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Abstract 

The in vitro skin penetration of pharmaceutical or cosmetic ingredients is usually assessed in 

human or animal tissue. However, there are ethical and practical difficulties associated with 

sourcing these materials; variability between donors may also be problematic when interpreting 

experimental data. Hence, there has been much interest in identifying a robust and high 

throughput model to study skin permeation that would generate more reproducible results. Here 

we investigate the permeability of a model active, niacinamide (NIA), in (i) conventional vertical 

Franz diffusion cells with excised human skin or porcine skin and (ii) a recently developed Parallel 

Artificial Membrane Permeation Assay (PAMPA) model. Both finite and infinite dose conditions 

were evaluated in both models using a series of simple NIA solutions and one commercial 

preparation. The Franz diffusion cell studies were run over 24 h while PAMPA experiments were 

conducted for 2.5 h. A linear correlation between both models was observed for the cumulative 

amount of NIA permeated in tested models under finite dose conditions. The corresponding 

correlation coefficients (r2) were 0.88 for porcine skin and 0.71 for human skin. These results 

confirm the potential of the PAMPA model as a useful screening tool for topical formulations. 

Future studies will build on these findings and expand further the range of actives investigated.  

 

Key words: Skin, permeation, porcine, human, PAMPA, niacinamide 
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1. Introduction 

A wide range of actives target the skin for therapeutic or cosmetic purposes. The stratum 

corneum (SC) is the outermost layer of the skin and it has been identified as the major barrier to 

the penetration of drugs and xenobiotics (Hadgraft and Lane, 2005). Structurally the human SC 

comprises layers of dead, keratinized cells with an intercellular matrix comprised of largely 

ceramides, cholesterol and free fatty acids (Wertz, 2005). Theoretically, molecules may 

penetrate the skin through the SC lipids (intercellular route), by sequential partitioning from the 

corneocytes and the lipids (transcellular route) or by accessing skin appendages (hair follicles, 

sweat glands). However, our current understanding indicates that for most compounds, it is 

diffusion through the skin lipids that is important for effective skin penetration (Hadgraft and 

Lane, 2016). 

 Excised human skin is the “gold-standard” tissue to evaluate the feasibility of transdermal 

and topical delivery of chemicals (Franz, 1975). However, human tissue is often difficult to 

source, expensive and ethical concerns are raised widely. Porcine skin has been recognized as an 

appropriate tissue for prediction of human skin permeability for some years, despite the lower 

barrier function of this tissue compared with human skin (Schmook et al., 2001; Vallet et al., 

2007; Barbero and Frasch, 2009; Luo et al., 2016; Yoshimatsu et al., 2017). 

A number of human skin equivalents (HSEs) have also been developed and investigated to 

determine their suitability as human skin permeation models (Ponec et al., 2001; Netzlaff et al., 

2005; Mathes et al., 2014). HSEs are typically constructed by culturing human keratinocytes on 

appropriate substrates (Mathes et al., 2014). Although some HSEs have been validated for 

assessment of skin irritation (Fentem and Botham, 2002; Alépée et al., 2010), they have not 

proved useful for prediction of skin permeability because of their comparatively low barrier 

function (Mathes et al., 2014).   

 The Parallel Artificial Membrane Permeation Assay (PAMPA) model was originally 

developed by Kansy and coworkers as a high-throughput screening tool to study passive 

membrane permeability of drugs (Kansy et al., 1998). It has subsequently been used to study 

gastrointestinal absorption (Bujard et al., 2014) and drug permeability across the blood-brain 

barrier (Di et al., 2009). The PAMPA technique was first investigated for prediction of skin 

permeability by Ottaviani et al. (2006). In this study, the membranes used to mimic the human 

skin barrier were filters, which are immobilized with either isopropyl myristate or silicone oil, or 

mixtures of the two components. Subsequently the “Skin PAMPA” was refined by Sinkó et al. 

(2012) and currently state-of-the-art is a 96-well plate asay with a lipid membrane. The 

membrane itself is composed of free fatty acids, cholesterol and a synthetic ceramide analogue 

(certamide). Recently, Luo et al. (2016) investigated the permeation of the lipophilic molecule 

ibuprofen (LogP (octanol/water) = 4.0, (Moffat et al., 2010) using an artificial membrane (silicone), 

porcine tissue, human skin and the PAMPA model. Under finite dose conditions, the most efficient 

formulation, as assessed using human skin, also delivered the highest amount of ibuprofen in the 
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PAMPA model. Clear differences in drug delivery from different formulation types (solution vs. gel) 

were also evident in the PAMPA model but not in the other models. The PAMPA model has also 

recently been used to evaluate formulations for transdermal delivery (Vizserálek et al., 2015; Balazs 

et al., 2016). However, to our knowledge no other studies have examined or attempted to validate 

PAMPA as a tool for predicting topical drug delivery outcomes.  

Niacinamide (NIA), is the amide form of vitamin B3 and is a hydrophilic compound with a low 

molecular weight (Table 1). It is used in cosmetic and personal care formulations for the 

management of a number of dermatological conditions, including melanogenesis, acne, atopic 

dermatitis, aging of the skin and ultraviolet-induced DNA damage (Lee et al., 2016; Papich, 

2016). Mohammed et al. (2013) also demonstrated that repeated application of NIA formulations 

to the forearms of human subjects increased SC barrier function. Therefore, the objectives of the 

present work were  

(i) to investigate the suitability of the Skin PAMPA model for prediction of NIA skin 

permeation and  

(ii) to identify optimal dosing and experimental conditions for NIA formulations in the 

PAMPA model.  

The vehicles selected for NIA formulations were propylene glycol (PG), PEG 400, PEG 600, 

dimethyl isosorbide (DMI), t-Butyl alcohol (T-BA), and Transcutol® (TC); these solvents were 

chosen because of their GRAS status and widespread use in skin preparations.   

 

2. Materials and methods 

2.1 Materials 

NIA was obtained from Sigma Aldrich, UK. HPLC grade water, methanol, PG, PEG 400 and 

PEG 600 were purchased from Fisher Scientific, UK. DMI and T-BA were kindly donated by 

Croda Ltd. (Goole, UK). TC was donated by Gattefossé, St. Priest, France. Phosphate buffered 

saline (PBS) tablets were purchased from Oxoid, UK. Porcine tissue was obtained from a local 

abattoir. Excised abdominal human tissue was obtained from the UK Human Tissue Bank with 

appropriate institutional and ethical approval. The Skin PAMPA model, hydration solution, 

stirring disks and Gut-BoxTM were supplied by pION Inc. Billerica, USA. The commercial control 

NIA product was OLAY® Total Effects 7 (Procter & Gamble, UK) and was purchased from a local 

pharmacy. 

 

2.2 Solubility, solubility parameter and stability determination and preparation of NIA 

formulations 

The Hildebrand and van Krevelen solubility parameters for NIA and vehicles were calculated 

using Molecular Modelling Pro® (Version 6.3.3, ChemSW, Fairfield, CA, USA). The stability of 
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NIA in selected solvents was examined over 72h at 32 ± 1 ℃. The studies were conducted by 

preparing solutions of known concentrations of NIA in the solvents (n=3). The solution was 

placed in glass tubes with screw caps and the tubes were sealed with Parafilm® and placed in a 

water bath at 32 ± 1 ℃. Samples were withdrawn at 0, 24, 48 and 72h. All samples were 

subsequently analyzed by HPLC (Section 2.3). Solutions of NIA (5% w/v) were prepared in PG, 

PEG 400, PEG 600, DMI, T-BA and TC.   

 

2.3 HPLC analysis and method validation 

NIA analysis was conducted using a HPLC equipped with an Agilent G1322A degasser, 

G1311A quaternary pump, G1313A auto sampler, G1316A thermostat column compartment and 

G1315B detector. ChemStation® Rev. A.09.03 (Agilent Technologies, U.S.A.) software was used 

to analyse the data. NIA was analyzed with a Kinetix® 5 m Phenyl-Hexyl 250 x 4.6 mm reversed 

phase column (Phenomenex, U.K.) packed with a SecurityGuardTM Phenyl-Hexyl cartridge 

(Phenomenex, U.K.). The mobile phase consisted of water:methanol (80:20). The injection 

volume was set to 10 L. The UV detector was set to 263 nm, and the flow rate was 1 mL/min 

with the column temperature at 30 ℃. Linearity, accuracy, precision, detection limit (LOD), 

quantitation limit (LOQ) and robustness of this method were validated according to ICH 

guidelines (2005). HPLC analysis calibration curves (ranging from 0.5 to 100g/ml) were 

constructed. The linearity was confirmed by the r2 value of 0.99. The retention time of NIA was 

3.62 min. Accuracy was evaluated by investigating NIA recoveries at three different 

concentrations. A recovery within the range of 94 to 100.35% was achieved. Precision was 

assessed by determination of inter-day variability and intra-day repeatability. The % RSD results 

of intra-day and inter-day precision were below 1%. The LOD and LOQ values were 0.16 and 

0.49 g/ml, respectively.  

 

2.4 Permeation studies in human and porcine skin 

Vertical glass Franz diffusion cells were used to perform the studies in human skin and 

full thickness porcine ear skin as reported previously (Oliveira et al., 2012). Both finite and 

pseudo-finite doses (5 and 50l/cm2) of the NIA solutions and commercial formulation were used 

for all skin experiments. The human skin was prepared by heat separation (Kligman and 

Christophers, 1963), and porcine ear skin was prepared as described in detail by Caon et al. 

(2010). Heat separation of porcine skin was not carried out as it has been shown to compromise 

the tissue integrity. Skin samples were stored in the freezer at -20 °C until required. Before use, 

skin integrity was examined by assessment of electrical resistance (Oliveira et al., 2012). 

Degassed freshly prepared PBS solution (pH 7.30 ± 0.10) was used as the receptor medium. The 

permeation study was conducted for 24 h at 32 ± 1 °C. The drug solutions were applied once 

the temperature of the skin surface had equilibrated to 32 ± 1 °C (TM-22 Digitron digital 

thermometer, RS Components, Corby, UK). At each sampling interval up to 24 h, a volume of 
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200 l of receptor medium was withdrawn and an equal volume of PBS solution was added. All 

samples were analysed by HPLC. After the permeation study, the receptor medium was removed 

completely. The mass balance study was conducted and validated. The skin surface was washed 

three times with 1 ml of methanol-water (50:50) mixture for finite dose studies and five times for 

infinite dose studies. The skin was removed from the Franz cell and placed in an Eppendorf® tube 

with 1 ml of methanol-water (50:50). All the tubes were placed in a rotor (rotating at 40 rpm) in 

a temperature-controlled oven (32±0.5°C) overnight. After extraction was completed, the tube 

was centrifuged at 13,000 rpm at 32°C for 15 min. Aliquots were taken from the supernatant 

portion and analysed by HPLC in order to quantify the amounts of NIA on the surface of the skin 

and inside the skin.  

 

2.5 Skin PAMPA permeation studies 

The Skin PAMPA model was prepared as described previously, and permeation studies were 

conducted using a modified protocol and the doses selected here are the same as those 

investigated by Luo et al. (2016), Two different doses of the NIA solutions and the commercial 

formulation were investigated, 1 and 30 l per donor well, corresponding to 3 and 90 l/cm2 of 

preparations, respectively. These doses were selected based on previous experience with dosing 

of ibuprofen in PAMPA (Luo et al., 2016). Figure 1 shows the schematic of the Skin PAMPA 

system. The 96-well plate on the top side was selected as the donor plate and the formulation 

was applied on the membrane surface of each well on the top plate at the beginning of the 

experiment. The receptor medium was freshly prepared PBS solution. A volume of 180 l was 

added to each well in the receptor plate. A stirring disk was placed in each well of the receptor 

plate. After dosing with the chosen formulations, the donor plate was placed on the receptor 

plate. The plates were incubated in the stirring unit of the "Gut-BoxTM” for 2.5 h at 32 ± 1 °C 

as preliminary experiments had confirmed that all NIA had permeated at this time point. At 0.08, 

0.17, 0.33, 0.67, 1, 1.5, 2 and 2.5 h, the receptor plate was replaced with a new 96-well plate 

prefilled with fresh temperature equilibrated receptor medium. 150 l of sample solution was 

withdrawn from each receptor well and subsequently analyzed by HPLC. 

 

2.6 Statistical analysis  

All results are reported as the mean ± standard deviation (SD). Statistical analysis was 

performed using MS Excel and SPSS software (IBM SPSS Statistics, Version 24). One-way 

analysis of variance (ANOVA) followed by a Post Hoc Tukey test was conducted for multiple 

comparisons between the groups, and for groups with unequal sample sizes, the Scheffe’s method 

was used for Post Hoc comparisons. A value of p < 0.05 was considered to be statistically 

significant. The correlation between cumulative amounts of NIA penetrated through PAMPA and 

skin membranes was determined using the Pearson Product-moment correlation coefficient (r2) 
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with MS Excel
○R
(Microsoft Corp., USA). 

 

3. Results  

3.1 Solubility and stability studies 

Figure 2 shows the Hildebrand and Van Krevelen solubility parameters of the various 

solvents plotted against NIA solubility. Considering that the solubility parameter of NIA is 13.9 

(cal/cm3)1/2 the molecule is expected to be soluble in vehicles that are also hydrophilic; the 

solubility of NIA ranged from 9 to 28% (w/v) in the various solvents. Clearly, NIA is more soluble 

in those solvents with solubility parameter values closest to that of NIA (Figure 2). Similarly, the 

lowest solubility value was observed in DMI, the solvent with the greatest difference in solubility 

parameter value to that of NIA. With the exception of TC, after 72 h stability studies at 32 ± 

1 °C, the recovery values of NIA were > 90%; the corresponding value for TC was 88.5%. The 

stability of NIA in PBS solution was also confirmed (data not shown).  

 

3.2 Porcine skin permeation and mass balance results  

Two doses (5 and 50 l cm2) of the various NIA solutions in the selected vehicles were 

examined for NIA in vitro permeation studies using porcine skin. Figures 3A and 3B show the 

permeation profiles for all vehicles and the commercial control over 24 h. No permeation was 

observed for NIA from PEG 400 and PEG 600 formulations for both finite and infinite dose 

conditions. After 24 h, the cumulative amounts of NIA that permeated under infinite dose 

conditions ranged from 38 to 474 g/cm2; the highest NIA permeation was observed for the 

T-BA solution, corresponding to ~18% of the applied dosage. However, there were no significant 

differences in permeation for all the formulations (p>0.05, Figure 3A). For finite dose conditions, 

NIA permeation ranged from 43 – 116 g/cm2, again with no significant differences in permeation 

between formulations.  

The results for the mass balance studies are summarised in Table 2. For the infinite dose 

conditions, significantly higher amounts of the applied doses of NIA were extracted for T-BA and 

DMI, (20.8 and 7.6%) compared with the other vehicles (p<0.05); there were no significant 

differences between these two values (p>0.05). For PG, TC, PEG 400 and PEG 600 vehicles the 

percentages of NIA extracted from skin were 3.3, 0.8, 0.4 and 0.1%, respectively (Table 2). 

Results for finite dose permeation studies conditions indicate no skin retention of NIA for PEG 

400 and corresponding values for PEG 600, PG, TC, DMI, T-BA and the commercial formulation 

were 0.7, 2.7, 16.4, 16.7, 4.9 and 24.5%, respectively. NIA was delivered into the skin for the 

higher molecular weight PEG but not the lower molecular weight vehicle; this may reflect the 

significantly higher solubility of NIA in the lower molecular weight PEG (Figure 2). The skin 

extraction of NIA from the commercial product was significantly higher than from PG, T-BA and 

PEG 600 (p<0.05).  
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3.3 Human skin permeation and mass balance studies  

As for the results observed for porcine tissue, no permeation of NIA was observed for PEG 

400 and PEG 600 for both finite and infinite dose conditions (Table 3). For the infinite dose 

studies with the other vehicles, the cumulative amounts of NIA that permeated through human 

skin ranged from 1.5 - 169.2 g/cm2. A significantly higher amount of NIA permeated from T-BA 

compared with all other formulations (p<0.05). Under finite dose conditions, the highest 

permeation of NIA was observed for T-BA (50.8 g/cm2, p<0.05) and the cumulative amounts of 

NIA that permeated from TC, DMI, PG and the commercial formulation were 16.4 ± 4.6, 15.0 

± 3.4, 1.8 ± 0.4 and 5.3 ± 1.5 g/cm2, respectively. No significant differences in 

permeation were found between TC, DMI, PG and the commercial formulation (p>0.05).   

Results from the mass balance studies confirmed that more than 80% of the applied amounts 

of NIA remained on the skin surface for all vehicles under infinite dose conditions. The 

corresponding amounts of NIA retained in the skin were also less than 2% for all vehicles under 

infinite dose conditions, and a significantly higher amount of NIA was extracted for PG than for 

other formulations (p<0.05, Table.2.). Comparatively higher percentages of NIA were extracted 

for all vehicles for finite dose studies compared with infinite dose studies (p<0.05), with values 

ranging from 1.51% for PEG 400 to 32.89% for TC. Excluding T-BA and DMI, the percentage of 

NIA extracted for TC was also significantly higher than the remaining formulations (p<0.05).  

Under finite dose conditions, the permeation through human skin was significantly lower than 

permeation through porcine skin (p<0.05). The higher percutaneous delivery of NIA in porcine 

skin compared with human skin is also similar to the results observed by other researchers (Dick 

and Scott, 1992; Singh et al., 2002; Barbero and Frasch, 2009; Luo et al., 2016). 

 

3.4 Skin PAMPA permeation studies 

Two doses of the various formulations of NIA in the selected vehicles were investigated in 

the Skin PAMPA membrane, namely 1 and 30 l per well, corresponding to 3 and 90l/cm2 

concentrations based on our previous publication (Luo et al., 2016). The permeation profiles of 

NIA in the Skin PAMPA model are shown in Figure 4. For the 30 l applications, a significantly 

higher cumulative amount of NIA permeation was evident for the T-BA formulation compared 

with all other formulations (p<0.05) Under finite dose conditions, the rank order for cumulative 

amounts of NIA that permeated was the same as for finite doses in human skin at 24 h. However, 

no significant differences between formulations were evident (p>0.05). Although no permeation 

was observed in porcine or human skin for PEG 400 and PEG 600, in the PAMPA model NIA 

permeation was observed for both vehicles for both infinite and finite doses.  

Under infinite dose conditions, for PEG 400 and PEG 600 significantly lower cumulative 

amounts of NIA permeated (397.7 and 425.7 g/cm2, respectively) compared to all other 

formulations (p<0.05). The corresponding values of NIA permeation for PEG 400 and PEG 600 

for the 1 ul application were 146.3 and 156.2 g/cm2; however, at the lower doses these values 
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were not statistically different from other formulations (p>0.05). Curvilinear permeation profiles 

of NIA following the 1 l application were evident for all formulations (Figure 4), presumably 

reflecting donor depletion. The permeation profiles were generally linear for the 30 l dose also 

consistent with this corresponding to an infinite dose of the formulation. Values for percentage 

permeation of NIA in PAMPA are shown in Table 4. For the 1l dose, all formulations delivered 

more than 90 % of the applied amounts of NIA in PAMPA at 2.5 h; in porcine skin and human skin 

values ranged from 1 – 24 and 18 – 55 %, respectively. For the 30 l dose, lower values were 

observed ranging from 7% to 52 % at 2.5 h (Table 4). Higher permeation of NIA is evident in the 

Skin PAMPA model for both finite and infinite doses (p<0.05). This is in line with the results from 

the previous investigation of ibuprofen permeation in human and porcine skin and PAMPA by Luo 

et al. (2016). The NIA permeation in the various models may be ranked as follows: Skin PAMPA 

model > Porcine skin > Human skin.  

The permeation data for finite dose skin permeation experiments for PAMPA are plotted 

against corresponding values for the porcine and human skin studies in Figure 5. A correlation 

coefficient (R2) of 0.88 was observed for the linear regression of porcine skin (Figure 5A) and 

PAMPA data, with a value of 0.71 obtained for human skin and PAMPA results (Figure 5B). 

Although attempts were made to fit the data to an exponential model and to determine similar r2 

values for infinite dose conditions, no correlations were observed. Considering the variability in 

porcine and human skin the correlations observed here are encouraging and warrant further 

development of PAMPA as a screening tool for human skin permeability.   

A robust, high-throughput skin surrogate has been of considerable interest to the personal 

care and pharmaceutical industries for many years. The tissue architecture and quality of the 

permeability barrier in commercially available reconstructed human skin models; EpiDerm, SkinEthic 

and Episkin in comparison to native tissue was examined by Ponec et al. (2000). In these three skin 

models the epidermis was reconstructed by culturing normal human keratinocytes at the 

air–liquid interface. Although the authors noted that the three skin models provided a promising 

means for studying the effects of topically applied chemicals, the barrier properties of the tissues 

were not optimal. In a later study the same group investigated a stratum corneum substitute (SCS) 

composed of cholesterol, ceramides and free fatty acids mounted on a polycarbonate support (de 

Jager et al., 2006). The model permeants p-aminobenzoic acid (PABA), ethyl PABA and butyl 

PABA were investigated; for all three model compounds, the authors reported that the 

permeability characteristics of the SCS with a 12-m-thick lipid layer closely resembled those of 

human SC. However, comparisons of this work with the present study are not possible because 

only infinite doses were examined and dermatomed skin was used.  

The influence of lipid composition, and specifically the physicochemical properties of 

ceramides on model membrane permeability has been extensively investigated by Vávrová and 

co-workers (Vávrová et al., 2003; Janůšová et al., 2011; Školová et al., 2013; Paloncýová et 
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al., 2015; Školová et al., 2017). Janůšová et al. (2011) compared the effects of acyl chain 

length in the non-hydroxy acyl sphingosine type ceramides on the porcine skin permeation of two 

model actives, theophylline and indomethacin. The experiment was conducted using either 

co-application of the different ceramides with varied acyl chain length and the model drug or a 

pretreatment of skin with the ceramides followed by the permeation of the drugs. These authors 

concluded that the skin barrier properties decreased with reducing content of the short chain 

ceramide, and that the relationship between the ceramide acyl chain length and the skin 

permeability was not linear. Školová et al. (2013) assessed the permeabilities of the model SC 

lipid membranes with and without the native long-chain Cer24 (Cer NS, 

N-tetracosanoylsphingosine) again with the same permeants used in the earlier study. The 

presence of the long-chain ceramide was observed to be critical for measurable permeability of 

small hydrophilic to moderately lipophilic compounds. Enhanced permeability of a similar model 

containing short chain ceramides were further studied by Paloncýová et al. (2015). These 

workers prepared bilayers of equimolar mixtures of lignoceric acid, and cholesterol and ceramide 

NS (N-lignoceroylsphingosine). Water penetrated through the pure ceramide membranes and the 

pure ceramide bilayers were also more sensitive to acyl chain length than the other mixed 

systems that were evaluated. The importance of structure-permeability relationship with 

reference to ceramides was further highlighted in a later study by the same group (Školová et al., 

2017). These researchers studied the permeability of model membranes containing ceramides 

with C24 acyl chains, specifically a phytoceramide and a dihydroceramide. The model membrane 

with the phytoceramide was more permeable compared with the corresponding membrane 

containing the dihydro)ceramide that had the same chain lengths (Školová et al., 2017). 

Most recently, simplified stratum corneum models composed of stearic acid, cholesterol, 

cholesterol sulfate and a ceramide (CER) component consisting of N-2-hydroxystearoyl 

phytosphingosine (CER[AP]) and/or N-stearoyl phytosphingosine (CER[NP] were investigated 

by Čuříková et al. (2017) to study drug permeation and transdermal penetration enhancers. The 

permeation profiles of two model actives, theophylline and indomethacin were investigated in 

three types of CER/SA/Chol/CholS membranes, the CER part of which contained CER[AP] or 

CER[NP] or their 1:1 molar mixture. The mixed CER[AP]/[NP] membrane was chosen for further 

experiments as permeation data more closely matched results for porcine skin permeation 

compared with the other models. Subsequently, the effects of the transdermal penetration 

enhancers Azone and (S)-N-acetylproline dodecyl ester on the permeation of the model drugs 

was investigated. Similar trends in the permeation of the drugs were observed for both porcine 

skin and the model membrane but as expected enhancement ratio values were higher for the 

latter. As reported in the present work the time for permeation to occur in these artificial models 

is much shorter when compared with human or porcine tissue, consistent with the findings of 

Vávrová and co-workers. These simplified model membranes based on phytosphingosine CERs 

clearly show promise for the evaluation of permeation of hydrophilic and lipophilic compounds. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydrophile
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The synthetic ceramide (certamide) composition of the Skin PAMPA model investigated in the 

present work is proprietary (Luo et al., 2016) and cannot be disclosed at the present time. 

However, our data confirm that the lipid composition of the PAMPA model is clearly critical to 

the ability of permeants to cross this membrane.  

 

4. Conclusions 

  

Of all the vehicles, and for all models examined, high permeation was observed for T-BA. As 

there is only limited information about the ability of this tertiary alcohol to promote skin 

permeation, further studies will be necessary to investigate any solvent effects on skin integrity. 

The permeation of NIA from PEG 400 and PEG 600 vehicles in PAMPA but not in porcine or 

human skin suggests that the high throughput model may not be suitable for evaluating 

formulations containing these materials. It is also possible that the results reflect an interaction 

between the PAMPA membrane and the solvents; this is being investigated further.  

The permeation of NIA in porcine tissue, human skin and the Skin PAMPA model confirms 

the lower barrier function of PAMPA compared with biological tissues. However, the correlations 

observed indicate that a wider range of actives should be examined to explore fully the potential 

of PAMPA as a high throughput model to predict skin permeation. With respect to human and 

porcine skin the results confirm the lower permeability of the latter compared with the former 

consistent with the work of other researchers. Additionally, the importance of conducting finite 

versus infinite dose skin permeation studies is underlined once more; finite dose conditions 

better simulate the application of topical formulations to the skin in the real world. Ultimately, 

the development and validation of a reliable, robust and reproducible human skin surrogate 

should deliver considerable benefits for government, the personal care sector, the 

pharmaceutical industry, patients and consumers.    
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Figure 1. Schematic view of the Skin PAMPA system.  

 

  

Figure(s)



 

Figure 2. The Hildebrand and van Krevelen solubility parameters of solvents plotted against 

corresponding solubility of NIA at 32±1 °C. n=3, mean ± SD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3. Cumulative amounts of NIA that permeated from OLAY®(▲), T-BA(●), PG(▃), TC(◆) 

and DMI (■) in porcine skin (A) and (B) and human skin (C) and (D) following application of 50 l 

and 5 l. Each data point represents the mean ± SD, 3 ≤n≤5.  

 

 



Figure 4. Cumulative amounts of NIA that permeated from OLAY®(▲), T-BA(●), PG(▄), 

TC(◆), DMI (■), PEG 400 (▲) and PEG 600 (●) in the Skin PAMPA model following 

application of 30 and 1 l. Each data point represents the mean ± SD, n = 4. 

  



 

Figure 5. Correlations between the cumulative amounts of NIA that permeated through (A) 

porcine skin and skin PAMPA model and (B) human skin and Skin PAMPA model under finite 

dose conditions. 



Table 1 

Physicochemical properties of NIA. 

Chemical structure 

 

Molecular weight 122.1 Da 

Melting point a 128-131 °C 

LogP (octanol/water) 
b -0.4 

pKa 
a 3.3 (20 °C) 

Solubility parameter c 13.9 (cal/cm3)1/2 
a (O'Neil et al., 2013) 
b (Moffat et al., 2010) 
c Molecular Modelling Pro® (Version 6.3.3, ChemSW, Fairfield, CA, USA) 
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Table 2 

The results of mass balance studies following the permeation studies using porcine skin under both dose conditions (3 ≤n≤5, mean ± SD)    

 
Formulation 

OLAY T-BA PG TC DMI PEG 400 PEG 600 

50l 

% Washing 75.2±11.1 45.4±21.4 96.1±8.9 81.3±0.3 90.7±3.5 87.1±12.0 87.5±11.3 

% Extraction 34.0±1.3 20.8±9.4 3.3±1.1 0.8±0.2 7.6±3.2 0.4±0.3 0.1±0.1 

% Permeation 5.1±3.0 18.0±12.7 2.3±1.4 1.5±0.7 4.4±1.4 0 0 

% Total recovery 84.2±11.8 84.1±7.0 101.7±8.2 83.6±0.4 102.7±4.7 87.5±12.1 87.6±11.4 

5 l 

% Washing 42.1±12.1 20.5±2.4 55.6±7.0 33.3±15.8 8.4±2.5 89.0±17.5 100.5±1.3 

% Extraction 24.5±5.1 4.9±1.8 2.7±1.2 16.4±5.8 16.7±6.3 0 0.7±0.1 

% Permeation 18.3±11.0 54.7±11.7 19.5±5.7 38.3±18.5 48.6±13.8 0 0 

% Total recovery 84.9±10.0 80.0±7.5 77.8±3.9 88.0±10.0 73.7±11.1 89.0±17.5 101.3±1.3 

 

  



Table 3 

The results of mass balance studies following the permeation studies using human skin skin under both dose conditions (n=3, mean ± SD) 

 
Formulation 

OLAY T-BA PG TC DMI PEG 400 PEG 600 

50 l 

% Washing 97.3±3.8 86.8±0.2 94.6±9.1 91.9±10.5 100.3±9.0 81.5±3.3 81.3±3.2 

% Extraction 0.9±0.1 0.9±0.1 1.9±0.5 0.5±0.2 0.5±0.1 0.2±0.1 0.5±0.3 

% Permeation 0.4±0.1 7.9±2.0 0.1±0.0 0.4±0.2 0.3±0.1 0 0 

% Total recovery 98.5±3.8 95.6±1.7 96.6±9.5 92.7±10.7 101.1±9.2 81.7±3.2 81.8±3.1 

5 l 

% Washing 95.3±10.0 30.4±3.7 92.3±7.4 42.8±2.2 58.9±11.0 79.4±4.5 100.3±27.8 

% Extraction 5.0±0.5 25.8±4.3 12.1±8.3 32.9±11.2 18.0±0.1 1.5±0.7 1.6±0.9 

% Permeation 2.1±0.5 24.4±3.2 0.7±0.2 7.1±1.6 6.1±1.7 0 0 

% Total recovery 102.4±10.1 80.6±5.7 105.1±7.6 82.8±12.2 83.0±9.9 81.0±4.9 101.9±28.0 

 

  



Table 4 

Cumulative percentage permeation of NIA in the Skin PAMPA model (n = 4, mean ± SD) 

 

 

Cumulative percentage permeation at 2.5 h (%) 

Infinite dose Finite dose 

OLAY 20.2±1.6 93.4±3.0 

T-BA 52.2±4.4 99.5±2.2 

PG 34.9±2.9 95.3±0.7 

TC 22.3±3.7 96.8±4.7 

DMI 29.2±2.6 98.4±0.6 

PEG 400 9.6±2.0 95.0±4.9 

PEG 600 7.5±1.9 94.6±11.4 
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