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Özet

Passive and Iontophoretic Delivery of Sildenafil 
Through the Skin

Sildenafil is a novel and recently approved drug used for the 
treatment of erectile dysfunction. Some concerns have arisen in 
the high-risk elderly related with sildenafil treatment, and there 
are published reports considering the possible negative effects 
of sildenafil and some suspicious sudden deaths. In such cases, 
the treatment needs to be stopped immediately; however, after 
oral administration, further sildenafil absorption cannot be 
stopped. One of the new approaches may be the use of 
iontophoresis. 
There is no data available for sildenafil and its skin permeability; 
therefore, this study was aimed to determine sildenafil permeability 
through human skin. 
Passive penetration properties of sildenafil were investigated 
through dialysis membrane, polydimethylsiloxane (PDMS) 
membrane, excised rabbit skin, and human skin using Franz type 
diffusion cells. The permeability coefficients were determined in 
the following order: dialysis membrane> PDMS membrane> 
rabbit skin> human skin (log k values: -1.135>-2.694>-2.982>-
2.995 cm/h, respectively). 
A gel formulation of sildenafil was also developed and applied 
to dorsal rabbit skin. Blood sildenafil concentrations after passive 
diffusion, iontophoretic delivery and oral sildenafil administration 
were analyzed. Iontophoresis was found to be a very useful 
technique and method to increase sildenafil penetration through 
the skin.
Key Words: Iontophoresis, sildenafil, anodal delivery, skin 
permeability.
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Sildenafil erektil fonksiyon bozukluklar›n›n tadevisi için kullan›lan 
yeni ve yak›n zamanda onaylanm›fl bir ilaçt›r. Yafll› yüksek risk 
gurubu hastalarda sildenafil kullan›m› ile ilgili olarak baz› 
endifleler ortaya ç›km›flt›r ve sildenafilin muhtemel negative 
etkileri ve baz› ani ölüm vakalar› ile ilgili raporlar yay›nlanm›flt›r. 
Böyle durumlarda tedavi derhal durdurulmal›d›r ancak oral 
verilmeyi takiben sildenafil absorpsiyonu durudurma flans› yoktur. 
Yeni yaklafl›mlardan birisi bu gibi durumlarda iyontoforez 
kullan›m› olabilir.
Sidenafil ve onun deriden permeabilitesi ile ilgili herhangi bir 
veri mevcut de¤ildir. Bu nedenle insan derisinden sildenafilin 
geçiflinin belirlenmesi amaçlanm›flt›r.
Sildenafilin pasif olarak diyaliz membran›, polydimethylsiloxane 
(PDMS) membrane, tavflan derisi ve insane derisinden geçifli 
Franz diffüzyon hücreleri kullan›larak araflt›r›lm›flt›r. Permeabilite 
de¤erleri diyaliz membran›>PDMS membrane>tavflan 
derisi>insan derisi s›ras›nda bulunmufltur (log k de¤erleri olarak 
s›ras›yla:-1,135>-2,694>-2,982>-2,995 cm/h).
Sildenafilin gel formülasyonu da gelifltirilmifltir ve tavflanlar›n 
s›rt bölgesine uygulanm›flt›r. Kandaki sildenafil miktar› pasif 
difüzyondan, oral verilifl ve iyontoforezden sonra analiz edilmifltir. 
‹yontoforez sildenafil penetrasyonunu art›rmak için yararl› bir 
metot olarak bulunmufltur.
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INTRODUCTION

Sildenafil 1-(-4-ethoxy-3-(6,7-dihydro-1-methyl-7-oxo-3-

propyl-1H-pyrazolo (4,3-d) pyrimidin-5-yl)-phenyl 

sulphonyl)-4-methyl piperazine (1,2), is a novel drug 

(approved in March 1998 (3) used for the treatment of 

erectile dysfunction. Erectile dysfunction is the inability 

to attain and maintain an erection sufficient to allow sexual 

intercourse, and it has been estimated to affect to some 

degree 52% of the men in the population aged 40 to 70 

years (4,5). Identified risk factors for erectile dysfunction 

include aging, chronic illness (e.g., heart disease, peripheral 

vascular disease, hypertension, diabetes, hyperlipidemia, 

renal disease, and depression) and their associated
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medications (6). Most of the patients have a history of 
heart or vascular disease, because penile erection requires 
an adequate blood supply (3). Since its approval, more 
than 6 million prescriptions have been written for it in the 
United States3. With its widespread use, concern has arisen 
that sildenafil may be associated with adverse cardiovascular 
outcomes in high-risk patients. A number of publications 
have been reported considering the possible negative 
interactions between sildenafil and other drugs (7), heart 
diseases (8-10) and hypertension (11). In particular, some 
reports of cardiovascular deaths in such patients have raised 
questions about the safety of sildenafi (13). In such cases, 
the treatment with sildenafil needs to be stopped 
immediately; however, if the tablet has been already taken, 
further sildenafil absorption cannot be stopped.

Transdermal application of sildenafil is one of the alternative 
administration methods, since transdermal application of 
drugs is increasing in popularity. In many cases, it has 
been proven that it is possible to produce therapeutic effects 
locally or systemically within the skin itself, or, following 
transport by the blood, at remote target sites. Scopolamine, 
glyceryl trinitrate, clonidine, nicotine, and steroids such as 
testosterone and estradiol have been used clinically via the 
transdermal route (12,13).  The main advantages compared 
to the more conventional routes of drug delivery were listed 
by Guy and Hadgraft (14,15) as follows:

- Hepatic first-pass metabolism following oral administration 
is avoided;

- It is possible to reduce the incidence of side effects and 
patient non-compliance by providing a sustained and 
controlled plasma level of the drug;

- Treatment can be terminated by simple removal of the 
transdermal dosage form from the skin. This is the main 
advantage of sildenafil treatment administered through the 
skin; in other words, it is important to be able to overcome 
possible side effects and stop treatment when they occur. 

The main disadvantage is the possibility of local allergic 
or irritant reaction.  Additionally, the low permeability of 
the skin limits its usefulness to potent drugs that exert their 
pharmacological effects at low concentrations (16). 

A new approach for sildenafil may be the use of 
iontophoresis to increase and control drug transport through 
the skin (17). Iontophoresis is the use of an electric current 
carried by ions to introduce compounds into the body at 
a controlled rate. The current is carried by the drug ion as 
well as by other ions in the iontophoretic device and the 
physiologic fluid (18). The rate of transport of the drug 
(the fraction of the current carried by the ion) and the total 
current driven, which is related to the total transport of the 
drug. The applied electric field, depending on its magnitude 
and duration, also induces alteration in the stratum corneum, 
making it more permeable to ions, but it has also been 
reported that these alterations are fully reversible 24 hours 
after the field has been turned off (19-21). Operationally, 
this effect can be interpreted as an alteration in the porosity 
of the stratum corneum induced by the applied field. The 
electricity driven flow of ions across a membrane having 
a net charge can induce a coupled connective flow of 
solvent called electroosmosis (22).  

Iontophoresis is also a useful technique to increase 
penetration of uncharged drugs by forcing molecules by 
increasing the electroosmotic flow. The passage of water 
across the skin is promoted by the current, and the transfer 
number of the uncharged drug can also be increased (23).

Sildenafil is a positively charged molecule; therefore, it 
can be transferred through the skin by anodal iontophoretic 
delivery. Iontophoretic delivery of sildenafil may have a 
very promising future being a non-invasive technique, 
providing the desired amount of drug input by controlling 
the applied current, and given the facility of terminating 
the therapy in the case of observing any side effects. 

In this study, penetration properties of sildenafil were 
investigated using Franz type diffusion cells and dialysis 
membrane, polydimethylsiloxane (PDMS) membrane, 
excised rabbit skin, and human skin. The permeability 
coefficients were also determined. The permeability 
coefficient values indicated that dialysis membrane with 
12,000 Da cut-off was not found to have a barrier function 
for small molecules such as sildenafil (M.A. 666.7 Da). 
When iontophoresis experiments were conducted, higher 
permeation values were observed for all membrane types. 
In PDMS membrane experiments, higher permeation values 
were observed when higher amounts of NaCl were
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employed to the donor phase. The physicochemical 
properties of sildenafil were also determined at various 
pHs. A series of gel formulations were prepared and their 
penetrations through human skin were determined. Finally, 
the selected gel formulation was applied to the dorsal part 
of the rabbits and passive and iontophoretic deliveries were 
conducted. Sildenafil was also given orally and blood 
sildenafil concentrations were compared. Iontophoretic 
delivery of sildenafil was found to be very effective and 
convenient.

MATERIALS and METHODS

Materials
Sildenafil was obtained from Fako Drug Company (Turkey), 
ethoxydiglycol - Transcutol‚ (TR) was donated by 
Gattefosse (France), and Carbopol (C-934) was from BF 
Goodrich Company (USA). Gantrez-SP215 (G-SP215) 
was obtained from ISP (USA). Azone was obtained from 
Welson Research (USA). Dimethyl sulfoxide (DMSO) 
was purchased from Merck (Germany). The PDMS (Silastic 
R) membrane (300 µm) was from Dow Corning (UK). 
Dialysis membrane (12000 Da cut-off) was obtained from 
Sigma (USA). Propylene glycol (PG) was purchased from 
Aklar Kimya (Turkey). Hydroxypropyl cellulose (HPC) 
(50cp) was from Aqualon (Germany). All buffer 
components and other chemicals were standard analytical 
grade.

The constant current source was made in Turkey (DC: 0-
30 V, 0-6 A., Y›ld›r›m Elektronik, model CY-306, Ankara, 
Turkey). The digital multitester was from Germany (Model 
830 D, Bosstek Inc.).

Methods
Preparation of Gel Formulations 
Saturated sildenafil solution (2.041±0.336 mg/ml) was 
used for diffusion studies. In gel experiments, for formation 
of the gel, C-934 was dispersed in water and 0.01 N NaOH 
was added followed by sildenafil. G-SP215 solution in 
ethanol was neutralized by triethanolamine and mixed with 
sildenafil. Sildenafil and HPC was simply added to the PG 
containing transcutol solution and referred to as transcutol 
gel. 

Table 1 shows the contents of the gels. The pH of the gel 

was found to be 6.7 and 6.9 for C-934 and G-SP215 gels, 
respectively.

Determination of Solubility and Apparent 
Octanol/Water Partition Coefficient 
It has been previously reported that useful prediction of 
skin permeability models uses the octanol water partition 
coefficients (24). The shake-flask method was used to 
determine the solubility and apparent octanol/water partition 
coefficient (Log D) of sildenafil. Excess amount of sildenafil 
was dispersed in water at different pHs at 25°C and stirred 
overnight. Then samples were taken and analyzed by high 
performance liquid chromatography (HPLC). Solubility 
values were plotted against pH. 

Octanol (50 ml) was mixed with 5 ml of water overnight 
using magnetic stirrer at 25°C before the experiment to 
ensure that octanol was saturated with water. Excess amount 
of sildenafil was dissolved in 1 ml of water-saturated 
octanol. Then, 2 ml of pH-adjusted water (using phosphate 
or citrate buffer) was added to this solution and stirred 
together for another overnight period at the same 
temperature. Water phase was taken and analyzed by HPLC. 
The log D values were then calculated at various pHs. 
These values were plotted against pH.

Permeation Studies
Franz type diffusion cells were used in a water bath at 
37°C in which a donor compartment containing the permeant 
is separated from a receptor compartment by a membrane. 
The dialysis membrane, PDMS membrane or full thickness 
of human skin was fixed between the donor and receptor 
chambers. The membrane was mounted and placed in 
thermostated water bath; the membrane surface was at

Table 1.	 Content of gel formulations

	HPC	 C-934	 G-SP 215	 Clear gel
Transcutol	 50 g	 -	 -	 14.49 g
HPC	 2 g	 -	 -	 10 g
Sildenafil	 3 g	 3 g	 3 g	 3 g
PG	 45 g	 20 g	 -	 42.500 g
C-934	 -	 1 g	 -	 -
Alcohol	 -	 10 ml	 79.500 ml	 -
Water	 -	 66  ml	 -	 -
G-SP 215	 -	 -	 11 ml	 -
DMSO	 -	 -	 -	 30 ml
NaCl	 -	 -	 -	 0.01 g
Triethanolamine	 -	 -	 6.50 g	 -
pH	 6.9	 6.7	 6.8	 6.9
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32°C and stirred receptor medium at 37°C. The cross- 
sectional area was 1 cm2.  Saturated drug solution (or gel) 
(1 ml) was placed into donor phase and the receptor phase 
was pH 6.0 isotonic saline phosphate buffer solutions (3.23 
mM, ª2.5 ml). A 0.5 mA/cm2 constant current was applied 
when iontophoresis experiments were carried out. Ag/AgCl 
electrodes were used since they do not cause pH changes 
in the electrode compartments that can occur with platinum 
electrodes or other electrode types. Electrodes were 
produced as described in the literature (25,26). One mm 
silver wire (99.99%) was cleaned with emery cloth and 
one end made into a small loop, which was coated with 
molten silver chloride 99.99%. After each experiment, the 
electrodes were gently cleaned by sanding with emery 
cloth. Samples were collected by withdrawing an aliquot 
of 1 ml, which was then replaced with an equal volume of 
fresh solution. The flux values were calculated by 
considering the linear part of the penetration profile. Log 
kp values were then calculated by dividing the flux value 
with the concentration of compound in the donor phase. 
Full-thickness human skin samples were obtained after 
surgical operations from the hospital. The underlying fatty 
tissue was removed by blunt dissection and, if not used 
immediately, the skin was stored at -70°C for not longer 
than three weeks. Sildenafil concentrations were determined 
by HPLC.  

Rabbit Experiments 
New Zealand white rabbits weighing 3 to 3.5 kg were used 
and water was available ad libitum throughout the study. 
The Gazi University Ethical Committee in accordance with 
internationally accepted principles approved the 
experimental protocol. The dorsal part of the hair was 
gently cut and removed by hair clippers without causing 
any skin damage, and the area was marked (radius of the 
circular area was 2 cm). Rabbits were heparinized with 20 
IU/kg heparin, and 10 min later, sildenafil (5 mg) was 
given orally or gel formulations (1 g) were applied to the 
skin. A donor chamber was produced using a plastic cap 
(diameter=2.44 cm), Ag electrode (anode) was placed and 
the chamber was fixed on top of the skin using acrylate 
type glue and filled with gel. The cathode (AgCl) was fixed 
23 cm away from the anode, which was produced using 
conventional EKG electrode. AgCl electrode was placed 
into EKG electrode and adhered to the skin surface after 
saline gel application. 0.5 mA/cm2 constant current was 

applied when iontophoresis experiments were carried out. 
Ag/AgCl electrodes were used. Blood samples (>2 ml) 
were taken over a period of 6 h from the ear vein and the 
plasma was analyzed by HPLC.

HPLC Analysis
An HPLC method was adapted and modified from the 
literature (27). The HPLC, UV detector, pump, injection 
port and 20 µl rheodyne is Hewlett-Packard, series 1050 
and integrator is Hewlett-Packard, series 3396. Sildenafil 
contents of the samples after Franz cell diffusion 
experiments were injected directly to the HPLC, and 
sildenafil content of the solutions were determined according 
to a previously obtained calibration curve. Sildenafil 
contents of the blood samples were determined by HPLC. 
Briefly, 1.5 to 2 ml of blood samples were taken and 
centrifuged (1000 g for 3 min). Internal standard, 100 µl 
of chlorzoxazone (CLZ) (20 µg/ml), was added to 0.2 ml 
of plasma and 100 µl of sodium carbonate (0.1 M) was 
added, and this mixture was extracted with 1 ml of diethyl 
ether for a minute using vortex mixer. Organic phase (0.5 
ml) was taken and evaporated under nitrogen and 300 µl 
of mobile phase was added and injected directly to the 
HPLC. The HPLC method was fully validated (specificity, 
precision, linearity, detection and quantification limits, 
recovery, reproducibility, and stability values were studied) 
and found to be sensitive and reproducible. Limit of 
quantification (LOQ) was 5 ng/ml (r2=0.999 for calibration 
curve). The conditions of the HPLC were as follows:
Mobile phase: acetonitrile (45 ml) and 3.60 mM sodium 
hydrogen phosphate buffer pH 7.0 (55 ml)
Flow rate: 1 ml/min
Column: Hypersil, ODS, RP-C18 (25 cm x 0.4 cm, particle 
size 5 µm)
Injection volume: 20 µl
Detection: 254 nm
Retention time: 5 min (CLZ) 9 min (Sildenafil)

Statistics 
Statistical analysis was performed using the Graphpad 
Software computer program, version 2.04 a (INSTAT). 
ANOVA test was used to determine significant variations. 

RESULTS and DISCUSSION

Initially, dialysis membrane (12000 Da. cut-off) was used



Figure 1 :	 Passive and iontophoretic delivery of sildenafil through 		
dialysis membrane from saturated sildenafil solution.
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as a membrane to determine the penetration properties of 
sildenafil using Franz type diffusion cells (Fig. 1). When 
0.5 mA/cm2 direct current was applied, no higher penetration 
was observed. 

The reason for not observing higher penetrations or fluxes 
with iontophoretic delivery than with passive diffusion 
was found to be related with the membrane properties. The 
dialysis membrane cannot be a barrier for small molecules 
such as sildenafil (MA=474.58 Da). The application of 
electric current failed to increase the sildenafil penetration 
because the molecule was found to penetrate fast enough. 
Therefore, it was decided to use PDMS membrane, which 
is known to be less permeable than dialysis membrane and 
has been used to investigate penetration properties of many 
compounds (28-31). When a series of experiments were 
conducted using PDMS membrane, sildenafil penetration 
was observed to be much lower. Different pH mediums 
were also used in the donor chambers to understand the 
effect of pH on the sildenafil penetration. Although it was 
not statistically significant, there was a difference observed 
when various pHs were used. Anodal and cathodal delivery 
were also used and compared with passive diffusion.

Fig. 2 also shows the effect of current and applied charge 
on the sildenafil penetration. A higher amount of sildenafil 
was transferred successfully to the receptor chamber when 
positive current (anodal delivery) was used. On the contrary, 
cathodal delivery lowered the sildenafil penetration when 
compared with the passive diffusion. Interestingly, transfer 

number of sildenafil was found to be higher when NaCl 
was present in the donor compartment (Fig. 2). This 
observation was an evidence for the mechanism of sildenafil 
penetration to be active iontophoretic transport. The presence 
of Cl- ion in the donor chamber (anode) was also suggested 
to be necessary when Ag/AgCl electrodes were used for 
iontophoretic experiments. Ag/AgCl electrodes were altered 
between the donor and receptor chamber to verify the 
charge of the sildenafil molecule, and it was confirmed 
that iontophoretic transport of sildenafil was found to be 
equal with passive transport. 

After the observation of the positive effect of NaCl ions 
and influence of the pH on the iontophoretic delivery of 
sildenafil through membranes, it was decided to determine 
the solubility and partition ability of sildenafil. Therefore, 
a series of experiments were conducted at different pHs. 
Fig. 3 shows the partition and solubility properties of 
sildenafil at different pHs. The solubility of sildenafil 
changed with the pH values, and was found to be 3.5 mg/ml 
in water. In our results, sildenafil was dissolved to a much 
greater extent in pH 5 buffer system (2.041 mg/ml±0.336,

Figure 2 :	 Sildenafil penetration through PDMS membrane from saturated 	
sildenafil solution.
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SEM n=3). As a result, pH 5 was chosen as a suitable 
medium for further studies considering both solubility, 
partition properties of sildenafil and pH of the skin. The 
effect of NaCl ions on the iontophoretic delivery of sildenafil 
through the PDMS membrane was investigated, and the 
presence of NaCl ions provided faster penetration during 
the experiments (Fig. 4). The maximum penetration was 
observed when 0.154 M NaCl was present in the donor 
solution. 

Unexpected solute flux arising from various factors affecting 
iontophoresis, such as pH, co-ion effect, etc. has been 
reported. If the penetrant molecule is much bigger than the 
other molecules present in the same solution, competitive 
transport takes place and the mobility-flux of the drug will 
not increase to the same extent as the other small ion by 
applying electrical current. The role of conductivity in 
iontophoresis was investigated by Yoshida et al (32). It 
was found that the transport number of the phenylethylamine 
was decreased by increasing the NaCl concentration in the 
solution. They also found that the flux of phenylethylamine 
was linearly related to the ratio of specific conductance at 
5 and 20 mM phenylethylamine for a variety of experimental 
conditions. 

Similar to the previously conducted experiments, 
iontophoretic delivery of sildenafil was tested using Franz 
type diffusion cells and excised rabbit skin. Once again, 
higher penetrations were observed when anodal delivery 
was used (Fig. 5).

Figure 3 :	 Solubility and partition properties of sildenafil at various pHs.

Figure 4 :	 The effect of NaCl concentration on the sildenafil penetration from saturated sildenafil solution.
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Penetration of sildenafil was also tested using human skin, 
and similar results were obtained (Fig. 6). 

Higher penetrations were observed for sildenafil when 
rabbit skins were used for diffusion studies. As was also 
reported in the literature (33), rabbit tissues are known to 
be more permeable than human tissues. 

Azone is one of the known penetration enhancers (32,33). 
It affects and alters mainly the nonpolar pathway (34); 
therefore, a series of experiments were conducted to 
understand the main penetration pathway for sildenafil 
when it penetrates through human skin. Azone (100 µl and 
50µl 3% azone / cm2) did not significantly alter the sildenafil 
penetration from the saturated solution. When azone was 
used instead of NaCl in the gel, similar results were obtained 
(data not shown). Azone was also used to explain the 
reaction mechanism in in vitro experiments because it 
opened the transcellular network. As a result, it was 

considered for use in diffusion studies, but it was concluded 
that this effect was not useful under the electrical current 
in iontophoresis. In this condition, the electroosmotic 
current increases. 

Penetration of sildenafil through different skin layers was 
also investigated and the stratum corneum layer was found 
to be the main barrier (35-37). In a similar experiment 
regarding sildenafil transport through the human skin, it 
was found that the ratio of active iontophoretic delivery 
was increased with increasing electrical current. 

C934 was chosen because of its high stability, compatibility 
and low toxicity (34,35). A polymeric material namely 
Gantrez® has been used to prepare topical gel formulations 
for transdermal applications (38). G-SP215 is a monoethyl 
ester of poly (methyl vinyl ether/maleic acid). G-SP215 
monoester resins were designed for use in personal care 
products. They form a clear film, which exhibits tack-free 
adhesion, excellent substantivity and moisture resistance. 
A series of gel formulations were prepared and applied to 
the donor chamber. Human skin was used as a membrane. 
Passive and anodal deliveries were used and higher 
penetrations were observed with anodal delivery. Promising 
results were obtained when transcutol gel formulation was 
used. Physical characteristics of C-934 and Gantrez gels 
were not found to be suitable. Some interactions between 
the gel and sildenafil were observed with C-934 and Gantrez 
gels; these polymers were anionic and sildenafil is cationic, 
and as a result, there is a chemical incompatibility. 
Therefore, transcutol was selected for further studies, but 
incompatibility caused some problems related to physical 
gel properties. To improve the gel properties, propylene 
glycol and alcohol were added to the topical gel formulation. 
A different formulation was prepared including HPC gel. 
The prepared gel formulation was termed Clear gel. The 
Clear gel was prepared with DMSO and tested using human 
skin. Propylene glycol, DMSO and transcutol have been 
used in transdermal formulations to improve drug 
penetration through the skin(39-41). This final application 
was considered to be feasible in sildenafil delivery. In other 
applications, chitosan was used to evaluate sildenafil 
delivery. Chitosan generally was examined to deliver drug 
activated by electrical current. When the sildenafil mixed 
with the gel sildenafil precipitated. The formulation could 
not be prepared with chitosan due to incompatibility in the

Figure 5 :	 Sildenafil penetration through excised rabbit skin from 			
saturated sildenafil solution.

Figure 6 :	 Sildenafil penetration through various membranes from 		
saturated sildenafil solution.
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gel formulation. Consequently, we selected the must suitable 
gel formulation as Clear gel. DMSO was added to the 
formulation in order to increase the amount of sildenafil 
and a suitable gel was obtained. DMSO can be added to 
the formulation with various  ratios (42,43). Clear gel name 
was given to the formulation. Different gel formulations 
were investigated to deliver sildenafil using iontophoresis.

Human skin samples were separated into stratum 
corneum+viable epidermis layer and dermis layer using 
heat separation technique. The separated layers were used 
as a membrane for diffusion studies (44,45). The stratum Figure 7 :	 Sildenafil penetration through different skin layers from 		

saturated sildenafil solution.

Table 2.	 In vitro permeability values of sildenafil through different membranes

Membrane	 Donor compartment	 Delivery	 Flux (µg/h)	 Cdonor (mg/ml)	 n	 Log kp (cm2/h)

Dialysis	 Sildenafil solution	 Passive	 149.430±4.168	 2.041	 3	 -1.135

Dialysis	 Sildenafil solution	 Anodal (0.5mA)	 151.480±17.599	 2.041	 2	 -1.129

PDMS	 Sildenafil solution	 Passive	 4.132±0.286	 2.041	 3	 -2.694

PDMS	 Sildenafil solution	 Anodal (0.5mA)	 1.583±0.106	 2.041	 3	 -3.110

PDMS	 Sildenafil solution + 0.154M NaCl (pH:5)	 Anodal (0.5mA)	 45.384±6.921	 2.041	 3	 -1.653

PDMS	 Sildenafil solution + 0.154M NaCl (pH:5)	 Passive	 2.082±0.539	 2.041	 3	 -2.991

PDMS	 Sildenafil solution + 0.1M NaCl (pH:5)	 Anodal (0.5mA)	 4.985±0.794	 2.041	 3	 -2.612

PDMS	 Sildenafil solution + 0.1M NaCl (pH:5)	 Passive	 1.625±0.078	 2.041	 3	 -3.099

PDMS	 Sildenafil solution + 0.05M NaCl (pH:5)	 Anodal (0.5mA)	 26.893±22.693	 2.041	 3	 -1.880

PDMS	 Sildenafil solution + 0.05M NaCl (pH:5)	 Passive	 1.075±0.107	 2.041	 3	 -3.278

PDMS	 Sildenafil solution + 0.025M NaCl (pH:5)	 Anodal (0.5mA)	 2.434±0.941	 2.041	 3	

-2.924

PDMS	 Sildenafil solution + 0.025M NaCl (pH:5)	 Passive	 2.097±0.772	 2.041	 3	 -2.988

Rabbit skin	 Sildenafil solution	 Passive	 2.1273±0.352	 2.041	 10	 -2.982

Rabbit skin	 Sildenafil solution	 Anodal (0.5 mA)	 20.591±17.420	 2.041	 6	 -1.996

Rabbit skin	 Sildenafil solution	 Cathodal (0.25mA)	 1.202±0.112	 2.041	 6	 -3.230

Rabbit skin	 Sildenafil solution	 Anodal (0.25 mA)	 3.484±1.331	 2.041	 6	 -2.768

Human skin	 Sildenafil solution	 Passive	 2.063±0.205	 2.041	 6	 -2.995

Stratum corneum	 Sildenafil solution	 Passive	 0.662±0.086	 2.041	 3	 -3.489

Dermis	 Sildenafil solution	 Passive	 8.289±3.988	 2.041	 3	 -2.391

Human skin	 Transcutol gel	 Passive	 1.289±0.367	 3.000	 3	 -3.367

Human skin	 G-SP215	 Passive	 0.888±0.024	 3.000	 4	 -3.529

Human skin	 C-934	 Passive	 1.040±0.085	 3.000	 4	 -3.460

Human skin	 Clear gel	 Passive	 1.789±0.193	 3.000	 3	 -3.225

Human skin	 Transcutol gel	 Anodal (0.5 mA)	 1.492±0.271	 3.000	 2	 -3.303

Human skin	 G-SP215	 Anodal (0.5 mA)	 1.451±0.150	 3.000	 2	 -3.315

Human skin	 C-934	 Anodal  (0.5 mA)	 1.905±0.047	 3.000	 2	 -3.197

Human skin	 Clear gel+azone (50µl)	 Passive	 3.393±0.347	 3.000	 3	 -2.947

Human skin	 Clear gel+azone (100µl)	 Anodal (0.5 mA)	 2.270±0.389	 3.000	 3	 -3.121

Human skin	 Clear gel+azone (50µl)	 Anodal (0.5 mA)	 1.281±0.187	 3.000	 3	 -3.370



Figure 8 :	 Blood sildenafil concentrations after sildenafil administrations.
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corneum appeared to be the main barrier for sildenafil 
penetration (Fig. 7). Although the same temperature and 
procedure were used for separation as in the literature (42), 
the permeability values of sildenafil were found to be lower 
than in full thickness of skin, and the application of heat 
and separation technique may be responsible.

Penetration properties of the prepared gel formulations 
were also studied using PDMS membrane and skin samples. 
Flux values and permeability values after all diffusion 
studies were calculated. Table 2 shows all comparisons 
between permeability and flux values when passive or 
iontophoretic delivery and various membranes were used.

Finally, Clear gel formulation was selected for in-vivo 
studies and applied to the dorsal part of the rabbit. Passive 
and iontophoretic (0.5 mA/cm2 direct current was applied) 
delivery studies were conducted and blood sildenafil 
concentrations were compared with oral administration. A 
0.5 mA/cm2 current was used because it is in general 
agreement that approximately 0.5 mA/cm2 current density 
should be used for iontophoretic studies in order to not 
damage the skin (46).

Anodal delivery was found to be very effective in 
maintaining higher blood sildenafil concentrations (Fig. 
8).  

The AUC, Cmax. and tmax. values were also calculated 
using a computer program (Minim release 2.0.2). Table 3 
summarizes the results:

As a result, blood levels of sildenafil were found to be 
statistically significantly higher when iontophoretic delivery 
was used than after both passive and oral administration. 
Rabbits were observed for a further two days, and there 
was no irritation observed on the gel-applied skin surface 
after the experiments.  

CONCLUSION

All results showed that sildenafil can be penetrated through 
rabbit skin, and it was possible to increase sildenafil 
penetration using iontophoresis and penetration enhancer 
in the formulation. Although the permeability value of 
sildenafil through rabbit skin was not very different from 
human skin (log kp-rabbit= -2,982, log kp-human= -2,995), 
it should also be considered that rabbit tissue is more 
permeable than human skin as generally appreciated. 
Nevertheless, application of iontophoresis and enhancer 
may work for human skin in a similar way. The penetration 
process of sildenafil through the skin was evaluated, and 
it was concluded that there are several factors affecting 
sildenafil penetration. The Clear gel may affect the skin 
cells. All observations suggest that the main penetration 
process for sildenafil occurs mainly via electroosmosis, 
but other mechanisms may also be involved. It was 
concluded that the dermal application of sildenafil and 
application of iontophoretic delivery may be useful; it was 
found to be an effective and safe alternative route.

Table 3.	 AUC, Cmax and tmax values after oral, 			
transdermal and iontophoretic sildenafil 			
administration

Administration	 AUC (µg/ml.min)	 Cmax (µg/ml)	 tmax (min.)
Oral	 15.634 ± 2.810a,c	 0.082 ± 0.033a,c	   40.000 ± 15.490
Transdermal 	 15.013 ± 6.940b,c	 0.166 ± 0.155b,c	 120.000 ± 75.500
(Passive)
Transdermal 	 80.950 ± 61.651a,b	 0.620 ± 0.376a,b	 127.500 ± 136.500
(Iontophoretic)
Statistics:	 c      : p>0.05	 a,b    : p<0.05	

c      : p>0.05	 a,b    : p<0.01



2. Jeong CK, Lee HY, Jang MS, Kim WB, Lee HS. 
Narrowbore high-performance liquid chromatography 
for the simultaneous determination of sildenafil and its 
metabolite UK-103,320 in human plasma using column 
switching. J. Chromatography B. 752: 141-147, 2001.

3. Kloner RA, Zusman RM. Cardiovascular effects of 
sildenafil citrate and recommendations for its use. Am 
J Cardiol 84: 11-17, 1999.

4. Dinsmore WW, Hodges M, Hargreaves C, Osterloh IH, 
Smith MD, Rosen RC. Sildenafil citrate (Viagra) in 
erectile dysfunction: near normalization in men with 
broad-spectrum erectile dysfunction compared with 
age-matched healthy control subjects. Urology 53: 800-
805, 1999.

5. Benet AE, Melman A. The epidemiology of erectile 
dysfunction. Urol. Clin. North Am. 2: 699-709, 1995.

6. Carson CC, Burnett AL, Levine LA, Nehra A. The 
efficacy of sildenafil citrate (Viagra) in clinical 
populations: an update. Urology 60(Suppl 2B): 12-27, 
2002.

7. Christ B, Brockme›er D, Hauck EW, Friemann S. 
Interactions of sildenafil and tacrolimus in men with 
erectile dysfunction after kidney transplantation. 
Urology. 58: 589-593, 2001.

8.  Gillies HC, Roblin D, Jackson G. Coronary and systemic 
hemodynamic effects of sildenafil citrate: from basic 
science to clinical studies in patients with cardiovascular 
disease. Int. J. Cardiol. 86: 131-141, 2002.

9.  Stief CG, Ückert S, Becker AJ, Harringer W, Truss 
MC, Forssmann WG, Jonas U. Effects of sildenafil on 
cAMP and cGMP levels in isolated human cavernous 
and cardiac tissue. Urology. 55: 146-150, 2000.

10. Chiang CE, Luk HN, Wang TM, Ding PY. Effects of 
sildenafil on cardiac repolarization. Cardiovasc Res 55: 
290-299, 2002.

11. Kloner RA, Brown M. Effect of sildenafil in patients 
with erectile dysfunction taking antihypertensive therapy. 
Am J Hypertens 14: 70-73, 2001.

12. Guy RH, Hadgraft J. Transdermal drug delivery: a 
perspective. J. Control. Rel. 4: 237-251, 1987.

13. Ledger PW, Gale R, Yum IS.  Transdermal drug delivery 
systems. In: Mukhtar H, editor. Pharmacology of the 
Skin. Boca Raton, Florida: CRC Press Inc.; 1992. p. 
73-85. 

14. Guy RH, Hadgraft J. Transdermal drug delivery: the 
ground rules are emerging.  Pharm. Int. 6: 112-116, 
1985.

15. Walters KA. Percutaneous enhancers and their use in 
transdermal therapeutic systems. In: Hadgraft J, Guy 
RH, editors. Transdermal Drug Delivery - 
Developmental Issues and Research Initiatives. New 
York: Marcel Dekker Inc.; 1989. p. 197-246. 

16. Flynn GL. Physicochemical determinants of skin 
absorption. In: Gerrity TR, Henry CJ, editors. Principles 
of Route-to-Route Extrapolation for Risk Assessment. 
New York: Elsevier Science Publishing Co., Inc.; 1990. 
p. 93-127. 

17. ‹lbasm›fl S. Investigation on application of iontophoresis 
[Master Thesis]. Ankara (Turkey):  Gazi University, 
Faculty of Pharmacy; 2003.

18. De¤im IT, ‹lbasm›fl S, Dundaroz R, Oguz Y,  Reverse 
iontophoresis–Ii: a non-invasive technique for measuring 
blood urea level. Pediatr Nephrol 18: 1032-1037, 2003.

19. Su MH, Srinivasan V, Ghanem AH, Higuchi W. 
Quantitative in vitro iontophoretic studies. J. Pharm. 
Sci. 83: 12-17, 1994.  

20. Burnette RR, Marreero D. Comparison between the 
iontophoretic and passive transport of thyrotropin 
releasing hormone across excised nude mouse skin. J. 
Pharm. Sci. 75: 738-743, 1986.

21. Yoshida NH, Roberts MS. Role of conductivity in 
iontophoresis. 2. Anodal iontophoretic transport of 
phenylethylamine and sodium across excised human 
skin. J. Pharm. Sci 83: 344-350, 1994.

22. Brand RM, Guy RH. Iontophoresis of nicotine in vitro: 
pulsatile drug delivery across the skin. J. Control. Rel. 
33: 285-292, 1995.

23. Pikal MJ. Transport mechanisms in iontophoresis. I. 
A theoretical model for the effect of electroosmotic 
flow on flux enhancement in transdermal iontophoresis. 
Pharm. Res. 7: 118-126, 1990.

24.  De¤im ‹T, Hadgraft J, ‹lbasm›fl S, Özkan Y. Prediction 
of skin penetration using artificial neural network (ANN) 
modeling. J. Pharm. Sci. 92: 656-664, 2003.

25. Green PG, Hinz RH, Cullander C, Yamane G, Guy 
RH. Iontophoretic delivery of amino acids and amino 
acid derivatives across the skin in-vitro. Pharm. Res. 
8: 113-119, 1991.

26. De¤im IT, Pugh WJ, Hadgraft J. Effect of ion 
complexants on the iontophoresis of salbutamol. Int. J. 
Pharm. 167: 229-231, 1998.

27. Shim HJ, Lee EJ, Jung YH, Kim SH, Yoo M, Kwon 
JW, Kim WB, Lee MG. Determination of a new 
phosphodiesterase V inhibitor, DA-8159, in plasma and

118

Tamer, De¤im



119

FABAD J. Pharm. Sci., 32, 109-119, 2007

urine by high-performance liquid chromatography. J. 
Pharm. Biomed. Anal 30: 527-533, 2002.

28. Feldstein MM, Raigorodskii IM, Iordanskii AL, 
Hadgraft J. Modeling of percutaneous drug transport 
in vitro using skin-imitating Carbosil membrane. J. 
Control. Rel. 52: 25-40, 1998.

29. Grover M, Singh B, Bakshi M, Singh S. Quantitative 
structure–property relationships in pharmaceutical 
research – Part 2. Pharm. Sci. Technol. Today, 3: 50-
57, 2000.

30. Agatonovic-Kustrin S, Beresford R, Yusof APM. ANN 
m o d e l i n g  o f  t h e  p e n e t r a t i o n  a c r o s s  a  
polydimethylsiloxane membrane from theoretically 
derived molecular descriptors. J Pharm Biomed Anal. 
26: 241-254, 2001.

31. Moss GP, Dearden JC, Patel H, Cronin MTD. 
Quantitative structure permeability relationships 
(QSPRs) for percutaneous absorption. Toxicol In Vitro. 
16: 299-317, 2002.

32. Yoshida NH, Roberts MS. Role of conductivity in 
iontophoresis. 2. Anodal iontophoretic transport of 
phenylethylamine and sodium across excised human 
skin. J. Pharm. Sci 83: 344-350, 1994.

33. De¤im T, Uslu A, Hadgraft J, Atay T, Akay C, 
Cevhero¤lu S.  The effects of Azone and capsaicin on 
the permeation of naproxen through human skin.  Int. 
J. Pharm. 179: 21-25, 1999.

34. Barreiro-Iglesias R, Alvarez-Lorenzo C, Concheiro A. 
Incorporation of small quantities of surfactants as a way 
to improve the rheological and diffusional behavior of 
carbopol gels. J. Control. Rel. 77: 59-75, 2001.

35. Röpke CD, Kaneko TM, Rodrigues RM,  Silva VV, 
Barros S, Sawada TCH, Kato MJ, Barros SBM. 
Evaluation of percutaneous absorption of 4-
nerolidylcathecol from four topical formulations. Int. 
J. Pharm. 249: 109-116, 2002.

36. De¤im T, Pugh WJ, Hadgraft J. Skin permeability data: 
anomalous results. Int. J. Pharm. 170, 129-133, 1998.

37. Woolfson AD, McCafferty DF, Moss GP. Development 
and characterisation of a moisture-activated bioadhesive 
drug delivery system for percutaneous local anaesthesia. 
Int. J. Pharm. 169: 83-94, 1998.

38. Sloan KB, Beall HD, Taylor HE, Getz JJ, Villaneuva 
R, Nipper R, Smith K. Transdermal delivery of 
theophylline from alcohol vehicles. Int. J. Pharm. 171: 
185-193, 1998.

39. Moser K, Kriwet K, Naik A, Kalia YN, Guy RH. 
Passive skin penetration enhancement and its 
quantification in vitro. Eur J Pharm Biopharm. 52: 103-
112, 2001.

40. Godwin DA, Kim NH, Felton LA. Influence of 
Transcutol® CG on the skin accumulation and 
transdermal permeation of ultraviolet absorbers. Eur. 
J. Pharm. Biopharm. 53: 23-27, 2002.

41. Michniaka BB, Playerb MR, Godwin DA, Lockhartd 
CC, Sowella JW. In vitro evaluation of azone analogs 
as dermal penetration enhancers. Miscellaneous 
compounds. Int. J. Pharm. 161: 169–178, 1998.

42. Vaddi HK, Ho PC, Chan YW, Chan SY. Terpenes in 
ethanol: haloperidol permeation and partition through 
human skin and stratum corneum changes. J. Control. 
Rel. 81: 121-133, 2002.

43. De¤im IT, Uslu A, Hadgraft J, Atay T, Akay C, 
Cevhero¤lu S. The effects of Azone and Capsaicin on 
the permeation of naproxen through human skin. Int. 
J. Pharm. 179: 21-25, 1999.

44. Pugh WJ, De¤im T, Hadgraft J. Epidermal permeability-
penetrant structure relationships: 4. QSAR of permeant 
diffusion across human stratum corneum in terms of 
molecular weight, H-bonding and electronic charge. 
Int. J. Pharm. 197: 203-211, 2000.

45. De¤im T. Physico-chemical Determinants of Skin 
Penetration [PH thesis]. Cardiff (UK): University of 
Wales, College of Cardiff; 1996. 

46. Brand RM, Guy RH. Iontophoresis of nicotine in vitro: 
pulsatile drug delivery across the skin. J. Control. Rel., 
33: 285-292, 1995.




