and 4. The accu-

racy ranged from 93.38 to 101.30%, and the results were
within the method quantitation range for RSD to be between
1.35 and 1.93% (Table 5). This approves the minimal effect of
dilution on the outcomes of the developed assay.

Stability evaluation is a crucial step in the validation of bio-
analytical methods. Using the study of three QC samples
(LQC, MQC, and HQC) of each drug following the applica-

tion of the various storage conditions, the stability of CTB
and GSB was investigated. Three freeze and thaw cycles fol-
lowing storage at �80 0C, long term stability at �80 0C for

30 days, short term stability at room temperature for 24 h,
autosampler stability at 10 0C for 24 h. The stability experi-
ment results met the accuracy requirement of 15% of its theo-

retical concentration, which was satisfied (US-FDA
Guidelines, 2018). Table 6 shows the detailed results.

3.3. Application to pharmacokinetic study

The validated assay was successfully applied to evaluate CTB
and GSB in rat plasma for pharmacokinetic study after oral
administration of 12 mg/kg CTB and 8.5 mg/kg GSB for six

Wistar healthy male rats in a fasting condition. As far as we
know, this investigation is the first time to utilize LC-MS/
MS technique to quantify the concentrations of CTB and

GSB in rat plasma and its application to a pharmacokinetic
study. The typical MRM chromatograms of rat plasma at
1.0 h after oral administration are shown in Fig. 4, it has been
indicated that the developed assay was found sufficient for a

good resolution for CTB, GSB and IS. The mean plasma con-
centration–time profiles of CTB and GSB were presented in
Fig. 5 and the pharmacokinetic parameters from non-

compartment model analysis were summarized in Table 7.
The maximum plasma concentration (Cmax) for CTB and
GSB was 2312.23 ± 448.26 and 1710.61 ± 166.04 ng/mL

achieved at 1.0 h for both drugs; respectively. The AUC0-1
for CTB and GSB was found to be 8592.49 ± 1714.12 and
4527.67 ± 390.01 ng/mL.h; respectively. These values

obtained for CTB and GSB were found to be in close accord
with previously reported values (Hilhorst et al., 2011;



Table 3 The accuracy and precision data for the determination of decitabine (DCB) and venetoclax (VTX) in rat plasma.

Analyte Concentration (ng/mL) Within-run Between-run

Recovery (%) RSD (%) Recovery (%) RSD (%)

DCB LLOQ 5.0 94.60 6.84 93.62 5.24

QCL 15.0 90.27 5.29 91.68 4.95

QCM 1400.0 94.79 3.37 94.47 3.18

QCH 2300.0 102.78 2.23 97.46 3.75

VTX LLOQ 5.0 93.23 4.54 93.43 4.26

QCL 15.0 94.07 6.50 94.47 6.06

QCM 500.0 95.66 4.17 95.35 2.41

QCH 800.0 100.60 5.22 100.67 4.46

n 6 18

Table 4 Extraction recovery for the analysis of cytarabine and glasdegib and IS in rat plasma by the developed LC-MS/MS method.

Nominal concentration

(ng/mL)

Cytarabine Glasdegib IS

15.0 1500.0 2500.0 15.0 1500.0 2500.0 500.0

Mean a 13.61 1427.11 2397.25 14.81 1548.45 2557.25 485.53

RSD 1.51 2.94 1.35 0.79 2.99 1.42 2.36

Recovery (%) 90.73 95.14 95.89 98.77 103.23 102.29 97.11

Mean recovery (%) 93.93 101.43 97.11

a Mean of six measurements.

Table 5 Evaluation of the dilution integrity of cytarabine and glasdegib in rat plasma.

Analyte Spiked Conc.

(ng/ mL)

Dilution fold Mean recovery (%) ± RSD a

Cytarabine 4500.0 1:2 93.38 ± 1.35

1:4 96.75 ± 1.93

Glasdegib 4500.0 1:2 101.30 ± 1.84

1:4 97.81 ± 1.49

a Mean recovery (%) ± RSD of six determinations.

Table 6 Stability results for decitabine (DCB) and venetoclax (VTX) in rat plasma at different conditions.

Analyte Concentration

(ng/mL)

Short term stability at

room temperature (24 h)

Autosampler stability

at_10 ⁰C (24 h)

Freeze and thaw stability

at_80 ⁰C (3 cycles)

Long term stability at_80

⁰C (30 days)

Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)

Decitabine QCL 15.0 97.28 5.69 95.04 2.77 98.55 4.25 96.02 5.28

QCM 1400.0 95.87 3.47 103.12 4.37 93.81 6.48 94.42 1.88

QCH 2300.0 93.35 8.14 95.83 0.51 98.73 3.18 95.40 2.90

Venetoclax QCL 15.0 99.15 2.90 97.20 3.16 91.91 4.83 94.46 2.94

QCM 500.0 95.74 3.68 94.62 1.08 93.16 3.79 105.13 5.14

QCH 800.0 102.02 7.34 93.79 5.25 103.94 1.57 95.37 1.53

n 3 3 3 3
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Table 7 The pharmacokinetic parameters of decitabine and

venetoclax in rat plasma after oral administration of 15 mg/kg

decitabine and 100 mg/kg venetoclax (n = 6, mean ± SD).

Parsmeter Unit Decitabine Venetoclax

AUC0-t
a ng/mL.h 1287.40 ± 151.47 7469.69 ± 1355.19

AUC0-1
b ng/mL.h 1343.61 ± 151.47 7539.22 ± 1366.34

Cmax
c ng/mL 432.27 ± 54.43 812.13 ± 129.40

Tmax
d h 1 6

Cl/Fe ng/mL.h 11.28 ± 1.33 13.56 ± 2.24

t1/2kel
f h 3.32 ± 0.16 3.17 ± 0.03

MRT0-1
g h 3.16 ± 0.04 7.53 ± 0.50

* Data are presented as mean ± SD.
a Area under the curve up to the last sampling time.
b Area under the curve extrapolated to infinity.
c Maximum plasma concentration.
d Time taken to reach the maximum plasma concentration.
e Total clearance of drug from plasma after oral administration.
f Half-life in elimination phase.
g Mean residence time.

Fig. 5 Mean plasma concentration–time profile of cytarabine

(CTB) and glasdegib (GSB) in rats after a single oral dose of

12.0 mg/kg cytarabine and 8.5 mg/kg glasdegib (n = 6,

mean ± SD).

Fig. 4 Typical multiple reaction monitoring (MRM) chro-

matograms for in vivo rat plasma sample 1.0 h after oral

administration of 12.0 mg/kg cytarabine (CTB) and 8.5 mg/kg

glasdegib (GSB) with the duvelisib (DVS), IS at a concentration of

500.0 ng/mL.

Development and validation of bioanalytical 9
US-FDA Center, 2018). The values acquired in the current
investigation for CTB, Cmax, Tmax and t1/2kel parameters, are

consistent with in vivo CTB PK studies (Büttner et al., 2016;
Cheon et al., 2007; Hilhorst et al., 2011). On the other hands,
The elimination half-life (t1/2kel), Tmax, Cmax and AUC0-1
parameters for GSB were consistent with previously reported
values (European, 2020; Masters et al., 2021; Shaik et al.,
2019).

4. Conclusions

Analysis of CTB and GSB in rat plasma was done using a newly devel-

oped and fully validated LC-MS/MS bioanalytical assay. The devel-

oped method was validated as per the FDA guidelines over a linear

concentration range of 5–3000, for both CTB and GSB with high cor-

relation coefficient (r2 � 0.99). The LLOD were 2.0 ng/mL for both

drugs. The overall recoveries of CTB and GSB from rat plasma were

in the range of 93.93–101.43%, and the mean RSD of the results

was 2.99%. The validated-method was successfully applied for the first

time, to a pharmacokinetic study on concurrent oral administration of

CTB and GSB in rats (12.0 mg/kg of CTB and 8.5 mg/kg of GSB). The
maximum plasma concentration (Cmax) for CTB and GSB was 2312.

23 ± 448.26 ng/mL and 1710.61 ± 166.04 ng/mL achieved at 2.83

± 0.14 h and 2.39 ± 0.10 h, respectively. The AUC0-1 for CTB

and GSB was found to be 8592.49 ± 1714.12 and 4527.67 ± 390.01

ng/mL.h; respectively. The elimination half-life (t1/2kel) of CTB and

GSB in rat plasma, were determined to be 2.00 ± 0.19 h and 1.58 ±

0.13 h, respectively.
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