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1 Phosphodiesterase type 5 (PDE5) inhibitors are
vasoactive drugs that have been developed for the
treatment of erectile dysfunction [1]. PDE5 inhibitors
act by blocking the degradation of cGMP, which is
increased in the vascular smooth muscle cells in the
endothelium by 1—arginine in the presence of NO
synthase, leading to relaxation of the vessels [2]. It was
reported that zaprinast enhances the endothelium—
dependent, NO—mediated vasodilation in an intact lamb
with experimental pulmonary hypertension [3]. Halcox et
al. reported that sildenafil citrate, which was the first
PDE—5 inhibitor approved for treating erectile dysfunc�
tion, dilated the epicardial coronary arteries, improved the
endothelial dysfunction, and improved the physiologic
coronary vasomotion in patients with coronary artery dis�
ease (CAD) [4, 5]. Udenafil (5�[2�propyloxy�5�
(1�methyl�2�pyrollidinylethylamidosulphonyl)phenyl]�
1�methyl�3�propyl�1,6�dihydro�7�H�pyrazolo(4,3�d)py�
rimidin�7�one) is also a potent and selective PDE5 inhib�
itor developed by the Dong�A Pharmaceutical Company
in Korea as an oral agent for treating male erectile dys�
function (Fig. 1). For these drugs, few reports
appeared describing accurate spectrochemical, chro�
matographic and electroanalytical techniques for their

1 The article is published in the original.

quantification [6, 7]. However, most of these methods
are expensive, suffer from lack of selectivity and
require careful control of conditions and considerable
time for routine analysis [8, 9]. Therefore, precise and
simple methods for the quantification of udenafil in
pharmaceutical preparations are required. Recent
years have seen an upsurge of interest in the applica�
tion of ion sensors in the field of medicinal analysis.
These instruments provide fast, accurate, reproducible
and selective determination of various species [10, 11].
Solid contact electrodes have especially great advan�
tages of mechanical flexibility, possibilities of minia�
turization and microfabrication. The solid membranes
are easy to construct and better suited for multi�ion
sensors because they can be miniaturized and are not
restricted to one side of the electrode. Therefore, these
are gaining popularity in medical, biotechnological,
pharmaceutical and environmental fields [12]. The
solid contact electrodes exhibit good performance,
such as better stabilization of the base potential, repro�
ducibility, selectivity, wide response range, and fast
response time. We have recently developed and
reported such solid contact electrodes for hydrogen
ion and many other ions based on conducting poly�
mers of poly(aniline) and poly(pyrrole) in PVC with
various carriers [13, 14]. In the last paper, we described
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the application of two developed ion selective solid
contact electrodes for udenafil determination in phar�
maceutical preparations using the ion�association
complex of udenafil with the electroactive phase con�
taining sodium tetraphenylborate (TPB) or phosphomo�
lybdic acid (PMA) in a poly vinyl chloride (PVC) matrix
over a wide concentration range. The slopes of EMF
responses showed, respectively, 55.0, 47.0 mV/decade,
and the linear response dynamic ranges were 1 × 10–2~1 ×
10–5.73 M for PMA based solid contact electrodes and
1 × 10–2~1 × 10–5.04 M for udenafil�TPB based solid
contact electrodes [15]. The proposed methods are
successfully applied for the determination of udenafil
in the presence of other components.

In this work, we describe the poly(aniline) solid
contact electrode with Udenafil�TmCIPB ionophore
dissolved in o�nitrotoluene for udenafil ion detecting.
Various plasticizers (DOS, NPOE, DOP, TEHP,
DOA, DBP) were tested for best response. General
physical properties of these electrodes such as respon�
sibility, effect of interfering ions, response time, and
stabilization time and the application of these proper�
ties to the analysis of an artificial serum were studied.

EXPERIMENTAL

Reagents. Aniline and tetrahydrofuran (THF) were
purified by vacuum distillation. For all experiments,
analytical grade chemicals and doubly distilled and
demineralized water were used. The membrane matrix
high molecular weight poly(vinylchloride) (PVC, n = 1,
100), the anionic additive potassium tetrakis(4�chlo�
rophenyl) borate (KTpClPB), the plasticizers 2�nitro�
phenyl�octylether (o�NPOE), tris(ethylhexyl)phos�
phate (TEHP), bis(2�ethylhexyl)adipate (DOA), dio�

ctylphthalate (DOP), and bis(2�ethylhexyl)sebacate
(DOS), the solvent THF, sodium tetraphenylborate
(TPB), phosphomolybdic acid (PMA), and aniline
were from Aldich Co.

Polymerization [16]. Electrochemical experiments
were performed in a conventional cell with three elec�
trodes. A saturated calomel electrode was used as the
reference electrode and all potentials were recorded
and reported with respect to this electrode. Platinum
wires (1 mm in diameter, 50 mm in length) were used
as the working and counter electrodes. Electro�poly�
merization was carried out at the one end of a plati�
num wire by cyclic voltammetry in 3.0 × 10–2 M aniline
and 6.0 × 10–2 M HCl solution. Cyclic voltammograms
were recorded using a potentiostat (EG & G 273A).
For electrochemical polymerization of aniline, the
potential was swept between 0.0 and 1.0 V at scan rate
of 100 mV/s. The potential cycling was repeated up to
30 cycles and stopped at 1.0 V. After electrodeposition,
the poly(aniline) was washed with distilled water and
then dried for 24 h in an 80°C oven. Then the part of
the Pt in Pt�poly(aniline) electrode was covered with a
thermocontractive insulation tube.

Preparation of cocktail solutions and fabrication of
solid contact electrode. Typical cocktail solution con�
sists of ion�pair 0.010–0.100 : PVC 0.30–0.40 : plasti�
cizer 0.50–0.70 : KTpCIPB 0.001–0.010. All compo�
nents were dissolved in THF. The solid contact elec�
trodes were produced by dipping the Pt–poly(aniline)
electrode directly into the cocktail solution to coat it
with a thin film. The resulting solid contact electrode
contains three layers of Pt/electroconductive poly�
mer/PVC film with an ionophore with a thickness of
2.5 ± 0.1 mm.

EMF measurements. The emf values were mea�
sured at 20 ± 0.2°C using a model 355 Ion�analyzer
(Mettler�Toledo Ltd., England). In all experiments,
the pH measurements of the sample solutions were
determined with a Mettler�Toledo InLab 412 glass
electrode. The external reference electrode was a dou�
ble�junction calomel electrode Orion 90�20�00
(Orion Research, U.S.A.). The standard deviation
arising from this equipment was < 0.1 mV for a single
determination. Before use, the electrodes were condi�
tioned in distilled water for at least 2 h.

Measurements of stabilisation time and respons
time [17]. Time required for stabilization of the elec�
trode was measured in 1.0 × 10–3 M pH 4.5 acetate
buffer udenafil solution with an ion analyzer (Orion
Model 720A). The dry electrode was placed in udena�
fil�acetate buffer solution to attain a stable potential
for 4 hours. Then 10.00 mL of 1.0 × 10–2 M udenafil�
pH 4.5 acetate buffer solution was added while the
solution was vigorously stirred magnetically to mea�
sure the potential change and time required for the
stabilization of the potential in terms of time
required/unit concentration change. Electrode
response was considered stable when ΔE/Δt became
less than 0.1 mV/min.
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Fig. 1. Formula of udenafil and response characteristics of
udenafil solid contact electrodes with various plasticizer in
pH 4.5 acetate�buffered udenafil solution. , (Udenafil�
TmCIPB) ion pair 0.050 : PVC 0.19 : NPOE 0.35 :
KTpCIPB 0.001; , (Udenafil�PMA) ion pair 0.010 : PVC
0.19 : NPOE 0.35 : KTpCIPB 0.001; , (Udenafil�TPB)
ion pair 0.010 : PVC 0.19 : DOP 0.45 : KTpCIPB 0.001.
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Udenafil standard sample solution. A stock solution
(1.0 × 10–2 M) of udenafil at pH 4.5 was prepared by
dissolving 0.5167 g of udenafil in 100 mL of water
adjusted with acetate buffer (pH 4.5) or dilute NaOH
and/or HCl. Dilute solutions (1.0 × 10–2 – 1.0 × 10–6 M)
of udenafil were freshly prepared by diluting the stock
solution with doubly distilled water and acetate buffer
of pH 4.5.

Synthesis of ion�pair [18]. Stock solution
(2.0 × 10–2 M) of udenafil were prepared by dissolving
an accurate weight of the reagent in 20 mL of pH 4.5
acetate buffer solution. Dissolve 2.0 × 10–2 M of
ammonium tetrakis�m�chlorophenyl borate
(TmCIPB) in 20 mL of pH 4.5 acetate buffer solution
and mix the resulting two solution. Extract the result�
ing heavy precipitate of (Udenafil�TmCIPB) into
10.00 mL of o�nitrotoluene. Filter the organic layer
through a filter paper containing 1–2 g of anhydrous
sodium sulfate. The filtrate should be clear and light
yellow. This solution is approximately 2.0 × 10–2 M in
(Udenafil�TmCIPB) and is almost saturated.

The ionic exchangers, (Udenafil�PMA) and
(Udenafil�TPB), were prepared by a precipitation
reaction between 100 mL of a 2.0 × 10–2 M udenafil
solution and 100 mL of a 2.0 × 10–2 M PMA solution or
100 mL of a 2.0 × 10–2 M NaTPB solution. These pre�
cipitation products were (Udenafil�PMA) and
(Udenafil�TPB) ion exchangers, respectively. The
resulting precipitates were filtered, thoroughly washed
with water, dried, and kept in a dark flask inside a des�
iccator to prevent alterations caused by light and
humidity.

Selectivity of the developed sensors. Aliquots
(10 mL) of 1.0 × 10–3 M udenafil solution were
adjusted to pH 4.5 with acetate buffer the udenafil sen�
sor was immersed in the test solution and the potential
was measured. The potentials of 1.0 × 10–3 M solutions
of the interferents adjusted to pH 4.5 were measured.

The selectivity coefficients  were deter�
mined employing separate solution method (SSM)
with the rearranged Nicolsky equation

where, E1 is the potential measured in 1.0 × 10–3 M
udenafil, E2 the potential measured in 1.0 × 10–3 M of
the interfering compound, z1 and z2 are the charges of
the udenafil and interfering species M, respectively,
and S is slope of the electrode calibration plot.

RESULT AND DISCUSSION

In Fig. 1, we compared the Nernstian slopes and
response ranges of solid contact electrode based on
Udenafil�TmCIPB ion pair with those of Udenafil�
PMA and Udenafil�TPB ionophore. The electrodes
based on Udenafil�TmCIPB ion pair showed the best
Nernstian slope and response range, their linear
dynamic ranges being 1.0 × 10–2 ~ 1.0 × 10–5.85 M (r2 =

KUdenafil M,
pot

KUdenafil M,
potlog E1 E2–( )/S 1 z1/z2+( ) a( )log× ,+=

0.9984) and the Nernstian slopes 58.0 mV/decade (at
20 ± 0.2°C). The composition of this solid contact
electrode based on Udenafil�TmCIPB ionophore was
Udenafil�TmCIPB ion pair 0.050 : PVC 0.190 : NPOE
0.350 : KTpCIPB 0.001. However, it appeared that
remaining two electrodes compared to the electrode
based on Udenafil�TmCIPB ionophore had decreased
Nernstian slopes and reduced response ranges. The
linear dynamic range and Nernstian slope of solid
contact electrodes based on Udenafil�TPB ionophore
was 1.0 × 10–2~1.0 × 10–5.04 M and 47.0 mV/decade (r2 =
0.9981) and those of the electrode based on Udenafil�
PMA ionophore was 1.0 × 10–2 ~ 1.0 × 10–5.73 M and
55.0 mV/decade (r2 = 0.9985). The electrode based on
Udenafil�TmCIPB ion pair without any liphophilic
additives, such as KTpCIPB, showed decreased nerns�
tian slope and response range, its linear dynamic range
was 1.0 × 10–2~1.0 × 10–4.0 M and Nernstian slope
showed 48.6 mV/decade (at 20 ± 0.2°C). Solid contact
electrodes based on Udenafil�TmCIPB ion pair with
plasticizers besides other than NPOE had decreased
Nernstian slopes and reduced response ranges. [DBP
(–53.0 mV/decade, 1.0 × 10–2~1.0 × 10–5.0 M), DOP
(–49.0 mV/decade, 1.0 × 10–2~1.0 × 10–5.0 M), DOA
(–42.0 mV/decade, 1.0 × 10–2~1.0 × 10–5.3 M), TEHP
(–32.0 mV/decade, 1.0 × 10–2~1.0 × 10–5.8 M),
DOS (–46.7 mV/decade, 1.0 × 10–2~1.0 × 10–5.4 M)].

Potentiometric selectivity  of
Udenafil�PMA, Udenafil�TPB, Udenafil�TmCIPB
based solid contact electrode was measured by the sep�
arate solution method [19]. The obtained results are
represented in Fig. 2. We were able to observe a reason�
able selectivity towards udenafil in the presence of
many nitrogenous compounds such as amines, amino
acids, and some inorganic cations. The results showed
no serious interference ta a number of pharmaceutical
excipients, diluents and active ingredients commonly
used in the drug formulations (e.g. glucose, lactose,
maltose, and mannitol) in concentration 10–
100 times higher than udenafil. The selectivity studies
of the o�NPOE�plasticized Udenafil�TmCIPB solid
contact electrodes containing excluder KTpCIPB in
its chemical composition showed better results over
the Udenafil�TPB or Udenafil�PMA�based elec�
trodes under the same conditions of operation. The
plasticized PVC membrane solid contact electrodes
behave differently from liquid membrane sensors.
Effectively, the ion exchange sites are hardly mobile.

Therefore the coefficient  of such sys�
tem is given by the equation:

where Uudenafil and UM are the mobilities of udenafil and
the interfering species in the membrane phase, and
Kudenafil and KM are the molar distribution coefficients
of udenafil and the interfering ions between the aque�

KUdenafil M,
potlog–

KUdenafil M,
potlog–

KUdenafil M,
potlog–

=  Uudenafillog Kudenafillog UMlog KM,log––+
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ous phase and the PVC membrane [20]. In the PVC
membrane the ions mobilities are restricted. Mobili�
ties are approximately the same for all counter�ions
when they are complexed with long chain complexing
agents [21]. Thus, the selectivity was related to the
partition coefficients of udenafil and the interfering
ion between the membrane and the aqueous phase.
Eventually, the mobilities of various ions and purtition
coefficients were related with the mature of the plasticizer
in PVC phase of solid contact electrodes. In Fig. 3, when
six solid contact electrodes with different plasticizers
based on Udenafil�TmCIPB ion pair were compared,
there was not any tendency in the dynamic range as
dielectric constant increased. However, as dielectric
constant increased, so was the Nertstian slope. The
solid contact electrodes based on Udenafil�TmCIPB
which used NPOE plasticizer (dielectric constant of
about 24) showed the best Nernstian slope, and those
using another plasticizer as DBP (6.4), DOP (5.1),
DOS (4.6), DOA (about 4.0), TEHP (about 4.0) had
lower Nernstian slope and narrower dynamic range.
According to the increase in the dielectric constant of
plasticizers, the Nernstian slope of solid contact elec�
trode increases. The tendency of this type of electrodes
is that the dielectric constant of plasticizer and lipho�
philicity of KTpCIPB in PVC layer reduces the mem�
brane resistance by reducing the activation barrier at
the PVC outer surface—sample solution interface and
increases the mobility of udenafil between the PVC
outer surface and the sample solution. So, solid con�
tact electrodes based on Udenafil�TmCIPB plasti�
cized with o�NPOE containing KTpClPB showed bet�
ter recovery precision, response time and less standard

deviation than solid contact electrodes with other
plasticizers or with no KTpCIPB at all.

For the solid contact electrode based on Udenafil�
TmCIPB ionophore, the stability of emf measurements
was assessed in the 1.0 × 10–3 M pH 4.5 acetate buffered
udenafil standard solution. Within first 600 s, the mea�
sured emf value decreased rapidly, and after 600 s, it
increased. However, before 1800 s, it stabilized, the
change of the emf being under 1 mV. So, before using
the electrode, we had to condition all electrodes in dis�
tilled water or 1.0 × 10–3 M pH 4.5 acetate buffered
udenafil standard solution at least 30 min. As shown in
table, response time of the electrodes obtained by
injection of 10 mL of 1.0 × 10–2 M udenafil solution
into pH 4.5 acetate buffered 1.0 × 10–3 M udenafil
standard solution was less than 20 s. The reproducibil�
ity of emf measurements with the electrode was
checked by alternating measurements (1 min each)
on two pH 4.5 acetate�buffered udenafil stan�
dard solutions of 1.0 × 10–2 M and 1.0 × 10–3 M,
respectively (25 ± 1°C). The standard deviation in the
measured emf differences was ±0.5 mV (n = 5) for the
1.0 × 10–2 M and ±1.1 mV for the 1 × 10–3 M udenafil
standard solution. In the pH range of pH 4.3~7.0, the
potential was stable regardless of the hydrogen ion
concentration (Fig. 4), compared to the electrodes
based on a different ion pair such as [Udenafil�PMA,
Udenafil�TPB], the Electrode based on Udenafil�
TmClPB had the best result in stabilization time,
response time and reproducibility. As expected from
the selectivity data given, above, there is no interfer�
ence from containing in electrolytes of artificial
serum, physiologically relevant various ions. In artifi�
cial serum, the Nernstian slope of these electrodes
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showed 60.3 mV/decade (20 ± 0.5°C) but the dynamic
range of these electrodes showed minor decrease to
1.0× 10–2~1.0 × 10–5.78 M (r2 = 0.998). Measured results
in artificial serum are almost the same as those mea�
sured in acetate�buffered and Tris�buffered udenafil
solutions decrease in the Nernstian slope is considered
to be the interference effect of inorganic ions such as
Ca2+. Thus, the slope does not seem to be affected by
abundant interfering ions existing in human blood.

***

The solid contact electrodes for udenafil have been
fabricated from PVC cocktail solutions with ion selec�
tive Udenafil�TmCIPB, Udenafil�PMA and Udena�
fil�TPB ion pairs. In these electrodes, solid contact
electrodes with Udenafil�TmCIPB ionophore have
shown wide detection range, the best response slope,
selectivity, reproducibility of e.m.f., long�term stabil�
ity, and response time (< 20 s). The slope of EMF
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Fig. 3. Variation of response slope of udenafil solid contact electrode with various plasticizers in pH 4.5 acetate buffered udenafil
solution.

Response characteristics of poly(aniline) solid contact electrodes based on different ion pair

Ion pair Detection Limit, (M) Stabilization
Time, (min)

Response 
Time, (s)

Reproducibili�
ty in 10–2 M 

udenafil solu�
tion, (mV)

Reproducibili�
ty in 10–3 M 

udenafil solu�
tion, (mV)

Stability range 
in pH sample 

solution

Udenafil�TPB 1 × 10–2~1 × 10–5.04 30 20 ±0.5 ±1.1 4.3~7.0

Udenafil�PMA 1 × 10–2~1 × 10–5.73 45 60 ±1.2 ±1.5 5.0~8.0

Udenafil�TmClPB 1 × 10–2~1 × 10–5.85 45 60 ±1.3 ±1.8 4.0~6.0
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response for Udenafil�TmCIPB based solid contact
electrodes with NPOE plasticizer was 58.0 mV/decade
and the linear dynamic ranges were 1.0 × 10–2~1.0 ×
10–5.85 M (r2 = 0.998). When electrodes with 6 different
plasticizers based on Udenafil�TmCIPB were com�
pared, the response slope increased with the dielectric
constant of PVC plasticizer. When it was applied
directly to artificial serum, same satisfactory results
were obtained, [nernstian slope : 60.3 mV/decade,
dynamic range 1.0 × 10–2~1.0 × 10–5.78 M (r2 =
0.9978)].
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