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A B S T R A C T

Sildenafil citrate, a selective phosphodiesterase type 5 (PDE5) inhibitor, is widely used to treat erectile 
dysfunction; however, its oral administration is associated with systemic adverse effects and reduced bioavail
ability due to first-pass metabolism. This study evaluated the potential for the topical delivery of sildenafil to the 
glans in the form of a cream formulation. In vitro permeation assays on bull glans tissue, which lacks a stratum 
corneum, showed that the tested formulation achieved moderate permeation (17.2 ± 1.61 µg/cm2) and tissue 
retention (382 ± 80.5 µg/cm2), supporting its suitability for subsequent in vivo testing. A pilot study in healthy 
male volunteers (n = 8) demonstrated low but detectable salivary sildenafil concentrations following topical 
application, with mean concentrations rising initially and then remaining relatively stable over the 2–4 h 
observation period. Population pharmacokinetic modelling using a one-compartment model with first-order 
absorption and elimination yielded an absorption rate constant of ka = 1.20 h⁻1 and a model-derived tmax of 
approximately 1.9 h. Absolute salivary concentrations remained in the low ng/mL range, indicating limited 
systemic exposure. Histological analysis confirmed close structural similarity between bull and human glans 
tissue, supporting the translational relevance of the ex vivo model. Overall, these findings support the feasibility 
of developing a locally acting topical alternative to oral PDE5 inhibitors.

1. Introduction

Erectile dysfunction (ED) is a highly prevalent condition that 
significantly affects quality of life and interpersonal relationships. 
Phosphodiesterase type 5 (PDE5) inhibitors remain the first-line phar
macological therapy for ED due to their well-established efficacy 
(Nicolosi et al., 2006; Porst, 2004; Sussman, 2004). Sildenafil exerts its 
effect by selectively inhibiting PDE5, the enzyme responsible for the 
degradation of cyclic guanosine monophosphate (cGMP) in corpus 
cavernosum smooth muscle, (Moreland et al., 1998; Andersson and 
Wagner, 1995; Lau and Adaikan, 2006), thereby enhancing nitric oxi
de–mediated vasodilation and facilitating erection in response to sexual 
stimulation (Ghofrani et al., 2006; Langtry and Markham, 1999; 
Thompson et al., 2001). Despite its clinical success, oral administration 

of sildenafil presents several limitations, including extensive first-pass 
metabolism, resulting in interindividual variability in systemic expo
sure. Moreover, systemic administration may be associated with adverse 
effects, including headache, flushing, nasal congestion, and cardiovas
cular effects related to systemic vasodilation (Nichols et al., 2002; 
Osman et al., 2006; Zinner, 2007). These limitations have stimulated 
growing interest in alternative routes of administration that could 
reduce systemic exposure while preserving therapeutic efficacy (Dos 
Anjos and Alonso, 2008). Transdermal drug delivery represents an 
attractive non-invasive alternative to oral dosing, offering potential 
advantages such as avoidance of first-pass metabolism, reduced peak- 
related adverse effects, and the possibility of targeted local action. 
However, an effective transdermal delivery is often hindered by the 
barrier function of the stratum corneum, which severely restricts drug 
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permeation across most skin surfaces. Specifically to sildenafil, various 
formulation strategies, including penetration enhancers (Verma and 
Pathak, 2010), lipid-based carriers, and nanostructured systems have 
been explored to overcome limitations related to its transdermal 
administration (Abla et al., 2023; Alazzo et al., 2024; Atipairin et al., 
2020; Abdelalim et al., 2020b). Nevertheless, none of these approaches 
has so far translated into an approved topical sildenafil product. The 
glans penis constitutes a particularly promising anatomical site for 
localised drug delivery (Alnajjar et al., 2012; Shabbir et al., 2011). 
Unlike keratinized skin, the glans is covered by a mucosal epithelium 
that lacks a stratum corneum, is highly hydrated, and is richly vascu
larised. These features confer substantially higher permeability 
compared with conventional skin, making the glans an attractive target 
for topical administration aimed at local absorption with limited diffu
sion barriers. From a functional perspective, the glans is particularly 
relevant due to its anatomical proximity to the underlying erectile tis
sues (Goldstein et al., 2001). Local administration at this site can 
therefore facilitate the establishment of pharmacologically active con
centrations directly in tissues involved in erectile function, potentially 
enhancing the nitric oxide–cGMP signaling pathway while limiting 
systemic exposure (Mohamed et al., 2023). Sildenafil is a potent and 
selective inhibitor of phosphodiesterase type 5 (PDE5), with reported 
inhibitory activity in the low nanomolar range (IC50 ≈ 3–10 nM) (Wallis, 
1999). Achieving local concentrations within or above this range is 
therefore expected to be sufficient to elicit a pharmacological effect at 
the target tissue. Despite this rationale, systematic experimental evalu
ation of sildenafil delivery directly to glans tissue remains scarce. In our 
previous work (Magnano et al., 2024), we developed and screened 
different topical sildenafil formulations using porcine skin and a 3D 
human foreskin model, eventually identifying a liposomal cream as the 
most promising candidate in terms of permeation performance and 
formulation stability. Despite the robust in vitro foundation, in that 
study, we did not address mucosal delivery to the glans or the trans
lational relationship between ex vivo permeation and in vivo systemic 
exposure. The present study was therefore designed as a direct pro
gression of that work, with the primary objective of evaluating the 
previously developed formulation on glans tissue using a physiologically 
relevant ex vivo model, complemented by a pilot human pharmacoki
netic assessment following topical application. Bull glans tissue was 
selected as an ex vivo surrogate due to its close anatomical and histo
logical similarity to human glans, a similarity that was verified by his
tological analysis. The glans penis represents the distal expansion of the 
corpus spongiosum surrounding the urethra, a structural organisation 
that is conserved across mammalian species. Comparative anatomical 
studies of penile architecture have demonstrated similar fundamental 
organisation of erectile tissues among mammals, despite species-specific 
morphological adaptations (Hsu et al., 2005). Veterinary anatomical 
descriptions confirm that in bovine species the penis is likewise 
composed of corpora cavernosa and a corpus spongiosum surrounding 
the urethra and extending distally to form the glans (Amselgruber and 
Sinowatz, 1992). By combining ex vivo permeation and tissue-retention 
studies with a pilot in vivo salivary pharmacokinetic evaluation and 
pharmacokinetic modelling, this work provides an experimental basis 
for assessing mucosa-targeted topical sildenafil delivery. Specifically, 
this work aims to (i) characterise the balance between local tissue 
deposition and systemic uptake of sildenafil after glans application, (ii) 
explore the temporal relationship between ex vivo permeation behaviour 
and systemic appearance of the drug, and (iii) provide an experimental 
basis for further investigation of mucosa-targeted topical sildenafil 
formulations.

2. Materials and methods

2.1. Materials

In this work, all chemicals used were of analytical grade. Acetonitrile 

(ACN), formic acid (FA) and ethanol (EtOH) were purchased from 
Sigma-Aldrich (St. Louis, USA), while potassium dihydrogenphosphate 
(KH2PO4), sodium chloride (NaCl) and sodium hydrogenphosphate 
(Na2HPO4) were obtained from Carlo Erba (Italy). A Millipore purifi
cation pack system was used to produce MilliQ water. The physiological 
solution, used as the receptor fluid was obtained by the dissolution of 
KH2PO4 (0.19 g); Na2HPO4 (2.38 g) and NaCl (9 g) in 1 L of MilliQ water 
with a final pH of 7.35.

2.2. Formulation of the sildenafil cream

Based on our previous formulation screening and optimisation study 
(Magnano et al., 2024), in the present work, the liposomal cream was 
selected as the topical vehicle for sildenafil citrate. Such formulation is 
based on a preformed commercial transdermal cream and incorporates 
penetration-enhancing excipients, including isopropyl myristate and 
isopropyl palmitate. The qualitative composition of the cream, as pro
vided by the manufacturer, is reported in Table 1. Sildenafil citrate was 
incorporated into the cream base using a mechanical unguator (Gako 
Unguator®, Farmalabor, Italy). Briefly, 1.950 g of sildenafil citrate was 
added to 25 mL of the cream base and mixed for 6 min at 1000 rpm to 
obtain a homogeneous formulation. The resulting cream was stored at 
room temperature and protected from light until use. Drug content was 
determined to confirm uniformity and accurate dosing. An aliquot of 0.5 
mL of the cream (corresponding to a theoretical sildenafil citrate dose of 
38.6 mg) was dispersed in 6.0 mL of a water/ethanol mixture (50:50, v/ 
v) and stirred continuously for 4 h to ensure complete extraction. The 
dispersion was then filtered through a 0.45 µm PTFE membrane filter 
(Whatman®), and sildenafil concentration was quantified by HPLC as 
described in Section 2.5. The content of sildenafil citrate in the tested 
formulation was experimentally measured, corresponding to 38.12 ±
0.19 mg per 0.5 mL of product (mean ± SD, n = 3).

2.3. Glans tissue preparation

Samples of bull penis were sourced from a slaughterhouse, and the 
glans tissue was carefully dissected, wrapped in gauze, and stored at 
–25 ◦C. On the day of the experiment, the tissue was cut into square 
sections of 4 cm2 and thawed in a physiological solution. The thickness 
of the penile tissue (1.2 ± 0.01 mm) was measured using a micrometric 
caliper. Prior to the permeation experiments, tissue integrity was eval
uated by measuring the transepidermal water loss (TEWL), since this is a 
non-invasive parameter commonly used for assessing the barrier func
tion of skin and mucosal tissues (Alexander et al., 2018; Machado et al., 
2010; Miwa et al., 2006). The bull glans samples used in this study 
showed TEWL values of approximately 22 g/m2/h, consistent with an 
intact mucosal barrier.

2.4. In-vitro absorption study of sildenafil cream through glans tissue

The permeation test was performed in Franz static diffusion cells 
following the OECD guidelines (OECD, 2004). Tissues from the glans 
were mounted between the upper (donor) and lower (receptor) cham
bers of static Franz diffusion cells. The absorption study was assessed 
using the protocol detailed in our previously work (Magnano et al., 
2024). Specifically, 0.5 mL of cream formulation (approximately 38.6 
mg of drug) was applied on the glans tissue and the experiments were 
conducted at 32 ◦C, which corresponds to the physiological temperature 
of the skin surface. The effective diffusion area in the Franz cell was 1.00 
cm2, resulting in a sildenafil theoretical dose normalised to the exposed 
surface of 38.6 mg/cm2. This amount ensured infinite dose conditions, 
allowing the maintenance of a constant drug concentration in the donor 
compartment throughout the permeation experiment. At the end of the 
assay, the glans tissue was rinsed three times with 1.0 mL of water 
(MilliQ). Then, by using a scalpel the tissue was cut in little pieces, 
immersed in 5.0 mL of MilliQ water, stirred for 15 h and diluted 1:10 in 
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MilliQ water before quantification by HPLC. Sildenafil extraction from 
the entire tissue was carried out at room temperature for 15 h. Extrac
tion efficiency was evaluated using a full mass-balance approach by 
comparing the applied dose with the sum of the amount permeated into 
the receptor compartment and the amount recovered from the glans 
tissue. Recovery (%) was calculated as the ratio between the total 
recovered amount and the applied dose. 

Recovery (%) =
total recovered amount

applied dose
× 100 

The sildenafil contents registered in the receptor compartment and 
accumulated within the bull glans tissue, was quantified using HPLC, 
following the same method reported in our previous study (Magnano 
et al., 2024).

2.5. High performance liquid chromatography (HPLC)

Sildenafil concentrations were determined by UV-HPLC analysis as 
previously described in our recent work (Magnano et al., 2024). Spe
cifically, analyses were performed on an Agilent 1260 system with 
diode-array detection using an InfinityLab Poroshell 120 C18 column 
(3.0 × 100 mm, 4 µm) at 23 ◦C. The mobile phase consisted of aceto
nitrile and 0.1% formic acid in water (30:70, v/v) at 0.4 mL/min. The 
injection volume was 10 µL and detection was set at 254 nm. Sildenafil 
eluted at 4.8 ± 0.02 min within an 8.0 min run. The method provided an 
LOD (limit of detection) of 0.04 µg/mL and an LOQ (limit of quantifi
cation) of 0.12 µg/mL.

2.6. Permeability calculations of sildenafil samples

The cumulative content of permeated drug (dQ, µg) was plotted as a 
function of time (dt, s). The linear portion of the slope, representing to 
the steady-state (Hopf et al., 2020) was adopted to determine the flux as 
described in Eq. (1). The formulation was applied under infinite dose 
conditions to ensure a constant drug concentration in the donor 
compartment and allow reliable determination of permeation parame
ters (Niedorf et al., 2008). Non-occlusive conditions were selected to 
better approximate typical topical application, as occlusion is known to 
enhance skin permeation (Treffel et al., 1992). 

J =
dQ

A*dt
(1) 

where A denotes the surface area of the diffusion barrier (cm2). The 
obtained flux value was then to employed to determine the Papp 
(apparent permeability coefficient) as outlined in Eq. (2): 

Papp =
J
Cd

(2) 

Papp (cm/s) refers to the apparent permeability coefficient, while J (µg/ 
cm2 per s) represents the flux at the steady state and Cd indicates the 
drug concentration in the donor compartment (µg/cm3).

2.7. Histological analysis

The glans tissues were fixed in formalin for 2 h at room temperature, 
subsequently dehydrated, and embedded in paraffin wax to facilitate 
transverse sectioning. Sections of 4 µm thick were obtained using a 
microtome and subsequently stained with a hematoxylin and eosin 

(H&E) staining kit (Vector Laboratories Inc., USA). Staining durations 
were set at 5 min for hematoxylin and 1 min for eosin. The stained slides 
were analysed using a D-Sight slide scanner (Menarini Diagnostics, 
Italy). The thickness of the glans tissue was measured across six 
microscopic fields using ImageJ software (National Institutes of Health, 
USA).

2.8. Human pilot trial methodology

The in vivo study was approved by the Human Research Ethics 
Committee of the University of Trieste (n◦3-31/3–25) and was con
ducted in compliance with the Declaration of Helsinki and the Interna
tional Conference on Harmonization Guidelines. Eight healthy male 
volunteers, non-smoking, aged between 24 and 65 years participated in 
the trial. About 50 mg of sildenafil base corresponding to 0.9 mL of 
cream was applied locally to the human penis/glans. The applied dose 
(0.9 mL of cream corresponding 50 mg of sildenafil citrate) was selected 
to represent the nominal strength of the formulation and to allow 
detection of systemic exposure. The cream was self-applied by the 
volunteer and gently spread to ensure full and uniform coverage of the 
glans surface. Volunteers were instructed to wash their hands and the 
glans prior to application and to avoid urination, washing, or sexual 
activity until the last saliva sample was collected. At time intervals of 15, 
30, 60, 90, 120, and 240 min after the application, 3 mL of saliva 
samples were collected and the samples were centrifuged for 15 min at 
1000 rpm and the resulting supernatant was stored at − 80 ◦C. Partici
pants were instructed not to drink water or other fluids immediately 
before and during sample collection. To the best of our knowledge there 
are no reported human pharmacokinetic studies where the plasma and/ 
or salivary concentrations of sildenafil have been reported after appli
cation of a topical formulation. The sampling timepoints (15–240 min) 
were therefore selected based on the known pharmacokinetic profile of 
sildenafil (after oral administration), in which peak systemic concen
trations typically occur within 1–2 h (Nichols et al., 2002). To determine 
sildenafil concentrations in saliva, 500 µL of saliva sample was mixed 
with 500 µL of methanol containing benzanilide (5 µg/mL), as the in
ternal standard (IS). The mixture was then extracted with 5 mL of ethyl 
acetate by vortexing. Phase separation was achieved by centrifugation, 
after which the organic layer was collected and evaporated using a 
vacuum centrifuge at 40◦C. The resulting residue was re-dissolved in 
250 µL of methanol, sonicated, and centrifuged for 10 min. The final 
solution was analysed by HPLC coupled with tandem mass spectrometry 
(HPLC-MS/MS).

2.9. Pharmacokinetic data evaluation

Pharmacokinetic evaluation was conducted using salivary concen
tration–time data from eight healthy adult volunteers. Data processing 
and modelling were performed in R (RStudio Version 2025.09.2 + 418; 
Posit Software, PBC), using base R functions and tidyverse packages for 
data organisation, visualisation, and numerical fitting. As saliva con
tains only the unbound fraction of sildenafil present in systemic circu
lation, salivary concentrations were used as a non-invasive surrogate to 
monitor the temporal pattern of systemic exposure following topical 
administration. Due to the extensive plasma protein binding, salivary 
levels are typically lower than plasma concentrations (Tracqui and 
Ludes, 2003), and therefore reflect the free circulating fraction rather 
than local tissue concentrations in the glans. Given the sparse sampling 
design and the exploratory nature of this pilot study, pharmacokinetic 

Table 1 
Composition of the sildenafil formulation as reported by the manufacturer.

Composition

Sildenafil citrate, isopropyl myristate, glyceryl monostearate, lecithin, sorbic acid, PEG-40 stearate, cetyl alcohol, stearic acid, benzoic acid, isopropyl palmitate, simethicone, stearyl 
alcohol, potassium sorbate, EDTA, urea, butylated hydroxytoluene (BHT), carbomer, hydrochloric acid.
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evaluation focused on characterising the absorption phase following 
topical administration, while systemic disposition parameters were 
fixed according to established oral sildenafil pharmacokinetic data.

Salivary concentration–time profiles were described using a one- 
compartment model with first-order absorption and first-order elimi
nation (Bateman function). The elimination rate constant (ke) was fixed 
based on literature values corresponding to a plasma half-life of 
approximately 4 h, while the absorption rate constant (ka) and indi
vidual scaling factors (Si), representing relative saliva/plasma parti
tioning and apparent exposure, were estimated via nonlinear least- 
squares regression (nls function). Model evaluation included diag
nostic plots (DV–PRED, DV–IPRED), residual analyses, and visual pre
dictive checks generated from model-based simulations. These 
diagnostic evaluations indicated that the selected structural model 
adequately described the observed salivary concentration–time profiles. 
In vitro permeation data for the cream formulation were normalised 
(Q/Qmax) and compared with the model-derived in vivo absorbed frac
tion (Fabs = 1 − e− kat) to provide an exploratory comparison of the 
temporal profiles of ex vivo permeation and systemic appearance 
following topical application.

2.10. Data analysis

The results are presented as the amount of drug permeated per unit 
area of skin (µg/cm2). Data from the skin absorption studies are reported 
as mean ± standard error of the mean (SEM).

3. Results

3.1. Permeation and tissue distribution of sildenafil from topical cream 
through glans tissues

Sildenafil permeation from the cream formulation increased pro
gressively over the 4-hour experiment, with drug levels in the receptor 
fluid (RF) rising in a time-dependent increase (Fig. 1A). At the end of the 
permeation study, the cumulative amount of sildenafil that crossed the 
glans tissue reached 17.2 ± 1.61 µg/cm2, with a steady-state flux of 
7.52 × 10− 4 ± 2.13 × 10− 4 µg/cm2*s and an apparent permeability 

coefficient Papp of 1.96 × 10− 8 ± 0.48 × 10− 8 cm/s (Table 2).
Drug distribution within the glans tissue was also evaluated after 4 h 

of exposure. It is important to highlight that the glans tissue lacks the 
stratum corneum layer; therefore, sildenafil content was quantified across 
the full membrane thickness. The tested formulation exhibited a 
retained amount of 382 ± 80.5 µg/cm2 within the tissue (Fig. 1B and 
Table 2). Additionally, the full absorbed recovered amount (Qabs) was 
calculated utilizing Equation (3). 

Qabs = Totalglanstissue+RF (3) 

where “total glans tissue” represents the cumulative amount of sildenafil 
recovered from the entire glans and “RF” refers to the sildenafil amount 
recovered from the receptor fluid. The corresponding Qabs value was 396 
± 71.4 µg/cm2 for the cream (Table 2), indicating that such formulation 
effectively promotes both measurable retention within the glans tissue 
and permeation into the receptor fluid over the 4-hour exposure period.

3.2. Morphological analysis of glans tissue

Histological evaluation confirms the typical structure of bull glans 
tissue, as depicted in Fig. 2. Hematoxylin and eosin (H&E) staining 
clearly delineates three distinct layers: (i) the epithelial lining 

Fig. 1. (A) Amount of sildenafil (µg/cm2) that permeated into the receptor compartment over time from formulation applied to glans tissue. Data are presented as 
mean ± standard error of the mean (SEM), n = 6. (B) Retention of sildenafil (µg/cm2) in the total glans tissue following 4-hour exposure to the topical formulation. 
The administered dose was 38.6 mg/cm2. Results are expressed as mean ± SEM, n = 6.

Table 2 
J (Flux), Papp (apparent permeability coefficients), content of sildenafil in RF, 
amount of sildenafil retained within the entire glans tissue after 4 h of exposure 
to each topical formulation, and the corresponding Qabs value. The applied dose 
at time 0 (expressed as formulation amount per exposed surface area) was 38.6 
mg/cm2. Results are reported as mean ± SEM, n = 6.

Sample J (µg/ 
cm2*s)

Papp (cm/ 
s)

Sildenafil 
in 
RF at 4 h 
(µg/cm2)

Total 
glans 
tissue at 4 
h 
(µg/cm2)

Qabs 

(Total 
tissue +
RF) 
(µg/cm2)

Formulation 7.52 ×
10− 4 ±

2.13 ×
10− 4

1.96 ×
10− 8 ±

0.48 ×
10− 8

17.2 ±
1.61

382 ±
80.5

396 ±
71.4
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(squamous epithelium), (ii) the underlying lamina propria, and (iii) the 
highly vascularised corpus spongiosum (Thakar and Dugi, 2013). The 
absence of a stratum corneum in the epithelial layer suggests a higher 
permeability, which is particularly relevant for topical drug delivery 
applications. The bull glans tissue appears structurally similar to human 
glans tissue, supporting its suitability as a model for permeability and 
drug diffusion studies. The well-organised architecture observed in 
Fig. 3 supports its use in evaluating transdermal formulations and drug 
absorption dynamics.

3.3. Pharmacokinetic evaluation

Salivary concentration–time profiles obtained from eight healthy 
volunteers are characterised from an initial stage (first 30 min after 

topical administration), where sildenafil concentrations increase, fol
lowed by aplateau phase during the later sampling period (up to 2–4 h) 
(Fig. 3A). Interindividual variability was moderate, and mean salivary 
concentrations remained in the low ng/mL range throughout the study 
period, consistent with minimal systemic exposure after topical delivery 
to the glans. A one-compartment model with first-order absorption and 
elimination adequately described the pooled salivary data (Fig. 3B). The 
elimination rate constant (ke) was fixed based on established oral 
pharmacokinetic parameters (t1/2 ≈ 4 h), while the absorption rate 
constant (ka) was estimated from the concentration–time profiles (ka =

1.20 h⁻1). The model-derived time to maximum concentration (tmax ≈

1.9 h) was within the observed range. Individual scaling factors (Si), 
representing saliva/plasma partitioning and apparent exposure, showed 
moderate variability, reflecting both physiological differences in topical 

Fig. 2. Hematoxylin and Eosin (H&E) staining of two glans tissues. (a) Representative section illustrating the general tissue architecture of human glans (b) 
Representative section illustrating the general tissue architecture of bull glans. Corresponding bright-field microscopy image. Scale bar = 100 μm.

Fig. 3. (A) Mean salivary concentration–time profile of sildenafil after topical administration, with 95% confidence intervals (CI). (B) Individual salivary concen
tration–time profiles are overlaid with model-predicted mean values and corresponding 95% confidence intervals. Both panels show a rapid initial rise, followed by 
relatively stable concentrations with minor fluctuations for up to 4 h, indicating a prolonged absorption phase and low systemic exposure after topical application.

G.C. Magnano et al.                                                                                                                                                                                                                            International Journal of Pharmaceutics 697 (2026) 126884 

5 



absorption and the known variability in salivary excretion of sildenafil.
Goodness-of-fit evaluations showed acceptable agreement between 

observed concentrations and both population and individual predictions 
(Fig. S1). Standardised residuals were symmetrically distributed around 
zero, with no evidence of heteroscedasticity or time-dependent bias, 
confirming the suitability of the structural model for describing the 
pooled salivary pharmacokinetic data.

To examine a possible correlation between ex vivo permeation and 
the systemic appearance of sildenafil after topical administration, the 
normalised ex vivo permeated fraction (F_perm) was compared with the 
model-derived in vivo absorbed fraction (F_abs) over the 0–4 h interval 
(Fig. 4). The two profiles showed distinct kinetic characteristics. Ex vivo 
permeation increased progressively, reaching approximately 25% of the 
maximal fraction at 1 h and about 65% at 3 h, whereas F_abs rose more 
steeply and approached its maximum within 2–3 h.

4. Discussion

The current study aimed to evaluate the permeation profile and 
pharmacokinetics of sildenafil citrate from a liposomal formulation 
through bull glans tissue, providing insights for topical administration 
with both local and systemic pharmacological effects.

Targeted topical delivery of sildenafil allows efficient local phar
macological activity in glans tissue while enabling partial systemic ab
sorption, as supported by pharmacokinetic data in human volunteers. 
Although the formulation is applied topically to the glans, the objective 
is to enable systemic absorption of sildenafil through this highly 
permeable tissue as an alternative to the conventional oral administra
tion, with the potential of reduced dose-related side effects (Abdelalim 
et al., 2020a; Atipairin et al., 2020; Hamzehnejadi et al., 2022; Abde
lalim et al., 2020b). Moreover, the formulation tested in this study was 
selected based on the optimal permeation results obtained in our pre
vious work (Magnano et al., 2024), where such topical cream demon
strated effective sildenafil penetration using both porcine ear skin and a 
3D skin equivalent model. In the present study, the cream was tested 
directly on bull glans tissue, exhibiting a favourable permeation profile 
and substantial drug retention within the tissue, likely due to its specific 
composition, including penetration enhancers that improve sildenafil 

solubilisation and diffusion through the glans tissue. Similarly, the study 
of Mohamad et al. (Mohamad et al., 2022) demonstrated that the 
incorporation of Pluronic F127 as a penetration enhancer led to a 1.7- 
fold increase in skin permeability. Also Osman et al. (Osman et al., 
2023) showed that gel formulations based on HPMC and PEG 400, used 
as permeation enhancers, achieved higher permeation profile compared 
to other types of gelling agents. Additionally, also the physicochemical 
properties of the topical cream, such as viscosity, solubility, and mo
lecular size, play a crucial role in enhancing sildenafil permeation. In 
this regard, previous mechanistic studies have shown that increasing 
apparent drug solubility through enabling formulations does not 
necessarily lead to a proportional increase in permeation, since mem
brane flux is mainly governed by the unbound (free) drug fraction, 
which represents the driving force for diffusion (Tzanova et al., 2023). It 
is important to underline that, to the best of our knowledge, this is the 
first research work to evaluate a topical sildenafil formulation applied 
directly to glans tissue in order to simulate a real-life scenario. The bull 
glans tissue, unlike porcine skin or reconstructed human 3D skin models, 
lacks a stratum corneum and it presents highly hydrated. Such differences 
may alter drug partitioning and diffusion dynamics. Moreover, the 
different lipid composition, enzymatic activity, and vascularisation of 
keratinized skin compared to glans tissue may affect both drug absorp
tion kinetics and local drug distribution. These findings emphasize the 
importance of selecting appropriate tissue models for transdermal de
livery studies, especially when targeting glans surfaces with distinct 
permeability properties. However, histological analysis of the bull glans 
tissue revealed a typical structure, with a squamous epithelial layer, 
basement membrane, and lamina propria (Cubilla et al., 2001). It also 
confirmed the absence of a stratum corneum layer, which aligns with the 
observed high permeability and drug retention. This absence of a barrier 
layer is particularly advantageous for drug delivery applications, as it 
allows more efficient transdermal absorption (Trommer and Neubert, 
2006; Phatale et al., 2022). This structural similarity between bull and 
human glans tissue validates the bull model as an appropriate system for 
studying transdermal drug delivery, particularly for drugs intended for 
localised action. Topical application of sildenafil in human volunteers 
resulted in detectable but low salivary concentrations in all subjects, 
confirming minimal systemic exposure. Currently, no specific target 
concentration of sildenafil in glans tissue has been established to achieve 
therapeutic effects. In our ex vivo study using Franz diffusion cells, 
approximately 380 ± 80.5 µg/cm2 (≈1% of the applied dose) (Table 2) 
remained in the glans tissue, while only a minor fraction (17.2 ± 1.61 
µg/cm2, 0.04% of the dose) permeated through the tissue. In vivo, topical 
application led to low but detectable salivary concentrations, confirming 
minimal systemic exposure. The concentration–time profiles showed a 
rapid initial rise followed by a gradual increase during the later sam
pling period (2–4 h). Modelling with a one-compartment structure and 
first-order absorption and elimination yielded an absorption rate con
stant of ka = 1.20 h⁻1 and a model-derived time to maximum concen
tration of approximately 1.9 h. These parameters fall within the range of 
observed salivary concentrations and are consistent with the highly 
vascularised nature of glans tissue, which allows rapid removal of 
permeated drug. Importantly, although the fractional absorbed profile 
(F_abs) increased more rapidly than the normalised permeation profile, 
absolute salivary concentrations remained in the low, ng/mL range, over 
an order of magnitude lower than those typically reported after oral 
administration (Tracqui and Ludes, 2003). This indicates that only a 
small proportion of the administered dose enters systemic circulation, 
supporting the concept of targeted topical delivery with reduced sys
temic exposure. Comparison of normalised ex vivo permeation (F_perm) 
with the model-derived in vivo absorbed fraction revealed distinct ki
netic behaviours: permeation increased progressively, whereas F_abs 
rose more steeply and reached its maximum earlier. This divergence 
likely reflects the rapid vascular uptake characteristic of mucosal sur
faces rather than diffusion-limited absorption. Taken together, the ex 
vivo and in vivo data suggest that the tested formulation enables efficient 

Fig. 4. Overlay of the normalised ex vivo permeation profile (F_perm, solid 
line) and the model-derived in vivo absorbed fraction (F_abs, dashed line) for 
the topical formulation over the 0–4 h interval.
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delivery of sildenafil into glans tissue with limited systemic exposure. 
These findings highlight the importance of mucosal-specific formulation 
strategies and support further investigation of topical sildenafil for local 
therapeutic applications. Some limitations should be also acknowl
edged. The in vivo study involved a small number of healthy volunteers 
and relied on salivary concentrations to monitor the systemic appear
ance of sildenafil. While saliva predominantly reflects the unbound 
fraction of sildenafil and captures temporal absorption patterns, it does 
not provide a direct measure of plasma concentrations. In addition, the 
study is not designed to assess pharmacodynamic outcomes. These 
limitations are inherent to the exploratory nature of this work.

5. Conclusion

This study demonstrates direct evidence that a glans-targeted topical 
formulation of sildenafil can achieve a favourable balance between local 
tissue exposure and minimal systemic uptake. Building on our previous 
formulation-screening work, the present results demonstrate that the 
selected liposomal cream effectively permeates glans mucosa and is 
significantly retained within the tissue, while a small fraction of the 
applied dose reaches the systemic circulation. The use of bull glans tis
sue as an ex vivo model proved to be physiologically relevant, as sup
ported by its close histological similarity to human glans and the ability 
to distinguish between local deposition and trans-tissue permeation. The 
pilot human salivary pharmacokinetic data support these findings, 
showing that topical application results in detectable but low systemic 
exposure. Overall, the observed permeation behaviour, tissue retention, 
and limited systemic exposure support the feasibility of mucosa-targeted 
sildenafil delivery as a strategy for topical therapy, potentially reducing 
systemic adverse effects. These results provide an experimental basis for 
further investigation of locally acting PDE5 inhibitor formulations tar
geting mucosal tissue. Future studies involving larger volunteer cohorts, 
extended pharmacokinetic sampling, and clinical efficacy assessments 
will be essential to confirm these preliminary results and establish the 
therapeutic potential and safety profile of such formulations.
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