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The current study coupled fabric phase sorptive extraction (FPSE) with ultraperformance liquid chro-
matography method with electrospray ionization and tandem mass detection (UPLC-ESI-MS/MS) for fast
and sensitive determination of tadalafil (TAD) in a bioequivalence study. Fabric phase sorptive extraction
allowed direct extraction of TAD from the sample matrix with improved selectivity, repeatability, and
recoveries. A sol–gel Carbowax 20 M (CX-20 M) coated FPSE membrane revealed the best extraction effi-
ciency for TAD because of its strong affinity for analytes via intermolecular interactions, high mass trans-
fer rate to FPSE membrane, and high permeability. An automated multiple reaction monitoring (MRM)
optimizer was employed for the best selection of the precursor and product ions, ion breakdown profile,
the fine adjustment of the fragmentor voltages for each precursor ions, and the collision energies for the
product ions. The chromatographic separation was conducted using a mobile phase A: 5.0 mM ammo-
nium acetate with 0.1 % formic acid in water and mobile phase B: formic acid (0.1%) in acetonitrile in ratio
(55:45, v/v) through isocratic elution mode on an Agilent EclipsePlus C18 (50 � 2.1 mm, 1.8 lm) column
and the flow rate was adjusted at 0.4 mL min�1. The total run time per sample was 1.0 min. The method
was validated by FDA standards for bioanalytical method validation over a concentration range of 0.1–
100 ng mL�1 with a correlation coefficient of 0.9993 and the lower limit of quantitation (LLOQ) was
0.1 ng mL�1 in rat plasma. Intra- and inter-assay precision (%RSD) were lower than 4.1% and accuracy
(%RE) was within 2.4%. The developed FPSE-UPLC-ESI-MS/MS method was effectively used in a random-
ized, two-way, single-dose, crossover study to compare the bioequivalence of two TAD formulations from
different companies in male rats and verified to be bioequivalent.
� 2022 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

Erectile dysfunction (ED) is the male’s inability to acquire and
keep an adequate erection of the penis to allow acceptable sexual
intercourse (Thomas, 2002). ED represents a common problem
affecting over 150 million men and is firmly linked with cardiovas-
cular disease especially among older men (Travison et al., 2007).
Tadalafil (TAD) is a potent and selective phosphodiesterase enzyme
inhibitor type-5 (PDE5), the predominant isozyme that metabo-
lizes cyclic guanosine monophosphate (cGMP) in the penis corpus
cavernosum (Brock et al., 2002, Padma-Nathan, 2003). Its inhibi-
tion causes a rise in levels of the intracellular cGMP and thus
boosts the nitric oxide–cGMP cascade, this results in augmented
smooth muscle relaxation and hence, prolongation of the erection
(Kuan and Brock, 2002). TAD also exhibits a higher selectivity for
PDE5 compared to the first authorized PDE5 inhibitor, sildenafil
(SLD). In comparison to SLD, it has shown efficacy and safety as
an oral ED treatment as it is 1000 times selective for PDE5 while
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SLD is 41 times (Bischoff, 2004). Tadalafil also has a prolonged half-
life (17.5 h) attributed to delayed hepatic clearance, low volume of
distribution, and high bioavailability (80%). TAD’s pharmacokinetic
features allow for a longer duration of action (12–36 h) with once-
daily dosage, making it easier to reclaim sexual erection
(Washington and Shindel, 2010). Because of these pharmacological
characteristics, there has been an interest in creating a novel for-
mulation with TAD for ED therapy (Kim et al., 2018). Thus, there
is a need to develop rapid and sensitive bioanalytical method tar-
geting quantitation of TAD in bioavailability and bioequivalence
studies.

Thus far, several bioanalytical methods for quantifying TAD as a
single analyte or in combination with other PDE5 inhibitors in dif-
ferent biological samples are currently available in the literature.
Diverse bioanalytical techniques were employed for the determi-
nation of TAD involving; fluorometry (Abu El-Enin et al., 2016),
gas-chromatography with mass spectrometry (GC–MS) (Strano-
Rossi et al., 2010, Nikolaou et al., 2011), high performance liquid
chromatography with ultraviolet detection (HPLC-UV) (Cheng
and Chou, 2005, Shakya et al., 2007), HPLC with fluorescence detec-
tion (Farthing et al., 2010), liquid chromatography with mass spec-
trometry (LC-MS) (Tanaka et al., 2020), liquid chromatography
with tandem mass spectrometry (LC-MS/MS)(Ramakrishna et al.,
2004, Rust et al., 2012, Unceta et al., 2012, Lee et al., 2013, Ma
et al., 2013, Bhadoriya et al., 2018, de Souza Madeira et al., 2021)
and ultraperformance liquid chromatography with tandem mass
spectrometry (UPLC-MS/MS)(Proença et al., 2013, Kim et al.,
2017). Although a variety of analytical methods were available,
many of them lacked the sensitivity and selectivity required to
quantify trace amounts of TAD in biological samples (Cheng and
Chou, 2005, Shakya et al., 2007, Abu El-Enin et al., 2016). Some
of these methods needed a rather long run time of more than
5 min, making them unsuitable for high-throughput TAD determi-
nation (Farthing et al., 2010, Tanaka et al., 2020).

Traditional sample preparation techniques for measuring TAD
in biological samples involves protein precipitation, liquid–liquid
extraction (LLE) and solid phase extraction (SPE). Although, protein
precipitation is a simple technique, it is not sufficient to remove all
interfering plasma components. LLE necessitates complex and
time-consuming sample preparation procedures, large amounts
of organic solvents that are incompatible with green chemistry
standards. Additionally, SPE suffered from various problems as
clogging and batch-to-batch variations. These drawbacks affect
the application of these techniques in routine analysis of TAD in
biological samples (Ramakrishna et al., 2004, Rust et al., 2012,
Lee et al., 2013, Ma et al., 2013, Bhadoriya et al., 2018). The current
trend in sample preparation in biological samples is the adoption
of novel sample preparation procedures to overcome these short-
comings in analysis of TAD.

Recently, fabric phase sorptive extraction (FPSE) was intro-
duced as a new innovation of sorbent-based sorptive microextrac-
tion that integrates the advanced features of sol–gel derived
sorbents with the flexibility and permeability of fabric substrates
to produce a device for simple, rapid, and reproducible sample
preparation workflow. This technique provides several advantages
including large surface area with the ability to directly separate
and preconcentrate the analytes even in complex biological matri-
ces making it best suited for routine analysis. Moreover, FPSE
reduces the number of sample preparation steps, lowering the risk
of analyte loss and improve extraction robustness (Kabir et al.,
2013). A cellulose cotton or polyester fabric substrate is working
via the anticipated chemistry in the FPSE membrane, resulting in
a durable and adaptable microextraction device with high perme-
ability, quick extraction equilibrium, and excellent chemical stabil-
ity without significant loss of extraction performance.
Furthermore, FPSE can use the hydrophobicity features of the fab-
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ric substrates to adjust the selectivity of the FPSE media (Locatelli
et al., 2021).

Sol-gel coating technology, utilized to produce FPSE microex-
traction membrane, is a simple, highly efficient, and reproducible
chemical coating method that gives coating uniformity with vari-
able thickness (Samanidou et al., 2016b). In FPSE, the porous fabric
substrate employed to retain sol–gel sorbents resembles the SPE
extraction process, resulting in quicker mass transfer and high
extraction recovery. Because of the flexibility of FPSE media, it
may be inserted directly into the sample container, eliminating
the requirement for numerous transfer processes, that could result
in analyte loss (Alampanos et al., 2020). To adjust the polarity of
the extraction sorbent, a wide range of commercially available
organic polymers, macromolecules, and organically modified sol–
gel precursors with various polarities, may be employed in the
sol solution scheme (Mazaraki et al., 2021).

The new automated optimizer tools have been introduced for
MRM optimization that greatly increase method sensitivity,
enhance method reproducibility, and lowers the time required
for MRM method development, especially for multi-analyte MRM
techniques that need the optimization of more than two MRMs
for several analytes (Mastovska et al., 2017). The MRM optimizer
tool offers a great degree of versatility for automating the opti-
mization of MRM conditions such as the selection of the best pre-
cursor and product ions, fine optimization of fragmentor voltage
and collision energy (CE) values. Hence, the MRM optimizer tool
was employed to assist the MRM optimization procedures in the
developed UPLC-MS/MS methodology.

The current work was intended to use FPSE combined with
UPLC-MS/MS to develop a rapid, sensitive, and reliable method
for the quantitation of TAD in rat plasma. FPSE has been assessed
for the first time for the extraction of TAD and SLD, the internal
standard (IS), from plasma samples. Various FPSE media were eval-
uated for the most efficient performance criteria. The method was
validated in agreement with FDA guidelines for bioanalytical
method validation U.S. Department of Health and Human
Services, 2018 then employed to study bioequivalence of TAD in
rats.
2. Experimental

2.1. Chemicals and reagents

TAD reference standard (99.0%) was gifted from SAJA Pharma-
ceuticals company (Jeddah, Saudi Arabia) and SLD reference stan-
dard (97.5%) purchased from Acros Organics (Geel, Belgium).
Sigma Aldrich (Seelze, Germany) provided sol–gel active polymers
of polyethylene glycol Carbowax-20 M (CX 20 M), polydimethyl-
siloxane (PDMS), polydimethyldiphenylsiloxane (PDMDPS), poly-
tetrahydrofuran (PTHF), ammonium acetate, and formic acid.
Substrates for FPSE media were provided by Jo-Ann Fabric (Miami,
FL, USA). A Millipore water filtration system (Bedford, MA, USA)
was utilized to get ultra-pure water. Pharmaceutical formulations
were bought from the local pharmacy; Cials�20 mg tablets (Eli Lilly
Company, Indianapolis, IN, USA) and Snafi�20 mg tablets (Spimaco,
Riyadh, Saudi Arabia). Sprague Dawley male rats (190–220 g) sup-
plied from Animal house, Taibah University (AlMadinah AlMuna-
warah, Saudi Arabia).
2.2. Preparation of standard and quality control samples

TAD and SLD stock solutions were made by dissolving the accu-
rately weighed quantities in methanol at a concentration of
1 mg mL�1 and were stored at 4 �C in light protected flasks. The
calibration standards for TAD were prepared by serial dilution with
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pooled blank plasma from rats to obtain final concentrations of 0.1,
0.5, 2, 10, 20, and 100 ng mL�1. Quality control (QC) samples were
made in the same manner in blank rat plasma at lower limit of
quantitation (LLQC; 0.1 ng mL�1), low (LQC; 0.5 ng mL�1), middle
(MQC; 10 ng mL�1), and high (HQC; 100 ng mL�1) concentrations.
The calibration standards and quality control samples were kept
at � 30 ◦C in sealed, light-resistant vials. Before being assayed,
all rat plasma samples were defrosted immediately at ambient
temperature.

2.3. FPSE sample preparation protocol

Prior to analyte extraction, the FPSE membrane were condi-
tioned by soaking it in 2 mL of methanol for 2 min. The FPSE was
held with tweezers to stay away from direct contact. The FPSE
membrane was then rinsed 2/3 times in ultra-pure water to elim-
inate any remaining organic solvents, making it ready for the
extraction. A 100-lL aliquot of plasma was placed into a screw-
capped glass vial (5-mL) containing cleaned FPSE membrane, fol-
lowed by 10 lL of the IS solution (SLD; 500 ng mL�1) and 500-lL
of ultra-pure water. In the vial, a clean teflon-coated magnetic stir-
rer was placed. To achieve appropriate analyte diffusion, the mag-
netic stirrer was set at the medium level for 20 min. The FPSE
membrane was then placed in a clean vial with 500-lL methanol
and stirred for 10 min for back extraction of the analytes. The elu-
ate was dried under a nitrogen stream and reconstituted with 100-
lL methanol before injection of 5-lL into the UPLC–ESI-MS/MS
system.

2.4. UPLC-ESI-MS/MS conditions

The UPLC-ESI-MS/MS analysis was performed on an Agilent
UPLC system (Agilent, CA, United States) comprised of a 1260 Infin-
ity II quaternary pump with an integrated degassing unit and a col-
umn thermostat and a 1260 Infinity II auto-sampler (Agilent
Technologies) and NG CASTORE XS iQ nitrogen generator (LNI
Swissgas, Switzerland). The chromatographic separation was run
on an EclipsePlus C18 RRHD (50 � 2.1 mm, 1.8 lm) column (Agi-
lent) operating in reversed phase mode at a flowrate of
0.4 mL min�1 using a mobile phase A: 5.0 mM ammonium acetate
with 0.1 % formic acid in water and mobile phase B: formic acid
(0.1%) in acetonitrile in ratio (55:45, v/v). The column was held
at 40 �C and equilibrated with the mobile phase. An Ultivo triple
quadrupole mass spectrometer was connected to the UPLC system
(Agilent Technologies). TAD was measured by positive electrospray
ionization (ESI) in the MRM mode. Mass Hunter Quantitative Data
Analysis software was used to process the data. The TAD and IS
mass parameters were optimized through Mass Hunter optimizer
software using on column mode with the standard solutions at a
concentration of 100 ng mL�1 in the same mobile phase. The quan-
tifier MRM transitions were selected based on the most intense
fragment ion. The measurement was achieved using MRM mode
with the transition’s m/z 390.2 ? 268.0 for TAD and
475.2 ? 283.0 for SLD. The dwell time was adjusted to 25 ms for
each MRM transition. The ESI Jet Stream source parameters were
tuned to provide the strongest MRM signals. They were: gas tem-
perature, 300 �C; gas flow, 10 L/min; nebulizer gas, 15 psi; capillary
voltage, 4000 V; fragmentor voltage, 135 V for TAD and 170 for SLD
(IS); collision energy (CE) 10 V for TAD and 45 V for SLD (IS).

2.5. Validation of analytical method

The developed methodology was validated in compliance with
the FDA guidance for bioanalytical method validation in the United
States (U.S. Department of Health and Human Services) (U.S.
Department of Health and Human Services, 2018).
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To evaluate method selectivity, blank rat plasma samples from
six separate rats were spiked with TAD and IS at the lower limit of
quantitation (LLOQ) level to see if interfering elements were pre-
sent at the analytes’ retention times. The peak areas of the co-
eluting substances have to be less than 20% of the TAD response
at the LLOQ level.

The method’s linearity was assessed by constructing the cali-
bration curve (n = 5) for TAD using six different concentration
levels covering a concentration range of 0.1–100 ng mL�1, which
corresponded to the expected concentration range after a single
oral dosage of TAD. The calibration curve was built by the least
squares’ linear regression of the peak area ratio of TAD to IS vs
the analyte concentrations. The deviations of the re-calculated con-
centrations from the spiked levels were limited to 15% of the
expected value (only 20% for the LLOQ). The method’s sensitivity
was assessed by calculating the LLOQ. LLOQ was calculated using
five replicates in three consecutive runs as the lowest the calibra-
tion curve level with less than 20% precision and accuracy.

The intra-day and inter-day’s precision and accuracy were cal-
culated by five replicates analysis of TAD QC samples at four con-
centration levels: LLOQ (0.5 ng mL�1), low (LQC; 0.5 ng mL�1),
middle (MQC; 10 ng mL�1), and high (HQC; 100 ng mL�1) on three
successive working days. The precision was determined as a per-
centage of the relative standard deviations (RSD%), and the accu-
racy as the relative error (RE%) between the calculated and real
levels. The RSD percent for the tested samples should be within
15%, and the accuracy should be less than 15%, while the LLOQ
should be less than 20%.

To expand the upper quantitation limit with appropriate preci-
sion and accuracy, the dilution integrity was performed. It was
estimated for five replicates by diluting ultrahigh quality control
sample (UHQC) (500 ng mL�1) to 100 ng mL�1 (5-times) and
10 ng mL�1 (50-times) using blank rat plasma. The diluted samples
were processed and measured by the developed FPSE-UPLC-ESI-
MS/MS method and compared with the real level. The acceptable
values for analysis of TAD samples for the accuracy (RE%) and pre-
cision (RSD%) were within 15%.

The stabilities of TAD were evaluated by making three sets of
QC samples at three QC levels LQC, MQC, and HQC (0.5 ng mL�1,
10 ng mL�1 and 100 ng mL�1) and was treated under a variety of
storage and handling situations. Bench-top stability was deter-
mined by allowing triplicates of frozen QC samples to defrost at
room temperature for 6 h on the bench-top. Whereas the long-
term stability was tested by keeping at � 30 �C for 30 days then
permitting to equilibrate with room temperature. The freeze–thaw
stability was evaluated after three freeze–thaw cycles (freezing for
24 h at � 30 �C, then defrosting at ambient temperature). The pro-
cessed sample stability was evaluated by reanalyzing the QC sam-
ples after storage in an autosampler at room temperature for 24 h.
The results were determined by comparison of the peak areas of
the samples to newly prepared QC samples with the same level.
The samples were judged stable if results were less than 15% of RE.

2.6. Application to a bioequivalence study

The developed FPSE-UPLC-ESI-MS/MS method was utilized to
determine plasma level of TAD in a bioequivalence study of test
and reference formulations in a randomized, two-way, crossover
study after oral single dose administration to Sprague Dawley male
rats. As stated in FDA regulations for bioequivalence and bioavail-
ability studies, a pilot study could be used to test method applica-
bility in real cases. The test and reference tablets were Cials�20 mg
TAD tablets from Eli Lilly Company (Indianapolis, USA) and
Snafi�20 mg TAD tablets from Spimaco (Riyadh, Saudi Arabia),
respectively. The study was performed as per U.S. Department of
Health and Human Services, Food and Drug Administration guide-
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lines for bioavailability and bioequivalence Studies (Studies). The
Ethic Committee of college of pharmacy, Taibah University
approved the study protocol (Approval number: COPTU-REC-17–
20210705). A total number of 20 Sprague Dawley male rats
(190–220 g), as a model animal, from the animal house of Taibah
University were used in the study. Animals were maintained sep-
arately in cages with wire-mesh made of galvanized steel for one
week prior the rat experiments for acclimation in a room with reg-
ulated lighting and a controlled room temperature (25 �C). Sick,
wounded, and abnormal animals were excluded. The rats were
separated into two groups (n = 10): Group A- given Cials�20 mg
TAD tablets, whereas Group B given Snafi�20 mg TAD tablets.
The two test and reference tablets were crushed, suspended and
provided by oral gavage to rats in 5 mL of water in a dose of
1 mg/kg as stated in previous report (Lee et al., 2013). Blood sam-
ples were taken from retro-orbital plexuses (0.3 mL) before (0 h)
and after at 0.5, 1, 2, 4, 6, 8, 12, and 24 h in heparinized tubes, then
centrifuged at 15,000 rpm for 5 min. The supernatant plasma was
gathered and kept in deep-freezer (�30 �C) till analysis. Before
analysis, the frozen samples were defrosted and left to equilibrate
at ambient temperature then diluted 5 times with blank rat plasma
for fitting within the calibration range. TAD pharmacokinetic
parameters were assessed using a non-compartmental analysis
model by a moment analysis program from the plasma concentra-
tion vs time curve. Area under the curve (AUC), Area under the first
moment curve (AUMC), Mean Residence Time (MRT), terminal
phase half-life (T1/2), clearance (CL), maximum concentration
(Cmax) and the first occurrence of Cmax (Tmax) were the assessed
pharmacokinetic parameters.
3. Results and discussion

3.1. Method development of UPLC-ESI-MS/MS with automated MRM
optimization

The UPLC-MS/MS is the gold standard for quantitative determina-
tion in a variety of applications, particularly when the analyte of
interest to be measured in a complex biological matrix because of
its selectivity, sensitivity, and analysis speed. To achieve the best
results for the target analytes, it is necessary to make fine optimiza-
tion for the developed UPLC-MS/MS. SLD was selected as the I.S. in
this study because it has comparable chemical characteristics to TAD.

The optimization of MRM is an essential part in UPLC-MS/MS
method development. A newly introduced MassHunter Optimizer
program provided a flexible tool for automating the optimization of
MRM settings, such as the choice of precursor and product ions as
well as the fine tuning of collision energies and fragmentor voltages
(Higton 2001, Mastovska et al., 2017). Under ESI conditions, TAD and
the I.S. have superior sensitivity in positive ion detection mode com-
pared to the negative ion detection mode attributed to the presence
of a basic amine functional group in TAD and SLD structures (Kim
et al., 2017). To enhance ionization in the positive ion mode, a low-
pH mobile phase containing 0.1% formic acid was used.

The precursor ions were optimized for TAD and SLD using the
optimizer program for positive ions, various adducts and charge
states for the most abundant precursor ions. Low abundant precur-
sor ions and ions with m/z � 100 were excluded from considera-
tion. The monitored m/z values were determined in selected ion
monitoring (SIM) scan mode based on the entered formula, com-
pound structure, mobile phase content and ionization mode. The
obtained spectra revealed prominent protonated molecular ions
[M + H]+ at m/z 390.2 and 475.2 for TAD and SLD, respectively
(Fig. 1 [A] and [B]). Product ions were chosen for TAD and SLD
using the MRM optimizer program as the most abundant ions in
a composite product ion scan spectrum acquired for the given pre-
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cursor ion at different collision energies. The optimizer settings
were adjusted for the two most abundant ions. For TAD, the most
abundant product ions were found atm/z 268.0 and 204.0 while for
SLD the most abundant peaks were at m/z 283.0 and 311.2. The
collision-induced dissociation mass spectra showed extremely
stable and strong product ions at m/z 268.0 corresponding to the
loss of benzodioxole fraction from TAD and at m/z 283.0 corre-
sponding to loss of (4-methylpiperazin-1-yl) sulfonyl and ethyl
moieties from SLD (Fig. 1).

Additionally, the fragmentor voltage and collision energy of Q1
and Q3 were appropriately tuned for TAD and SLD using the opti-
mizer program to meet the necessary specificity and sensitivity of
the developed UPLC-ESI-MS/MS method as seen in Fig. S1 for TAD
and Fig. S2 for SLD. The system firstly adjusts the coarse fragmen-
tor voltage, which produce the maximum ion intensity of the
selected precursor ions, and then refines the fragmentor voltage
by stepping in smaller increments to provide the best response.
The tested fragmentor voltage range was from 100 to 200 V. The
maximum ion intensity was obtained at 135 V for TAD m/z 390.2
and at 170 V for SLDm/z 475.2. Thus, it was chosen as the optimum
MRM settings.

The CE optimization entails the acquisition of the precursor ion
to product ion transition at variable CEs keeping capillary voltage
at 4000 V. The CEs were varied across the selected CE range 0 to
100 V for the two selected transitions: 390.2 ? 268.0 and
390.2 ? 204.0 for TAD while 475.2 ? 283 and 475.2 ? 311.2 for
SLD. The highest abundance for TAD was seen for transition
390.2 ? 268.0 at 10 V for TAD while the highest abundance for
SLD was found for transition 475.2 ? 283.0 at 45 V. Therefore, it
was selected as the optimum MRM settings. The dwell time was
also adjusted for the best detector response and a dwell
time � 25 ms is advised for the mentioned MRM transitions.

Afterward, UPLC conditions were optimized for the best resolu-
tion, peak shape and analytical response in a short retention time
to suite the high-throughput ability in clinical studies. At first,
we investigated several C18 reversed-phase columns including Kro-
masil (150 mm � 4.6 mm,1.8 lm), Hypersil BDS C18 column
(150 � 4.6 mm,3 lm), and EclipsePlus C18 RRHD (50 � 2.1 mm,1.
8 lm). The best resolution, peak shape, and analysis time for TAD
and SLD was obtained using EclipsePlus C18 RRHD (50 � 2.1 mm,1.
8 lm). The effect of mobile phase composition peak separation on
the UPLC and analysis time was studied of both TAD and IS. Several
organic solvents were investigated involving methanol, ACN and
ethanol. It was observed that acetonitrile afforded better resolu-
tion, sensitivity, and short analysis time (less than 1.0 min) for both
TAD and IS, as well as the advantage of lower backpressure on the
column. Methanol and ethanol were not sufficient for complete
separation of the investigated drugs. Therefore, ACN was chosen
for subsequent work. Additionally, it was discovered that both
TAD and IS needed ammonium acetate in the buffer to achieve
effective ionization and fragmentation in the MRM detection.
Hence the effect of ammonium acetate concentration was tested
in the range 1–20 mM. The best detector response for TAD and IS
was seen at 5 mM ammonium acetate for 55% buffer ratio in the
mobile phase. In addition, adding formic acid to acetonitrile and
ammonium acetate buffer was necessary to produce efficient ion-
ization and provide sharp peaks. Hence formic acid 0.01–1% was
tested in the mobile phase and 0.1% formic acid was the best.
Under the optimum UPLC conditions, TAD and IS were eluted
quickly with less than 1.0 min that is suitable for high-
throughput assays in clinical studies.

3.2. Optimization of FPSE extraction protocol

As the developed UPLC-ESI-MS/MS was intended to improve
high-throughput effectiveness in clinical exams, the FPSE was cho-



Fig. 1. Collision-induced dissociation mass spectrum of (A) TAD and (B) SLD (I.S.) in positive ion electrospray ionization mode. The MRM transitions was m/z 390.2 ? 268 for
TAD and 475.2 ? 283 for SLD.
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sen as a sample preparation approach One of the most significant
advantages of using FPSE is its ability to extract target analytes
directly from biological samples by simple immersion in the
extraction fluid without previous sample preprocessing (Locatelli
et al., 2021). However, it was necessary to optimize the FPSE
extraction procedures from plasma samples for several FPSE
1147
parameters including the sorbent type, stirring time, and back-
extraction solvent type volume.

In this work, four different FPSE sorbent media, via the sol–gel
coating process on hydrophilic cellulose fabric substrate, were
evaluated in the current methodology for plasma extraction of
TAD. These FPSE includes sol–gel silica Carbowax� 20 M with



Fig. 2. Effect of different FPSE sorbent media on the extraction recoveries of TAD
and SLD (I.S.).

Table 1
Extraction recovery and matrix effect of TAD and IS in rat plasma samples using sol–
gel CX 20 M at the three concentration levels and assay by the developed FPSE-UPLC-
ESI- MS/MS method.

QC samples Recovery* (%) Matrix factor*

TAD IS TAD IS IS-normalized

LQC (0.5 ng mL -1) 97.95 98.12 0.943 0.957 0.985
MQC (10 ng mL -1) 98.76 99.55 0.972 0.980 0.992
HQC (100 ng mL -1) 99.36 100.6 0.998 0.990 1.008

*Average of five determinations.

Fig. 3. MRM chromatogram of blank rat plasma spiked with TAD at LLOQ (0.1 ng mL�1) a
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8.63 mg/cm2 sorbent loading, sol–gel polydimethylsiloxane (sol–
gel PDMS) with a sorbent loading of 4.56 mg/cm2, sol–gel poly-
dimethyldiphenylsiloxane (sol–gel PDMDPS), with a sorbent load-
ing of 1.93 mg/cm2 sol–gel polytetrahydrofuran (sol–gel PTHF),
with a sorbent loading of 3.96 mg/cm2. All these FPSE media are
recommended for medium and less polar aromatic compounds.
Preparation of these FPSE media were according to previous
reports (Roldán-Pijuán et al., 2015, Samanidou et al., 2016a,
2016b). Fig. 2 shows recovery% of TAD and SLD (I.S) using the
investigated FPSE sorbent media. The sol–gel CX 20 M was shown
to be the best FPSE sorbent membrane for TAD and SLD extraction
because of its strong affinity for analytes via intermolecular inter-
actions, high mass transfer rate to FPSE membrane, and high per-
meability. Stirring duration was also optimized in the 5–30-
minute range, and the extraction equilibrium was detected after
20 min of stirring, with no additional improvement after that per-
iod. The back extraction solvent was tested using methanol, ace-
tonitrile, ethanol, and methanol: acetonitrile (1:1). The maximum
extraction recovery was observed for methanol. It was discovered
that preliminary proteins precipitation is not needed during the
back extraction since methanol not only extract analytes from
the FPSE membrane, but it also accomplishes protein precipitation.
The volume of back extracting solvent is an essential parameter
that requires to be optimized to enhance the extraction recovery.
Different volumes of methanol in the range 0.1–1 mL were tested.
The recovery% increased till 500-lL of methanol and then reached
to a plateau.

To investigate the performance of the selected FPSE membrane,
the FPSE extraction recoveries and matrix effect were tested using
sol–gel CX 20 M at the three concentration levels (0.5 ng mL�1,
10 ng mL�1 and 100 ng mL�1). The test was performed by compar-
ison of the peak area response of plasma samples spiked before
FPSE extraction at five replicates to unextracted analytes of equiv-
alent concentration and was represented as recovery %. Results
nd the I.S. (50 ng mL�1) (transition 390.2? 268 for TAD andm/z 475.2? 283 for IS).



Table 2
The linear regression analyses for the calibration curve data and sensitivity of TAD in
rat plasma analyzed by the developed FPSE-UPLC-ESI-MS/MS method.

Validation parameter TAD regression data

Linearity and range a, b

Calibration range (ng mL�1) 0.1–100
Calibration equation y = 3.154 X + 0.0024
Slope (±SD) 3.154 (±0.16)
Intercept (±SD) 0.0024 (±0.0001)
Determination coefficient (r2) 0.9986
Correlation coefficient (r) 0.9993
Sensitivity
LLOQ (ng mL�1) 0.1

a Peak area ratio of the TAD/SLD (I.S.) against concentrations (ng mL�1).
b Data presented as mean (n = 5) ± SD.
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were shown in Table 1. It was observed to be within 97.95–99.36%
for TAD and 98.12–100.6% for IS indicating good extraction recov-
ery with the adopted FPSE sample preparation method. The matrix
effect was evaluated by comparison of the peak area ratio of
plasma samples spiked with TAD and SLD after FPSE extraction
to that of pure standard of equivalent concentrations of TAD and
SLD and was expressed as IS normalized matrix factors (MF)
(Table 1). The obtained MF was 0.943–0.998 for TAD and 0.957–
0.990 for IS. The IS-normalized matrix factors were ranged from
0.985 to 1.008. These findings reveal that the extraction method
gives satisfactory extraction efficacy without substantial interfer-
ence from coeluted plasma matrix substances with TAD and IS
peaks.
3.3. Validation of the developed UPLC-ESI-MS/MS method

Validation experiments were carried out in accordance with US-
FDA requirements for bioanalytical method validation to ensure
that the proposed FPSE-UPLC-ESI-MS/MS method is valid for quan-
titation of TAD in the plasma samples for bioequivalence studies.

Selectivity was tested using blank rat plasma samples spiked
with TAD at LLOQ level and IS plasma samples. A typical MRM
chromatogram of TAD at 0.1 ng mL�1 and IS (50 ng mL�1) spiked
in blank rat plasma is displayed in Fig. 3. It is obvious that no inter-
fering peaks from endogenous substances were identified at the
retention times of TAD (0.797 min) and IS (0.476 min) in rat
plasma samples from six separate sources. The co-eluting compo-
nents did not exceed 5% of the TAD peak area at LLOQ.
Table 3
Precision and accuracy for assay of TAD quality control samples in rat plasma using the d

QC sample Intra-day (n = 5)

Calculated conc.(ng mL -1)
(Mean ± SD)

RSD
(%)

LLOQ (0.1 ng mL -1)
LQC (0.5 ng mL -1)
MQC (10 ng mL -1)
HQC (100 ng mL -1)

0.098 ± 0.004
0.495 ± 0.015
10.120 ± 0.215
101.44 ± 1.66

4.08
3.03
2.15
1.64

Table 4
Dilution integrity of TAD with blank rat plasma and assay using the developed FPSE-UPLC

QC sample Dilution times Actual conc.
(ng mL -1)

UHQC
(500 ng mL -1)

5
50

100 10

*Average of five determinations.
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The calibration graph for TAD showed good linearity across the
tested concentration range 0.1–100 ng mL�1 with a determination
coefficient (r2) of 0.9986 and correlation coefficient (r) of 0.9993
(Table 2). The noted deviation for the re-calculated concentrations
from the spiked samples was within ± 10% of the expected value.
The method’s sensitivity was evaluated using five replicates and
the LLOQ of TAD in rat plasma was 0.1 ng mL�1 with RSD% and
RE% of 4.2% and � 2.54 %, respectively. The slope of the calibration
graph was 3.154 (±0.16) reflecting the sensitivity of the developed
UPLC-ESI-MS/MS method. The developed method was compared to
reported methods for its sensitivity using LLOQ concentration. It
was noticed to be 5–100 times more sensitive compared to
HPLC-UV methods (Cheng and Chou 2005, Shakya et al., 2007),
1000 times than HPLC-fluorescence method (Farthing et al.,
2010), 20–25 times GC–MS methods (Strano-Rossi et al., 2010,
Nikolaou et al., 2011), and 5–20 times than LC-MS/MS
(Ramakrishna et al., 2004, Rust et al., 2012, Unceta et al., 2012,
Lee et al., 2013, Ma et al., 2013, Proença et al., 2013, Kim et al.,
2017, Bhadoriya et al., 2018, de Souza Madeira et al., 2021).

The intra-day and inter-day’s precision and accuracy for TAD
analysis in rat plasma were evaluated for the concentration levels
LLOQ, LQC, MQC, and HQC (Table 3). The intra-day precision,
expressed as RSD%, was varied from 1.64 to 4.08% while inter-
day’s precision was ranged from 2.06 to 5.15%. On the other hand,
the intra-day accuracy, as RE% was within � 1.2–1.44% and the
inter-day’s accuracy was between � 2.5–1.84%. the calculated
and true concentrations. Accordingly, the accuracy and precision
of the developed FPSE-UPLC-ESI-MS/MS method proved excellent
reproducibility in clinical studies.

The upper concentration limit was extended to UHQC
(500 ng mL�1) then the samples was diluted with blank rat plasma
by 5–fold and 50–folds (Table 4). The accuracy (RE%) for dilution
integrity of 5- and 50-times dilution was found to be � 1.0 and
1.6 whereas the precision (RSD%) results was 2.63 % and 2.56%,
respectively. Hence, the upper concentration limit could be
extended to 500 ng mL�1 with acceptable accuracy and precision.

The stabilities of TAD in rat plasma were estimated under a
diversity of storing and processing conditions and the results of
stability tests are summarized in Table 5. The results of the bench-
top stability for the TAD were ranged from � 1.6 to � 0.1% as RE%
with precision (RSD%) of 1.85–2.52%, whereas the long-term stabil-
ity results were varied from � 2.6 to 1.1% with RSD% of 2.04–3.70%.
The freeze–thaw stability was found to be � 3.8–0.25% with RSD%
of 2.05–4.57% while the processed sample stability showed � 2.0–
eveloped FPSE-UPLC-ESI-MS/MS method.

Inter-day(n = 3)

RE
(%)

Calculated conc.(ng mL -1)
(Mean ± SD)

RSD
(%)

RE
(%)

�1.2
� 1.0
1.2
1.44

0.097 ± 0.005
0.488 ± 0.020
9.950 ± 0.240
101.84 ± 2.10

5.15
4.10
2.41
2.06

�2.5
� 2.4
� 0.5
1.84

-ESI-MS/MS method.

Calculated conc* ± SD (ng mL -1) Accuracy
(RE%)

Precision
(RSD%)

100.30 ± 2.64
9.75 ± 0.25

� 1.0
1.6

2.63
2.56
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0.5% with RSD% of 1.83–2.25%. The performed stability experi-
ments demonstrate no apparent degradation results given that
the RE% and RSD% for all samples were within 15%. Accordingly,
TAD was stable in rat plasma under the storage and processing sit-
uations and was suitable for the bioequivalence study.

3.4. Application to bioequivalence studies

Although the primary goal of a bioequivalence study is to
ensure the effectiveness of the test formulation, the aim of this
work was to guarantee that the developed FPSE-UPLC-ESI-MS/MS
method applicable in a real clinical bioequivalence study. The
developed methodology was employed to study bioequivalence
of two commercial tablets including TAD in a pilot study after a
single oral dose of a test and a reference tablet to male rats.
Cials�20 mg TAD tablets and Snafi�20 mg TAD tablets were used
as test and reference formulations. The bioequivalence study was
constructed in a randomized, two-way, crossover design that min-
imizes the variances in the experimental model (Guidance for
Table 5
Stability results for TAD in rat plasma under a variety of storage conditions and assay usi

Stability tests
Actual conc.
(ng mL -1)

Cal
(M

Benchtop stability 0.5
10
100

0.4
9.9
99.

Long term stability 0.5
10
100

0.4
10.
99.

Freeze–thaw stability 0.5
10
100

0.4
9.8
100

Processed sample stability 0.5
10
100

0.4
10.
99.

a Average of five determinations.

Fig. 4. MRM chromatograms of rat plasma collected before (0 h) (A), after 2 h (B) from T
spiked with (50 ng mL�1) from IS and analyzed by the developed FPSE-UPLC-ESI-MS/MS

1150
Industry: Bioavailability and Bioequivalence Guidance for
Industry, 2004). The blood samples were gathered at 0, 0.5, 1, 2,
4, 6, 8, 12, and 24 h of test and reference tablets administration
and then analyzed by the developed FPSE-UPLC-ESI-MS/MS
method. MRM chromatograms of rat plasma collected before
(0 h) and after 2 h from Cials�20 mg TAD administration, diluted
5 times with blank rat plasma and spiked with IS are seen in
Fig. 4. The mean plasma concentration–time profile of TAD
attained for test and reference tablets in the bioequivalence study
after single oral dose administration is exhibited in Fig. 5. The main
pharmacokinetic parameters of the test and reference formulations
were assessed using non-compartmental analysis model using
moment analysis program as displayed in Table 6. It was discov-
ered that TAD was absorbed into the systemic circulation with a
peak concentration (Cmax) of 396.45 and 381.4 ng mL�1 for the test
and reference formulations in about 2.0 h. The terminal phase half-
life of TAD (T1/2) was 30.0 and 28.64 h for the test and reference
formulations. The method proved sufficient sensitivity to quantify
plasma levels of TAD up to 24 h. While the data were compared to
ng the developed FPSE-UPLC-ESI-MS/MS method.

culated conc.(ng mL -1)
ean ± SD)

RSD% RE%

92 ± 0.012
8 ± 0.251
90 ± 1.850

2.44
2.52
1.85

�1.60
� 0.19
� 0.10

87 ± 0.018
11 ± 0.219
46 ± 1.015

3.70
2.17
2.04

�2.60
1.10
� 0.54

81 ± 0.022
5 ± 0.263
.22 ± 2.054

4.57
2.67
2.05

�3.8
� 1.54
0.22

90 ± 0.011
05 ± 0.195
48 ± 1.824

2.25
1.94
1.83

�2.0
0.50
� 0.52

AD administration (Cials�20 mg tablets), diluted 5 times with blank rat plasma and
method (transition 390.2 ? 268 for TAD and m/z 475.2 ? 283 for IS).



Fig. 5. Plasma concentration–time profile of TAD in a bioequivalence study after oral administration of reference and test tablets to male rats. Data are represented as
mean ± S.D. (n = 10).

Table 6
Pharmacokinetic parameters of TAD in rat plasma for reference and test formulations
after oral administration using the developed FPSE-UPLC-ESI-MS/MS method.

Pharmacokinetic parameter Mean (n = 10) ± SD
Test
(Cials�20 mg tablets)

Reference
(Snafi�20 mg tablets)

Cmax, ng mL�1

Tmax, h
AUC0-t, ng.h mL�1

AUC0-1, ng.h mL�1

AUMC0-t, ng.h mL�1

AUMC0-1, ng.h mL�1

MRT, h
T1/2, h
CL, mL hr-1

391.5 ± 20.8
2.0 ± 0.5
6851.7 ± 351.6
16345.1 ± 831.5
75156.9 ± 3712.0
713546.6 ± 31215.7
10.97 ± 0.6
30.0 ± 1.2
145.9 ± 7.9

381.4 ± 18.6
2.0 ± 0.5
6636.3 ± 345.3
15328 ± 763.7
72448.4 ± 3596.9
640860.2 ± 29578.3
10.92 ± 0.6
28.64 ± 1.1
150.7 ± 8.2
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previous studies, there were no significant differences in any phar-
macokinetic parameter (Ramakrishna et al., 2004, Ma et al., 2013,
Bhadoriya et al., 2018, Shao et al., 2022). The formulations were
compared in 90% confidence interval and were within the accep-
tance criterion of 80%–125%. These findings verify the bioequiva-
lence of the test and reference formulations in terms of rate and
extent of absorption. Consequently, the developed FPSE-UPLC-
ESI-MS/MS method proved to be effective for clinical and bioequiv-
alence studies of TAD.
4. Conclusion

An efficient, fast, sensitive, and reproducible FPSE-UPLC-ESI-
MS/MS method was developed and validated for the quantitation
of TAD in a bioequivalence study. FPSE provided a significant sim-
plification of the TAD sample preparation protocol by direct extrac-
tion from plasma, removal of protein precipitation step, and the
use of little amounts of organic solvent. It also offers better selec-
tivity, repeatability, and recoveries in comparison with previous
approaches. The automated MRM optimizer provided significantly
1151
worth advantages in method sensitivity and decreased the time
required for MRM optimizations. Compared to the reported meth-
ods in the literature, this method is 5–100 times more sensitive
with a short run time of 1.0 min that suits the high-throughput
ability in clinical studies. The developed method was successfully
employed in a bioequivalence study of TAD after a single oral dose
in rats with a great criterion.
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