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Abstract  

(Trans)dermal drug therapy is gaining increasing importance in the modern drug 

development. To fully utilize the potential of this route, it is important to optimize the 

delivery of active ingredient/drug into/through the skin. The optimal carrier/vehicle can 

enhance the desired outcome of the therapy therefore the optimization of skin 

formulations is often included in the early stages of the product development. A rational 

approach in designing and optimizing skin formulations requires well-defined skin 

models, able to identify and evaluate the intrinsic properties of the formulation. Most of 

the current optimization relies on the use of suitable ex vivo animal/human models. 

However, increasing restrictions in use and handling of animals and human skin 

stimulated the search for suitable artificial skin models. This review attempts to provide 

an unbiased overview of the most commonly used models, with emphasis on their 

limitations and advantages. The choice of the most applicable in vitro model for the 

particular purpose should be based on the interplay between the availability, easiness of 

the use, cost and the respective limitations. 
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1. Introduction 

Skin-targeted drug delivery remains challenging despite the fact that skin offers readily 

accessible surface area for potential drug absorption (Lam and Gambari, 2014).  

A rational approach for designing and optimizing skin formulations destined for either 

topical or systemic drug actions requires well-defined skin models, able to identify and 

evaluate the intrinsic properties of the formulation. Once the key formulation features 

contributing to the drug penetration (desired or undesired) are determined, the 

optimization of the formulation becomes feasible. 

The use of animal models has for a long period of time been the main approach in the 

preclinical development of both the new drugs and optimization of drug formulations 

destined for administration onto the skin (Semlin et al., 2011). Due to the recent 

regulatory changes regarding animal testing in the field of cosmetics, the in vitro models 

are receiving more attention as an important tool in the permeation, penetration and skin 

irritancy studies. Human skin equivalents are increasingly used as an addition, or more 

commonly, alternative to the extensive use of animals. The original approach was based 

on the use of normal human keratinocytes (NHKs) proliferating and differentiating on de-

epidermized dermis (so-called living skin equivalent) as a model for skin irritancy 

(Ponec, 1992). The model was improved through using the supporting membranes to 

grow the NHKs into the reconstructed human epidermis. The full utilization of this 

approach was achieved when the models become commercially available such as the 

models representing the human epidermis (EpiSkin, EpiDerm, SkinEthic) or full-

thickness skin (Phenion) (Van Gele et al., 2011). More advanced models represent the 

full-thickness skin based on the fibroblast populated collagen matrices (dermis 

equivalent) and an epidermal overlay representing NHKs (Semlin et al., 2011). 

Although these skin models frequently exhibit much higher permeability than the human 

and animal skin (Henning et al., 2009), the models can be applied for the screening 

purposes in the early phases of drug and drug formulation development (Mathes et al., 

2014). To simplify the prediction of skin permeability, several in vitro models have been 

proposed such as the silicone membranes (Oliveira et al., 2010), the ceramide-derived 

parallel artificial membrane permeability assay (PAMPA) (Sinko et al., 2012) and the 

phospholipid vesicle-based permeation assay (PVPA) (Engesland et al., 2013).  
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The objectives of this review are to provide non-biased overview of the currently 

available in vitro models with potential to be used in the topical formulation 

development. We have avoided the models widely used in the skin irritancy and toxicity 

studies as the main focus was on the formulation optimization. For more details on those 

models, the reader is referred to Ponec (1992), Kimura et al. (2012), Netzlaf et al. (2005) 

and Schaefer et al. (2008). To further narrow the focus of this review we have also 

excluded the specific skin disease models based on the human skin equivalents and the 

readers are referred to the extensive overviews by Groeber et al. (2011), Semlin et al. 

(2011) and Mathes et al. (2014) regarding these models. 

 

 

2. Skin and skin barrier function  

The numerous reviews provide details on the anatomy and physiology of the skin, 

particularly the barrier properties of the skin (Bouwstra et al., 2003; Bouwstra and Ponec, 

2006; Groen et al., 2011; Hadgraft, 2001; Jepps et al., 2013; Mathes et al., 2014; Van 

Gele at al., 2011;). The stratum corneum (SC) is the main contributor to the barrier 

properties of the skin (Baroni et al., 2012; Menon et al., 2012); however the role of the 

full epidermis should not be neglected (Andrews et al., 2013). Only the molecule able to 

deposit onto SC, diffuse through living epidermis and pass through the upper part of the 

papillary dermis has the potential to reach circulation and exhibit systemic effects. Drug 

transport through the skin can take place through the epidermal penetration pathway or 

through skin appendages; for more details the readers are referred to for example 

Bolzinger and colleagues (2012) and Schaefer et al. (2008). The mode of transport is 

predominantly by passive diffusion, therefore, the nonviable skin models could mimic 

this process rather adequately. 

One feature that is rather difficult to mimic in any in vitro modelling is the metabolism 

which may occur particularly in the living parts of epidermis and significantly reduce 

bioavailability of the molecule administered onto the skin and destined for systemic 

action. From biopharmaceutical perspective, the residence time of a molecule in dermis is 

rather limited as it is often in the order of a minute (Souto, 2005). Moreover, the dermis 

includes permeable capillaries driving the molecule to microcirculation upon exiting 
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epidermis. The deeper layers of the dermis are not significantly influencing possible 

percutaneous absorption. For a very lipophilic drug, which can overcome the SC barrier, 

the aqueous interface beneath horny layer will be a serious obstacle to penetration. The 

rate-determining step will be, in that case, the clearance from the barrier rather than the 

penetration of the barrier. In dermatopharmacokinetics, the permeation of drugs through 

the skin is often presented as an infinite sink. The strong skin barrier slows the drug 

penetration rates, limits drug uptake and contributes to lack of the dosing precision (Lam 

and Gambari, 2014).The final penetration potential of the drug (penetrant) can be 

increased (in the case of transdermal therapy) or limited (dermal therapy) by the right 

choice of a carrier/vehicle. The carrier/vehicle and penetrant interactions are of a great 

interest in the drug and formulation development. Four physicochemical parameters of 

the drug, namely molar mass, number of hydrogen-bond donors and the number of 

hydrogen-bond acceptors, as well as the octanol-water partition coefficient, determine the 

skin penetration potential of the drug (Bolzinger et al., 2012). Therefore, the 

characteristics of a penetrant such as its partitioning into skin, diffusivity through the skin 

and exposure at the skin surface are identified as the major contributors to the 

permeability of a penetrant. The vehicle can directly affect the mentioned characteristics 

and improve their limitations (Chittenden, et al., 2014). 

 

 

3. The effect of carrier/vehicle on the skin penetration 

The effectiveness and acceptability of skin formulations are directly related to the 

properties of the carrier/vehicle used. The permeability of the drug through the various 

layers of the skin is modulated by the constituents of the carrier/vehicle. The term 

percutaneous/dermal absorption is often used to describe the passage of various 

compounds across the skin. The penetration refers to the entry of a substance into a 

particular skin layer; the permeation can be seen as the penetration through one layer into 

another, and the uptake into the vascular system is referred to as dermal absorption 

(Bolzinger et al., 2012). The drug detected in the living parts of the epidermis indicates 

the percutaneous absorption. Understanding the permeation of hydrophilic molecules is 

important not only for the potential transdermal delivery, but also for the cosmetics and 
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occupational exposure. The interactions between the vehicle, skin and drug determine the 

release of a drug, its penetration through the SC, permeation through the skin layers, 

followed by the drug deposition inside the skin or the absorption into systemic circulation 

(Daniels and Knie, 2007). A vehicle can change the physical state and permeability of the 

skin by the hydration effect or an alteration of the skin temperature. Occlusive and 

lipophilic vehicles such as paraffin, fats and oils reduce water loss, increase the moisture 

content in the skin and thus promote the drug penetration. The water-in-oil (W/O) 

emulsions are less occlusive than the lipid materials, but more occlusive than the oil-in-

water (O/W) emulsions. On the contrary, hydrogels do not have occlusive effect but due 

to the high water content may improve the hydration level of the skin. For example, Stahl 

et al. (2011) have shown the rapid increase of ibuprofen permeability from the gel 

formulation within the first 4 hours, followed by a deposition of the drug inside the skin. 

In comparison, W/O emulsion demonstrated longer lag time than hydrogel, but enabled 

transdermal delivery of ibuprofen. Penetration enhancers such as ethanol, propylene 

glycol and oleic acid, which are commonly used as humectants or parts of an oilly or 

aqueous phase of the formulation, can accelerate the penetration of many substances 

into/through the skin. Moreover, these substances and the others like phospholipids, 

terpenes, non-ionic surfactants, are fundamental ingredients of different vesicular drug 

delivery systems used to increase the skin delivery of the drug such as liposomes, 

ethosomes, propylene glycol liposomes, invasomes, niosomes, and microemulsions 

(Dragicevic-Curic et al., 2008; Tavano et al., 2011). Nanoparticles able to pass via hair 

follicles may enhance drug percutaneous absorption (Raber et al., 2014). Other important 

parameters affecting the penetration of drug into/across the skin include the size and 

surface properties (lipophilicity, surface charge) of the drug carriers, which similarly as 

the physicochemical properties of drug influence the delivery into/through the skin. In the 

case of vesicle-based nanosystems it has been demonstrated that decreasing the system’s 

size improves the delivery of a drug into/across the skin (Elsayad et al., 2007). On the 

contrary, microparticles and large vesicles are usually deposited on the surface of the skin 

acting as the drug reservoirs providing the prolonged drug release. Negative charges on 

the surface of liposomes have been shown to enhance the skin penetration of a drug to a 

greater extent than positively charged and neutral liposomes (Gillet et al., 2011a). In 
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addition, rigidity/elasticity of vesicle’s membranes has been proven to influence the 

deposition of the drug onto/inside the skin. Conventional liposomes and especially 

polyethylene glycol (PEG)-coated liposomes with rigid membranes have been 

demonstrated to accumulate drug inside SC (Knudsen et al., 2012). Deformable (elastic) 

liposomes containing edge activators (single chain surfactants) in the bilayers were 

proposed as a nanosized delivery system able to squeeze between narrow pores and 

transport encapsulated drugs deeper into/through the skin (Cevc, 2004; Cevc and Blume 

1992; Cevc and Blume, 2001). Although the evidences that the vesicles indeed penetrated 

in an intact form through the skin remain a topic for discussion, the deformable vesicles 

have evolved from the first, second (Transferosomes®) into the third generation of 

hyperadaptable vesicles for improved peripheral skin conditions, inflammation and pain 

(Cevc, 2012). 

The surfactant properties (i.e., charge, carbon chain length and content of surfactant) are 

known to directly affect the skin permeability of meloxicam when formulated as 

deformable liposomes (Duangjit et al., 2014). Alomrani et al. (2014) proved the effect of 

the edge activators and hydroxypropyl-beta-cyclodextrine on the skin disposition of 

itraconazole. The synergistic effects of the edge activators reducing the vesicle size and 

increasing the deformability of liposomes together with the increased drug load due to the 

presence of cyclodextrine were responsible for the increased skin deposition. 

Most of the pharmaceutical and cosmeceutical vehicles are the complex mixtures 

containing more than just one component, therefore the combination of components may 

have cumulative or synergistic effects on the skin penetration (Chittenden et al., 2014). 

 

Prediction of a penetration of a drug/active ingredient into/through the skin can be 

modelled by various means. For example the mathematical models of skin permeability 

offer a potential to determine the key parameters affecting the skin permeability 

(Mitragotri et al., 2011). The overview of numerical methods for diffusion-based 

modelling of skin permeation is provided by Frasch and Barbero (2013) and Naegel and 

co-workers (2013). 

The most commonly applied mathematical models are based on the quantitative 

structure-permeability relationship and mechanistic models (Chen et al., 2013; Lee et al., 
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2010). However, to determine the effect of the carrier/vehicle, more complex models, 

closer to in vivo situations, are required. 

 

 

4. Artificial in vitro skin models  

Most of the current methods used in the investigation of formulations destined for topical 

treatment, as mentioned earlier, rely on the use of animal models. The use of isolated 

epidermis or SC sheets from human or animal origin has a number of disadvantages such 

as high intra- and inter-individual variations, in particular related to diseased skin for 

which most of the topical drug formulations are developed. The simplified artificial 

model membranes that could offer a simple and reproducible alternative to study the 

basic physicochemical mechanisms of drug permeation are preferred to understand the 

physicochemical determinants of vehicle-membrane interactions crucial for the selection 

of the optimal penetration enhancers and effective formulation design (Oliveira et al., 

2011; Oliveira et al., 2012). The artificial model membranes are thus enabling the testing 

and evaluation of various drugs and drug formulations as an initial screening approach to 

narrow the selection of the formulations to be evaluated with a more biologically intact 

model, thereby improving the efficiency in the optimization of new topical formulations. 

 

The majority of the artificial models are used to mimic the healthy skin with intact barrier 

properties. Relatively few models offer a potential to mimic the compromised skin. The 

models are relying either on the various types of the diffusion cells or phospholipid 

mixture models (de Jagar et al., 2006). In the last several years attempts were made to 

develop reliable in vitro skin models such applying various approaches such as relying on 

the chromatographic methods (Hidalgo-Rodriguez et al., 2013), non-lipid based models 

i.e. silicone membranes (Loftsson et al., 2006; Oliveira et al., 2010; Oliveira et al., 2011; 

Ottaviani et al., 2006), as well as the lipid-based models able to serve as a tool in 

predicting the desired or undesired dermal absorption.  

Among the lipid-based models the focus has been on the: 
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i) modifications of PAMPA able to mimic the skin (Sinko et al., 2009; Sinko et 

al., 2012), 

ii) PVPA model mimicking the SC barrier of the skin (Engesland et al., 2013; 

Engesland et al., 2015). 

iii) SC substitute (SCS) with synthetic SC lipids (de Jager et al., 2006) and  

iv) membranes designed to study the impact of ceramide species on the drug 

diffusion and permeation (Ochalek et al., 2012a).  

 

The chromatographic systems could, theoretically, also be used in the estimation of the 

permeability coefficients of different substances to study the main interactions between 

the substances and biological membranes (Hidalgo-Rodriguez et al., 2013). The systems 

include the immobilized artificial membrane (Barbato et al., 1998), biopartitioning 

micellar chromatography (Escuder-Gilabert et al., 2003; Waters et al., 2013), liposome 

electrokinetic chromatography (Wang et al., 2009), and keratin immobilized on the silica 

as a stationary phase (Turowski and Kaliszan, 1997). However, in respect to the 

optimization of the formulation destined for the administration onto the skin, the effects 

of various additives and carriers/vehicles on the drug penetration, these chromatographic 

systems exhibit a very limited potential and are therefore not further discussed in this 

review. 

 

4.1. Non-lipid based model membranes 

4.1.1. Silicone model membranes 

The poly(dimethylsiloxane) (PDMS) or silicone membranes have been used for decades 

for the screening of the effects of different vehicles and assessing their impact on the 

overall mechanisms of drug transport across human skin (Oliveira et al., 2011). Already 

in 1970 Nakano and Patel used the silicone membranes to study the release of salicylic 

acid from five ointment bases. The in vitro release pattern from various bases was found 

to be in an agreement with the in vivo data reported in the literature, enabling the 

identification of the most promising ointment bases (Nakano and Patel, 1970). Several 

studies on the effect of various additives on the skin penetration of the drug have been 

further performed. Dias et al. (2007) conducted a study on a wide selection of vehicles 
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(mineral oil, isopropyl myristate, oleic acid, decanol, octanol, butanol, ethanol, propylene 

glycol, glycerin and water as well as their mixtures) on the permeation of caffeine, 

salicylic acid and benzoic acid. For example, the effect of both hydrophilic and lipophilic 

vehicles (water, ethanol, propylene glycol, mineral oil, Miglyol 812) on the penetration of 

ibuprofen has been studied (Watkinson et al., 2009a; Watkinson et al., 2009b; Watkinson 

et al., 2011). The studies on the molecular mechanism of interaction between different 

vehicles (ethanol, isopropyl myristate, dimethyl isosorbide, PEG 200 and PEG 400 and 

Transcutol P®) with the model membranes, through the thermodynamic and kinetic 

analyses of the uptake, membrane partitioning and transport studies of a model 

compound, have also been conducted (Oliveira et al., 2010; Oliveira et al., 2011; Oliveira 

et al., 2012).  

Although these membranes could be used to predict the skin permeability of the 

lipophilic compounds, it has been suggested that they could not be used for the 

hydrophilic compounds (Miki et al., 2015). To improve the model the PDMS and PEG 

6000 copolymer-impregnated membrane has been developed. The improved model has 

so far only been tested using the drugs in the aqueous solutions (Miki et al., 2015; its 

potential in the formulation development still has to be elucidated. 

 

4.1.2. Miscellaneous 

Ottaviani et al. (2006) reported on a PAMPA model consisting of a simple pure solvent 

membrane, composed of 70% silicone oil and 30% isopropyl myristate coated on a 

hydrophobic polyvinylidene fluoride filter. The model was shown to be able to determine 

the human skin permeation for a selection of model drugs in accordance to the available 

literature values. A positive correlation was also established between the membrane 

retention of the compounds and SC/water partition coefficients (Ottaviani et al., 2006).  

This model has been further used in the combination with the in silico methods in a 

combined approach to predict the skin penetration and distribution of model substances 

(Ottaviani et al., 2007). In addition, the model has been proposed as a suitable for the 

differentiating of the highly permeable compounds, able to distinct between the 

compounds trapped in the barrier and compounds not retained in the barrier. The capacity 

of the detection of a substance retained in the barrier mimicking the SC could be useful to 
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assess the effects of the formulations (Ottaviani et al., 2006). Further, the model has been 

used in the initial lead compound selection of the synthesized steroids and standard 

corticosteroids (Dobricic et al., 2014; Markovic et al., 2012), as well as in studying the 

effect of the vehicles on the permeation of drugs (Karadzovska and Riviere, 2013). 

Karadzovska et al. (2013) tested a selection of drugs (caffeine, cortisone, diclofenac 

sodium, mannitol, salicylic acid and testosterone) in three different vehicles (propylene 

glycol, water and ethanol). The permeability data from this model were compared with 

the data from the porcine skin in the diffusion experiments. The non-lipid containing 

PAMPA model showed to perform better than a lipid containing skin-PAMPA model and 

another synthetic membrane, namely the Strat-MTM membrane. The Strat-MTM is 

composed of multiple layers of polyether sulfone creating the morphology similar to 

human skin, including a very tight surface layer, and was recently made commercially 

available. Its porous structure could be also impregnated with a proprietary blend of the 

synthetic lipids, imparting the additional skin-like properties to the synthetic membrane 

(Karadzovska et al., 2013). In the ranking of vehicles according to the compound 

permeation, the effect of the different vehicles was not found to be consistent between the 

models; however, when considering only the saturated concentrations of the compounds, 

four out of six vehicles were correctly ranked by the PAMPA and three out of six by the 

Strat- MTM membrane. Both the PAMPA and the Strat-MTM thus showed potential in 

predicting the absorption as well as discriminating between the different vehicles 

(Karadzovska et al., 2013).  

 

Loftsson et al. (2006) reported on the development of an artificial membrane with the aim 

to create a model well suited for the evaluation of pharmaceutical formulations as well as 

the effects of various excipients on drug availability. The unstirred water layer consists of 

a hydrated semi-permeable cellophane membrane and a lipophilic membrane of pure n-

octanol in a nitrocellulose matrix. The membrane can be used in the diffusion cells i.e. 

the Franz diffusion cell and offers the advantage that the two layers can be studied 

separately. The model was used to study the permeation of drug/model compound from 

the different cyclodextrin formulations and it was shown that the drug permeation 
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patterns from the cyclodextrin formulations were similar to those previously observed for 

biological membranes. 

 

4.2. Lipid based model membranes  

4.2.1. PAMPA 

The PAMPA was introduced by Kansy and co-workers (1998) as a rapid in vitro model 

for assessment of the transcellular intestinal permeability. The original PAMPA system 

consists of an artificial membrane containing a hydrophobic filter coated with 

phosphatidylcholine dissolved in n-dodecane as a membrane barrier, separating the donor 

and acceptor compartments. The model is focused on a high throughput screening format, 

and could be modified by adapting the membrane composition. The lipid/solvent 

mixtures in the membrane are not well characterized and lack the true lipid bilayers found 

in the biological membranes (Faller, 2008).  

Sinko and co-workers developed the skin-PAMPA containing the synthetic certramides, 

analogues for ceramides, proposed as the replacements for naturally occurring ceramides 

found in SC (Sinko et al., 2009; Sinko et al., 2012). The certramides are cheaper 

alternatives to natural ceramides with the potential to prolong the storage time (Tsinam 

and Sinko, 2013). Although the certramides are structurally different from ceramides, 

their comparable molecular mass and hydrogen acceptor/donor capacity, enables them to 

act as the lipid constituents in the PAMPA sandwich membrane together with cholesterol, 

stearic acid and silicone oil (Sinko et al., 2009; Sinko et al., 2012). The permeability of a 

selection of the model drugs tested on the skin-PAMPA was correlated with the human 

skin penetration obtained from the different skin databases. A rather poor correlation 

between the skin-PAMPA and the epidermis, but good correlation between the skin-

PAMPA and the full-thickness skin were obtained (Sinko et al., 2012).  

In the previously mentioned study by Karadzovska and Riviere (2013), the skin-PAMPA 

together with the non-lipid based skin PAMPA and the Strat-MTM membrane were used 

to evaluate the vehicle effects on the permeation of different drugs. Among the three 

membranes, the skin-PAMPA was found to be the most representative of SC lipid matrix 

due to a similar composition of ceramide, cholesterol and free fatty acids; whereas the 
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correlation with the absorption data from the skin showed the highest association for the 

non-lipid based PAMPA model. The ranking of vehicles according to the permeation 

values was not consistent between the different models; however, the two PAMPA 

models were both able to correctly predict the ranking of the four out of six vehicles. 

Although further investigations using more complex topical formulations are required, 

the studied artificial models were all capable to predict the skin penetration, 

discriminating between the tested vehicles and providing a rapid initial estimation of the 

amount of the compound remaining in SC (Karadzovska et al., 2013).  

Tsinman and Sinko (2013) applied a modified version of the skin-PAMPA to evaluate the 

different ibuprofen-containing skin formulations; silicone-based gel, silicone and acrylic 

copolymer and one commercially available formulation. In the simple penetration 

experiments, the modified skin-PAMPA models were able to distinguish between the 

different formulations and the ranking of the tested formulations according to the flux 

was in an agreement with the penetration through human epidermis in the Franz diffusion 

cells. 

 

4.2.2. PVPA 

Recently, the novel PVPA model mimicking the SC barrier of the skin was developed 

(Engesland et al., 2013). The original PVPA was introduced as a screening model for the 

intestinal permeability and consists of a tight layer of liposomes on a filter support 

mimicking the cells of biological barriers (Flaten et al., 2006a,Flaten et al., 2006b) as 

schematically explained in Figure 1. The structure shown in the Figure is based on the 

previous structural characterizations performed on the original PVPA (Flaten et al., 

2006a). It was shown that after the freeze thaw cycling, both smaller unilamellar and 

bigger multilamellar structures are found in the barrier as indicated in the Figure 1. The 

PVPA model has the potential to perform as a high-throughput screening model (Flaten 

et al., 2009) and the composition of the liposomes used to build the barriers could be 

adjusted as to mimic the absorption barrier of various absorption sites. 
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Figure 1 

Two modifications of the skin PVPA model able to estimate the skin penetration were 

developed; the PVPAc prepared using the liposomes made of cholesterol and egg 

phosphatidylcholine, and the PVPAs using the main lipid classes found in the skin 

(ceramide, cholesterol, free fatty acid and cholesteryl sulphate as well as egg 

phosphatidylcholine). The permeability of six compounds (flufenamic acid, ibuprofen, 

indomethacin, salicylic acid, calcein and FITC-dextran) was evaluated in the two PVPA 

skin models. The results were compared to the literature values for the penetration 

through animal skin (rat, cattle, dog and pig) as well as calculated in silico values. The 

ranking from the permeability experiments was, except from one outlier, the same as the 

ranking from the animal skin penetration experiments and the calculated values. 

Engesland and co-workers (2013) also revealed that the barrier function of the PVPA 

model could be modified in a controlled manner and demonstrated that the PVPA barriers 

could mimic different biological barriers by interchanging the lipid constituents in the 

barriers.  

In a subsequent study, the PVPA model mimicking SC was adjusted to evaluate the effect 

of vesicle carrier on the skin penetration of diclofenac sodium (Palac et al., 2014). 

Liposomes, including the conventional, deformable and propylene glycol liposomes, 

containing diclofenac sodium, were examined. The results from the permeability 

experiments in the PVPAs demonstrated a clear rank order indicating an increasing 

permeation of diclofenac sodium from liposomal formulations corresponding to the 

physicochemical properties of the liposomal carrier. The permeation was shown to be 

affected by the lipid composition and increased in the presence of the penetration 

enhancers and edge activators within the liposomes as expected (Palac et al., 2014).  

To further establish the potential of the skin PVPA in the formulation development the 

permeability of three model drugs in the solutions and as liposomal formulations was 

tested. The permeability results for the PVPA skin models were compared with the 

results for the reconstructed human skin model, EpiSkin®. The drugs were ranked based 

on their estimated penetration potentials, and the results were in accordance with the 
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physicochemical properties of the drugs. The PVPAs was, in contrast to the EpiSkin®, 

fully able to distinguish between the drug solutions and liposomal formulations. The 

PVPA models were, in summary, found to be superior to EpiSkin® regarding their 

abilities to identify the effects of the formulations on the drug permeability which could 

be utilized in early drug development, in addition to ease of the use, efficiency, cost-

effectiveness and prolonged storage potential (Engesland et al., 2015).  

 

4.2.3. Miscellaneous 

Bouwstra and colleagues developed the SC substitute (SCS) consisting of a porous 

material covered with the synthetic SC lipids, mimicking the lipid organization in the SC 

closely (de Jager et al., 2006). The steady state flux of the moderately hydrophobic to 

moderately lipophilic model compounds through the SCS and human SC has been shown 

to be very similar (de Jager et al., 2006; Groen et al., 2008). The SCS thus may function 

as a standardized and reliable percutaneous penetration model. Another major advantage 

of the SCS is that the composition of the synthetic SC lipid mixtures can easily be 

modified. This allows studying the relationship between the lipid composition, lipid 

organization and barrier function in one single model. 

 

Ochalek et al. (2012a) reported on the SC lipid model membranes designed to study the 

impact of ceramide species on the drug diffusion and penetration. These membranes have 

been used to investigate the impact of the lipophilic penetration enhancer (oleic acid) in 

the membranes on the penetration of the model drugs covering a broad range of 

lipophilicity (Ochalek et al., 2012b). The enhancer exhibited a pronounced effect on the 

barrier properties of SC lipid model membranes; and the effect was dependent on the type 

of the ceramide present in the barrier. The incorporation of oleic acid into the SC lipid 

model membranes changed the diffusion and permeation behavior of all model drugs to 

the certain extent. 

 

 

5. Reconstructed human skin equivalents 
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In the past ten years several tissue culture-based human skin models have been developed 

and become commercially available (Van Gele et al., 2011). They are usually classified 

as human reconstructed epidermis models (e.g. EpiSkin, SkinEthic, EpiDerm) and 

living skin equivalent models (GraftSkin, EpiDermFT, Pheninon). The models are 

composed of the human cells grown as the tissue culture and matrix equivalents normally 

present in the skin (Godin and Touitou, 2007; Netzlaff et al., 2005). ). The comparison of 

the reconstructed human epidermis models with the human skin is presented by Table 1. 

The human reconstructed epidermis models are useful tools for the testing of 

phototoxicity, corrosivity and irritancy, as well as in drug permeability studies. Recently, 

the models were also utilized in the optimization of vehicle compositions and formulation 

effects (Van Gele et al., 2011). Compared to the ex vivo human skin models, the 

reconstructed epidermis equivalents are significantly more permeable, but are more 

consistent in the permeability than the human skin, which is highly variable (Netzlaff et 

al., 2005; Netzlaff et al., 2006b). For example, the permeation of highly hydrophobic 

compounds was found to be even 800-folds higher than in the split-thickness human skin. 

On the contrary, transdermal flux of salicylic acid was found to be similar to that 

obtained using the human skin (Schmook et al., 2001). Additional disadvantage is their 

rather high cost. 

Zghoul et al. (2001) have shown that the EpiDermcould be used to differentiate the 

permeation of drug from ointment and solution. The EpiDerm models have also been 

used to study the effect of the liposomal size and bilayer rigidity on the skin diffusion 

(Babu et al., 2009). However, the authors have not compared the results with the ex vivo 

human skin models. Dreher et al. (2002) have evaluated skin bioavailability of caffeine 

and alpha-tocopherol from a W/O emulsion, an O/W emulsion, the liposome dispersion 

and a hydrogel on the EpiDerm and EpiSkin membranes in comparison to the human 

skin ex vivo. The rank order of solute permeability could be correctly predicted when the 

preparations were applied at a finite dose in human skin models. The limited effects of 

the vehicle on the skin bioavailability were observed only in the human skin ex vivo 

model. The alcohol-containing vehicles seemed to behave differently in the EpiDerm 

and EpiSkin as compared to the human skin ex vivo. Labouta et al. (2013) have reported 
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that in vitro skin equivalents could serve as a fast screening in testing the behavior of 

nanoparticles and extrapolation of their penetration behavior into human skin. Schäfer-

Korting (2008) and colleagues used SkinEthic® and the EpiDerm® full thickness model to 

predict uptake from different vehicle formulation using the pig and human skin and 

reported that the permeability of the reconstructed tissues, pig skin and human skin was 

correlating rather well; the ranking was very similar but the absolute permeability 

differed. 

The handling of the models requires the standardized methodology, a fact which might be 

neglected in some of the reported studies (Van Gele et al., 2011). The 3D constructs 

mimicking critical features of healthy and diseased skin (Table 1) are a valuable tool in 

cosmetic and pharmaceutical industry (Mathes et al., 2014). 

 

 

6. Ex vivo skin models  

Numerous literature reports on the evaluation of skin formulations are based on the use of 

ex vivo models of either human or animal origin. The choice of an appropriate ex vivo 

model will be influenced by the storage, sample handling, preparation technique and 

accurate experimental setup for the evaluation of the drug permeability.  

6.1. Storage of skin, skin preparation methods and experimental setup 

The storage conditions and method of skin preparation might have an effect on the drug 

permeability. While the rodent skin is most often used fresh, the pig skin is typically used 

after being stored frozen (at -20 to -30 °C for a period of up to 6 months in a tightly 

closed container), similarly as the human skin (Barbero and Frasch, 2009). It has been 

generally accepted that there are no differences between frozen/thawed and fresh pig skin 

regarding the permeability of the water-soluble compounds. However, after freezing of 

the skin the permeability of some drugs increased (e.g. water solution of diclofenac) and 

a lag time decreased in comparison to the fresh skin (Sintov and Botner, 2006). Very 

recent study by Sintov and Greenberg (2014) has shown that the permeability of caffeine 
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through frozen/thawed pig skin was higher than in the fresh pig skin and independent on 

the vehicle properties. The authors used full thickness porcine skin excised from fresh 

ears of slaughtered white pigs; the skin (without subcutaneous fat) was used either within 

5 hours from the pig slaughter (fresh) or was frozen, stored at -20 °C for one week and 

used thawed. Equally important is the method of the skin preparation. The lipophilic drug 

will exhibit unrealistically small permeability and long lag times through a skin 

membrane with excessive watery dermis left in place. Besides, the lack of blood flow in 

ex vivo experiments allows dermis to create a barrier to diffusion which does not exist in 

the native in vivo setting. The most common skin preparation methods used in the drug 

permeability studies include: (i) full-thickness (FT) skin, (ii) split thickness 

(dermatomed) skin (D), (iii) heat separated epidermis (HSE), and (iv) trypsin-isolated SC 

(Henning et al., 2009). FT skin is generally used from the animals with very thin skin 

such as mouse, rat, rabbit or newborn pig (Barbero and Frasch, 2009). Dermatomed or a 

split thickness skin is commonly prepared from the thicker animal skin (pig) and human 

skin. The recommended thickness is 200-400 µm and 400-700 µm for human and pig 

skin, respectively (Schaefer et al., 2008). The trypsin-isolated SC and HSE are reported 

to be equivalent regarding the drug penetration rates. The HSE is prepared by placing the 

thawed and cleaned skin pieces in water (60 °C) for one minute and peeling off the 

epidermis (Wagner et al., 2001). Using HSE in the permeation studies with a hydrophilic 

drug may result in a reduced penetration and longer lag times due to the additional 

partitioning between SC and viable epidermis (Henning et al., 2009). The HSE 

membranes could be unsuitable for the haired skin such as porcine as the hair shafts 

remain in the dermis creating holes in the membrane (Barbero and Frasch, 2009). The 

trypsin-isolated SC is commonly prepared by placing the clean skin samples into 0.15% 

trypsin buffered solution followed by incubation at 32 °C for 24 hours. This procedure is 

repeated with fresh trypsin solution until SC is fully isolated (Wagner et al., 2001).  

Most of the permeability studies are performed using static Franz-diffusion cell method. 

It consists of donor and receptor chambers between which the animal model membrane is 

positioned so that the stratum corneum is facing the donor compartment where examined 

formulation is applied, while dermis (full thickness skin) is touching receptor 

compartment. For the determination of the skin (membrane) integrity. OECD Guidance 
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document 28 (2004) recommends measurement of transepidermal water loss (TEWL), 

electrical resistance or the use of tritiated water as a permeation marker. Although TEWL 

measurements have advantage that no solutions have to be added to perform the barrier 

integrity test, Netzlaff et al., (2006a) have proven that TEWL measurement cannot detect 

small changes in the SC that could influence drug diffusion. Therefore, calculation of the 

permeability coefficient is still more precise method. The experiments could be done so 

that the donor chamber is left opened (non-occlusive conditions) or covered (occlusive 

conditions) to permit or escape drying or hydration of the skin surface (Schaefer et al., 

2008). The composition of the receptor medium, which is continuously stirred during the 

experiment, should be chosen to mimic in vivo conditions and to ensure the sufficient 

solubility of the drug. The experiments are performed at 32 ± 1 °C. More details on the 

validation of the system are provided by Ng and colleagues (2010). The addition of the 

solubility-increasing compounds to the receptor fluid (ethanol or PEG) may alter the 

barrier function of the skin due to a possible back-diffusion to the skin, particularly if 

ethanol is used at higher concentration (40%). To reduce this risk, PEG-20-oleyl ether 

(6%) and bovine or porcine serum albumin are recommended as they do not destabilize 

the integrity of the skin (Moser et al., 2001). When the experiments are lasting for more 

than one day, possible enzymatic degradation and microbiological contamination of the 

biological material might occur. Therefore, addition of preservatives such as sodium 

azide or ethanol could be beneficial, bearing in mind that their presence might have an 

effect on the barrier properties of skin by changing the lag time and duration of 

experiment (Henning et al., 2009).   

For the quantification of skin penetration and deposition the skin extraction 

measurements (Rastogi and Singh, 2001), horizontal stripping and sectioning (de Jalon et 

al., 2001), quantitative autoradiography and spectroscopic methods (Pirot et al., 1997) 

can be employed. The tape stripping method has been widely used both in in vivo (Dick 

et al., 1997) and in vitro (ex vivo) evaluations of topical formulation on human (Cambon 

et al., 2001; Wagner et al., 2001) and animal (Raber et al., 2014) skin. After topical 

application of formulation, the cell layers of the stratum corneum are sequentially 

removed from the same skin area by adhesive films. The strips of adhesive tape should be 

carefully adhered to the stretched skin by applying constant pressure by the suitable  
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roller that could press a thin and flexible tape strip into the furrows of the skin. Velocity 

of tape removal is another important parameter influencing the amount of removed 

stratum corneum. A constant velocity should be applied. A slowing down or stopping the 

procedure could lead to an increase in the stratum corneum amount adhered on the tape 

strip, whereas, an increase in speed could result in a reduced amount of corneocytes. The 

detached tape strips contain both the amount of corneocytes and the corresponding 

amount of the penetrated formulation, which can be determined by conventional 

analytical procedures. It has been proven that different types of formulations can strongly 

affect the amount of stratum corneum removed with every tape strip. For example, after 

application of an ethanolic solution the adhesion of the horny layer to the tape strips is 

increased while after application of an oily formulation the adhesion to the tape is 

decreased. Therefore, for the comparison of the drug penetration from various drug 

formulations, it is important that the amount of formulation detected on the single tape 

strip is not related to the tape strip number as a relative measure of the penetration depths 

but to their standardized real position in the horny layer (Lademann et al., 2009).   

 

6.2. Animal skin models  

6.2.1. Porcine skin  

Although human skin is considered to be the “gold standard” in in vitro drug penetration 

studies, it is often not feasible. Domestic pig skin is recognized as the most appropriate 

animal model due to the numerous anatomical, histological and physiological similarities 

with human skin (Table 2). They include the epidermal thickness, dermal-epidermal 

thickness ratio, resemblance in hair follicle and blood vessel density in the skin, as well 

as content of SC glycosphingolipids, ceramides, dermal collagen and elastin (Dick and 

Scott, 1992; Godin and Touitou, 2007). Even though the hair follicles on pig ear skin are 

larger than those of humans, the porcine ear skin represents a more suitable in vitro 

model for the analysis of the penetration and storage of topically applied substances in 

the hair follicles than excised human skin, mainly due to the fact that the human skin 

contracts after removal. Namely, re-stretching of the skin to its original size mainly 

stretches the interfollicular fibers, whereas the fibers around the hair follicles remain 
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contracted. In contrast to excised human skin, pig ear tissue does not contract when the 

cartilage is not removed (Lademann et al., 2010). The pig skin is readily obtained as a 

waste from animals slaughtered for food. The comparison of drug permeability using 

human and pig skin has demonstrated a good correlation particularly for lipophilic 

substances, while skin from rodents generally exhibited higher permeation rates (Dick 

and Scott, 1992). In addition, pig skin exhibits less donor variability than the human skin 

(Barbero and Frasch, 2009). The ear of approximately 6 months old pig is the most 

similar to the human skin (Table 2). However, most of literature data on the use of pig 

ears in ex vivo permeation studies do not specify the age of animal. It is important that 

ears had not been scalded or flamed after animal sacrificing because such a pretreatment 

completely destroys the integrity of epidermis. The central region of the outer side of the 

porcine ear has been recommended because of the similarity with human skin layers 

(Meyer et al., 2006).  

Various drug formulations including creams, ointments, lotions, (micro)emulsions, 

microparticles and colloidal drug delivery systems (nanosystems) have been assessed 

using ex vivo pig skin models. Among large number of the available references we have 

chosen to select and present several examples from each delivery system (Table 3).  

Scognamiglio et al. (2013) evaluated the penetration potential of deformable liposomes 

and ethosomes containing resveratrol using freshly excised pig ear. The deformable 

liposomes decreased the amount of resveratrol accumulated in dermis as compared to 

ethosomes. Full-thickness porcine ear skin has been used for optimization of the 

nanostructured lipid carriers containing minoxidil or finasteride (Gomes et al., 2014), 

whereas the evaluation of polyamide nanocapsules containing sunscreen filters was 

carried out on HSE pig ear (Hanno et al., 2012). Senyigit et al. (2010) performed the 

permeation studies using the FT porcine ear skin to determine the epidermal 

accumulation of clobetasol from lecithin/chitosan nanoparticles. Nanoparticles assured 

the increased amount of drug in the epidermis without any significant permeation across 

the skin.  

Semisolid vehicles (O/W, W/O) and amphiphilic bases), often used in dermatotherapy 

with corticosteroids, were assessed on the dermatomed porcine abdominal skin (0.7 mm 
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thick). The W/O type vehicle was found to be the superior to other vehicles (Nagelreiter 

et al., 2013). 

Hathout et al. (2010) reported on the optimization of microemulsion composition for 

transdermal delivery of testosterone using the dermatomed dorsal porcine skin. The skin 

deposition of quercitin from W/O microemulsion and its percutaneous delivery was 

examined using the full-thickness porcine ear skin. Improved skin deposition of quercitin 

without transdermal penetration has been determined 12 hours after microemulsion 

application (Vicentini et al., 2008). 

Newborn pig skin has attracted considerable attention for evaluation of topical drug 

formulations (Cilurzo et al., 2007). However, the diversity in the thickness of newborn 

pig skin regarding the age of animal ranging from only one day old pig (1.2 kg) 

(Manconi et al., 2011b; Mura et al., 2009) to 40 days old animal (20 kg) needs to be 

taken into the consideration (Wang et al., 2014).  

6.2.2. Other animal skin models: rodents, snake, bovine udder 

Wide range of animal models includes the primates, mouse, rat, guinea pig, rabbit, bovine 

(udder) and snake models. Due to the fact that primate research is highly restricted and 

very expensive, rodent skin may also be used as a model in in vitro and in vivo 

(trans)dermal studies. In comparison to pig skin models, use of the rodent skin requires 

ethical permission. The advantages of rodents are their small size, uncomplicated 

handling and relatively low cost. In addition, there are a number of hairless species 

available: nude mice, hairless rats and guinea pigs in which the absence of hair coat 

mimics the human skin better than hairy skin. The conventional rodents have a 

disadvantage of an extremely high density of hair follicles, which necessitates hair 

removal prior to formulation administration (Godin and Touitou, 2007). The differences 

in the thickness of SC, number of corneocyte layers, hair density, water content, lipid 

profile and morphology, cause the rodent skin to be more permeable than human skin 

(Schaefer et al., 2008). Rats and particularly mice show significantly higher permeation 

rates than human skin (Barbero and Frasch, 2009). Bond and Barry (1988) have proven 

that hairless mouse skin is completely inadequate model for assessing the effects of the 
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skin penetration enhancers. On the other hand, the guinea pig skin is considered more 

appropriate rodent surrogate for human skin studies (Barbero and Frasch, 2009).  

Shim et al. (2004) evaluated the effect of the size of self-assembled nanoparticles on the 

effectiveness of transdermal delivery of minoxidil using several ex vivo rodent models, 

namely hairless mice and both hair and hairless guinea pigs (Table 3). When using hairy 

guinea pig skin the permeation of the drug in 40 nm-sized nanoparticles was 1.5–fold 

higher in the epidermis than that of 130 nm-sized nanoparticles. This influence of the 

nanoparticle size was not observed in hairless guinea pig thus showing that follicular 

route is the main penetration pathway for the minoxidil loaded nanoparticles, whereas the 

permeation was promoted with decreasing the size of nanoparticles. For the optimization 

of microemulsion formulation proposed for the treatment of skin fungal infections, 

Butani et al. (2014) have performed the permeability studies using the full-thickness 

abdominal rat skin. Microemulsion consisting of 5% of ispopropyl miristate and 35% of 

mixture (3:1, Tween 80:propylene glycol) exhibited 2-fold higher drug permeation of 

amphotericine B into the skin as compared to plain drug solution. The full-thickness skin 

obtained from the inner side of albino rabbit ear was used for the assessment of the 

mechanism of enhanced skin drug delivery by deformable liposomes and ethosomes. 

Penetration-enhancing effect of phospholipids and ethanol, as well as intact vesicle 

penetration of deformable liposomes and ethosomes into SC has been proven to play a 

role in improving skin delivery of drugs. Comparison of ketotifen skin permeability from 

the two types of vesicles has demonstrated ethosomal superiority for skin delivery 

(Elsayad et al., 2006).  

The shed of snake skin has been proposed as an alternative skin model; the snakes molt 

periodically, a single animal can provide repeated sheds, thus eliminating inter-individual 

variability seen in other animal models. Moreover, skins can be obtained without injury 

to animal and do not need to be subjected to chemical or heat procedure prior to use. The 

shed is a large, intact sheet of epidermis (Itoh et al., 1990). It is not a living tissue and can 

be therefore stored at room temperature for relatively long period of time (Haigh and 

Smith, 1994). Similarities with the human SC have been confirmed in terms of the 

structure, composition, lipid content and water permeability. However, the lack of hair 
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follicles could influence drug permeability (Godin and Touitou, 2007). Therefore, this 

model is not appropriate for investigating dermal absorption of drugs that penetrate the 

skin via follicular route. Rigg and Barry (1990) compared the shed snake membrane with 

hairless mouse and human skin by evaluating the effect of the different penetrating 

enhancers on the permeability of 5-fluorouracil and suggested that human skin cannot be 

replaced by snake skin. In another study by Ngawhirunpat et al. (2008) the skin 

permeability of the snake and shed snake skin of black rat snake and Burmese python 

were found to be similar to dermatomed human skin; however the skin metabolisms in 

snake and shed snake skin were significantly different from the human skin. 

Rather unique animal model is based on the udders from slaughtered cows. The perfused 

Bovine Udder Skin (BUS) model is ranked on the second place immediately after the in 

vivo studies on humans and before the FT or partial-thickness skin testing. Immediately 

after the slaughter, the udders are isolated and continuously perfused via the left and right 

external pudendal arteries with an oxygenated nutrient solution (Pittermann et al., 2013). 

Comparison with ex vivo human and porcine skin has demonstrated that bovine udder 

skin is well-correlated, but also less variable barrier against caffeine, benzoic acid, 

testosterone and flufenamic acid (Netzlaff et al., 2006b). This model enables the 

comparison of the dermal penetration, metabolism, and absorption of the substances after 

topical administration.  

 

 

7.  Ex vivo human skin models 

Human skin is clearly the most relevant model for the evaluation of (trans)dermal drug 

delivery from various formulations. Skin obtained from various sources: plastic surgery, 

amputation and cadaver have been used for ex vivo evaluation of drug penetration (Godin 

and Touitou, 2007). The skin samples are mostly taken from the abdomen, back, leg or 

breast (Schaefer et al., 2008). However, the use of human skin is very restricted by the 

ethical permissions and laboratory facilities. Moreover, the skin permeability varies 

greatly between the specimens taken from the same or different anatomical sites of the 
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same donor (27% variance in vivo and 43% in vitro, respectively), while even greater 

variations (45% in vivo and 66% in vitro) are reported between the specimens from 

different subjects or different age groups (Haigh and Smith, 1994). These variations may 

be explained by the differences in the lipid composition, skin thickness or hydration, 

which are determined by the body site, sex, race, age and disease (Barbero and Frasch, 

2009). Another limitation of using the human skin is the metabolism and 

biotransformation of chemicals applied to the skin after excision of the tissue from the 

donor (Haigh and Smith, 1994).  

Various topical formulations have been tested on ex vivo human skin (Table 4). For 

example, Zhao et al. (2009) evaluated nanoparticles incorporated in hydrofluoroalkane 

foam for enhanced dermal delivery of tocopheryl acetate using the full-thickness human 

skin. Optimization of a gel vehicle for dermal delivery of epicatechin has been performed 

on a full-thickness human cadaver skin obtained from the back region of Caucasian 

subjects. Ultrez 10 gel was shown to promote the penetration and retention of 

epicatechin in the upper layers of human cadaver viable skin (Suppasrivasuseth et al., 

2006). Dubey and colleagues (2007) compared the penetration potential of ethosomes 

containing methotrexate with the conventional liposomes using dermatomed (500 µm 

thickness) human cadaver skin and showed that ethosomes enhanced the transdermal flux 

of the drug and decreased the lag time across the skin. In another study, the full-thickness 

breast skin obtained after the cosmetic surgery was used for the estimation of celecoxib 

skin delivery from different vesicular nanosystems, namely ethosomes, conventional and 

deformable liposomes. An increased skin accumulation of the drug has been proven by 

ethosomes and deformable liposomes (Bragagni et al., 2012). The FT human abdominal 

skin was also used for the optimization of several types of temoporfin-loaded vesicles 

destined for the photodynamic therapy of cutaneous diseases: invasomes (Dragicevic-

Curic et al., 2009a), flexosomes (Dragicevic-Curic et al., 2010) and liposomes-in-gel 

formulations (Dragicevic-Curic et al., 2009b).  

In summary, the advantages and limitations of each of the reviewed in vitro/ex vivo 

model are enlisted in Table 5. 
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8. Conclusions 

The restrictions in use of animals in optimization of pharmaceutical and cosmeceutical 

formulations destined for the administration onto the skin resulted in an increasing 

number of alternative skin permeation models. The models offer a possibility for rapid 

screening and faster optimization of skin formulations; however their limitations need to 

be taken into account. The choice of the most applicable in vitro model should be based 

on the interplay between the availability, easiness of the use, cost and the respective 

limitations. 
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Figures and figure legends  

Figure 1: The phospholipid vesicle based permeation assay (PVPA) mimicking the 

stratum corneum is consisting of a tight barrier of liposomes deposited on a cellulose 

ester filter support 

 

 

Tables and table legends  

Table 1. Comparison of the reconstructed human epidermis models with the human 

skin (adapted from Netzlaff et al., 2005) 

 

Table 2: Comparison between porcine ear and human skin 

 

Table 3: Overview of various animal skin models used for optimization of different 

skin formulations on the Franz-diffusion cells 

 

Table 4: Ex vivo human skin models for optimization of drug/active ingredient 

formulations 

 

Table 5: Advantages and limitations of different skin models used for optimization of 

topical formulation 
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Table 1. Comparison of the reconstructed human epidermis models with the human skin 

(adapted from Netzlaff et al., 2005) 

Parameters SkinEthic

 EpiSkin


 (Penetration 

and irritation models) 

EpiDerm


 (Penetration 

and irritation models) 

Morphology Structure similar to 

human epidermis;  

presence of 

desmosomes, 

keratohyalin and 

lamellar granules; 

lipid droplets present in 

all layers not found in 

human skin 

Presence of all the 

epidermal layers;  

SC thicker than in human 

skin; different 

organization of cells in 

viable layers; basal cells 

cubic in shape, the upper 

cells flat; irregular shape 

of granular cells 

Presence of all the 

epidermal layers;  no Rete 

ridges; penetration model - 

6-8 viable cell layers, 28-43 

µm thick; irritation model – 

7-14 viable cell layers, 83-

100 µm thick; 

columnar to round cell 

shapes; stratum spinosum 

cells similar to native skin  

Lipid 

composition 

Lower amounts of 

phospholipids and 

sphingomyelin; higher 

portion of 

di/triglycerides, 

significantly higher 

ceramides ratio than in 

human skin  

Phospholipids content in 

irritation model similar to 

native tissue, but 

significantly lower in 

penetration model; higher 

ceramide level in both 

models; significantly 

higher amounts of 

di/triglycerides (both 

models) 

Phospholipids and 

di/triglycerides content in 

both models similar to 

human skin; higher 

ceramide amount in 

penetration model; 

cholesterolesters and free 

fatty acids portions in both 

models lower than in native 

skin  

Biochemical 

markers 

Presence of Keratin 1, 

6, 10, SKALP, SPRR, 

SPRR3, loricrin, 

involucrin, 

transglutaminase 

Presence of Keratin 1, 6, 

10, SKALP, involucrin, 

transglutaminase; absence 

of loricrin, SPRR3 (both 

models) 

Presence of Keratin 1, 6, 

10, SKALP, involucrin and 

transglutaminase (both 

models); SPRR3 only in 

irritation model  

SKALP, skin derived anti-leukoproteinase; SPRR, small proline rich-protein  
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Table 2. Comparison between porcine ear and human skin 

Parameter Porcine ear skin Human skin 

Stratum corneum thickness 21-28 µm  

Jacobi et al., 2007 

16 µm (cheek),  

23 µm (volar forearm),  

29 µm (back of the hand)  

Egawa et al., 2007 

Viable epidermis 66-72 µm  

Jacobi et al., 2007 

70 µm (shoulder),  

82 µm (buttock)  

Sandby-Moller et al., 2003 

Hair follicle and infundibula Extending deeply in the 

dermis  

Godin and Touitou, 2007 

Extending deeply in the 

dermis  

Godin and Touitou, 2007 

Hair density (hairs/cm
2
) 20  

Jacobi et al., 2007 

14-32 (except for forehead 

area)  

Jacobi et al., 2007 
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Table 3. Overview of various animal skin models used for evaluation of different skin formulations on the Franz-diffusion cells  

Skin Anatomical 

site/age 

Skin  Skin 

preparation 

method(s) 

Formulation Drug/active 

compound 

Findings related to drug/active 

compound 

References 

Porcine Ear Fresh FT, HSE NPs, NPs-in-

chitosan gel 

Clobetasol-17-

proprionate 

Accumulation of drug inside the epidermis, 

linear to the concentration of nanoparticles 

Senyigit et al., 2010 

 Ear Fresh FT, HSE Deformable 

liposomes, 

ethosomes 

Resveratrol Ethosomes more effective in delivery of 

resveratrol through the skin  

Scognamiglio et al., 

2013 

 Ear Fresh FT Lipid NPs-in-

gel 

Tacrolimus Increased drug accumulation inside the skin Pople and Singh, 

2011 

 Ear Frozen FT Nanostructured 

lipid carriers 

Minoxidil, 

finasteride 

Low levels of transdermal drug, appropriate 

for  the treatment  of alopecia  

Gomes et al., 2014 

 Ear Frozen FT, TS, HSE 

 

PEGylated 

liposomes 

Calcipotriol Presence of 1 mol% PEG-DSPE in 

liposome increased deposition in SC 

Knudsen et al., 2012 

 Ear Frozen FT, TS, HSE Deformable 

liposomes 

Bethametasone Increased permeation into the skin  Gillet et al., 2011b 

 Ear Frozen FT,  

D (1 mm), 

TS 

Chitosan 

hydrogel 

Bis-4-

aminophenyldi-

selenide 

Better drug retention in the skin  Schwartz et al., 2014 

 Abdomen Frozen D (0.7 mm), 

TS 

W/O, O/W and 

amphiphilic 

bases 

Fludrocortisone 

acetate 

The vehicles influenced the permeability, 

aqueous improved delivery 

Nagelreiter et al., 

2013 

 Dorsum Frozen D (0.74 mm) Microemulsion Testosterone Microemulsion composed of 16% oleic 

acid, 32% Tween 20, 32% Transcutol and 

20% water showed the highest permeation  

Hathout et al., 2010 

 ND Frozen FT+HD  

(4 mm total) 

Microemulsion, 

emulsion, gel 

Caffeine Microemulsion improved delivery into 

hypodermis  

Bolzinger et al., 

2008 

Newborn 

pig 

(1.2 kg) 

ND Frozen FT, TS, MSE Penetration-

enhancer-

containing 

vesicles 

Tretinoin, 

diclofenac, 

quercitin 

Improved accumulation of all the 

investigated drugs inside the skin  

Chessa et al., 2011; 

Manconi et al., 

2011a; Manconi et 

al., 2011b 
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Newborn 

pig 
Abdomen Frozen FT Deformable 

liposomes 

Metotrexate Improved skin permeability  Srisuk et al., 2012 

Mouse Abdomen Fresh FT Microemulsion-

based hydrogel 

Sertaconazole Microemulsion-in-gel increased the drug 

accumulation within the skin 

Sahoo et al., 2014 

 Dorsum Fresh FT Microemulsion Griseofulvin 3-7-fold higher permeation  Aggarwal et al., 

2013 

 Dorsum Fresh FT Liposomes-in-

hydrogel 

Quercitin, rutin Improved skin permeability  Park et al., 2013 

Hairless 

mouse 

Dorsum Fresh FT Cationic lipid 

NPs 

Plasmid-DNA Successful skin delivery of the 

nanoparticle/DNA complexes 

Jin and Kim, 2014 

 Abdomen Frozen FT Pectin-coated 

liposomes 

Vitamin C Pectin coating improved skin permeation  Zhou et al., 2014 

 Abdomen 4C, 24h FT Ethosomes, 

conventional 

liposomes 

Testosterone 

propionate 

Ethosomes provided an enhanced 

transdermal flux and a decreased lag time 

across the skin  

Meng et al., 2013 

Rat Abdomen Fresh FT Niosomes-in-

hydrogel 

Ciclopirox 

olamine 

Improved skin deposition  

 

Shaikh et al., 2010 

 Abdomen Fresh FT SLNs Isotretinoin Increased accumulation inside the skin  Liu et al., 2007 

 Abdomen Fresh FT SLNs Penciclovir 2-fold enhanced drug uptake in dermis  Lv et al., 2009 

 Abdomen Fresh FT Propylene 

glycol-, 

conventional- 

liposomes, 

ethosomes 

Curcumin Penetration across the skin in the order: 

Propylene glycol liposomes > ethosomes > 

conventional liposomes 

Zhao et al., 2013 

 Abdomen Fresh FT, TS, MSE SLNs-based 

nanogel 

Meloxicam Penetration through the skin; higher 

concentrations in epidermis and dermis 

Khurana et al., 2013 

 Abdomen Frozen FT Chitosan NPs in 

transdermal 

patch 

Rabeprazole Substantial permeation through the skin  Ahmed and El-Say, 

2014 

 Abdomen Frozen FT, TS Microemulsion Econazole 

nitrate 

Accumulation inside the skin  Ge et al., 2014 

 Dorsum Frozen ISC, FT Nanoemulsion -tocopherol Desirable SC permeability and diffusion 

into deeper dermis  

Kong et al., 2011 



 Dorsum Frozen FT Microemulsion-

based hydrogel 

Itraconazole Enhanced skin retention and permeation  Shishu, 2015 

Hairless 

guinea 

pig 

Abdomen Fresh FT, TS Nanoemulsions Tocopheryl 

acetate 

Increased lipid-to-polymer ratio provided 

enhanced accumulation in the skin 

Nam et al., 2012 

 Abdomen Fresh FT SLNs, 

nanostructured 

lipid carriers  

Lidocaine Better deposition inside the skin by 

nanostructured lipid carriers than SLNs 

Pathak and 

Nagarsenker, 2009 

 ND ND D Deformable 

liposomes 

Fluorecent lipid 

(Dil) 

Understanding the mechanisms involved in 

enhanced skin delivery by flexible 

liposomes 

Ogunsola et al., 2012 

Hair and 

hairless 

guinea 

pig 

Abdomen ND  Self-assembled 

NPs 

Minoxidil Permeation from 40-nm NPs was 1.7-fold 

higher than from 130-nm NPs in hairy 

animals. No size dependency in hairless 

animals. 

Shim et al., 2004 

Rabbit Ear 

(inner side) 

Fresh FT Deformable 

liposomes, 

ethosomes 

Ketotifen Ethosomes provided better skin delivery 

than deformable liposomes  

Elsayed et al., 2006 

 Ear Frozen FT Niosomes Sulfadiazine 

sodium  

Niosomes increased permeation through the 

skin  

Muzzalupo et al., 

2011 

 Ear Frozen FT Microemulsion,

niosomes 

Capsaicin Better transdermal delivery with niosomes 

than microemulsion 

Tavano et al., 2011 

 Dorsum Frozen FT Microemulsion Diclofenac 

sodium 

Microemulsion with isopropyl alcohol as 

co-surfactant and propylene glycol as 

enhancer superior 

Kantarci et al., 2005 

D, dermatomed skin (split-thickness skin); FT, full-thickness skin; HD, hypodermis; HSE, heat-separated epidermis; ISC, bromide solution-isolated stratum 

corneum; MSE, mechanical separation of epidermis; ND, no data; NPs, nanoparticles; O/W, oil-in-water emulsion; SC, stratum corneum; SLNs, solid lipid 

nanoparticles; TS, tape stripping; W/O, water-in-oil emulsion  

In all skin models presented the subcutaneous fat was removed immediately after skin excision. 



Table 4. Ex vivo human skin models for optimization of drug/active ingredient formulations  

Anatomical 

site/source 

Skin 

storage 

Skin 

preparation 

method(s)  

 

Formulation 
Drug/active 

compound 

 

Findings related to drug/active compound 

 

Reference 

Abdomen, 

plastic surgery 

Frozen FT, TS, MSE Niosomes Tretinoin Improved cutaneous deposition  Manca et al., 

2014 

Abdomen, 

plastic surgery  

Frozen FT, HSE Niosomes Ellagic acid Efficient delivery of ellagic acid into the deeper 

layer of the skin. Penetration depended on the 

vesicle size, amount of ellagic acid and 

solubilizers 

Junyaprasert et 

al., 2012 

Abdomen, 

plastic surgery  

Frozen FT, TS, D Invasomes Temoporfin Enhanced deposition of the drug in SC Dragicevic-Curic 

et al., 2008 

Abdomen, 

plastic surgery 

Frozen FT, TS, D Flexible liposomes 

(flexosomes) 

Temoporfin Cationic flexosomes delivered the highest amount 

of the drug into SC and deeper skin layers  

Dragicevic-Curic 

et al., 2010 

Abdomen, 

plastic surgery 

ND 

 

FT Propylene glycol 

liposomes 

Miconazole Enhanced skin deposition of the drug in 

comparison to conventional liposomes 

Elmoslemany et 

al., 2012 

Abdomen, 

cadaver 
Frozen D (0.5 mm) Ethosomes Methotrexate Enhanced transdermal flux of drug and decreased 

lag time  

Dubey et al., 

2007 

Abdomen, 

plastic surgery 

Frozen FT SLNs-in-gel Diclofenac 

sodium 

Higher drug permeation through the skin  Gaur et al., 2013 

ND, cadaver Frozen FT Polymeric NPs Glucosamine Improved transdermal permeation, shorter lag time 

and higher flux  

Marimuthu et al., 

2013 

Abdomen, 

plastic surgery 

ND 

 

D (0.4 mm) Nanoemulsion, 

SLNs, liposomes 

Retinyl 

palmitate 

Higher skin retention of liposomal rethinyl 

palmitate compared to nanoemulsion and SLN 

Clares et al., 

2014 

Thigh, arms, 

abdomen of a 

single donor, 

cadaver  

Frozen D Lipid-based NPs Melatonin,  

ß-estradiol, 

caffeine,  

α-MSH, 

spantide 

Cy5 based nanoparticles increased the permeation 

of all drugs  

Marepally et al., 

2013 

Thigh, post-

operatively 

ND 

 

FT, TS, MSE Microemulsions Deuterated 

ceramide 

Enhanced permeability into and across SC Sahle et al., 2014 
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Thorax, cadaver 

 

Frozen FT, TS Hydrogel,  

O/W emulsion,  

oily solution 

Linalol, 

terpinen-4-ol 

Skin penetration of both terpens in the order: 

emulsion < oily solution < hydrogel; slower 

elimination from hydrogel 

Cal, 2006 

Abdomen, ND 

(female) 

ND  Epidermis Nanostructured 

lipid carriers 

Artemether Controlled release or the drug over an extended 

period of time 

Nnamani et al., 

2014 

Brest, plastic 

surgery (single 

donor) 

Frozen  FT Deformable-, 

conventional-

liposomes, 

ethosomes 

Celecoxib Penetration into the skin in the order: aqueous 

solution < conventional liposomes < deformable 

liposomes < ethosomes 

Bragagni et al., 

2012 

Cy5, 1,1-Di-((Z)-octadec-9-en-1-yl)pyrrolidin-1-ium iodide; D, dermatomed skin (split-thickness skin); ND, no data; FT, full-thickness skin; HSE, heat-

separated epidermis; MSE-mechanical separation of epidermis; MSH, melanocyte-stimulating hormones; NPs, nanoparticles; O/W, oil-in-water emulsion; SC, 

stratum corneum; SLNs, solid lipid nanoparticles; TS, tape stripping 

In all experiments the subcutaneous fat was removed after the skin excision. 

 



Table 5. Advantages and limitations of different skin models used for optimization of 

topical formulation  

Skin model Advantages Limitations 

Silicone model 

membranes 

Reproducible  

Low cost 

Storage 

Non-lipid based 

Low resemblance to SC 

Non-biological origin 

PAMPA Reproducible 

Prolonged storage capabilities 

Low cost 

 

Synthetic lipids/non-lipid based 

Lipid organization not characterized/ Low 

resemblance to SC 

Non-biological origin 

PVPA Reproducible  

Lipid composition easily modified 

Relatively low cost 

Storage 

Lipid organization not characterized 

Non-biological origin 

SCS Mimicking SC lipid organization 

Steady state flux similar to human SC  

Reproducible  

Lipid composition easily modified 

Relatively low cost 

Not used in formulation optimization yet 

Non-biological origin 

Reconstructed 

human skin 

equivalents 

Consistence in permeability in 

comparison to human skin 

More permeable than human skin 

Questionable barrier function 

High cost 

Pig ear Easily obtained (waste from 

slaughter) 

Similarity with human skin  

Age of animal influences skin thickness 

Removal of hairs (skin damage)  

Storage  

Newborn pig  Thickness of the SC is similar to 

human horny layer 

Higher number of hairs than in humans 

Different anatomical sites: abdomen, back 

Difference in the skin thickness; newborn 

and older animals 

Storage  

Mouse Small size, uncomplicated handling 

Hairless species available 

Ethical permission  

Very thin skin, highly permeable 

High density of hair follicles 

Removal of hairs (skin damage) 

Rat Small size, uncomplicated handling 

Hairless species available 

Ethical permission  

Thin skin, more permeable than human 

High density of hair follicles 

Removal of hairs (skin damage) 

Guinea pig Similar permeability to human and 

pig ear skin  

Hairless species available 

Ethical permission  

High density of hair follicles 

Removal of (skin damage) 

Rabbit  Ears as waste from slaughter 

Similar permeability to guinea pig 

Ethical permission  

High density of hair follicles 

Removal of hairs (skin damage) 

Shed snake Single animal provides repeated 

sheds 

Multiple samples from one shed 

Storage at room temperature 

Absence of hair follicles 

Differences in skin metabolism, compared 

to human skin 

Absence of living epidermis and dermis 

Bovine udders Easily obtained (waste from 

slaughter) 

One donor enables testing of only one 

sample (BUS) 
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BUS-comparable to living skin 

Multiple samples from one animal 

 

Weaker barrier to some drugs than pig skin  

Storage 

Human  The most relevant model Ethical permission 

Higher inter- and intra-variability than with 

porcine ear skin 

Different sources: age, sex, race, plastic 

surgery, amputation, cadaver  

Different anatomical parts: abdomen, tight, 

breast, back, etc. 

Storage  

BUS, perfused bovine udder skin; PAMPA, parallel artificial membrane permeability assay; PVPA, 

phospholipid vesicle-based permeation assay; SC, stratum corneum; SCS, stratum corneum substitute 


