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Abstract

A Micellar electrokinetic capillary chromatography method is proposed for the determination of sildenafil, vardenafil and tadalafil, which
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re employed in oral therapy for erectile dysfunction. Optimum conditions for the separation were investigated. A background e
olution consisting of 10 mM phosphate buffer adjusted to pH 12.0, sodium dodecyl sulfate (SDS) 25 mM, hydrodynamic injec
5 kV as separation voltage were used. Relative standard deviations (R.S.D.s) were 1.0, 1.0, 0.4% and 2.9, 2.9, 1.9% for migrati
orrected peak area (CPA) (n = 9) for sildenafil, vardenafil and tadalafil, respectively. Detection limits obtained for the three drugs
rom 0.19 to 0.61 mg L−1. A linear concentration range between 1 and 20 mg L−1 was obtained. A ruggedness test of this method was che
sing the fractional factorial model of Plackett–Burman, in which the influence of six factors at three different levels was tested on
lectrophoretic results: resolution and corrected peak area. The statistical evaluation of the electrophoretic results was achieved by
teiner method. The described method is rapid, sensitive and rugged and it was tested in the pharmaceutical formulations analys

ecoveries between 98 and 107% respect to the nominal content
2004 Elsevier B.V. All rights reserved.
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. Introduction

Since the early 1980s, research on the mechanisms of pe-
ile erection has done much to clarify erectile physiology and
athophysiology[1]. More recent studies have identified the

mportance of neurochemical mediators in erection. These
nclude the nitric oxide–cyclic guanosine monophosphate
cGMP) cell-signaling system, a complex molecular pathway
hat mediates smooth muscle relaxation in the corpus caver-
osum. Phosphodiesterase 5 (PDE5) inactives cGMP, which

erminates nitric oxide–cGMP-mediated smooth muscle re-
axation. Inhibition of PDE5 is expected to enhance penile

∗ Corresponding author. Fax: +34 926 29 53 18.
E-mail address:juana.rflores@uclm.es (J.R. Flores).

erection by preventing cGMP degradation. Developme
pharmacologic agents with this effect has closely paral
the emerging science.

The prototype of this new therapeutic class of PDE5
hibitors is sildenafil, which was approved for treatmen
erectile dysfunction in 1998. Vardenafil and tadalafil h
been the second and the third oral product approved fo
Food and Drug Administration for the treatment of erec
dysfunction in men (impotence).

The bioavailability, maximum plasma concentrat
(Cmax), the time (Tmax) required for attainingCmax, and time
(t1/2) required for elimination of one half of the inhibit
from plasma are all important factors[2]. Sildenafil, varde
nafil and tadalafil have broadly similarCmax andTmax, but
the t1/2 of tadalafil is considerably longer than other t
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PDE5 inhibitors. The extendedt1/2 of Tadalafil could pro-
vide a longer therapeutic effect, which may be preferred for
spontaneous sexual activity but could expose the patient to
greater risk of side effects.

No previous report has presented the separation of varde-
nafil and tadalafil. For the determination of sildenafil there are
around 40 previous publications. The widely used technique
is liquid chromatography[3–7], but techniques such as elec-
troanalytical methods[8,9], gas chromatography[10,11]and
capillary electrophoresis have also been reported[12–15].
In the case of capillary electrophoresis, there are two reports
using CZE[13,15]and two others[12,14]describing MEKC.

Li et al. employ 60 mM phosphate buffer pH 5.0 as run-
ning buffer, voltage of 30 kV and the method is applied to
pharmaceutical preparations, while Qin et al. use an ionic
liquid which is covalently bonded onto the silica capillary
surface and determination by MS, where the running buffer
contain 10 mM acetic acid adjusted to pH 4.5 with 1 M am-
monia and sildenafil with its metabolite are separated within
14 min. Berzas et al.[12,14] propose two method for deter-
mining sildenafil and its metabolite by MEKC. One method
uses 10 mM phosphate buffer pH 12.3/30 mM sodium dode-
cyl sulfate (SDS); and in the other MEKC is used with sample
stacking and polarity switching for the determination in hu-
man serum in the concentration range of clinical interest and
t
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illary electrophoresis software controlled the system. Sep-
aration was carried out on a 60 cm long (10 cm to the
detector, short way)× 75�m i.d. fused-silica capillary
housed in a cartridge with a detector window 100�m ×
800�m.

2.3. Stability of solutions

The stability of the stock standard solutions were followed
spectrophotometrically by preparing every day in water three
different standard solutions of 10 mg L−1 for each compo-
nent. In all cases, the obtained UV–vis absorption spectra
remained unaffected at least 3 weeks latter to its prepa-
ration.

For the evaluation of the stability of working standard
solutions (10 mg L−1), the UV–vis absorption spectra were
recorded every 15 min during a period of 3 h. In all cases, the
absorption spectra remained unaffected.

2.4. Operating conditions

The wavelength selected for the electropherograms was
222 nm. The capillary was conditioned prior to its first use
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he analysis takes about 6 min.
In this work, our objective is to propose a new met

roviding simplicity, rapidity and ruggedness for the rou
harmaceutical control of these three drugs used in er
ysfunction therapy.

Up to now, we have found no report for analytical de
ination of vardenafil and tadalafil. It is the first report

he simultaneous determination of sildenafil, vardenafil
adalafil by capillary electrophoresis.

. Experimental

.1. Chemicals

Milli-Q water was used throughout this study.
Sildenafil, vardenafil and tadalafil were obtained fr

fizer, Bayer and Lilly pharmaceutical companies, res
ively.

The stock standard solution of 100 mg L−1 sildenafil
nd vardenafil were prepared in water, whereas tad
100 mg L−1) was prepared in methanol. Working stand
olutions (10–20 mg L−1) were prepared daily by diluting
he stock standard solutions with purified water.

Dilute Na2HPO4 solutions (0.5 M) were prepared
eionised water and the pH was adjusted to 12 using N
1.0 M).

.2. Instrumentation

A Beckman P/ACE System MDQ (Fullerton, CA, US
quipped with a diode-array detector was used. Beckman
y rinsing with 0.5 M NaOH for 20 min, water for 10 m
nd finally phosphate buffer (pH 12, 10 mM) with 25 mM
DS for 10 min. At the start of each sequence, the cap
as washed with NaOH 0.1 M during 2 min and with
eparation electrolyte during 4 min.

Electrophoretic separation was performed using a 10
hosphate buffer, pH 12 with 25 mM of SDS. For sa
le loading, an hydrodynamic injection time of 3 s (0.5
as applied at the detector end of the capillary. Separ
as performed by applying a voltage of−25 kV. Under the
elected conditions, the current was around 50�A. Dupli-
ate injections of the solutions were performed and ave
orrected peak areas (CPA) (area/migration time) were
or quantitative analysis. The data generated from the
wo injections of a sequence were not used on accou
he necessary equilibration system. The rinse step wa
ied out using vials different from the separation vials
rder to keep the level of buffer constant during the s
ations. The separation vial set was changed after eve
uns.

.5. Preparation of the samples

Two tablets of the pharmaceutical preparation w
eighed and grounded in a mortar. A single tablet was pu

zed and dissolved with approximately 90 mL of metha
his solution was sonicated for 10 min and centrifuged du
0 min. The supernatant solution was transferred to 10
olumetric flask, and adjusted to the mark with the same
ent.
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Fig. 1. Structures of sildenafil, vardenafil and tadalafil.

3. Results and discussion

3.1. Optimisation of the MEKC method

3.1.1. Preliminary experiments
The pH of the running electrolyte has a significant im-

pact on the ionization of the acidic silanols of the capillary
wall and on the electrophoretic mobilities of the compounds
studied. Based on the structure of the analytes (Fig. 1), either
basic or acidic buffers can be used to promote their ioniza-
tion. The migration behaviour of the target analytes was first
examined with CZE for pH buffer ranging from 2.2 to 13.0.
In very acidic media, sildenafil and vardenafil were found to
migrate before the electroosmotic flow. On the other hand,
in very basic media sildenafil and vardenafil migrated after
the electroosmotic flow. In contrast, tadalafil remained neu-
tral under all pH conditions examined and migrated with the
EOF. Then, MEKC was investigated in order to the simulta-
neous determination of the three analytes.

3.1.2. Influence of nature of surfactants and pH of
background electrolyte

Some experiments were carried out using different surfac-
tants such as sodium dodecyl sulfate, cholic acid and deoxi-
cholic acid. In all cases, the concentrations of the surfactant
w 6.5
t

was
o f all
s ration
w es.

Fig. 2. Influence of phosphate buffer concentration.

Then, the optimal separation conditions were SDS at a
concentration of 25 mM and pH 12 by using phosphate buffer
solution.

3.1.3. Influence of phosphate buffer concentration
The ionic strength of the buffer has significant effects on

solute mobility and separation efficiency[16]. The effect of
the buffer concentration on the migration time and peak dis-
persion for the compounds examined was evaluated for con-
centrations 5–40 mM. As expected, the migration times of
the three analytes and the separation current increase with
the buffer concentration (Fig. 2). A buffer concentration of
10 mM was selected to maintain good peak shape, low current
and the better resolution between all peaks.

3.1.4. Optimisation of injection time
In order to decrease the detection limits, the injection time

was varied between 0.6 and 7 s at 0.5 psi (1 psi = 6894.76 Pa).
It was found that up to 3 s the peak area of all compounds
increased, but for injection times higher the electrophoretic
peaks became not so narrows with the correspondent loss of
resolution. For this reason, 3 s of injection time was chosen
as optimal value.

3
in-

v time
o ding
p pro-
m tion
a ment
m .
ere varied between 10 and 40 mM, for pH varying from
o 12.0.

In the case of cholic acid no satisfactory separation
bserved for the conditions examined. By using among o
urfactant buffers examined, SDS gave the best sepa
ith narrow and well-resolved peaks for all three analyt
.1.5. Effect of the voltage applied
The effect of the voltage applied from 5 to 30 kV was

estigated. When the voltage increases, the migration
f all the drugs decreases together with the correspon
eak resolution. A voltage of 25 kV yielded the best com
ise in terms of run time, separation current and resolu
nd was used for all experiments stages of the develop
ethod. The total separation time takes less than 2 min
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3.1.6. Selected conditions
From these studies, the following electrophoretic condi-

tions selected were:

• electrolyte: 10 mM phosphate buffer pH 12.0 with 25 mM
of SDS;

• voltage: 25 kV, current:−50�A;
• injection: hydrodynamic, 3 s (0.5 psi);
• detection wavelength: 222 nm.

3.2. Validation of the electrophoretic procedure

3.2.1. Precision
The precision of this method for the analysis of the three

drugs is expressed in terms of relative standard deviation
(R.S.D.). Nine samples of analytes prepared at a concentra-
tion of 8 mg L−1 each were prepared and injected sequentially
under the conditions described in Section 2. The precision of
migration times and corrected peak areas (ratio between peak
area and migration time) was 1.0, 1.0, 0.41% and 2.9, 2.9 and
1.9% for sildenafil, vardenafil and tadalafil, respectively.

These performances suggest that the method is suitable
for quantitative determination of the drugs.

3.2.2. Linear concentration range
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Fig. 3. Sample of 18 mg L−1 of sildenafil, vardenafil and tadalafil in presence
of the excipients included in their pharmaceutical formulations. Operating
conditions: 10 mM of phosphate buffer pH 12 with 25 mM SDS, 25 kV of
voltage, 3 s injection time (0.5 psi).

• Normalization and comparison of spectra from different
peak sections was done by using a typical overlay of the
spectra captured at the apex, upslope and downslope.

• Absorbance at two wavelengths.

Both techniques showed that the purity of the peaks cor-
responding to the compounds studied present a high level
of purity. Therefore, no interferences by matrix effect were
observed.

3.2.4. Limit of detection (LOD) and limit of
quantification (LOQ)

Limits of detection (LOD) and quantification (LOQ) were
estimated in the usual way. LOD was obtained as the concen-
tration of drug resulting in a peak of height three times the
baseline noise level; LOQ was calculated as 10 times the
baseline noise level. LOD and LOQ for each compound are
shown inTable 1.

3.2.5. Ruggedness
The purpose of a ruggedness test is to identify possible

sources of error when changes occur in the specified method
The detector response, for all the drugs studied
resence of the excipients of their pharmaceutical fo

ations, was determined for concentrations ranging f
to 20 mg L−1 for all the compounds examined (Fig. 3).

he linear concentration range was determined by rep
njections of eight different concentrations of each drug.
esults are given in terms of corrected peak areas. The
egression equations obtained using the least-square m
nd coefficients of determinations are presented inTable 1.

.2.3. Specificity
Specificity can also be determined by measureme

eak homogeneity. Because of the different techniques
ble in a DAD are not equally effective for the detec
f possible impurities or interferences in an electropho
eak, the use of several techniques is recommended[17].

In this work, peak purity was assessed for both the wor
tandard and samples of sildenafil, vardenafil and tada
he techniques used to validate the peak purity of the d
resent in each pharmaceutical formulation were[18]:

able 1
ODs and LOQs for the three studied drugs

Equationa Co

ildenafil y = (114.9± 53.9) + (356.6± 4.7)x 0.9
ardenafil y = (21.1± 89.6) + (524.6± 7.4)x 0.9
adalafil y = (−6.14± 152.6) + (599.2± 12.9)x 0.9

a Concentration (x = mg L−1) vs. corrected peak area (y). y = (a± Sa) +
eviation of slope. Linearity (n = 8).
t of determination (r2) LOD (mg L−1) LOQ (mg L−1)

0.19 0.63
0.32 1.08
0.61 2.00

b)x, a: intercept, Sa: standard deviation of intercept,b: slope, Sb: standa



J.R. Flores et al. / J. Chromatogr. B 811 (2004) 231–236 235

Table 2
Variables selected as factors and chosen values as levels

Factors Minimum
values (−1)

Optima
values (0)

Maximum
values (+1)

(A) pH 11.5 12 12.5
(B) Concentration of

phosphate buffer (mM)
8 10 12

(C) SDS concentration
(mM)

20 25 30

(D) Injection time (s) 2 3 4
(E) Voltage (kV) 22 25 28
(F) Wavelength (nm) 220 222 224

conditions[19]. Fractional factorial designs developed by
Plackett and Burman[20] were used, based on balanced in-
complete blocks. Main effects and standard errors were cal-
culated according to procedures described by Youden and
Steiner[21].

The choice of variables and the levels at which to test
them is very important if the ruggedness test is to be of value.
Variables must be those which are likely to be significant in
practice and the levels must reflect the variations which are
usually observed. The variables selected and the levels are
shown inTable 2.

The three values used for each variable are shown in paren-
theses, where level (−1) is the minimum value studied, level
(0) is the optimal value for the method, and level (+1) is the
maximum value tested in this experiment.

The mean value of each variable is the average difference
between observation made at the extreme levels and those
made at the optimal level. Mean effects and standard errors
(DA, DB, DC, . . .) were calculated using the procedures de-
scribed by Youden and Steiner.

The ruggedness was determined, in our case, from tripli-
cate injections of a solution of 10 mg L−1 of sildenafil, var-
denafil and tadalafil in presence of excipients. Results of the
effect of each factor levels over resolution and corrected
peak areas are shown inTable 3. As an example,Fig. 4

T
D istical
m

D
D
D
D
D
D
D
D
D
D
D
D
√

Fig. 4. Level variation effects (−1, 0, 1) on the selected six operating factor
on vardenafil corrected area.

shows graphically these effects over vardenafil corrected
area.

Taking into account the deviations shown inTable 3for the
different checked results when the selected operating factors
were tested upon the experimental design of Placket–Burman
and the statistical treatment of Youden–Steiner, this analyti-
cal method for measuring the three drugs, has proved to be
rugged to all the variations tested in this work. The validity
of the Plackett–Burman design is confirmed for the purpose
of ruggedness testing.

The main interaction effects are produced by injection
time (DD) over the corrected peak areas measures; and by
the pH of buffer electrolyte (DA) over resolution. But the
ruggedness obtained in all cases, allows to use this method
by different laboratories, analysts or instrument without any
appreciable error (because in all cases

√
2×S> | deviation|).

3.3. Applications

To demonstrate the usefulness of the developed elec-
trophoretic procedure, the method was applied to the determi-
nation of the analytes in pharmaceutical preparations, which
each contain one drug with other components (excipients). In
addition to the active ingredient, each tablet contains micro-
crystalline cellulose, crosporidone, colloidal silicon dioxide,
m lycol,
t as
e ction
2 iagra
2 on-
t fil).
D ma-
c rnal
s solu-
t ibra-
able 3
eviations for each result obtained using Youdner and Steiner’s stat
ethod

Corrected peak area Resolution

Sildenafil Vardenafil Tadalafil Sildenafil–
Vardenafil

Vardenafil–
Tadalafil

A(+1) −864 −1271 −835 0.15 0.21
B(+1) 433 623 123 0.009 −0.51
C(+1) 119 74 −391 −0.41 −0.98
D(+1) 1323 −2682 −2339 0.37 1.50
E(+1) 149 308 512 0.11 0.91
F(+1) 370 468 27 −0.28 −0.94
A(−1) 270 240 6.5 0.22 3.2
B(−1) 68 6.8 −7.6 −0.076 0.054
C(−1) −90 −115 −2.4 0.073 −0.67
D(−1) −1284 1886 1491 −0.096 0.96
E(−1) −11 −91 507 −0.20 −1.06
F(−1) −878 −1229 −1080 0.19 −0.033

2 × S 2162 3127 2614 0.61 3.5
agnesium stearate, hydropromellose, polyethylene g
itanium dioxide, yellow ferric oxide and red ferric oxide
xcipients. Preparation of the sample is described in Se
. The pharmaceutical preparations (in tablets) are: V
5 mg (which contain sildenafil), Levitra 10 mg (which c

ain vardenafil) and Cialis 20 mg (which contain tadala
etermination of the content of each drug in the phar
eutical formulations was performed in triplicate by exte
tandardization using a typical sequence of calibration
ions and sample solutions (calibration 1, sample 1, cal
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Table 4
Results from analysis of pharmaceutical formulations

Commercial
product (mg)

Active principle Recovery (%)±
R.S.D. (%)

Viagra (25) Sildenafil 107± 4
Levitra (10) Vardenafil 99± 2
Cialis (20) Tadalafil 98± 2

tion 2, sample 2, calibration 3, sample 3). The corrected peak
area for the calibration was used to calculate the response fac-
tor and the concentration of the analytes in the sample were
obtained using the mean response factor of each drug. The
results obtained are given inTable 4, with recoveries range
from 98 to 107% of the values declared by manufacturers.

4. Conclusions

The MEKC method described for the simultaneous deter-
mination of sildenafil, vardenafil and tadalafil is very simple
and rapid (less than 2 min).

The experimental obtained results with respect to lin-
ear concentration range, specificity, sensitivity, precision and
ruggedness for the simultaneous determination of the three
drugs in presence of a big variety of excipients show that the
proposed method can be used for routine quality control of
commercial formulations as an alternative method to HPLC
(it is more rapid, flexible and economical).
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