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d validation of an UPLC-ESI-MS/
MS method for quantification of duvelisib in
plasma: application to pharmacokinetic study in
rats
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Abdulrahman A. Almehizia, Mohamed W. Attwa, Hany W. Darwish
and Ahmed Y. Sayed

Duvelisib (DUV) is a new oral phosphoinositide-3-kinase (PI3K)-d and PI3K-g inhibitor. It is used for the

treatment of relapsed or refractory chronic lymphocytic leukemia (CLL) and small lymphocytic

lymphoma (SLL). This study describes the development and validation of a new highly sensitive and

efficient UPLC-ESI-MS/MS method for quantitation of DUV in plasma samples and its application to the

pharmacokinetic study of DUV in rats. The method employed a very simple step for plasma sample

pretreatment via precipitation of protein using methanol. DUV and ceritinib (CRB) as an internal standard

(IS) were separated on a porous Hypersil BDS-C18 column (125 mm × 2 mm, 3 mm) using a mobile

phase consisting of ammonium formate (10 mM, pH 4.2):acetonitrile (42 : 58, v/v), pumped isocratically

at a flow rate of 0.3 mL min−1. DUV and CRB were eluted at 0.58 and 1.10 min, respectively. The mass

spectrometric analysis was performed using an ESI in positive mode with multiple reaction monitoring

(MRM). The technique was validated in accordance with the standards for validating bioanalytical

methods established by the International Conference on Harmonization (ICH). The method's linear range

was 5–500 ng mL−1, and its correlation coefficient was satisfactory as it is almost unity (0.9999). The

limit of quantitation (LOQ) was 5 ng mL−1, while the limit of detection (LOD) was 1.7 ng mL−1. The

recovery of the spiking DUV was between 94.95 and 102.21%, and the relative standard deviation (RSD)

was less than 2.70%, confirming the method's accuracy and precision. The specificity/carryover of the

method was proved. The robustness and ruggedness of the method was proved as the recovery values

were 97.6–101.96% (±01.17–2.20%) and 98.74–102.00 (±1.18–4.02%) for robustness and ruggedness,

respectively. The stability of DUV under the different analytical conditions were documented as the

recovery values were in the range of 95.89–103.28% and the RSD values did not exceed 7.36%. The

method was efficiently used to analyze DUV in human plasma samples that had been spiked with DUV

and to conduct pharmacokinetic investigations of DUV in rats after giving them a single oral dosage of

25 mg kg−1 of the drug. The methodology is distinguished by excellent sensitivity, accuracy, and ease of

sample pretreatment. Furthermore, it is efficient and has a short run time, which makes it high

throughput and accordingly enables faster processing of many samples in clinical laboratories.
Introduction

Chronic lymphocytic leukemia (CLL) and small lymphocytic
lymphoma (SLL) are cancers of blood and bone marrow, in
which there is an excess of immature lymphoid stem cells.1,2

Chemotherapy with various drugs is the standard approach for
the treatment of CLL and SLL. These drugs belong to different
pharmacological classes including nucleoside analogues,
ollege of Pharmacy, King Saud University,

Arabia. E-mail: idarwish@ksu.edu.sa;

0; Tel: +966-114677348

the Royal Society of Chemistry
alkylating agents, immunomodulators, and monoclonal anti-
bodies. For some of these, the therapeutic regimes with these
drugs have achieved an overall response rate of $90%, with
median survival >10 years. However, eventually relapse with low
response rates and short survival duration occurs.3,4 Therefore,
the researchers undertook the discovery of new drugs with
higher efficacy with better safety and innovative mechanisms of
therapeutic action. Through their work, compounds that block
the phosphoinositide 3-kinase (PI3K) enzyme, a component of
intracellular signal transmission, have been discovered. There
are four isoforms of the catalytic subunit of PI3K; those are: a, b,
d and g.5,6 Malignant-cell proliferation and migration are
RSC Adv., 2023, 13, 7929–7938 | 7929
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reduced when both PI3K-d and PI3K-g isoforms are inhibited.7–9

Additionally, dual isoform contributions to tumor development
and survival are complementary.10,11 As a result, simultaneous
inhibition of PI3K-d and g enhances the therapeutic effects of
these compounds in CLL/SLL patients.12 The rst drug in its
class, idelalisib, is used to treat CLL, relapsed SLL, and relapsed
follicular lymphoma.12 Additionally, it has been approved as the
rst-line treatment for CLL patients with a poor prognosis and
in patients who cannot receive chemoimmunotherapy.12

Duvelisib (DUV) is a small drug molecule chemically named
as: 8-chloro-2-phenyl-3-[(1S)-1-(7H-purin-6-ylamino)ethyl]
isoquinolin-1-one. It has dual inhibitory action on both PI3K-
d and PI3K-g. It reveals potent selective antiproliferative activity
against leukemia cells.13 On September 24, 2018, the FDA
approved the use of DUV for the treatment of adult patients with
relapsed or refractory CLL or SLL. DUV was developed by
Verastem, Inc. (Maryland, USA).14 Additionally, expedited
approval for the treatment of refractory or relapsed follicular
lymphoma has been given.15 Under the brand name Copiktra®
capsules, DUV is sold (Verastem, Inc., Massachusetts, USA).
DUV is to be administered twice daily at a dosage of 25 mg for
a total of 28 days of therapy.14 DUV treatment must be moni-
tored therapeutically by estimating its plasma concentrations in
order to be effective and secure by proper analytical method.
Few methods exist in literature for quantitation of DUV in
biological uids or tissues.16–18 These techniques include HPLC
with UV detector for assessing DUV in rat plasma16 and UPLC-
MS/MS for predicting tissue-to-plasma distribution ratios of
basic substances, such as DUV, in mice17 and in beagle dogs.18

Obviously, for therapeutic monitoring of DUV in human plasma
during patient therapy, none of these approaches have been
veried. Also, the analysis run time was long as to obtain
a thorough chromatographic separation of DUV from the other
co-administered drugs.16,17 In addition, the precision and
accuracy of some of these reported methods were poor as the
relative standard deviation values and determination errors
were high (∼12.6 and 14.1%, respectively).18 Therefore, there is
a serious and urgent need for new method with high sensitivity,
simple extraction procedure and high accuracy for quantitation
of DUV in human plasma samples. In a previous study,19 our
laboratory reported a highly sensitive nonextraction-assisted
HPLC method with uorescence detection for quantication
of DUV in human plasma samples and described its application
to pharmacokinetic study. UPLC-MS/MS is an increasingly
important technique in therapeutic monitoring of drugs as it
offers increased sensitivity and specicity.20,21 In this investi-
gation, a highly sensitive UPLC-ESI-MS/MS methodology for
quantifying DUV in plasma samples with a LOQ of 5 ng mL−1

was developed and validated. The methodology entailed
employing a rapid, easy, non-extractive protein precipitation
procedure to prepare plasma samples. Pharmacokinetic inves-
tigations of DUV in rats were successfully conducted using the
technique. The method described herein is the rst report
describing the details of the procedures that can be easily
applicable in clinical laboratories. The method was validated
using human plasma samples as to simulate the matrix effect
upon its real applications for therapeutic monitoring and
7930 | RSC Adv., 2023, 13, 7929–7938
pharmacokinetic studies of DUV. The method is superior to the
reported method in terms of its high accuracy and precision.

Experimental
Materials

Duvelisib (DUV), docmitinib, nadolol, procainamide and gli-
benclamide were purchased from LC Laboratories (Woburn,
USA). Ceritinib (CRB) was purchased from MedChemExpress
(Woburn, MA, USA). Acquity UPLC Hypersil BDS-C18 column
(125 mm × 2 mm, 3 mm) was a product of Agilent Technologies
(Saugus, MA, USA). King Khaled University Hospital's Blood
Bank in Riyadh, Saudi Arabia, provided the human plasma,
which was then kept in a freezer at −20 °C till the analysis. The
other chemicals were of analytical quality (Fisher Scientic,
USA), and all of the solvents were of chromatographic grade
(Merck KGaA, Darmstadt, Germany).

Experimental animals

A healthy male Wistar rat weighing 250 ± 30 g was procured
from the King Saud University College of Pharmacy's animal
facility (Riyadh, Saudi Arabia). Under typical laboratory
circumstances (well-ventilation, a regular twelve-hour day/night
cycle, a range of temperature of 24–27 °C, and a humidity level
of 40–60%), the animals were housed in cages. All rats had
unlimited access to water at all times, and the experiment was
carried out aer a 12 hour diet halt. Before beginning the
research, the rats spent 7 days becoming familiar with the lab
environment.

Preparation of standard solutions

Separately, properly weighed portions (25 mg) of each DUV and
CRB (IS) were added to a 25 mL calibrated ask, dissolved in
1 mL of dimethyl sulfoxide, and then topped up with acetoni-
trile to volume to create stock solutions of 1 mg mL−1. When
maintained in a refrigerator (8 °C), these stock solutions were
discovered to remain stable for at least one month. To create
working solutions with concentrations between 5 and 500 ng
mL−1 for DUV and 200 ng mL−1 for CRB, the solutions were
diluted with acetonitrile.

Preparation of calibration standards and quality control
samples

Drug-free human plasma (blank) was spiked with DUV and CRB
(IS) to produce nal concentrations of DUV in the range of 5–
500 ngmL−1 and a set concentration of CRB (200 ngmL−1) in all
the solutions. This was done to prepare the calibration stan-
dards. The spiked samples were combined with equal amounts
of the mobile phase, vortexed for 30 seconds, and then centri-
fuged using a Biofuge Pico centrifuge for 10 minutes at 13
000 rpm (Heraeus Instruments, Germany). The supernatants
were aspirated using syringes and ltered through 0.2 mm Mil-
lipore lters. Filtered supernatants (5 mL) were injected into the
UPLC-ESI-MS/MS system.

Quality control (QC) samples at four different levels; limit of
quantitation (LOQ: 7 ng mL−1), low quality control sample
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(LQC: 15 ng mL−1), medium quality control sample (MQC: 150
ng mL−1) and high-quality control sample (HQC: 400 ng mL−1).
DUV QC samples received the same processing as the calibra-
tion standards. These samples were evaluated on several days,
and on each day of the experiments, the system suitability
parameters were assessed.

Samples preparation procedure

Aliquots (1 mL) of plasma samples (obtained from the Blood
Bank at King Khalid Hospital of King Saud University, Riyadh,
Saudi Arabia) were spiked with therapeutic level of DUV. The
spiked samples were mixed with 1 mL of the mobile phase,
vortexed for 30 seconds, and then centrifuged for 10 minutes at
13 000 rpm. The supernatants were aspirated using syringes
and ltered through 0.2 mm Millipore lters. Filtered superna-
tants (5 mL) were injected into the UPLC-ESI-MS/MS system.

UPLC system and analysis conditions

The chromatography was performed on an ACQUITY™ UPLC
system (Waters Corp., Milford, MA, USA). The UPLC system
includes a column heater–cooler, a degasser, an autosampler
with a 10 mL injection loop, a quaternary solvent regulator, and
a binary pump. The UPLC separation conditions and MS
detection parameters are summarized in Table 1. The UPLC-
MS/MS system was controlled by Mass Lynx soware (SCN
805; Version 4.1).

Method validation procedure

To conrm that the proposed UPLC-ESI-MS/MS technique is
acceptable in terms of its linearity, sensitivity, precision, accu-
racy, selectivity, robustness, and stability of DUV in its samples,
the method was validated in accordance with the ICH recom-
mendations for validation of bioanalytical procedure.22

Assessment of linearity and sensitivity

By constructing three separate calibration curves, which served
as the basis for the regression equations and their correlation
Table 1 UPLC system and analysis conditions

Parameter/condition

Column

Mobile phase
Flow rate
Injection volume
Reaction mode
Mass interface
Desolvation

Capillary voltage
Collision gas
Parameters of MS analyzer

Dwell time

© 2023 The Author(s). Published by the Royal Society of Chemistry
coefficients, linearity was examined. The degree of method
linearity was expressed using the correlation coefficient value of
the calibration line. The sensitivity was expressed as LOD and
LOQ. The formula used was: LOD or LOQ = XSDa/b, where X =

3.3 for LOD and 10 for LOQ, SDa is the standard deviation of the
intercept, and b is the slope of the calibration line.
Determination of precision and accuracy

Each QC sample was subjected to repeated (n = 6) analysis at
each of the four QC levels (LOQ, LQC, MQC, and HQC) as
a batch in a single run to determine the intra-day precision and
accuracy. By conducting repeated (n = 3) analyses of each QC
sample at each level over the course of three days, the inter-day
precision and accuracy were evaluated. The accuracy was rep-
resented as a percentage of the recovery values, while the
precisions were represented as a percentage of the relative
standard deviation (RSD, %).
Determination of specicity and carryover

To investigate the specicity of the proposed UPLC-ESI-MS/MS
method, drug-free plasma, plasma spiked with DUV at
concentrations of 7, 15, 150 and 400 ng mL−1; each was sample
spiked with CRB (200 ng mL−1) were treated for protein
precipitation and then injected into the UPLC system to identify
any potential peaks at elution times of DUV and CRB.
Assessment of robustness and ruggedness

Minor changes have been made to the analytical conditions
(mobile phase composition and ow rate) and the effects on
recovery and accuracy were observed in order to evaluate the
method's robustness. The operating settings of the method-
ology were used for the analysis of DUV samples on two separate
UPLC instruments at two different laboratories and at various
time intervals in order to evaluate the robustness of the method.
RSD (%) was employed to depict the results.
Optimum

UPLC hypersil BDS™ C18 column (125 × 2 mm, i.d., 3 mm)
manufactured by Waters Corp. (Milford, MA, USA) maintained at 25 � 2
°C
Ammonium formate buffer (pH 4.2) : acetonitrile (42 : 58, v/v)
0.3 mL min−1

5 mL in partial loop mode
Multiple reaction monitoring (MRM)
Electrospray interface (ESI)
Nitrogen gas at a ow rate of 650 L h−1 at a desolvation temperature of
350 °C with a temperature source of 150 °C
4 kV
Argon at a ow rate of 0.1 mL min−1

HM1 and LM1 resolution 14.4 and 11.0; HM2 and LM2 resolution 14.8
and 12.0 respectively
0.025 s; ion energy 1, 0.4 V; ion energy 2, 1.4 V

RSC Adv., 2023, 13, 7929–7938 | 7931
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Fig. 1 (A) Chromatogram of a mixture containing DUV, docmitinib,
CRB, nadolol, procainamide, and glibenclamide; concentration of
each is 200 ng mL−1. (B) Chromatogram of DUV (150 ng mL−1) with
CRB (200 ng mL−1).
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Stability studies of DUV in samples

The stability of DUV was investigated under various circum-
stances and locations (autosampler, bench-top, freeze–thaw
cycles, and long-term storage). QC samples were kept under
autosampler settings for around 48 hours before being injected
into the UPLC system in order to examine the stability in
autosampler. For studying the stability onto the bench-top,
plasma samples were retained at room temperature for ∼6 h
and subsequently subjected to the analysis. Three cycles of
freeze (at −80 °C)–thaw (at room temperature) were carried out
in order to explore the stability during freeze–thaw cycle. For
assessing the stability at long-term storage conditions, samples
were kept at −80 °C for 60 days and then subjected to analysis.

Pharmacokinetic study in the rats

Each rat received oral gavage dosing with DUV (25 mg kg−1,
dissolved in 1% dimethyl sulfoxide/saline). Approximately 300
mL of blood were drawn and placed in heparinized tubes. Prior
to the administration of DUV, and aer DUV administration at
predetermined time points at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8
and 12 h. Blood samples were centrifuged at 4500 rpm and 4 °C
for 30 minutes, and the supernatants (plasma) were stored at
−20 °C until the analysis. The experimental investigation was
carried out in accordance with the requirements of the King
Saud University's Research Ethics Committee (RCE) for per-
forming studies on living creatures, Riyadh, Saudi Arabia, with
reference number KSU-SE-20-51.

Statistical analysis

The statistical analysis was conducted using Microso Excel
soware, version 2018 (Microso Corporation, Washington,
USA). All values were given as mean ± SD or RSD (%). The Data
Analysis Package integrated in the Excel Soware performed
regression analysis on the calibration data for the UPLC-ESI-
MS/MS methodology at a probability value (p value) <0.05. The
intercept of the line, slope, correlation coefficient, and variance
were all calculated during the regression analysis. The non-
compartmental model was exploited to calculate the pharma-
cokinetic parameters. The maximum plasma concentration
(Cmax), time to reach the maximum concentration (Tmax), half-
life time (t1

2
), and mean residence time (MRT) were computed,

as well as the area under the curve from zero to last and innity
(AUC0–24; AUC0–N). Microso-Excel 2018 was used to determine
the means, SD, and RSD (%) values (Microso Corporation,
Washington, USA).

Results and discussion
Strategy for method development

DUV has piqued our interest because of its invention and
effective usage in the treatment of CLL and SLL and expansion
of its use in the treatment of T-cell lymphoma,23 solid tumors,24

and non-Hodgkin's lymphoma.25 Our selection of DUV as
a target analyte in the present study was also supported by the
frequent appearance of some adverse effects leading to
discontinuation of treatment with DUV was reported. The
7932 | RSC Adv., 2023, 13, 7929–7938
therapeutic monitoring of DUV levels in patient's plasma could
be useful in adjusting the most appropriate dose for achieving
the highest therapeutic benets with minimal side effects.
Therefore, rening the pharmacokinetic prole of DUV is
important for achieving such goal. Accordingly, a proper
analytical method is necessary. The current work focused on
developing a sensitive UPLC-ESI-MS/MS methodology for
analyzing DUV in human plasma samples.

Optimization of the analysis conditions

The optimal settings of the proposed UPLC-MS/MS for the
chromatographic separation of DUV and CRB (IS), were thor-
oughly explored utilizing a mixture of ammonium formate (10
mM) and acetonitrile as the mobile phase and different
columns, additionally, the multiple reaction monitoring (MRM)
mode was elected during the entire experiment to eliminate
probable intrusive signals and at the same time augment the
specicity of the method during the development. At the
beginning of the experimental trials, a sample containing only
DUV was injected on a HILIC column (150 mm × 2 mm, 3 mm)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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using ammonium formate (10mM) : acetonitrile (65 : 35, v/v, pH
3.5) at ow rate of 0.2 mL min−1. The resulted chromatogram
showed no peaks; therefore, the column was replaced with
Hypersil BDS-C18 column (125 mm× 2 mm, 3 mm) and another
sample was injected on the column with the aforementioned
conditions. Under these conditions, DUV was eluted at ∼5 min.
In order to enhance the elution time of DUV (shorten the run
time), the mobile phase components ratio, pH and ow rate
were readjusted to ammonium formate (10 mM) : acetonitrile
(30 : 70, v/v, pH 4.2) at ow rate of 0.3 mL min−1. The resulted
chromatogram using these conditions displayed a distorted
peak with poor symmetry at 0.5 min. Accordingly, the
percentage of acetonitrile was lowered to be 58% (v/v) to
improve the resolution and symmetry of the peak. The optimum
conditions at which sharp and symmetric peaks were achieved
were found to be Hypersil BDS-C18 column (125 mm × 2 mm, 3
Fig. 2 Mass spectra of duvelisib (A) and ceritinib (B).

© 2023 The Author(s). Published by the Royal Society of Chemistry
mm) with ammonium formate (10 mM) : acetonitrile (42 : 58, v/v,
pH 4.2) as the mobile phase pumped at 0.3 mL min−1 and the
retention time of DUV was 0.58 min.

Different compounds (CRB, docmitinib, nadolol, procaina-
mide, and glibenclamide) were tested for their use as internal
standards with DUV; the obtained chromatogram is shown in
(Fig. 1). The retention times for these compounds were 0.7, 0.95,
1.1, 1.5, and 1.9 min for procainamide, nadolol, CRB, gliben-
clamide, and docmitinib, respectively. CRB was chosen as IS as
it provides suitable resolution fromDUV peak, appropriate peak
shape, and short run time without the need to change the
chromatographic conditions. The positive product ion scan of
DUV (m/z 417) yielded two major ions at [M + H]+ m/z 136 and
282. Similarly, the ion scan of CRB as IS (m/z 558) showed two
major ions at [M + H]+ m/z 84 and 433 (Fig. 2).
RSC Adv., 2023, 13, 7929–7938 | 7933
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Validation of the method

The proposedmethodology was entirely validated in accordance
with the requirements of the ICH for validation of bioanalytical
procedure22 to ensure acceptability of the method in terms of its
specicity, linearity, limits of detection and quantitation,
precision, accuracy, robustness, and ruggedness. By construct-
ing three separate calibration curves, deriving the regression
equations, and calculating the correlation coefficients of the
calibration lines, linearity was examined.
Specicity and carryover

To investigate the specicity of the proposed UPLC-MS/MS
method, drug-free plasma, plasma samples spiked with DUV
at concentrations of 5, 15, 150 and 400 ng mL−1; each was
sample spiked with IS (CRB, 200 ng mL−1) were treated for
protein precipitation and then injected into the UPLC-MS/MS
system to identify any peaks at elution times of DUV and CRB
Fig. 3 Chromatogram of (A) blank plasma sample. (B) 5, 15, 150 and
400 ng mL−1 DUV spiked plasma (C) CRB 200 ng mL−1 spiked plasma.

Fig. 4 Panel (A): chromatogramof 5, 15, 50, 100, 150, 200, 300, 400, 500
ng mL−1 DUV and 200 ng mL−1 CRB. Panel (B): calibration curve of DUV.

7934 | RSC Adv., 2023, 13, 7929–7938
(Fig. 3). The total ion chromatogram of the MRM technique
revealed that no comparable peaks were observed close to the
DUV and CRB retention times in the human plasma samples. As
a result, extracting DUV from human plasma using the mobile
phase ammonium formate (10 mM) : acetonitrile as the protein
precipitant worked well. Furthermore, neither DUV nor IS
carryover was seen in plasma samples.

Linearity and sensitivity

For linearity evaluation of the suggested methodology, a calibra-
tion graph was created (n = 9) by putting the peak-area ratio of
DUV to IS (Y-axis) as a function of the concentration of DUV (X-
Table 2 Intra-assay and inter-assay precision and accuracy for
determination of DUV in spiked human plasma

Nominal DUV
(ng mL−1)

Mean DUV
(ng mL−1) Recovery (%) RSD (%)

Intra-day
5 4.76 95.12 1.15
15 15.33 102.21 2.15
150 146.19 97.46 0.70
400 398.37 99.59 0.24

Inter-day
5 4.75 94.95 2.69
15 15.13 100.88 1.21
150 146.47 97.64 1.38
400 398.23 99.56 0.75

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Robustness and ruggedness study of the proposed UPLC-
MS/MS method for determination of DUV in human plasma samples

Parameters Recoverya (% � RSD)

Robustness
Ratio of acetonitrile : ammonium formate (10 mM)
40 : 60 98.44 � 1.17
45 : 55 97.60 � 1.38
pH
4 100.49 � 2.20
4.1 101.96 � 1.26

Ruggedness
Instrument-to-instrument
Instrument-1 99.56 � 1.18
Instrument-2 98.94 � 3.05
Analyst-to-analyst
Analyst-1 99.83 � 3.47
Analyst-2 102.00 � 4.02
Day-to-day
Day-1 99.76 � 2.38
Day-2 98.74 � 3.85

a Values are mean of 3 determinations.
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axis) in the range of 5–500 ng mL−1 in human plasma (Fig. 4). A
linear relationship with excellent determination coefficient (r2 =
0.99991) was found. The regression equation of the calibration
curve was Y= 0.88372 + 0.67187X. The RSD values of all points did
not exceed 2.69%; whereas, the SD ranged from 0.06 to 3.86. The
calculated LOD and LOQ were 1.7 and 5 ng mL−1, respectively.
Precision and accuracy

Using four levels of quality control (QC) samples, the precision
and accuracy of the examined technique were tested at the
Table 4 Data of stability studies of DUV in human plasma samples

Stability Spiked conc. (ng mL−1)

Bench top (6 h) 5
15

150
400

Autosampler (48 h) 5
15

150
400

Freeze–thaw (3 cycle) 5
15

150
400

60 days at −80 °C 5
15

150
400

30 days at 8 °C 5
15

150
400

a Values are mean of 3 determinations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
calibration range (Table 2). These levels were: LOD (5 ng
mL−1), LQC (15 ng mL−1), MQC (150 ng mL−1), and HQC (400
ng mL−1). Intra-day recovery values were in the range of 95.12–
102.21% (with a mean value of 98.60 ± 3.02%), whereas those
of the inter-day were in the range of 94.95–100.88% (with
a mean value of 98.26 ± 2.58%). These high recovery values
validated the method's accuracy. RSD values for intra- and
inter-day precisions were lied the ranges of 0.24–2.15 and 0.75–
2.69%, respectively. These results indicated that the method
has acceptable precision. It is important to state that the
precision of accuracy of the present method were superior to
those of the reported method,18 which demonstrated preci-
sions and accuracy at approximately 12.63% and 86.9%,
respectively.
Robustness and ruggedness

The method's robustness was assessed by examining the effect
of slight changes in the experimental chromatographic condi-
tions (mobile phase composition and pH) on the analytical
performance of the method in terms of recovery and precision.
As shown in (Table 3), these minor changes did not distress the
method's accuracy and precision as recovery values were in the
range of 97.60–101.96% and the range of RSD values were 1.17–
2.20%.

The suggested approach was used to analyze DUV under
identical operational settings, but two separate instruments
from two different laboratories were used, and varied elapsed
periods were used to demonstrate the robustness of the
method. Results were expressed as RSD (%). The recovery values
were in the range of 98.74–102.00% and the RSD values were in
the range of 1.18–4.02%, indicating the ruggedness and repro-
ducibility of the method (Table 3).
Recoverya (%) Precisiona (RSD, %)

99.52 7.05
100.21 3.12
101.43 5.82
99.26 2.63

100.12 6.45
95.89 4.08
98.42 5.14

103.28 2.28
96.17 7.36
99.89 6.51

101.13 5.81
97.28 1.19

101.51 6.27
99.84 4.18

101.19 3.05
99.87 2.18
96.94 6.07

103.24 3.29
101.02 2.16
96.27 1.42

RSC Adv., 2023, 13, 7929–7938 | 7935
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Table 5 The pharmacokinetic parameters of DUV in rat plasma after
oral administration of 25 mg kg−1

Parameter Unit Valuea

Dose (D) mg kg−1 25
Maximum plasma concentration (Cmax) ng mL−1 3804.24
Time required for maximum plasma
conc. (Tmax)

h 1.83

Volume of distribution (Vd) L kg−1 0.88
Elimination rate constant (Kel) h−1 0.97
Elimination half-life time (t1/2) h−1 0.72
Clearance (CL) L h−1 kg−1 0.85
Area under curve from time 0 to last
conc. (AUC0–t)

ng h mL−1 28 271.33

Area under curve at innite time (AUC0–N) ng h mL−1 29 544.19
Area under curve ration (AUC0–t/AUC0–N) % 95.69
Mean residence time (MRT) h 1.04

a Values are mean of 5 determinations.
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Stability studies of DUV in samples

DUV was shown to be stable in plasma samples for at least 6
hours at room temperature on the bench and 48 hours when
stored under autosampler storage settings, according to the
ndings of stability tests (Table 4). DUV was also discovered to
be stable at−80 °C for 60 days and during the three freeze–thaw
cycles. It was discovered that the stock and working standard
solutions of DUV were stable for 30 days at refrigerated condi-
tions (at 8 °C). These outcomes are clear from the recovery
values that were attained, which ranged from 95.89 to
103.28%.and the RSD values which did not exceed 7.36%.

Pharmacokinetic study in rats

As aforementioned, the main goal for the development and
validation of the present method was its application for routine
use in clinical laboratories for the for therapeutic monitoring of
DUV levels in human plasma during patient therapy and con-
ducting pharmacokinetic studies, it was validated using human
plasma samples to simulate the real circumstances of its
application and achieving its purpose. However, for the law's
restrictions on the academic/research universities to use
human subjects in conducting research, therefore it was
decided to assess the applicability of the present method using
plasma samples of experimental animals. The applicability of
the UPLC-ESI-MS/MS method described herein for the quanti-
tation of DUV in plasma samples, a pharmacokinetic prole of
DUV aer its oral administration in rats at a dose of 25 mg kg−1

was investigated using rats. Rats were selected for the study
because they were veried to be the most suitable animal model
to investigate human biology because of to their high similari-
ties in their genomic and physiologic to humans.26 Pharmaco-
kinetic study was conducted using non-compartmental analysis
as described previously.27 The mean plasma DUV concentra-
tions (in ngmL−1) versus time (h) is given in Fig. 5, and themain
pharmacokinetic parameters explored are summarized in
Table 5.

DUV was quickly absorbed following oral treatment in rats,
reaching its peak plasma concentration (Cmax) of 3804.24 ± 500
Fig. 5 Concentration-time profile of DUV in rats after single oral
administration at a dose of 25 mg kg−1. Concentrations are presented
in ng mL−1 (means of 5 rats ± SD).

7936 | RSC Adv., 2023, 13, 7929–7938
ng mL−1 aer 1.83 h (tmax), and having an elimination half-life
(t1

2
) of 0.72 h. The current UPLC-ESI-MS/MS technique was

shown to be sensitive enough to cover the elimination phase of
DUV. This was conrmed by computing the ratios of AUC
(AUC0–t/AUC0–N), which were established to be 95.69%. Adult
patients with advanced hematologic malignancies who received
oral DUV as a single dosage of 25 mg twice daily showed similar
drug plasma proles. Aer administration to humans, it was
noted that DUV exhibits a quick absorption with a Tmax of 1 to 2
hours.14

Conclusions

This article demonstrates the detailed description for the
development and validation of a new UPLC-ESI/MS/MS method
for the quantitation of DUV in both human and animal plasma
samples. The proposed method combined many advantages
which include the simple straightforward one-step protein
precipitation for the plasma sample preparation, employing
a simple isocratic mode for the chromatographic separation
and a short run time (2 min). The validation results conrmed
that with concentrations as low as 5 ng mL−1, the suggested
UPLC-ESI-MS/MS method is appropriate for the accurate
quantitation of DUV in plasma samples and has a wide linear
range of 5–500 ng mL−1. The simple extraction procedure and
the short run time of the method makes it high throughput
which facilitates the processing of many samples in clinical
laboratories. The method is valuable for the combined phar-
macokinetic studies and therapeutic monitoring of DUV in
human subjects aer oral administration of therapeutic its
dose.
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