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Quantitation of tadalafil in human plasma by liquid
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Abstract

A simple, rapid, sensitive and specific liquid chromatography–tandem mass spectrometry method was developed and validated for quantita-
tion of tadalafil (I) in human plasma, a new selective, reversible phosphodiesterase 5 inhibitor. The analyte and internal standard (sildenafil, II)
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ere extracted by liquid–liquid extraction with diethyl ether/dichloromethane (70/30, v/v) using a Glas-Col Multi-Pulse Vortexer. T
atographic separation was performed on reverse phase Xterra MS C18 column with a mobile phase of 10 mM ammonium formate

10/90, v/v, pH adjusted to 3.0 with formic acid). The protonate of analyte was quantitated in positive ionization by multiple reacti
oring with a mass spectrometer. The mass transitionsm/z390.4→ 268.0 andm/z475.5→ 58.3 were used to measure I and II, respectiv
he assay exhibited a linear dynamic range of 10–1000 ng/mL for tadalafil in human plasma. The lower limit of quantitation was
ith a relative standard deviation of less than 15%. Acceptable precision and accuracy were obtained for concentrations over t
urve ranges. Run time of 1.2 min for each sample made it possible to analyze a throughput of more than 400 human plasma
ay. The validated method has been successfully used to analyze human plasma samples for application in pharmacokinetic, bi
r bioequivalence studies.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Tadalafil (Fig. 1) (6R, 12aR)-2,3,6,7,12,12a-hexahydro-
-methyl-6-(3,4-methylenedioxyphenyl)pyrazino(1′,2′:1,6)-
yrido(3,4-b)indole-1,4-dione, is a potent, reversible, and
elective phosphodiesterase 5 (PDE5) inhibitor for the treat-
ent of erectile dysfunction (ED)[1,2]. On 21 November
003 US FDA approved tadalafil and it has been available
nd in widespread use in Europe and Latin America for
everal months[3].

Compared with sildenafil and vardenafil, tadalafil has a
nique and potentially advantageous pharmacologic profile.
adalafil exhibits a prolonged plasma residence and win-
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dow of therapeutic response. The terminal plasma elim
tion half-life (t1/2) of tadalafil is 17.5 h and thetmax is ap-
proximately 2.0 h (range, 0.5–12.0 h; normalized for a 20
dose) in healthy volunteers[4]. Tadalafil was rapidly ab
sorbed from the gastrointestinal tract after oral dosing, re
ing a maximum plasma concentration (Cmax) of 378�g/L;
distributed in tissues, with a mean apparent volume of
tribution (Vd/F) of 62.6 L; and predominantly eliminat
by the liver [1,5]. Neither intrinsic factors (e.g., age, d
betes status) nor extrinsic factors (i.e., food or alcoho
take, time of dosing) had any clinically significant influe
on tadalafil plasma concentrations or systemic exposu
indicated by the area under the plasma concentration–
curve (AUC)[6]. The foregoing advantages, particularly
reduced need to plan sexual activity around the tim
either tadalafil dosing or meal/alcohol consumption,
translate in clinical practice into enhanced convenie
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Fig. 1. Chemical structures of tadalafil (I) and internal standard (sildenafil,
II).

and acceptability of tadalafil to the ED patient and/or his
partner.

To date, no simple chromatographic method has been re-
ported for tadalafil quantitation in plasma. In order to quan-
tify plasma concentrations of tadalafil in clinical trials, it was
necessary to develop and validate an assay with appropriate
sensitivity, selectivity, accuracy and precision. The most at-
tractive approach for an assay, which would be robust, sensi-
tive, selective and would allow high throughput, was a liquid
chromatography–tandem mass spectrometry (LC–MS/MS)
method[7]. We now report for the first time an LC–MS/MS
method developed and validated for the quantitative deter-
mination of tadalafil in human plasma. It was essential to
establish an assay capable of quantifying tadalafil at concen-
tration down to 10 ng/mL. At the same time, it was expected
that this method would be efficient in analyzing large number
of plasma samples obtained for pharmacokinetic, bioavail-
ability or bioequivalence studies after therapeutic doses of
tadalafil.

In recent years, a number of laboratories have reported
the use of high-throughput bioanalytical procedures using
LC–MS/MS[7–11]. Our method is simple, rapid, robust, spe-
cific, sensitive and novel that makes it an attractive procedure
in high-throughput bioanalysis.

2

2

nafil
( Ltd.
( d in
F .S.

Table 1
Tandem mass-spectrometer main working parameters

Parameter Value

Source temperature (◦C) 150
Dwell time per transition (ms) 200
Ion source gas (Gas 1) (psi) 18
Ion source gas (Gas 2) (psi) 10
Curtain gas (psi) 15
Collision gas (psi) 12
Ion spray voltage (V) 5400
Entrance potential (V) 10
Declustering potential (DP) (V) 80 (analyte) and 110 (I.S.)
Collision energy (V) 16 (analyte) and 80 (I.S.)
Collision cell exit potential (V) 20 (analyte) and 8 (I.S.)
Mode of analysis Positive
Ion transition for tadalafil (m/z) 390.4/268.0
Ion transition for sildenafil (m/z) 475.5/58.3

(0.5 mg/mL) were separately prepared in 10-mL volumet-
ric flasks with methanol. HPLC-grade LiChrosolv methanol,
LiChrosolv acetonitrile, diethyl ether and dichloromethane
were from Merck (Darmstadt, Germany). Ammonium for-
mate GR and formic acid GR were from Merck (Worli, Mum-
bai, India). HPLC Type I water from Milli-Q system (Mil-
lipore, Bedford, MA, USA) was used. All other chemicals
were of analytical grade.

2.2. LC–MS/MS apparatus and conditions

The HPLC Agilent 1100 Series (Agilent Technologies,
Waldbronn, Germany) is equipped with G1312A binary
pump, G1379A degasser, G1367A autosampler equipped
with a G1330B thermostat, G1316A thermostatted column
compartment and G1323B control module. The chromatog-
raphy was on Waters Xterra MS C18 column (3.5�m,
100 mm× 3 mm i.d.) at 30◦C temperature. The mobile phase
composition was a mixture of 10mM ammonium formate
buffer/acetonitrile (10/90, v/v, pH adjusted to 3.0 with formic
acid), which was pumped at a flow-rate of 0.8 mL/min.

Mass spectrometric detection was performed on an API
4000 triple quadrupole instrument (ABI-SCIEX, Toronto,
Canada) using multiple reaction monitoring (MRM). A turbo
electrospray interface in positive ionization mode was used.
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.1. Chemicals

The pure substances of Tadalafil (99.57%) and Silde
99.62%) (internal standard, I.S.) were from Vimta Labs
Hyderabad, India). Chemical structures are presente
ig. 1. Stock solutions of tadalafil (1 mg/mL) and I
he main working parameters of the mass spectromete
ummarized inTable 1. Data processing was performed
nalyst 1.3 software package (SCIEX).

.3. Sample processing

A 250-�L volume of plasma sample was transferred
5-mL glass test tube and then 20�L of I.S. working solution
5�g/mL) was spiked. After vortexing for 30 s, 3-mL aliqu
f extraction solvent, diethyl ether/dichloromethane (70
as added using Dispensette Organic (Brand GmbH,

ach, Germany). The sample was vortex-mixed for 3 min
ng Multi-Pulse Vortexer (Glas-Col, Terre Haute, USA). T
rganic layer (2.5 mL) was quantitatively transferred to
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mL glass tube and evaporated to dryness using TurboVap LV
Evaporator (Zymark, Hopkinton, MA, USA) at 40◦C under a
stream of nitrogen. Then the dried extract was reconstituted
in 250�L of diluent (water–acetonitrile, 50:50, v/v) and a
5-�L aliquot was injected into chromatographic system.

2.4. Bioanalytical method validation

2.4.1. Calibration and control samples
Working solutions for calibration and controls were

prepared from the stock solution by an adequate dilu-
tion using water/methanol (1/1). The I.S. working solution
(5�g/mL) was prepared by diluting its stock solution with
water/methanol (1/1). Working solutions were added to drug-
free plasma to obtain the tadalafil concentration levels of 10,
20, 50, 100, 200, 500, 800 and 1000 ng/mL. Seeded qual-
ity control (SQC) samples were prepared as a bulk, at con-
centrations of 10 ng/mL (lower limit of quantitation, LLOQ),
50 ng/mL (low), 400 ng/mL (medium) and 800 ng/mL (high).

2.4.2. Calibration curve
A calibration curve was constructed from a blank sample

(a plasma sample processed without an I.S.), a zero sample
(a plasma processed with I.S.) and eight non-zero samples
covering the total range (10–1000 ng/mL), including lower
l tion
w (1/
l e had
t e
a con-
c cept
L

2
ined

b tch.
T ined
b s on
f ran-
d r (a)
i dle
o ance
c or
b tra-
t
a

2
the

m qual-
i solu-
t overy
o as of
t as of
t les of
t

Fig. 2. Full scan positive ion TurboIonspray (A) Q1 mass spectra and (B)
product ion mass spectra of tadalafil.

3. Results and discussion

Electrospray MS–MS was used to analyze tadalafil as it is
beneficial in developing a selective and sensitive method. The
positive ion TurboIonspray Q1 mass spectrum and product
ion mass spectrum of tadalafil and the I.S. are shown inFigs.
2 and 3, respectively. [M + H]+ was the predominant ion in
the Q1 spectrum and was used as the precursor ion to obtain
product ion spectra. The most sensitive mass transition was
from m/z 390.4 to 268.0 for Tadalafil andm/z 475.5 to 58.3
for the I.S. LC–MRM is a very powerful technique for phar-
macokinetic studies since it provides sensitivity, selectivity
and specificity requirements for analytical methods. Thus, the
MRM technique was chosen for the assay development. The
MRM state file parameters were optimized to maximize the
response for the analyte. The parameters presented inTable
1 are the result of this optimization.

3.1. Method development

Different mobile phases consisting of water–methanol or
water–acetonitrile were evaluated to improve HPLC sep-
imit of quantitation. Eight samples of each concentra
ere measured. Linearity was assessed by a weightedx2)

east squares regression analysis. The calibration curv
o have a correlation coefficient (r2) of 0.99 or better. Th
cceptance criterion for each back-calculated standard
entration was 15% deviation from the nominal value ex
LOQ, which was set at 20%.

.4.3. Precision and accuracy
The within-batch precision and accuracy was determ

y analyzing six sets of quality control samples in a ba
he between-batch precision and accuracy was determ
y analyzing six sets of seeded quality control sample

our different batches. The quality control samples were
omized daily, processed and analyzed in position eithe

mmediately following the standard curve, (b) in the mid
f the batch, or (c) at the end of the batch. The accept
riteria of within- and between-batch precision were 20%
etter for LLOQ and 15% or better for the rest of concen

ions and the accuracy was 100± 20% or better for LLOQ
nd 100± 15% or better for the rest of concentrations.

.4.4. Recovery
Recovery of tadalafil was evaluated by comparing

ean peak areas of six extracted low, medium and high
ty control samples to mean peak areas of six reference
ions spiked in extracted drug-free plasma samples. Rec
f I.S. was evaluated by comparing the mean peak are

en extracted quality control samples to mean peak are
en reference solutions spiked in extracted plasma samp
he same concentration.
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Fig. 3. Full scan positive ion TurboIonspray (A) Q1 mass spectra and (B)
product ion mass spectra of internal standard (sildenafil).

aration and enhance sensitivity in MS. Modifiers such as
formic acid and ammonium formate alone or in combi-
nation in different concentrations were added. The best
signal was achieved using 10 mM ammonium formate
buffer/acetonitrile (10/90, v/v), with pH adjusted to 3.0 with
formic acid. The formic acid was found to be necessary in or-
der to lower the pH to protonate the tadalafil and thus deliver
good peak shape. The percentage of formic acid was opti-
mized to maintain this peak shape whilst being consistent
with good ionization and fragmentation in the mass spec-
trometer.

The tandem mass spectrometer allows the selective detec-
tion of substances with varying masses or fragments without
chromatographic separation. The development of the chro-
matographic system was focused on short retention times
and coelution of Tadalafil and I.S., paying attention to ma-
trix effects as well as good peak shapes. A high proportion
of organic solvent [10 mM ammonium formate/acetonitrile
(10/90, v/v; pH 3.0)] was used to coelute both substances at
retention time of 0.65 min. Flow rate of 0.8 mL/min produced
a good peak shape and brought the runtime to 1.2 min. Ide-
ally, elution of the analyte with a capacity factor of 1.5–2.0
is recommended. However, in the current reported method

Table 2
Precision and accuracy data of back-calculated concentrations of calibration
samples for tadalafil in human plasma

Concentration
added (ng/mL)

Concentration found
(mean± S.D.,n = 8)
(ng/mL)

Precision
(%)

Accuracy
(%)

10 10.24± 0.86 8.36 102.38
20 19.92± 1.15 5.76 99.60
50 50.25± 5.05 10.05 100.49

100 95.13± 5.02 5.28 95.13
200 202.01± 13.69 6.78 101.01
500 501.35± 37.79 7.54 100.27
800 795.26± 27.94 3.51 99.41

1000 971.98± 65.84 6.77 97.20

a high throughput LC–MS/MS analysis was attempted. The
method was subjected to specificity and matrix effect to estab-
lish the ability of mass spectrometer to separate and quantify
the analyte in the presence of endogenous species and co-
administered medications. Finally, the validated method was
used in the analysis of 1184 samples from a clinical pharma-
cokinetic study.

3.2. Internal standard

The best way to cope with sample matrix effects is to use a
stable isotope labeled analyte as internal standard. Since such
internal standard is not commercially available, an alternative
approach has been used. Internal standard substance should
match the chromatographic retention, recovery and ioniza-
tion properties with the matrix of tadalafil. Sildenafil (Fig.
1) was found to fulfill these criteria sufficiently. The matrix
effects were similar to the matrix effects of tadalafil. Hence
sildenafil has been chosen as internal standard in the quan-
titative assay for tadalafil from plasma. A high proportion
of organic solvent was used to achieve the coelution of both
substances.

3.3. Calibration curves
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Calibration curve was linear over the concentration ra
f 10–1000 ng/mL for the analyte. The eight-point calibra
urve gave acceptable results for the analyte and was us
ll the calculations. The mean correlation coefficient of
eighted calibration curve generated during the valida
as 0.998 for the analyte.Table 2summarizes the calibr

ion curve results for the analyte. The precision and accu
or the analyte covering the concentration of 10–1000 ng
anged from 3.51 to 10.05% and 95.13 to 102.38%, res
ively. The calibration curve obtained as described above
uitable for generation of acceptable data for the conce
ions of the analyte in the samples during the validation

.4. Specificity

LC–MS/MS analysis of the blank human plasma s
les showed no interference with the quantitation of tada



N.V.S. Ramakrishna et al. / J. Chromatogr. B 809 (2004) 243–249 247

Fig. 4. MRM ion-chromatograms resulting from the analysis of blank (drug
and internal standard free) human plasma for tadalafil and internal standard.

and the I.S. The specificity of the method was established
with pooled and individual plasma samples from six different
sources. Representative chromatograms of extracted blank
plasma (Fig. 4), blank plasma fortified with I.S. (Fig. 5) and
tadalafil (Fig. 6), demonstrating the specificity and selectivity
of the method. As shown inFig. 4, no significant interference
in the blank plasma traces was seen from endogenous sub-
stances in drug-free human plasma at the retention time of
the analyte.Fig. 5shows the absence of interference from the
I.S. to the MRM channels of the analyte.Fig. 6depicts a rep-
resentative ion-chromatogram for the LLOQ (10 ng/mL) of
the calibration curve. Excellent sensitivity was observed for
5-�L injection volume corresponding to ca. 50 fg on-column.

F rug-
f ternal
s

Fig. 6. Representative MRM ion-chromatograms resulting from the analysis
of 10 ng/mL (LLOQ) of tadalafil spiked with the internal standard.

3.5. Matrix effect

The matrix effects in the LC–MS/MS method were eval-
uated by spiking blank plasma extracts with low and high
QC samples. Six independent plasma lots were used with
six samples from each lot. Percent nominal concentrations
estimated were well within the acceptable limits. Hence the
effect of matrix on estimation of drug is negligible.

3.6. Extraction recovery

The extraction recovery of tadalafil was 65.16± 1.81% on
average, and the recovery ranges from 63.43 to 67.04%. The
recovery of the I.S. was 63.54± 2.74% at the concentration
used in the assay (5�g/mL). With the moderate extraction
recovery of tadalafil and I.S., the assay has proved to be robust
in high throughput bioanalysis.

3.7. Lowest concentration

The lower limit of quantitation of tadalafil in human
plasma assay was 10 ng/mL. The between-batch precision
at the LLOQ was 8.90%. The between-batch accuracy was
103.95% (Table 3). The within-batch precision was 6.49%
and the accuracy was 114.12% for tadalafil.

3

lafil
r the
b 3.42
t 38%
( and
a
a .
ig. 5. MRM ion-chromatograms resulting from the analysis of blank (d
ree spiked with internal standard) human plasma for tadalafil and in
tandard.
.8. Middle and upper concentrations

The middle and upper quantitation levels of tada
anged from 50 to 800 ng/mL in human plasma. For
etween-batch experiment, the precision ranged from

o 6.35% and the accuracy ranged from 96.48 to 101.
Table 3). For the within-batch experiment, the precision
ccuracy for the analyte met the acceptance criteria (<±15%)
nd precision was below 8% at all concentrations tested
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Table 3
Precision and accuracy of the LC–MS/MS method for determining tadalafil concentrations in plasma samples

Concentration
added (ng/mL)

Within-batch precision (n = 6) Between-batch precision (n = 3)

Concentration found
(mean± S.D.) (ng/mL)

Precision (%) Accuracy (%) Concentration found
(mean± S.D.) (ng/mL)

Precision (%) Accuracy (%)

10 11.41± 0.74 6.49 114.12 10.39± 0.88 8.90 103.95
50 51.46± 2.04 3.96 102.93 48.50± 2.90 6.35 97.00

400 403.58± 32.05 7.94 100.90 385.92± 16.68 4.50 96.48
800 841.37± 18.85 2.24 105.17 811.07± 26.99 3.42 101.38

1600a 1592.02± 41.23 2.59 99.50 1594.56± 60.27 3.78 99.66
a The sample was processed with four-fold dilution.

3.9. Dilution

The upper concentration limits can be extended with ac-
ceptable precision and accuracy to 1600 ng/mL by a four-
fold dilution with control human plasma. For the between-
batch experiment, the precision and accuracy at 1600 ng/mL
were 3.78 and 99.66%, respectively (Table 3). For the within-
batch experiment, the precision was 2.59% and accuracy
was 99.50%, respectively. These data suggested that sam-
ples whose concentrations are greater than the upper limit of
the standard curves could be reanalyzed by dilution to obtain
acceptable data.

3.10. Stability

As per in-house clinical blood sampling SOP, blood sam-
ples were collected at room temperatures (24± 1◦C) and
the samples were centrifuged using refrigerated centrifuge at
4◦C within 30 min from collection.

To examine the batch size that could be analyzed, two
batches were prepared containing 144 samples and a system
suitability sample (145 in total) and analyzed consecutively.
The run was then examined for changes in retention time
and sensitivity throughout. The retention time for tadalafil
ranged from 0.64 to 0.66 min. There was no noticeable change
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Fig. 7. Freeze–thaw cycle stability of tadalafil at two concentration levels (50
and 800 ng/mL). Deviations are less than 10% even after third freeze–thaw
cycle.

−72◦C was evaluated to establish acceptable storage condi-
tions for subject samples. Aliquots of human plasma samples
spiked with analyte at concentrations of 50 and 800 ng/mL
were analyzed on day 1. Then the samples from the same
pools were analyzed against calibration curves from freshly
prepared standards after storage at−72◦C for 15 days. The
precision and accuracy for the analyte on day 15 ranged from
2.20 to 6.64% and 94.24 to 95.74%, respectively (Table 4).

Stability of the tadalafil and its internal standard after pro-
cessing in the autosampler provides advantage to determine a
large number of plasma samples. Twelve sets of quality con-
trol samples were prepared as described inSection 2.3, and
placed into the autosampler to +10◦C. Six sets were analyzed
at once (controls) and six sets 24 h later. The results indicated
that the analyte and I.S. were stable for at least 24 h. It took
less than 10 h to run 400 samples with a sample turnover
rate of 1.2 min/sample. This rapid assay method facilitates to
analyze several hundred samples in one working day.

Differences in responses of spiked standards at time 0 h
and after 24 h for Tadalafil were less than 10%. As per in-
house SOP system significance was defined if the percent
change in response between 0 and 24 h is more than 10%.
Therefore, the differences in responses were not significant,
indicating the stability of analyte at room temperature up to
24 h. Further, the analyte was found to be stable after recon-
s ◦
r tical
b lay in
a d after
n sensitivity for tadalafil or the internal standard. With
un time of 1.2 min and a batch size of approximately
amples, it was evident that the desired high throughpu
he assay would be achievable.

The freeze–thaw stability of the analyte was determ
y measuring the assay precision and accuracy for the
les which underwent three freeze−thaw cycles. The stabilit
ata were used to support repeat analysis. In each freeze
ycle, the frozen plasma samples were thawed at room
erature for 2–3 h and refrozen for 12–24 h. After com

ion of each cycle the samples were analyzed and re
ere compared with that of zero cycle. The results sho

hat the analyte was stable in human plasma through
reeze−thaw cycles (Fig. 7). The results demonstrated t
uman plasma samples could be thawed and refrozen w
ompromising the integrity of the samples.

The storage time in long-term stability evaluation bra
ts the time between the first sample collection and the
ample analysis. The sample long-term storage stabil
titution in diluent for at least 12 h at 4C. The re-injection
eproducibility was established to determine if an analy
atch could be reanalyzed in case of an unexpected de
nalyses. The same set of QC samples were repeate
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Table 4
Stability of human plasma samples of tadalafil

Sample concentration (ng/mL) (n = 6) Concentration found (mean± S.D.) (ng/mL) Precision (%) Accuracy (%)

Short-term stability (24 h)
50 45.43± 4.89 10.76 96.74

800 717.83± 21.57 3.01 88.86

Long-term stability (15 days at−72◦C)
50 44.97± 2.99 6.64 95.74

800 761.33± 16.74 2.20 94.24

Autosampler stability (24 h)
50 47.79± 4.82 10.08 104.66

800 762.75± 68.63 8.99 96.60
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Fig. 8. Representative data showing mean plasma concentration–time pro-
files of 24 healthy subjects after the administration of an oral single dose of
20 mg tablet of tadalafil. The error bars represents± standard deviation.

the analysis with a 3 h gap between, during which the sam-
ples were stored at 4◦C, and in all cases the deviations were
less than 15%. On similar lines, stability of the extracted dry
residue was also established to be over 24 h (deviations ob-
served <10%). In addition, the stock solutions of tadalafil and
I.S. were also found to be stable for at least 3 months at 4◦C.

3.11. Application

The validated method has been successfully used to quan-
titate the tadalafil concentration in the human plasma samples
after the oral administration of a single dose of 20 mg tadalafil
tablet. The analyses were accomplished in accordance with
the FDA bioanalytical method validation guidance[12]. The
mean plasma concentration–time profile of 24 healthy sub-
jects is represented inFig. 8.

4. Conclusions

In summary, this is the first method described here for the
quantitation of tadalafil from human plasma by LC–MS/MS

in positive ionization mode using multiple reaction monitor-
ing. The current method has shown acceptable precision and
adequate sensitivity for the quantitation of tadalafil in human
plasma samples obtained for pharmacokinetic, bioavailabil-
ity or bioequivalence studies. Furthermore, it was utilized
for the analysis of hundreds of subject samples. The method
described is simple, rapid, sensitive, specific and fully vali-
dated as per FDA guidelines. The cost-effectiveness, simplic-
ity and speed of liquid/liquid extraction and sample turnover
rate of 1.2 min/sample make it an attractive procedure
in high-throughput bioanalysis of tadalafil. The validated
method allows quantitation of tadalafil in the 10–1000 ng/mL
range.
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