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中文摘要 

本計劃主要是研究目前在市面上非常

熱門的壯陽藥品第五型磷酸二酯酶抑制劑

(sildenafil; vardenafil; tadalafil)的相關交互

作用評估。由於國情，本類藥品在國內濫用

的情況相當普遍，又因為屬於較新上市的藥

物產品，相關的藥物動力學及藥品交互作用

的文獻，除了第一個上市的 sildenafil(威而

剛)有稍微多一些的資訊外，其餘皆鮮有相

關報導。在本類藥品普遍濫用情況下，顯然

值得進一步去探討相關的藥物交互作用研

究，而能對此類藥品的臨床應用與限制有更

進一步的瞭解。 

第一年計畫成果針對tadalafil的研究方

面，我們已完成蔓越莓汁與tadalafil的交互

作用試驗。藉由大鼠體內動力學試驗及體外

微粒體代謝試驗，我們發現蔓越莓汁與

tadalafil併服時，會經由抑制腸道CYP3A活

性而增加tadalafil口服的生體可用率，並使

其血中濃度顯著增加1.6倍。此部分成果將

於6月份在日本金澤所舉辦的4th World 
Conference on Drug Absorption, Transport 
and Delivery (WCDATD)學術研討會中發

表。 

而針對vardenafil的研究方面，我們已成

功開發了第一個以高效液相層析搭配螢光

偵測的分析方法，用來定量vardenafil在血漿

與膽汁中的濃度，並成功地應用在研究

vardenafil在大鼠體內與肝膽排泄之動力

學 。 此 部 分 成 果 投 稿 至 Journal of 
Chromatography A 期 刊 後 已 被 接 受

(doi:10.1016/j.chroma.2007.03.077)，其網路

版於今年3月28日刊登。 

另外，在原位肝臟灌流實驗以及大鼠體

內 動 力 學 試 驗 結 果 證 實 tadalafil 與

vardenafil 的膽汁排泄皆是經由主動運輸步

驟；目前正積極研究以釐清特定藥物傳輸子

(transporter)在此所扮演之角色。相信此研究

的成果，將有助於瞭解此類藥品肝臟排除的

機轉，進一步能評估其可能的臨床相關交互

作用，及對國內壯陽藥品不正常使用的情況

提出有效的注意事項。所收集的數據，並對

於生物藥劑分類系統的理論也將能更進一

步的瞭解，必能對於現今國家生技重點中草

藥製劑開發及健康食品的使用有所助益。 
 

關鍵詞：大鼠、第五型磷酸二酯酶

(phosphodiesterase-5, PDE5) 抑制劑、肝膽

代謝機轉、藥物交互作用 
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bstract

A new, simple and sensitive high-performance liquid chromatography (HPLC) method with fluorescence detection was developed and validated
or the determination of vardenafil in small volumes of rat plasma and bile. The absorbance and fluorescence characteristics of vardenafil were
tudied and factors that affect the HPLC resolution and fluorescence intensity were examined and optimized. Vardenafil and the internal standard
isapride were extracted using acetonitrile. The separation was achieved on a C18 column at 35 ◦C using acetonitrile–50 mM ammonium acetate

queous solution (pH 6.8) (40:60) as mobile phase. At a flow rate of 1 ml/min, the total run time was 18 min. Fluorescence was measured with
xcitation and emission set at 280 and 470 nm, respectively. The calibration curves were linear from 10 to 1000 ng/ml and 0.2–100 �g/ml for
lasma and bile samples, respectively. The intra- and inter-day imprecision did not exceed 10.8%, and the accuracy was within 9.6% deviation of
he nominal concentration. The method was used successfully to investigate the disposition and biliary excretion of vardenafil in rats.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Vardenafil (Levitra), 2-[2-ethoxy-5-(4-ethyl-piperazine-1-
ulfonyl)-phenyl]-5-methyl-7-propyl- 3H-imidazo[5,1-f]-[1,2,
]triazin-4-one monohydrochloride, trihydrate (Fig. 1), is a new
ral selective phosphodiesterase-5 (PDE5) inhibitor marketed
or the improvement of erectile dysfunction [1–3]. Following
ral administration to healthy subjects, vardenafil is rapidly
bsorbed and the peak plasma concentration occurs 0.25–3 h
Please cite this article in press as: C.-L. Cheng et al., J. Chromatogr. A (20

ostdose with an absolute bioavailability of 15%. [3] The phar-
acokinetics of vardenafil are approximately linear over the

ecommended dose range of 5–20 mg. Vardenafil is highly pro-
ein bound in plasma (93–95%) and has a large steady-state

∗ Corresponding author. Tel.: +886 6 2353535x5684; fax: +886 6 2373149.
∗∗ Corresponding author. Tel: +886 6 2664911x200; fax: +886 6 2007282.

E-mail addresses: hccl@mail.chna.edu.tw (C.-L. Cheng),
henhsi@mail.ncku.edu.tw (C.-H. Chou).
1 Present address: Center for Drug Evaluation, 1F, No.15-1, Section 1,
angjou South Road, Taipei 100, Taiwan.
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cokinetics

olume of distribution of 2.5 l/kg, a high clearance of 56 l/h, and
short elimination half-life of 4–5 h [3].

Vardenafil is predominantly eliminated by hepatic meta-
olism, mainly by cytochrome P450 3A4 isozyme (CYP3A4).
oncomitant use of potent CYP3A4 inhibitors such as ery-

hromycin, ketoconazole, indinavir and ritonavir produced
arked increases of plasma concentrations of vardenafil. Var-

enafil and its metabolites are excreted predominately via
iliary excretion into faeces (∼91–95%) and to a small
xtent in the urine (∼2–6%) [2,3]. Therefore, investigation on
he metabolism-based drug–drug interaction and hepatobiliary
ransport of vardenafil is of great interest. To investigate these
ssues, a suitable assay for quantitation of vardenafil is necessary.

The availability of quantification methods for vardenafil in
iological fluids is rather limited, and hence its pharmacokinetic
haracteristics have not been studied extensively. The quantifi-
ation of vardenafil in tablet formulations has been achieved
07), doi:10.1016/j.chroma.2007.03.077

y capillary electrophoresis [4] and HPLC with UV detection
5]. Liquid chromatography coupled with electrospray ioniza-
ion mass spectrometry or tandem mass spectrometry methods
ere used for the simultaneous determination of undeclared

dx.doi.org/10.1016/j.chroma.2007.03.077
mailto:hccl@mail.chna.edu.tw
mailto:chenhsi@mail.ncku.edu.tw
dx.doi.org/10.1016/j.chroma.2007.03.077
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Fig. 1. Structures of vardenafil and internal standard cisapride.

DE5 inhibitors, sildenafil, vardenafil and tadalafil, in dietary
upplements [6–8]. As the matrices of pharmaceutical prepa-
ations and dietary supplements are simpler than those of
iological samples, these reported methods usually cannot be
pplied directly to measure vardenafil in biological fluids due
o interference by endogenous components. Recently HPLC
oupled with electrospray ionization tandem mass spectrom-
try (LC–MS/MS) method was developed and validated for
he determination of vardenafil in 1 ml of human plasma and
rine [9]. Another LC–MS/MS method, without given full val-
dation details, was also reported to measure plasma levels
f vardenafil and its metabolite in a food effect study [10].
lthough these methods offer good sensitivity, the tandem
ass spectrometric instrumentation required for these meth-

ds is relatively expensive and not readily accessible in most
aboratories.

It is interesting to note that vardenafil possesses native
uorescence. However, there is no report for analytical deter-
ination of vardenafil using fluorescence detection so far.
herefore, the main objective of this study was to develop and
alidate a simple and sensitive HPLC method using fluorescence
etection to quantify vardenafil. The absorbance and fluores-
ence characteristics of vardenafil were examined and the effect
f the pH value and of the content of acetonitrile on the fluo-
escence intensity and chromatographic retention of vardenafil
ere also explored in this work. Based on the high sensitiv-
Please cite this article in press as: C.-L. Cheng et al., J. Chromatogr. A (2

ty and specificity provided by fluorescence detection, we have
eveloped and validated the first fluorimetric HPLC method for
he determination of vardenafil in small volumes of rat plasma
nd bile.
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. Experimental

.1. Chemicals and reagents

Vardenafil hydrochloride trihydrate (batch 050323, purity
9.92%) was from Polymed Therapeutics (Shenzhen, China).
isapride monohydrate (CIS/0304006, purity 99.49%) was from
edefarma (Lugano, Switzerland) (Fig. 1). Ammonium acetate
as obtained from Merck (Darmstadt, Germany). HPLC grade

cetonitrile and methanol were obtained from Fisher Scien-
ific (Fair Lawn, NJ, USA). Milli-Q Reagent Water (Millipore,
edford, MA, USA) was used in the preparation of buffers
nd solutions. Rat plasma and bile were obtained from male
prague-Dawley rats. All other chemicals were of analytical
rade.

.2. UV and fluorescence spectrometry

The UV spectra of vardenafil (10 �g/ml) in aqueous solution
ith various pH values were recorded with 10 mm quartz cell
sing a Hitachi U2010 spectrophotometer (Tokyo, Japan). The
queous solutions used were 0.1M HCl and 50 mM phosphate
uffer (pH 4.5, 6.4, 9.4).

Fluorescence was measured on a Hitachi F2500 fluorescence
pectrophotometer (Tokyo, Japan) equipped with a xenon lamp.
he excitation and emission slit widths were fixed at 10 nm. The
uorescence spectra of vardenafil (10 �g/ml) in mobile phase
nd in aqueous solution with various pH values were recorded
ith 10 mm quartz cell.

.3. Instrumentation and chromatography

The Hitachi HPLC system consisted of a Model L-7100
ump, an L-7200 autosampler, an L-7300 column oven, an
-7485 fluorescence detector, an L-7455 diode array detector
nd a Hitachi D-7000 Chromatography Data Station (Tokyo,
apan). The analytical column was a Hypersil-100 C18 (5 �m,
5 cm × 4.6 mm I.D., Astmoor, Runcorn, UK) column. A
ypersil guard column (H5 ODS, 10 mm × 3.2 mm) was used.
he temperature of the columns was maintained at 35 ◦C.
hromatographic conditions were identical for plasma and bile

amples. Mobile phase consisted of a mixture of acetonitrile and
0 mM ammonium acetate aqueous solution (pH 6.8) (40/60,
/v). The prepared mobile phase was filtered through a 0.45-�m
illipore HVLP membrane filter and degassed ultrasonically

efore use. Analyses were run at a flow-rate of 1 ml/min. The
luents were detected by fluorescence at an excitation wave-
ength of 280 nm and an emission wavelength of 470 nm, and the
eak area recorded. The bandwidths for excitation and emission
ere fixed at 15 nm.

.4. Standards and controls
007), doi:10.1016/j.chroma.2007.03.077

Master stock solutions of vardenafil (1 mg/ml in methanol)
nd the internal standard cisapride (1 mg/ml in acetonitrile)
ere prepared monthly and kept tightly sealed at −20 ◦C. The

tock solution of vardenafil was diluted with drug-free plasma

dx.doi.org/10.1016/j.chroma.2007.03.077
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the emission maximum at 460–480 nm. In acidic solution
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o give the working standard solution of 100 �g/ml, which
as further diluted to obtain plasma calibration standards at

oncentrations of 10, 20, 50, 100, 200, 500 and 1000 ng/ml
ardenafil. The quality controls (QCs) were prepared indepen-
ently at concentrations of 10, 100 and 1000 ng/ml prior to the
tart of sample collection and stored at −20 ◦C until analysis.
wo additional 2000 and 4000 ng/ml QC samples were spiked
t concentrations higher that the upper limit of quantitation
ULOQ, 1000 ng/ml) and are known as dilution QCs. They
ere diluted 10-fold with blank plasma prior to analysis. The
ile calibration standards (0.2, 1, 2, 10, 20, 100 �g/ml) and QC
0.2, 5, 100 �g/ml) were prepared by appropriate dilution of
he stock solution of vardenafil in blank rat bile. The working
olution of cisapride was obtained by diluting the stock solution
n acetonitrile to 20 �g/ml. A complete calibration curve was
enerated with each run.

.5. Sample preparation

The samples to be analyzed were removed from the freezer
nd thawed. Calibration standards, controls, and unknown
amples were pipetted into 1.5-ml microcentrifuge tubes and
rocessed as a batch. To 50-�l aliquots of plasma samples were
dded a 100-�l aliquot of the internal standard working solu-
ion. After vortex-mixed for 30 s and upon centrifugation at
5,850 × g for 10 min, the supernatant was transferred to an
pertek vial insert (4 mm × 25 mm) with bottom spring (P. J.
obert, St. Louis, MO, USA). An aliquot of 100-�l supernatant
as injected onto the column for HPLC analysis.
For bile samples, 10 �l were spiked with 190 �l of the inter-

al standard working solution. After vortex-mixed for 30 s and
pon centrifugation at 15,850 × g for 10 min, an aliquot of 150-
l supernatant was diluted with 150 �l of mobile phase and
n aliquot of 100-�l solution was injected onto the column for
PLC analysis.

.6. Method validation

The model for the calibration curve of vardenafil used
he peak area ratio of vardenafil to cisapride (PAR) and the
ardenafil concentration (C) in plasma and bile, as given in the
ollowing equation: PAR = Slope × C + (y intercept). The slope
nd y intercept were determined by a nonlinear least-squares
rogram (WinNonlin, Professional Version 2.1, Pharsight,
ountain View, CA, USA), using nominal concentrations and
easured PARs from calibration standards with a weighting

cheme of 1/C2. Vardenafil concentrations of QCs and unknown
amples were estimated by back-calculation from the associated
alibration curves.

Intra-day precision was evaluated by analysing the spiked
lasma and bile controls six times over 1 day in random order,
hile inter-day precision was evaluated from the analysis of each

ontrol once on each of six different days. Assay precision (rel-
Please cite this article in press as: C.-L. Cheng et al., J. Chromatogr. A (20

tive standard deviation, RSD) was assessed by expressing the
tandard deviation of the measurements as a percentage of the
ean value. The accuracy was estimated for each spiked con-

rol by comparing the nominal concentration with the assayed

t
m
p
t
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oncentration. The lower LOQ was the lowest non-zero concen-
ration level, which could be accurately (relative error < 20%)
nd reproducibly (RSD < 20%) determined. Assay specificity
as examined in relation to interference from endogenous

ubstances in six independent batches of drug-free plasma
nd bile.

Absolute recovery of vardenafil (100 ng/ml) in plasma was
etermined by assaying the extracted samples and comparing
he peak areas of vardenafil to those obtained from un-extracted
ontrol samples. The recovery of the internal standard, cis-
pride, was evaluated at the concentration used in sample
nalysis (20 �g/ml). Freeze–thaw stability of vardenafil (10
nd 1000 ng/ml) in plasma samples was determined for three
reeze–thaw cycles. The samples were thawed at the room tem-
erature without any assistance, and then kept in the freezer
−20 ◦C) for 4 h before taking out for the next thawing. The
ench-top stability of vardenafil in plasma at ambient tem-
erature (ca. 20 ◦C) was studied for 4 h. The post-preparative
tability of vardenafil in processed samples left at ambient
emperature was followed for 16 h. The short-term stabil-
ty of vardenafil in plasma at 4 ◦C was examined for 24 h
nd the long-term stability of vardenafil was assessed for 28
ays.

.7. Application

The assay was applied to a single dose (5 mg/kg) phar-
acokinetic study in rats. Male Sprague-Dawley rats were

btained from the Animal Breeding Center of National Cheng
ung University. The study protocol complied with the Insti-

utional Guidelines on Animal Experimentation of National
heng Kung University. After intravenous bolus administration
ia the left jugular vein, 0.2-ml of blood samples for analytical
eterminations were collected via the right jugular vein at
esignated time for 8 h. Bile sample were collected at specific
ime intervals for 8 h. Plasma and bile samples were stored at

20 ◦C until analysis.

. Results

.1. UV and fluorescence spectra

UV absorption spectra of vardenafil at pH 1.2, 4.5, 6.4, 9.4
ere shown in Fig. 2. Note that the UV absorption spectra of
ardenafil were very similar in the aqueous buffer solution with
H ranging from 4.5 to 9.4, and showed absorption maxima at
14 nm. Nonetheless, at the acidic pH 1.2, changes in the spectra
ere observed.
Fig. 3 showed the fluorescence spectra of vardenafil in

he mobile phase and aqueous buffer solution with pH 1, 4.5,
and 9. The excitation maximum was at 250–260 nm and
07), doi:10.1016/j.chroma.2007.03.077

he fluorescence intensity was much lower than in alkaline
edia, where vardenafil was in the non-ionized form. The

resence of organic solvent acetonitrile significantly enhanced
he fluorescence intensity.

dx.doi.org/10.1016/j.chroma.2007.03.077
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Fig. 2. UV spectra of vardenafil (10 �g/ml) in aqueous solution with various pH
values.

Fig. 3. Fluorescence spectra of vardenafil (10 �g/ml) in mobile phase and aque-
ous solution with various pH values. (A) Excitation spectra measured with
emission at 470 nm, (B) emission spectra measured with excitation at 280 nm.
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ig. 4. The HPLC chromatograms of extracts from pre-dosing (A) and 180 min
B) plasma samples from a rat after intravenous bolus of 5 mg/kg vardenafil.
xperimental conditions are given in Section 2.3.

.2. Chromatography

Fig. 4 showed chromatograms of plasma extracts from pre-
ose (A) and 180 min (B) after administration of 5 mg/kg
ardenafil to a rat. The chromatograms of bile samples collected
rom pre-dose (A) and 360–480 min (B) were shown in Fig. 5
fter administration of 5 mg/kg vardenafil to a rat. Vardenafil
nd cisapride were eluted after 14 and 16.5 min, respectively.
s can be seen in Figs. 4 and 5, a good separation of vardenafil

nd the internal standard was achieved under the chromato-
raphic conditions specified in Section 2. The simple protein
recipitation with acetonitrile was sufficient to isolate varde-
afil and cisapride from plasma and bile without any interfering
ndogenous peaks. The method is specific for vardenafil. No
007), doi:10.1016/j.chroma.2007.03.077

nterfering endogenous peaks were observed at the retention
f vardenafil when drug-free rat plasma and bile samples were
nalyzed (Fig. 4A and Fig. 5A).

ig. 5. The HPLC chromatograms of extracts from pre-dosing (A) and
60–480 min (B) bile samples from a rat after intravenous bolus of 5 mg/kg
ardenafil. Experimental conditions are given in Section 2.3.

dx.doi.org/10.1016/j.chroma.2007.03.077
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Table 1
Intra- and inter-day accuracy and precision for the determination of vardenafil in 50-�l plasma aliquots (n = 6)

Intra-day Inter-day

Cnominal (ng/ml) Cest (ng/ml) RSD (%) Error (%) Cest (ng/ml) RSD (%) Error (%)

10 10.9 8.6 9.3 9.8 9.7 −1.7
100 101 3.1 1.3 103 2.4 3.0

1000 972 3.1 −2.8 998 3.5 −0.2
2 −4.5 1939 1.4 −3.0
4 −9.6 3678 2.7 −8.0

C s (2000 and 4000 ng/ml) were diluted 10-fold with blank plasma prior to analysis.
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Table 2
Stability of vardenafil in spiked plasma and post-preparative samples
(mean ± SD, n = 4)

Conditions 10 ng/ml 1000 ng/ml

% Remained % Remained

Bench-top stability (20 ◦C, 4 h) 97.1 ± 11.5 102.0 ± 0.4
Short-term stability (4 ◦C, 24 h) 92.3 ± 9.4 99.9 ± 0.6

Long-term stability (−20 ◦C)
1 Day 95.2 ± 8.8 98.0 ± 0.6
7 Days 90.1 ± 4.7 93.2 ± 0.8
14 Days 100.7 ± 4.3 100.1 ± 2.2
28 Days 105.7 ± 10.1 92.1 ± 3.5

Freeze–thaw stability (−20 ◦C/20 ◦C)
Cycle 1 96.7 ± 7.9 97.9 ± 0.9
Cycle 2 91.3 ± 4.2 98.8 ± 1.3
Cycle 3 98.0 ± 8.8 98.8 ± 0.9

Post-preparative stability (20 ◦C)

3

0
s
r
0
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w

T
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C

1

C

000 1910 4.4
000 3617 5.5

nominal: nominal concentration; Cest.: estimated concentration; the dilution QC

.3. Method validation

.3.1. Plasma samples
The calibration curves for plasma samples were linear from

0 to 1000 ng/ml. The mean (±SD) regression equation for
ix replicated calibration curves constructed using 50 �l of
at plasma samples on different days was: PAR = (0.0022 ±
.0001) × C + (0.0002 ± 0.0013), r2 = 0.997 ± 0.002. We had
lso prepared the calibration curves (n = 6) using blank
uman plasma, and the corresponding regression equation was:
AR = (0.0022 ± 0.0002) × C + (0.0002 ± 0.003), r2 = 0.997 ±
.002.

Precision and accuracy were investigated by replicated anal-
ses of spiked controls (Table 1), and in all cases the intra- and
nter-day precision was acceptable at a RSD of 9.7% or less. In
ddition, accuracy was within 9.6% deviation when compared
ith nominal concentrations across the range of 10–4000 ng/ml.
rom this experiment, the LOQ of the method was determined

o be 10 ng/ml, with the intra-day imprecision and error of 9.7
nd −1.7%, and the inter-day imprecision and error of 8.6 and
.3% (Table 1).

The efficiencies of extraction of both compounds were
omparable. The mean absolute recovery of vardenafil was
6.9 ± 9.5% (n = 3), and that of cisapride was 85.3 ± 1.7%. The
igh recoveries from plasma indicated that the losses of varde-
afil and cisapride due to high plasma protein binding or during
he protein precipitation process were minimum.

Vardenafil is stable when stored in the refrigerator and freezer.
n this study, vardenafil was stable in plasma at 20 ◦C for up
o 4 h, at 4 ◦C for up to 24 h, and in frozen plasma (−20 ◦C)
or up to 28 days. The mean concentration for the quality con-
rol samples (10 and 1000 ng/ml) was within 10% of nominal
Please cite this article in press as: C.-L. Cheng et al., J. Chromatogr. A (20

oncentrations for vardenafil following the three freeze–thaw
ycle. The present study also shows that vardenafil was stable
n processed samples left at ambient temperature for up to 16 h
Table 2).

F
t
a
−

able 3
ntra- and inter-day accuracy and precision for the determination of vardenafil in 10-�

Intra-day

nominal (�g/ml) Cest (�g/ml) RSD (%) Erro

0.2 0.21 10.8 6.4
5 5.04 5.4 0.8

00 99.7 7.7 −0.3

nominal: nominal concentration; Cest.: estimated concentration.
6 h 97.6 ± 3.5 101.8 ± 3.2
16 h 97.9 ± 8.8 98.8 ± 0.9

.3.2. Bile samples
The calibration curves for bile samples were linear from

.2 to 100 �g/ml. The mean (±SD) regression equation for
ix replicated calibration curves constructed using 10 �l of
at bile samples on different days was: PAR = (0.2372 ±
.0015) × C + (0.0008 ± 0.0047), r2 = 0.994 ± 0.007.

Precision and accuracy were investigated by replicated anal-
ses of spiked controls (Table 3), and in all cases the intra- and
nter-day precision was acceptable at a RSD of 10.8% or less. In
ddition, accuracy was within 6.4% deviation when compared
ith nominal concentrations across the range of 0.2–100 �g/ml.
07), doi:10.1016/j.chroma.2007.03.077

rom this experiment the LOQ of the method was determined
o be 0.2 �g/ml, with the intra-day imprecision and error of 10.8
nd 6.4%, and the inter-day imprecision and error of 7.0 and
1.0% (Table 3).

l bile aliquots (n = 6)

Inter-day

r (%) Cest (�g/ml) RSD (%) Error (%)

0.20 7.0 −1.0
4.99 5.3 −0.3

104 7.4 4.2

dx.doi.org/10.1016/j.chroma.2007.03.077
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ig. 6. The mean (±SE) plasma and bile concentration–time profiles of varde-
afil after intravenous bolus of 5 mg/kg vardenafil to six male rats.

.4. Application

The assay was applied to a preliminary pharmacokinetic
xperiment in rats. A single bolus dose of 5 mg/kg of varde-
afil was administered intravenously to male rats. The plasma
nd bile concentration–time profiles are illustrated in Fig. 6.
he results showed that this simple and rapid method is suffi-
iently sensitive to follow plasma and bile levels of vardenafil.
f interest to note, a peak was observed at the retention time
f 5.5 min during the analysis of unknown samples. Since this
eak was presented only in the rat plasma and bile samples after
ardenafil dosing and possessed similar UV and fluorescence
pectra with vardenafil, it probably corresponds to a metabolite
f vardenafil.

. Discussion

.1. Optimization of HPLC conditions

Separation of vardenafil in HPLC has been accomplished
ainly by C18 columns with mobile phases consisting of

cetonitrile–acidic aqueous buffers (Table 4) [5–9]. An opti-
ized mobile phase of acetonitrile–10 mM phosphate buffer

pH 3) (30:70) was chosen by Aboul-Enein et al. [5] for the
etermination of vardenafil in Levitra tablet using a monolithic
olumn with UV detection. They found that the peak shape of
ardenafil was poor when the proportion of acetonitrile in the
obile phase exceeded that of buffer and a large negative peak

hat interfered with vardenafil was observed when buffer con-
entration was increased from 10 to 100 mM. They also showed
hat increasing the pH of mobile phase from 2 to 7.5 delayed the
lution of vardenafil [5].

For the quantification of vardenafil in plasma and urine by
C–MS/MS, gradient elution with acetonitrile–10 mM ammo-
Please cite this article in press as: C.-L. Cheng et al., J. Chromatogr. A (2007), doi:10.1016/j.chroma.2007.03.077

ium acetate buffer (pH 3) was used [9]. For simultaneous
etermination of sildenafil, vardenafil and tadalafil, elution with
cetonitrile–aqueous solutions containing modifiers were uti-
ized in LC–MS and LC–MS/MS methods [6–8]. These authors Ta
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eported that the use of methanol in the mobile phase produced
onsiderably more background noise compared to acetoni-
rile [6], and sildenafil and vardenafil were better separated
y the use of acetonitrile and could not be separated using
queous–methanolic mobile phases with any composition [7,8].
s the PDE5 inhibitors all have amino groups in their struc-

ures, the use of ammonium acetate and triethylamine [7] or
mmonium formate and diethylamine [8] as modifiers sup-
ressed peak-tailing. Nonetheless, the addition of diethylamine
r triethylamine resulted in significant baseline shifting and ion-
zation suppression [7,8].

In this study, the optimized resolution of vardenafil and base-
ine separation from the internal standard was achieved using

C18 column and an isocratic mobile phase composed of
cetonitrile–50 mM ammonium acetate buffer (40:60). Increas-
ng the acetonitrile content in the mobile phase decreased the
etention of analytes, which resulted in unsatisfactory resolu-
ion between vardenafil and cisapride, and the co-elution of
he plausible metabolite of vardenafil with the solvent peaks.
he retention time of vardenafil decreased as the pH of buffer
ecreased, however, it was pH-independent in the pH range of
.7–8.8. As the fluorescence intensity of vardenafil was maxi-
ized under alkaline pH and in the presence of acetonitrile (see
ection 4.2), the pH of aqueous phase in the mobile phase was
djusted at 6.8 after considering the fluorescence characteristics
nd retention behavior of analytes, and the stability of conven-
ional C18 column. It is worth noting that alkaline pH is preferred
or fluorimetric detection of vardenafil, while acidic pH is com-
only employed to protonate vardenafil for mass spectrometric

etection.

.2. Optimization of fluorescence detection

The structure of vardenafil contains conjugated configuration
nd exhibits strong UV absorption and native fluorescence. Also
oted is that the structure of vardenafil includes several amine
roups, and it has three pKa values of 3.4, 6.7 and 8.8, which
ight be ionized under acidic conditions. Because the degree

f ionization could potentially affect the UV absorbance and
uorescence intensity of a drug [11–13], it is worthy to evaluate

he effect of pH value on the UV and fluorescence spectra of
ardenafil.

As displayed in Fig. 2, while there is similarity in the absorp-
ion spectra of vardenafil in acidic, neutral and basic medium
ith high molar absorptivities around 214, 230 and 250 nm, the
reatest difference is seen at acidic pH. Vardenafil can be mea-
ured by UV detection at 292 and 230 nm with LOQs (S/N = 10)
f 4.48 and 7 ng, respectively, for liquid and bulk forms of dietary
upplements [7,8]. The LOQ of the present method with UV
etection at 230 nm was 6.7 ng. Our initial attempt to detect var-
enafil in plasma extracts using 230 nm was unsatisfactory due to
ignificant interferences. Furthermore, the sensitivity offered by
V detection was not adequate for determination of vardenafil
Please cite this article in press as: C.-L. Cheng et al., J. Chromatogr. A (20

n small volume of plasma. Therefore, fluorescence detection
as considered to improve both specificity and sensitivity.
As shown in Fig. 3, optimal fluorescence response was

btained with excitation at 250–260 nm and emission at

f
o
h
s
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60–480 nm in aqueous solution. Intensity of the excitation and
mission fluorescence profiles varied with the pH of solutions;
he maximal fluorescence intensity occurred between pH 7 and
. The intensity decreases when decreasing the pH of solutions.
he addition of acetonitrile greatly improved the fluorescence

ntensity, probably by creating a hydrophobic environment in
hich intra-molecular quenching of fluorescence is hindered

14]. Under the current LC conditions, maximal on-column flu-
rescence response and S/N ratio for vardenafil were obtained
ith excitation at 260 nm and emission at 460 nm. However,

he fluorescence intensity of cisapride was weak with excita-
ion at 250–260 nm. Therefore, in the present method a slightly
ub-optimal detection with excitation at 280 nm and emission at
70 nm was employed. The LOQ of the fluorescence detection
as 0.33 ng, which was 20 times more sensitive than that of the
V detection.

.3. Selection of extraction solvent

Because of its lipophilicity, vardenafil was extracted easily
nto methanol [4,7], acetonitrile [8], or acetonitrile–water (1/1)
6] from the simple matrices of pharmaceutical and nutraceu-
ical preparations. Vardenafil can be efficiently isolated from
lasma by solid-phase extraction with SPEC C18 cartridges
9]. In this study, acetonitrile was used as the de-protein agent
nd extraction solvent as it gave high extraction recoveries for
oth vardenafil and cisapride, and provided relatively clean
hromatograms under fluorescence detection. Furthermore, ace-
onitrile enhanced considerably the fluorescence intensity of
ardenafil as mentioned above.

.4. Selection of internal standard

Among the reported methods only one LC–MS/MS method
ad used an internal standard, [2H5]-vardenafil, for the
etermination of vardenafil [9]. It is general believed that
table isotopically labeled internal standards yield better
ssay performance results for quantitative LC/MS methods.
owever, these compounds are not always available or are
ery costly and beyond the financial means of most small
aboratories.

In the present study, cisapride was chosen as the inter-
al standard because it is commercially available, has native
uorescence, and can be extracted by acetonitrile with high
ecovery [15]. Cisapride also displayed appropriate chromato-
raphic retention with its peak sufficiently separated from that
f vardenafil in the present method. The suitability of cis-
pride as internal standard is also demonstrated as the relative
ecovery of vardenafil (101.8 ± 9.3%) determined by the PARs
f the processed samples with that of unprocessed control
amples was close to 100%. Because of its fatal side effect
f torsade de pointe, cisapride was withdrawn from most of
he markets in the world; therefore, the possibility of inter-
07), doi:10.1016/j.chroma.2007.03.077

erence encountered from a therapeutic blood concentration
f cisapride is low. Like vardenafil, cisapride is lipophilic,
ighly bound to plasma proteins and is also a CYP3A4
ubstrate.

dx.doi.org/10.1016/j.chroma.2007.03.077
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.5. Calibration range, quantitation limit and sample
olume

Vardenafil is effective in treating erectile dysfunction for
n-demand application with the recommended starting dose of
0 mg. The maximum dose is 20 mg once daily [1–3]. Fol-
owing oral administration of a single 20-mg dose to healthy

ale subjects, the mean peak plasma concentration of varde-
afil was 17.1–24.7 ng/ml and the terminal elimination half-life
as about 3–4 h [1–3,9,10]. When co-administered with CYP3A

nhibitors, such as erythromycin, ketoconazole, indinavir and
itonavir, the systemic exposure of vardenafil increased dramat-
cally [3]. In particular, a tremendous level of interaction was
emonstrated when vardenafil was taken with ritonavir. There
as a 49-fold increase in area under plasma concentration-

ime curve (AUC) and a 13-fold increase in maximal plasma
oncentration of vardenafil, with individual ratios as high as
00-fold. And the terminal half-life was prolonged 10-fold
3].

Detection of vardenafil by mass spectrometry provided excel-
ent sensitivity with on-column detection limit of 11–1400 pg
6–8] and lower LOQs of 0.1 and 0.25 ng/ml have been reported
or the determination of vardenafil in human plasma and urine
y an LC–MS/MS method (Table 4) [9]. The ULOQs of cal-
bration curves were set at 50–100 ng/ml for human plasma
nd urine by LC–MS/MS methods to characterize the plasma
nd urine concentration profile of vardenafil in healthy sub-
ects [9,10]. We have extended and validated the dynamic
alibration range over 10–4000 ng/ml for rat plasma, after
onsidering the maximal therapeutic dose, clinical concentra-
ions and potential drug–drug interactions for vardenafil. Up
o now, there is no analytical method available for the quan-
ification of vardenafil in rat bile. Based on our preliminary
tudy in rats, vardenafil can be excreted into bile, with con-
entration of vardenafil in bile about 10-fold higher than that in
lasma. Therefore, the calibration range for rat bile was set at
.2–100 �g/ml.

In the published LC-MS/MS method, a relative large amount
1000 �l) of plasma and urine was utilized for sample prepa-
ation [9]. Thus, efforts were made in this study to lower
onsiderably the volume of sample needed, from 1000 �l to
0 �l for plasma and 10 �l for bile, and still providing good
Please cite this article in press as: C.-L. Cheng et al., J. Chromatogr. A (2

ensitivity for vardenafil quantitation. This is very useful in
educing the blood collection, offering the possibility to make
ufficient numbers of blood samples for pharmacokinetic study,
nd minimizing the amount of biological waste.

[
[
[
[
[
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. Conclusion

In this paper, the fluorescence characteristics of vardenafil
ere studied and a sensitive fluorimetric HPLC method for

he quantification of vardenafil has been developed and val-
dated for the first time. Vardenafil has native fluorescence
ith maximal intensity occurs at pH 7–9. The fluorescence

ntensity is enhanced in the presence of acetonitrile. Using
cetonitrile as extraction solvent, vardenafil and the internal
tandard cisapride can be isolated with high recovery and ana-
yzed efficiently. The optimal separation was achieved on a C18
olumn using acetonitrile–50 mM ammonium acetate (pH 6.8)
40:60, v/v) as mobile phase. The present method offers good
ccuracy, precision and sensitivity, and provides wider linear
ange for monitoring concentration of vardenafil. This method
equires only 50 �l of plasma and 10 �l of bile, making it suit-
ble for studying the pharmacokinetics of vardenafil in small
nimals.
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