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Abstract
 
The skin is the absorption site for drug substances intended to treat loco-regional diseases, although its barrier properties 
limit the permeation of drug molecules. The growing knowledge of the skin structure and its physiology have supported 
the design of innovative nanosystems (e.g., liposomal systems) to improving the absorption of poorly skin-permeable 
drugs. However, despite the dozens of clinical trials started, few topically applied liposomal systems have been authorized 
both in the EU and the US. Indeed, the intrinsic complexity of the topically applied liposomal system, the higher 
production costs, the lack of standardized methods and the more stringent guidelines for assessing their benefit/risk 
balance can be seen as causes of such inefficient translation. The present work aimed to provide an overview of the 
physicochemical and biopharmaceutical characterization methods that can be applied to topical liposomal systems 
intended to be marketed as medicinal products, and the current regulatory provisions. The discussion highlights how such 
methodologies can be relevant for defining the critical quality attributes of the final product, and they can be usefully 
applied based on the phase of the life cycle of a liposomal product: to guide the formulation studies in the early stages of 
development, to rationally design pre-clinical and clinical trials, to support the pharmaceutical quality control system and 
to sustain post-marketing variations. The provided information can help defining harmonized quality standards able to 
overcome the case-by-case approach currently applied by regulatory agencies in assessing the benefit/risk of the topically 
applied liposomal systems.  
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Introduction
 
The administration of drugs on the skin is as attractive as challenging. Although this route of administration allows the 
treatment of both local and systemic pathologies, the skin evolved to be an excellent barrier against xenobiotics. In 
particular, the outermost layer of the skin, namely the stratum corneum, a multi-layered wall-like structure in which flat 
keratinized corneocytes are embedded in a lipophilic network, is difficultly crossed by exogenous molecules, thus limiting 
this route of administration to very few compounds with defined physicochemical properties. Thus, several skin 
penetration enhancement strategies have been investigated over the last decades. Besides the long-standing approach 
based on the use of chemical skin penetration enhancers, ionic liquids and physical methods for the perturbation of stratum 
corneum barrier [1], the use of nanotechnologies, alone or in combination with physical methods have been investigated 
[2-4], and the number of publications is increasing exponentially.  
The rationale behind the application of nanocarriers on the skin is the exploitation of the intercellular spaces 
physiologically present in the stratum corneum due to the incomplete overlapping of the corneocytes. This would ideally 
open the gap for nanocarrier penetration through the outer layer of the skin and further portioning of the cargo in the 
deeper layers. Nevertheless, this mechanism is not possible for many nanocarriers (such as polymeric nanoparticles that 
distribute mainly in the hair follicles) and questioned for others, such as lipid vesicles, for which the mechanism of 
penetration is not completely understood, and contradictory results are available in the literature. This could be mainly 
attributed to the variety of models used in the skin penetration experiments and by the experimental conditions. As an 
example, quantum dots (QD) were found in the liver of hairless mice after their application on the intact skin, suggesting 
that these nanoparticles could be absorbed after transdermal administration. However, when similar studies were carried 
out using rats as animal models, QD were able to reach dermis (in extent depending on their morphology and surface 
characteristics) [5,6]. Similarly, QD were found to penetrate the porcine epidermis [7] and reach the stratum granulosum 
as in the case of fullerenes [8] but remained confined on the stratum corneum surface when applied on the human skin 
[9].  
Besides the mechanism of penetration, many nanocarriers effectively improve the delivery of drugs in the skin, even if in 
some cases this is due mainly to increased solubility of the drug in the vehicle or to a better ability of the formulation to 
interact with SC lipids. Nanotechnologies tested on the skin move from the well-known nano and microemulsion [10] to 
the use of surfactant [1] or polymeric micelles [11], nanocrystals [12], solid lipid, metallic [13], polymeric nanoparticles, 
nanohydrogels [14], and all the family of lipid vesicles derived from liposomes [15]. Among those, the last class is, 
without doubt, the most studied. 
Conventional liposomes were the first lipid vesicles tested for (trans)dermal delivery based on the similarity of the 
vesicles  composition and stratum corneum. The first evidence that conventional liposomes could be used in topical 
delivery of drugs dates to the work of Mezei and Gulasekharam who highlighted the penetration of entire multilamellar 
vesicles in the epidermis and dermis, which led to an increased deposition of triamcinolone acetonide with respect to 
conventional dosage forms [16,17]. These results were attributed later to an experimental artefact [18] but opened the 
route for intensive research that culminated in the design of liposomes to be used specifically on the skin. These next 
generations of vesicles were developed basing on the evidence that conventional liposomes would never cross the stratum 
corneum as intact vesicles, disintegrating or fusing on the skin surface. On the one hand, if this behaviour leads to the 
exchanging of lipid components with stratum corneum, thus favouring anyway the partitioning of the drug in this layer, 
on the other hand, it hinders the access of the drug to the deeper layers of the skin, especially in the case of a hydrophobic 
compound with poor affinity for the more hydrophilic epidermal layer. Then, liposomes composed of lipids with a 
very low transition temperature, that do not contain stabilizing agents (such as cholesterol) and containing instead 
destabilizing agents such as single-chain surfactants and/or ethanol have been developed. These vesicles, being more 
fluid, can more easily penetrate the stratum corneum barrier. In particular, they can act as drug carriers for improving the 
retention into the skin and the underlying tissues (e.g., transfersome®) or enhancing the permeation through them (e.g., 
ethosomes) [19]. Several works have been carried out demonstrating the advantage of using these vesicles for improving 
the skin penetration of products with different physicochemical properties but, despite the great research effort, very few 
products are nowadays available on the market. Indeed, despite the dozens of clinical trials registered in dedicated US 
and EU sites (clinicaltrial.gov and clinicaltrialregister.eu), few medicinal products containing lipid vesicles (e.g., 
Pevaryl® Lipogel, Maxilene® cream, Lipoxysan®, Supra-vir® cream) have been authorized as topically applied 
medicinal products. This can be due not only to the higher production costs but also to the more stringent and partially 
uncoded regulatory requirements related to the quality and safety evaluation of the final drug product, compared to 
conventional formulations. A nanomedicine product can be mainly designed to satisfy novel clinical requirements as well 
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as to improve the efficacy of existing treatment, or patient compliance and adherence. In all the cases, from a regulatory 
point of view, the following aspects should be considered especially when the final goal is the treatment of a loco-regional 
pathology. First, the classical regulatory pathways for obtaining the marketing authorization cannot be applied to 
nanomedicines and their copies due to their intrinsic high complexity [20]. Secondly, their technological peculiarities led 
the regulatory authorities to consider them as non-biological complex drugs and to put in place specific and more stringent 
guidelines for assessing their benefit/risk balance [21]. Finally, when major post-marketing variations are required, the 
complexity of the formulation and the topical application limit the adoption of bioequivalence studies to assess the clinical 
equivalence of two products, requiring more expensive clinical trials [22].  
The development includes a more detailed characterization of the quality profile of such nanosystem (e.g., including 
quality and purity profiles of lipids and other critical excipients). 
In this work, we provide an overview of the physicochemical and in vitro biopharmaceutical characterization methods 
that can be applied to topical liposomal systems intended to be marketed as medicinal products, and the current regulatory 
provisions. Indeed, the critical quality attributes that must be defined during the pharmaceutical development depend on 
the general requirements of cutaneous dosage forms recently introduced by the main regulatory agencies, and the specific 
regulations related to nanotechnologies. 
 

Regulatory framework 
 
Despite the great interest in developing nanotechnologies  and particularly liposomal formulations  to improve the 
bioavailability of a drug administered through the skin, no specific guidelines have been issued by the FDA and EMA for 
topical application, yet. However, the current regulatory framework concerning nanomedicine products, even if it is 
mainly focused on parenteral dosage forms, should be taken into consideration to identify and investigate the most critical 
quality attributes of the formulation from a physical, chemical, and microbiological standpoint during the pharmaceutical 
development. Indeed, forced by the increased interest for biomedical applications of nanotechnology products and the 
difference in the biopharmaceutic pattern between nanosystems and bulk materials, the US and European regulatory 
framework has been updated to push manufacturers to perform more accurate pre-authorization studies for assessing the 
quality, safety and efficacy profile of a new nanomedicine product [21]. Both general and liposomal-specific guidelines 
and reflection papers have been released. For topically applied liposomal products, additional provisions can be obtained 
from the FDA draft guidance on nanomaterials contained in drug products [23], and the EMA guideline on coated 
nanomedicines [24]. Furthermore, other useful information can also be retrieved from the reflection paper released by the 
EMA to support manufacturers in the development of copies of intravenous liposomal products [25] or the FDA draft 
guidance on liposomes [26]. The requirements reported in the guidelines for the liposomal formulation and applicable 
also to topically applied ones are summarized in Table 1. Both agencies require a full and detailed characterization of the 
liposomal systems and their functionality-related excipients. In particular, the formulative studies should investigate in-
depth all parameters that can influence the physicochemical quality of liposomes and their stability in both vehicles and 
physiological environments. The assessment of the quality of lipids used in the formulation has been particularly stressed 
since small changes in their spatial organization or purity have a huge impact on the technological and biopharmaceutical 
performances of the liposomal systems. When the liposomal surface was coated by a ligand, the nanosystem complexity 
is increased and, therefore, additional information should be provided (Table 1). In this light, a full characterization of 
coating materials and the surface to which the coating adheres should be performed to assess their impact on the 

[24]. The extent of the required studies varies based on the ligand type: the higher the ligand 
complexity (e.g., small molecules, peptides, proteins, antibodies), the larger the additional data the developers have to 
provide.  
For the pharmaceutical development of new nanomedicine products, the research on in vitro biorelevant tests is still 
crucial due to the lack of sensitive analytical methodologies, validated experimental protocols, and clear in vitro/in vivo 
correlations. Such criticisms are particularly relevant in the design of topical nanomedicine systems, considering also the 
additional information required by a regulatory agency to assess their benefit/risk balance. For example, the FDA requires 
developers to perform an in-depth investigation on the hair follicle penetration of the topical nanomedicine products, and 
on how the permeation profile of nanosystems and drugs is influenced by the skin conditions (e.g., intact, damaged, 
diseased) [23]. In this context, permeation kinetics studies (discussed in the last section of this work) can be useful to 
overcome the lack of knowledge on the skin permeation of nanosystems and to rationalize the design of both non-clinical 
and clinical studies. Indeed, they have been already accepted by regulatory agencies as a surrogate for testing the topical 
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absorption of small molecules [27,28]. For example, the EMA draft guideline on the quality and equivalence of topical 
products [27] opens the possibility, for complex formulations, to perform permeation kinetics (e.g., in vitro permeation 
studies) not only in the pharmaceutical development but also as supportive studies in the assessment of the therapeutic 
improvement/equivalence of the topical nanomedicine product with respect to conventional formulations applied on the 
skin. Similarly, such in vitro studies can provide helpful preliminary results to support the Comparison Clinical 
Pharmacology Studies required by the FDA when non-liposomal products are available on the market [28]. 
Based on such premises, the available information on the main techniques employed for the physicochemical 
characterization of vesicles, and the models to assess skin penetration are discussed in the following sections. The 
relevance of data provided by such methodologies for assessing the quality, efficacy and safety of the nanomedicine 
products is summarized in Table 2. 
 

Physico-chemical characterization of liposomes 
 
Based on their intrinsic features of the formulation and the absorption route, the topically applied liposomal products are 
classifiable as non-biological complex drugs [20]. As other complex formulations, small changes in the critical quality 
attributes (CQA) can have a substantial impact on the performance of in vivo and, therefore, an in-depth evaluation should 
be mandatory for driving the pharmaceutical development based on the target product profile (TPP) of the finished product 
[22]. Thus, as above mentioned, deep characterization of chemical features of excipients and their possible interactions 
with the drug is required for quality purposes in the definition of formulation space which can be rationalized with the 
help of Quality-by-Design (QbD) [29,30]. 
In the following sections, the most common physicochemical methodologies used for the characterization of topical 
liposomal formulations are discussed in the framework of this review. Of note, the techniques herein reported could be 
suitable also for the characterization of lipid nanoparticles (LNPs), the novel type of vesicles used to stabilize the mRNA 
in Covid-19 vaccines, and that might be explored as a tool for nucleic acid delivery to the skin [31,32]. 

 
 
Dynamic light scattering (DLS) 
 
The mean size, size distribution and polydispersity of nanomaterials are critical quality attributes for their preclinical 
characterization [33] since they directly influence the biodistribution and, more specifically, skin interaction. To date, 
dynamic light scattering (DLS) is, from a regulatory point of view, the technique of choice for size determinations despite 
its low resolution, mainly because of its reasonable cost and ease of use [33,34]. 
In DLS experiments, it is assumed that the nanomaterial is spherical. For the tests, a stable, monochromatic laser enters a 
cuvette made of disposable plastic or glass, containing a homogeneous and transparent suspension of the nanomaterial 
sample with no precipitate. Suspended nanomaterials move with Brownian motions and thus the laser light entering the 
cuvette undergoes a scattering that depends on the size of the suspended particles. The scattering, in turn, causes 
fluctuations of incident light fluctuations over time [35]
determine the autocorrelation function which, for ideal monodisperse samples, is expressed by the following equation 
[36]: 
 

          (1) 
 
In equation (1), b is a characteristic constant of the specific DLS apparatus, Dt is the translational diffusion coefficient 
and q is a scattering vector accounting for the specific DLS system, expressed by: 
 

            (2) 

 
where RI is the refractive index of the suspending medium, 0 is the laser wavelength in the vacuum and q is the scattering 
angle. DLS instruments such as Malvern Zetasizer® plot the Raw Correlation Function (RCF) as a function of the delay 
time ( ): 
 

RCF = G( )  1            (3) 
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The experimental fluctuations are autocorrelated and fit to an autocorrelation function using Dt as an adjustable parameter. 
The obtained Dt value is then used to calculate the hydrodynamic radius (RH) of the nanomaterial via the Stokes-Einstein 
equation: 
 

            (4) 

 
Here, kB T the absolute temperature and h the viscosity of the suspending medium.  
The reported equations show that DLS outcomes are primarily determined by the viscosity of the suspending medium, by 
the features of the specific apparatus and by the refractive index of the sample [37-39]. 
It must also be specified that, in equation (4), RH is an equivalent size corresponding to the radius of the rigid sphere able 
to diffuse with the same speed of the sample [40]. However, nanomaterials in suspension are often solvated and, 
consequently, DLS can provide results that are only indicative of actual nanomaterial size.  
All in all, the core components of DLS instruments are the laser, the sample, and a light detector. Modern DLS instruments 
are oftentimes equipped with detectors placed at an angle of 173° to catch possible backscattering, thereby helping detect 
the signals produced by the population of smaller particles [41]. 
In general, it can be asserted that DLS is fast and inexpensive, albeit with a low resolution, and is still considered a 
technique of choice in the pre-screening phase of nanomaterial production. Actually, the DLS technique used in "batch" 
mode has severe limitations. For instance, the intensity of the scattering depends on the sixth power of the radius. 
Consequently, a small number of large particles can mask larger populations of smaller particles, thereby resulting in 
misleading results for polydispersed samples since it is impossible to discriminate between populations of particles with 
similar diameters [33,34] or to distinguish between small aggregates and larger particles [42]. 
Lately, new DLS instruments combine different and innovative technologies based on light scattering and allow full 
characterization of liposomes and colloidal dispersion systems. Specifically, Zeta sizer instruments, such as Nanosizer 
Ultra (Malvern Instrument, UK), measure particle size in a wide concentration range (up to 40% w/v), with the possibility 
to select or create an ad hoc analysis method based on each sample. Indeed, by employing the built-in ZS explore software, 
the operator can select within a wide database of possible particles samples, each characterized by a different value of the 
refractive index (RI) and absorption (for liposomes, RI is 1.45 and absorption is 4.276). Likewise, it is also possible to 
select the values of the same parameters for the dispersant (e.g., in the case of water at 25°C, RI is 1.33 and viscosity is 
0.8872 poise at 25 °C for water). With this instrument, a multi-angle dynamic light scattering analysis (MADLS) is also 
possible. Thus, in a MADLS single analysis three different angles (back, side, forward) can be used to obtain a unique 
dimensional distribution curve (https://www.malvernpanalytical.com/en).  
 

Deformability Index 
 
In the field of dermal/transdermal administration, the flexibility of liposomes is a crucial parameter to define their 
penetration [43,44]. Liposome flexibility is associated with a high deformation ability, which is generally promoted if the 
mixture of lipids that constitutes the vesicles has a low phase transition temperature. The flexibility of liposomes is 
important because it is associated with the ability to promote skin accumulation and permeation of actives [45-47]. Indeed, 
it has been reported that highly flexible liposomes can squeeze through skin pores, and the amount of squeezing is 
correlated to the propension of vesicle bilayers to undergo deformation [48]. More in detail, the knowledge of liposome 
deformability can help predict the ability of liposomes to permeate through/deposit into the layers of the skin [19,49].  
Liposome deformability can be quantified by the extrusion method, which consists of forcing the liposomes through a 
porous polycarbonate membrane of known pore size, in the order of tens or hundreds of nm, under a known pressure in 
the order of MPa [50,51]. 
The basic principle is that conventional liposomes, having a stiff bilayer, when forced through the membrane undergo 
fragmentation occluding the tiny pores of the membrane whereas flexible liposomes, being deformable, pass through the 
membrane maintaining their morphology [52]. In such a pressure-governed process, the flux (i.e., the amount of 
suspension extruded in a fixed time lap) is proportional to the relative vesicle/pore radii ratio and then, the deformation 
index (DI) can be calculated with the following equation:  
 

           (5) 
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where J is the fraction of liposomes recovered after the extrusion process; d0 and d1 are the mean liposome diameters 
before and after extrusion, while p is the pore size of the membrane. 
Using similar experimental conditions, other authors proposed a simpler approach consisting of the expression of 
deformability as the reduction of vesicle diameters after extrusion [53]. Furthermore, the extrusion through a pore can be 
performed under a constant rate condition with the possibility to evaluate the force required to deform or break the 
liposomes [54].  
Alternatively, to such extrusion-based methods, other approaches have been proposed based on the use of ESR [55] or 
AFM techniques [56]. In particular, AFM measurement allows a real-time analysis of a curve force measured during the 
indentation of the probe on the liposome bilayer which can be 
strictly related to the deformability of the nanostructure [56]. 
The DI has been correlated to the skin crossing ability of liposomes [57]. Moreover, for a fixed lipid composition, the 
inclusion of actives into the liposome bilayer can affect the deformability index and, consequently, the active molecule 
accumulation into the skin. Recently, we showed that DPPC liposomes loaded with high amounts of CURC (15% w/w) 
possess a high DI (77 vs 17-27 for lower CURC loadings). Consequently, the intercalation of CURC in liposome bilayer 
is associated with a less ordered structure and to vesicle ability to undergo deformation. This, in turn, results in the 
accumulation of CURC within deeper layers of the skin [57].  
From a regulatory point of view, the DI may be considered as a critical quality attribute of topically applied liposomal 
formulations. Due to the availability of reliable tests in the literature, its determination may be considered a useful strategy 
to waive the more expensive studies on animal models. Indeed, the DI determination can be used both to guide the 
pharmaceutical development in the selection of the best formulation and to assess batch-to-batch comparisons in the 
management of post-marketing variations. Even if the validation of this type of experiment may appear critical due to the 
complexity of the applied methodology [56], such tests are ideally feasible to be also eventually applied routinely in the 
quality control of topical liposomal systems. 
 

Infrared spectroscopy 
 
Infrared (IR) spectroscopy is a long-established analytical technique used for the characterization of a wide array of 
nanosystems and materials [58]. Infrared radiation refers to that part of the electromagnetic spectrum which lies between 
the visible and microwave regions and can be divided into three different regions; the near (NIR-13.000  4.000 cm-1), 
mid (MIR- 4.000  200 cm-1), and the far infrared (FIR 200  10 cm-1) named after their relation to the visible spectrum. 
From a general point of view, IR is vibrational spectroscopy that involves interactions between electromagnetic radiation 
and the material; this technique provides information about molecular structure and molecular interaction between 
different structures, through each functional group. Practically speaking, when an organic molecule is invested by an 
infrared frequency ranging between 500 cm  and 4,000 cm , the transferred energy is converted into vibrational energy 
[59]. A single molecule can vibrate by bending vibration, due to the variation of the bond angle with a common atom, or 
to a movement of a group of atoms with respect to the remaining portion of the molecule that remains fixed one with 
respect to the other. The deformation can also be symmetrical or asymmetrical and can occur along the plane on which 
the bond angle lies (scissoring or rocking motion) or outside that plane (wagging e twisting motion). On the other hand, 
a stretching vibration is due to the rhythmic stretching along the bond axis with a resulting modification of the interatomic 
distance. Thus, this vibration produces an oscillating electric field allowing the exchange of energy with electromagnetic 
waves. As described in more detailed by Centrone [59], sample features, analysed by IR, can be described in terms of a 
refractive index (N) expressed by the following equation: 
 

           (6) 

ly. 
The use of IR and Fourier transform infrared spectroscopy (FTIR), has attracted increasing interest to deeply characterize 
nanoscale systems of different nature, chemical composition, and morphology [58]. 
of the sample under examination and is able to show, for example, protein interaction with nanoparticle surface [60]. In 
the case of lipid nanovectors such as liposomes, FTIR can be used to grasp information about lipid composition, 
interactions between components (i.e., the presence of cholesterol in the bilayer) and their influence on drug encapsulation 
and stability [58]. Recently, FTIR spectroscopy analyses have been carried out to understand the influence of cholesterol 
in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) 
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liposomes bilayers and/or the influence of liposome preparation methods i.e., microfluidics and hydration methods on the 
molecular arrangement [61]. The analysis of IR spectra showed that the presence of cholesterol at the highest 
concentration leads to stronger interactions with lipid components (revealed by the presence of weaker peaks) especially 
in DMPC liposomes, while the preparation technique did not alter liposomes characteristics [61]. FTIR spectroscopy was 
also used to investigate the interaction between skin components and liposome formulations designed for topical or 
transdermal delivery of actives compounds [62]. A research study showed that the topical application of transfersomes 
encapsulating meloxicam, a nonsteroidal anti-inflammatory drug (NSAID) used in pain management, altered the stratum 
corneum and increased its flexibility suggesting a more effective transdermal delivery compared to classic liposomes. In 
actual fact, the spectrum of the skin treated with the transferosome formulation was characterized in a shift of C H (CH2) 
asymmetric stretching peak to higher frequencies compared to the untreated skin [62]. Skin permeation studies confirmed 
that transfersomes provide a greater meloxicam skin permeation as a consequence of the disruption of the outer layer of 
the skin [62].  
In addition to FTIR technique, attenuated total reflection (ATR)-FTIR spectroscopy is also used for liposomes 
characterization. This technique allows a higher penetrating depth of the waves in the sample (up to 5 mm) and reduces 
the issues related to sample preparation and reproducibility compared to IR [63]. In a recent study, we have developed 
and characterized different lipid nanocarriers to enhance the accumulation of vitamin K1 on the skin; thus, we investigated 
the possible effects of these formulations on the arrangement of the major constituents of the stratum corneum (i.e., the 
intercellular lipids and keratins), after topical application [19]. The analysis of the ATR-FTIR spectrum, of CHx (2988  
2828 cm ) stretching and scissoring (1480 1440 cm ) regions showed the lack of significant modification in the lipid 
organization suggesting there was not an alteration of the orthorhombic conformation of lipids after the administration of 
lipid vesicles [19]. Moreover, the determination of a significant decrease of the ratio between the maximum intensity of 

asymCH2 symCH2 (H2920/2850) values, related to the amount of lipid in the stratum corneum, suggested 
an enrichment of the lipidic components of the stratum corneum and the formation of a more ordered structure [19]. These 
results corroborated hypothesis of the penetration of intact vesicles within the stratum corneum, which enrich the lipidic 
skin components and increase the order of the structure. Finally, the deconvolution of amide I showed the presence of 

-helices and 
-turns structures (1660-1650 cm  and 1668-1682 cm , respectively), confirming that the exposure of skin samples to 

all the tested formulations did not alter the distribution of the secondary structures of stratum corneum proteins [19]. Thus, 
deep characterization of the formulations can help the assessment of the quality of the designed systems in the 
pharmaceutical development step. Moreover, providing deep knowledge of the possible interactions occurring among 
formulation components and stratum corneum, the FTIR data can result helpful in the management of post-marketing 
variations. 

 
Differential scanning calorimetry (DSC) 
 
Differential scanning calorimetry (DSC) is a thermo-analytical technique used to detect the thermal events of a wide array 
of materials, such as polymers, drugs, and biological samples. DSC outcomes are useful to complement infrared and 
Raman spectroscopic data. DSC experiments are performed by imposing a pre-programmed temperature program on the 
samples, for example by utilizing isothermal or dynamic conditions. Two capsules, generally made of aluminium, are 
placed in a DSC apparatus; one contains the sample under examination and another, often empty, is used as a reference. 
During the test, the difference between the heat flows emitted/absorbed by the sample and the reference capsule 
undergoing the same thermal history is measured. The obtained differential heat flow allows to calculate (at constant 
pressure) the heat capacity of a material, expressed as cal/C or J/C. This amount, normalized for the mass of the specimen, 
allows to obtain the specific heat capacity Cp at constant pressure, which is expressed as cal/(g C) or cal/(mol C), as 
shown hereafter: 
 

           (7) 

 
where m is the mass of the sample, q the heat evolved during the test, T the temperature and p the pressure. 
Correspondingly, the specific heat of a given thermal transition, expressed as J/g, is given by: 
 

           (8) 
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Unless otherwise needed, DSC tests are carried out under an inert atmosphere to avoid possible unwanted reactions with 
oxygen, for instance.  
DSC is also used to study the thermal transitions of phospholipids, as such or arranged as bilayers and liposomes [64]. 
Bilayers exhibit a broad polymorphism, which is mainly related to the gel to liquid crystalline phase transition, and this 
thermotropic behaviour is associated with an endothermic event [65]. Actually, the study of thermal transitions of 

 the transition process is of great importance not only to 
characterize the thermotropic predilection of liposomes but also to rationally design lipid drug carriers based on their 
thermal behaviour [65]. 
After a temperature increase, liposome bilayers transition from the ordered gel state to the disordered fluid lamella. This 
is associated with a promoted mobility between the hydrocarbon chains of phospholipids due to a decrease in the inter-
chain van der Waals interactions. This, in turn, relates to a general decrease in the stability of the system [66]. The gel-
to-liquid crystalline transition of pure phospholipids appears as a sharp endothermic peak, due to favourable van der 
Waals interactions of lipid acyl chain resulting in high cooperativeness of the molecules [65]. The enthalpy associated 
with this transition, expressed as J/mol or J/g of phospholipid, is quickly obtained from peak area in a DSC thermogram. 
Among the phospholipids used to produce liposomes, dipalmitoylphosphatidylcholine (DPPC) is one of the most often 
characterized by DSC due to the sharp, well defined endothermic peak associated with the phase transition around 40°C.  
The understanding of the interactions occurring between active pharmaceutical ingredient (API) and liposome membrane 
plays a paramount biological role since APIs can reach the target site after membrane crossing. In a recent study [67], the 
interplay between levothyroxine (3,5,3',5'-tetraiodothyronine; L-T4), a L synthetic thyroid hormone, and DPPC have been 
studied by FTIR and DSC. The outcomes of the thermoanalytical experiments shed light on how L-T4 structurally affects 
DPPC membranes. Indeed, DSC results indicated that increasing amounts of L-T4 caused a decrease in temperature and 
enthalpy of transition along with an apparent endothermic peak broadening. This hints at a drop of the cooperativity 
among lipid segments in DPPC due to L-T4 intercalation within DPPC lipid domains [68-71], therefore disturbing the 
hydrophobic interactions of lipids [72]. This in turn suggests a probable change of DPPC bilayer packing because of an 
increased membrane disorder induced by L-T4 intercalation, probably in interfacial and hydrophobic domains of the 
bilayer [73]. Similar results were also obtained in a recent paper [66] where DSC outcomes indicated that tocopherol 
loading in DPPC liposomes was associated with a loss of membrane order and an increase in membrane deformability.  
In this same direction, we have recently produced DPPC liposomes loaded with different amounts of curcumin (CURC). 
This molecule, which is strongly lipophilic, significantly interferes with the packing of the acyl chains of the DPPC. This 
leads to an increase in the fluidity and deformability index of the liposomes, and in turn this leads to a promoted deposition 
in the epidermis [57]. It must be emphasized that, in this work, thermal transitions in liposomes were detected directly in 
aqueous suspension, using the same volume of pure water as a reference. This strategy is useful since it allows to find out 
thermal features of liposomes in the conditions of use. On the other hand, the thermal properties of only a handful of 
phospholipids can be detected, since the temperature range in this case is necessarily limited (approximately from 10 to 
80°C). From a regulatory point of view, the relevance of data generated on a liposomal system that differs in composition 
with respect to the formulation under development/marketed may present some concerns. However, DSC data can provide 
information essential to drive some formulation choices and, therefore, they should be considered as important supportive 
data in pharmaceutical development. 
 

Assessment of percutaneous permeation and biological effect 
 
Depending on the pathology to be treated, topically applied active agents might be intended for local action within the 
skin or systemic absorption. The target site might also be an anatomical district below the skin (e.g., muscles or joints). 
In such a case, the drug would need to cross all the skin layers, being available for systemic absorption, and ideally 
showing higher retention in the target area due to the proximity of the administration site. In all these cases, assessing the 
skin permeation of drug molecules (and nanocarriers) is a crucial step in the development of an effective formulation.  
As human studies would only be performed in the final steps of development of a new topical (nano)formulation, several 
in vitro, ex vivo and in vivo models have been proposed to analyse the percutaneous absorption of drugs. A fundamental 
question stands before the vast number of skin models developed by companies and researchers: what is the correlation 
with human studies? Answering this question would pave the way to standardized test protocols accepted by regulatory 
authorities, thus reducing the time and cost of the development of new topical nanomedicines. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



10 
 

In the next sections, we will provide an overview of the skin models employed for the assessment of nanocarrier 
permeation in the skin, organizing them as in vivo, in vitro, cell-based and synthetic membranes.
These assays should be designed and combined not only for defining the quality attributes of the drug products but also 
to verify the fate of the formulation upon topical application. The biodistribution of the active agent, as well as of the 
other components should be elucidated, in analogy with current regulatory guidelines related to parenteral nanomedicines. 
Currently, most of the research efforts are directed towards the determination of the active molecule(s) within and beneath 
the skin, while little emphasis is put on the local/systemic quantification of the other formulation components. As an 
example, the feasibility to quantify cationic lipids such as DOTAP was reported [56]. However, in most of formulations 
reported in the literature, the phospholipids used in topical liposomes are similar or identical to the skin lipids. This poses 
a technical limitation to the analysis of their permeation, for which either the use of labelled lipids or advanced techniques 
such as secondary ions mass spectrometry (SIMS) bioimaging are required [74,75]. The simultaneous tracking of the 
active ingredient and the other components would allow gaining information on the mechanisms of dermal permeation. 
Moreover, including such analysis in the development process would better demonstrate the safety of the designed nano-
system. 
 

In vivo models 
 
Despite the significant advancements of in vitro models in the framework of 3R research (Replacement, Reduction and 
Refinement), the tests performed on laboratory animals are still mandatory to assess the pharmacokinetics, 
pharmacodynamics and toxicology of novel pharmaceutical products (including nanomedicines) before proceeding with 
clinical studies [76]. In the case of topically applied products, the differences between human and animal skin should be 
taken into consideration when analysing the results of a skin permeation study in vivo. A wide number of species have 
been used to test drug permeability in vivo, including mice, rats, guinea pigs and pigs [77]. However, the lipid composition 
(free fatty acids, ceramides, triglycerides) and organization, as well as the thickness of the stratum corneum and epidermis 
vary greatly between species, causing differences in the barrier properties and sub-optimal correlation between animal 
and human studies [78]. In addition to the species-specific skin properties, inter and intra-individual variability arising 
from differences in age, sex and anatomical site should be considered when planning in vivo (and in vitro) experiments 
[79]. 
Among the laboratory animals, pigs have a skin structure and barrier properties that best reproduce the human skin 
[80,81]. However, due to maintenance costs and ethical concerns, the use of pigs and minipigs is more frequent in vitro 
than in vivo [82]. Rodents, which are the most employed mammals in biomedical research, are widely used also in the 
field of topical pharmaceutical products testing, for their ease of handling and relatively low cost. However, the skin of 
mice and rats is characterized by a significantly higher density of hair follicles compared to human skin, so hairless strains 
are more relevant [83]. On the other hand, studies on normally haired rodents can provide useful information on the 
penetration pattern through hair follicles, which is required not only for developing medicinal products but also to 
demonstrate the safety of other healthcare products, even if the amount of permeated drug is overestimated [84,85]. Thus, 
the biological effect of a topically applied drug in rodents might not be replicated in humans due to the lower permeated 
dose. However, preclinical data can provide information on the biodistribution of the absorbed free/loaded drug fractions 
[21]. 
In the case of topically applied liposomal formulations, the use of ex vivo models employing viable human skin is being 
developed to fill the gap between in vivo results obtained by animal models and possible behaviour after administration 
in man. To maintain the viability of the excised tissue, human skin might be perfused and oxygenated using a peristaltic 
pump and tubing connected to a cannulated artery [86]. Despite the higher complexity of the system, defined as isolated 
perfused human skin flap (IPHSF), the last decade witnessed an increase in its use, also for testing lipid-based 
nanosystems [87]. The knowledge on the fate of the drug carried by nanocarrier in these models can help the design of 
the clinical trials mitigating the risk of their failure either in terms of efficacy or safety. 
 

In vitro skin permeation studies 
 
Biopharmaceutical performances and efficiency of both topical and (trans)dermal drug delivery systems are generally 
demonstrated by in vitro skin penetration studies, usually performed using a diffusion cell with donor and receiver 
compartments separated by a membrane.  
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According to EU Guidelines on quality of topically applied formulations [27,88] the in vitro skin permeation experiments, 
which permit a quantitative determination of the amount of the penetrated drug after cutaneous administration, are not 
only useful in the definition of the formulation space and related CQA but also should support the design of clinical trials 
in which the output is mainly based on clinical evaluations. As an example, the in vitro experiments can provide an 
estimation of the variability of the permeation pattern of a drug [89], which can be modified by a liposomal formulation 
and therefore it will result useful for definition of the potency (number of volunteers to be recruited) of the clinical trial. 
Human skin is clearly the most relevant membrane model, and in vitro permeation studies across human epidermis or 
dermatomed human skin -either excised from surgical reduction or from a cadaver- are considered the gold standard to 
evaluate a topical drug delivery system [90]. However, the use of human skin is affected not only by ethical and regulatory 
obstacles but also by limitations related to the physiological variances between samples from both different donors and 
different anatomical districts of the same subject [91]. For these reasons, researchers have investigated the use of skin 
from other animals, and a large amount of experimental data was generated in the attempt of predicting human 
percutaneous absorption.  
Currently, the in vitro topical delivery through lipid vesicles should be studied on human skin or pig skin, as prescribed 
by the FDA and EMA guidelines for other consolidated formulations.  
Besides the different skin sources, the choice of an appropriate in vitro model can be affected by several factors which 
include the preparation technique and its storage conditions as well as the experimental setup. In this context, the most 
common skin preparation methods include full-thickness skin or split-thickness skin (dermatomed to about 0.5 mm) as 
specified by the Organization for Economic Cooperation and Development (OECD) guidelines. In addition, heat 
separated epidermis and trypsin-isolated stratum corneum have been largely used in percutaneous absorption studies 
[92,93]. It should be also mentioned that human and pig skin can often be used after frozen storage, differently from 
rodent skin that is usually used fresh [94]. In the case of the use of frozen skin, the acceptable storage period has to be 
established using 
membrane. The control is usually based on the measurement of physical properties such as electric resistance or trans-
epidermal water loss (TEWL), eventually coupled with histological analysis [95]. 
Regarding the experimental design, most of the transdermal penetration and permeation studies are carried out by using 
a vertical Franz-diffusion cell apparatus, which is reproducible and remarkably simple to operate [96]. It consists of a top 
chamber (donor compartment) where the tested formulation is applied, and a bottom chamber (receptor compartment) 
filled with an appropriate fluid, that should be selected to mimic the physiological environment and to provide adequate 
drug solubility. The skin membrane is placed between the two compartments, so that the stratum corneum is facing the 
donor compartment. The drug permeation rate through the skin is obtained by measuring the amount of drug recovered 
into the receptor compartment over time by means of an appropriate analytical method. Conversely, the drug penetration 
into the skin layers is detected by extraction after stratum corneum tape-stripping and, possibly, epidermis and dermis 
separation.  
In the field of liposomal dermal and transdermal drug delivery, skin from human or animal sources have been also largely 
used in vitro with diffusion cells [97]. Various vesicular formulations have been tested on human skin as carriers for 
different drugs, mostly using Franz diffusion cells and/or tape stripping procedures [98-101].  
As discussed in the previous section, a wide range of animal species is used for permeation studies, with pig being one of 
the most attractive due to the skin physiological similarities with humans [94]. As a cheap and readily available source of 
skin specimens, pig skin from slaughterhouse waste has been selected by several research groups as an alternative model 
to human skin for testing liposomal formulation. Importantly, using such a supply channel has an added ethical value. 
These models are especially useful for tape stripping experiments, where the drug penetration into the uppermost skin 
layers is investigated [102]. Skin from pig ear could be a suitable model to assess the distribution of liposome-loaded 
drugs within the skin or across the skin. As an example among many, Rukavina et al demonstrated that liposomal 
encapsulation of azithromycin allowed its accumulation in the skin, limiting the transdermal penetration and potentially 
reducing the systemic exposure [103]. In the last decades, deformable vesicles, such as transfersomes and ethosomes, 
have been reported to improve the penetration of several drugs through the skin of pig and rabbit ears [49,104-106]. 
Indeed, pig stratum corneum is the most similar to human stratum corneum in terms of lipid composition, but it presents 
a marked difference in terms of thickness. Since the stratum corneum is considerably thinner in younger pigs than adult 
pigs, newborn pig skin has been tested as a more human-relevant alternative than adult pig skin [81]. In 2005, the use of 
newborn pig skin was also pioneered for testing the percutaneous absorption of liposomes loaded with tretinoin [107]. 
Since then, several investigations on classical liposomes and innovative vesicles have been carried out with skin excised 
from newborn pigs which died for natural causes [108-111]. Besides the consolidated use of human and pig skins, also 
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the pinna rabbit skin could be considered a valid alternative. Indeed, it shares with the pig skin the lack of ethical issues 
since it can be retrieved in a slaughterhouse and has been used for the characterization of several nanocarriers including 
lipid vesicles [49,106,112-116]. Furthermore, the rabbit is widely used as in vivo model to assess the safety of topical 
formulations (skin irritation test, EN ISO 10993-10:2002). 
 

Cell-based models 
 
Cell-based skin models are stratified cell cultures composed of one or more skin cell types, with or without an extracellular 
support material [117]. Skin cells are cultured in vitro in specific conditions to promote growth in a way that mimics the 
histological organization and the barrier function of the skin [118]. Originally, the production of skin substitutes from 
cultured cells was investigated in the context of tissue engineering, with the main aim of providing artificial tissue for 
transplantation to patients having large areas of the skin damaged by burns or injuries. More recently, the use of cell-
based skin models (also referred to as human skin equivalents, HSE) for drug and chemical testing has gained importance, 
mostly due to the need of reducing the use of animal models in biomedical research. Due to the presence of live and 
metabolically active cells, these models are ideal to assess skin irritation, corrosion, phototoxicity, and -with some 
limitations that will be discussed- transdermal permeability. Importantly, reconstructed human epidermis (RHE) systems 
have been validated and included in the OECD guidelines for testing skin irritation (test n°439), corrosion (test n°431) 
and phototoxicity (test n°438) (https://www.oecd.org/). In this light, cell-based skin models find application as supportive 
studies in the preclinical part of the authorization dossier for the toxicological assessment of both formulation and its 
components. Indeed, especially when exogenous lipids are included in the liposomal formulation, the use of cell-based 
skin models can be useful to enlarge the available information on their toxicological pattern to provide a better 
interpretation of the results of preclinical studies. 
The main cell types required to reproduce the two viable layers of the skin, epidermis, and dermis, are keratinocytes and 
fibroblasts, respectively. While fibroblasts are easier to cultivate and expand in vitro, keratinocytes are characterized by 
a slower proliferation rate and require particular conditions. One of the first methods developed to promote keratinocytes 
growth, consisted in seeding them on a feeder layer of gamma ray-irradiated mouse fibroblasts [119]. Such treatment 
blocks the proliferation of fibroblasts, which would still be able to provide keratinocytes with growth factors and signals 
to stimulate proliferation. After this first report in 1975, almost 50 years of research led to the modern methods of artificial 
skin engineering that use human cells, avoid components of animal origin (such as bovine serum), employ an optimal 
balance of salts and growth factors, can include other cell types (such as melanocytes and immune cells), can be supported 
by chemical substrates (such as fibronectin and collagen) alternatively to the fibroblast layer and are cultured at the air-
liquid interface to promote the differentiation of keratinocytes and formation of defined epidermal sublayers [120].  
The number and complexity of HSE that are commercially available or built in-house by research groups are growing. 
Their development is usually paired with the analysis of histology, lipid composition and/or the assessment of the barrier 
function by tracking the permeation of model compounds, or by trans-epithelial electrical resistance (TEER) and/or 
TEWL measurements [118]. In most cases, the histological analysis of commercially available HSE reveals an epidermis 
with clearly defined sublayers (stratum basale, stratum spinosum, stratum granulosum and stratum corneum). 
Conversely, the lipid composition is altered in HSE compared to human skin, with increased fractions of unsaturated free 
fatty acids and ceramides, altered ceramides composition and uneven distribution of lipid species [121,122]. Such 
differences in lipid composition, together with the absence of appendages and other structures, are thought to be 
responsible for the impaired barrier function compared to excised human or animal skin. Indeed, several comparative 
studies have shown a generally higher permeation of drug molecules across in vitro cell-based models as compared to in 
vitro skin models [123,124]. 
To date, the use of cell-based in vitro models to test the skin permeation of topical liposomes has been limited. In one of 
the earliest reports, Kuntsche and colleagues observed a higher permeability of different lipid nanoparticles across a rat 
epidermal keratinocytes organotypic culture, compared to the excised human epidermis [125]. In another work, the skin 
permeation of acyclovir and chloramphenicol liposomes and solutions were assessed using a commercial RHE or a 
synthetic membrane [126]. Of note, the RHE experiment only showed minimal differences in permeation when the drugs 
were administered as solutions vs liposomes, while the synthetic membrane was able to detect a significant difference 
between the formulations. Cell-based in vitro models have also been used to assess the permeation of nanoparticles of 
different nature. For instance, a detailed description of the method for the analysis of gold nanoparticles permeation 
through a full-thickness human cell-based skin model was published [127]. More recently, Pinto et al employed an RHE 
model to assess the permeation of nanostructured lipid carriers (NLC) loaded with retinyl palmitate and tocopherol, two 
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ingredients commonly used in cosmetic products [128]. While not providing a direct comparison, the authors state that 
the RHE might have a weak barrier function, as the permeation of tocopherol was significantly higher than in previous 
studies, where native human skin was employed.  
Overall, the use of HSE for the evaluation of nanocarrier permeation is not yet fully validated, and the use of skin in vitro 
and synthetic membranes remains prevalent. Some experts also suggest that the use of HSE for drug permeation studies 
cannot be recommended [118]. However, the implementation of HSE could provide precious information regarding the 
interaction of liposomes with live cells organized in a tissue. In these systems, the role of specific transporters or 
membrane proteins in nanoparticles transport could be analysed by silencing or overexpressing such genes. Moreover, 
HSE models -being composed of live cells- are ideal to evaluate the toxicological profile of liposomes and their cargo in 
terms of phototoxicity, irritation and corrosion (according to the OECD guidelines cited previously) as well as their 
pharmacological activity on skin cells. For instance, the photoprotection of a liposome-based product was assessed on 
RHE by analysing the sunburn cells formation and the expression of proinflammatory genes upon UV irradiation [129]. 
Similarly, an HSE was employed to demonstrate that liposomes loaded with antioxidants could reduce the cell damage 
triggered by a mustard gas analogue. When developing a topical 5-fluorouracil liposomal formulation for the treatment 
of basal cell carcinoma, Cadinoiu et al determined its irritation potential on normal cells using a commercial RHE [130]. 
Expanding the discussion to nanoparticles of different nature: the silencing efficacy of siRNAs conjugated to gold 
nanoparticles was assessed (together with their permeation) using a commercial RHE [131]. A reconstructed skin model 
composed of human keratinocytes supported by a fibroblasts layer embedded in a collagen matrix was used to assess the 
phototoxicity of quercetin loaded NLC [132]. The genetic toxicity of silica nanoparticles could be determined on RHE 
by adapting the micronucleus assay [133]. Moreover, RHE could be used to determine the effect of a nanoparticle 
treatment on the skin barrier function, measuring the distribution of an impermeable dye before and after the application 
[134]. 
In conclusion, despite the great advances in the last decades, it is our opinion that in vitro cell-based models are not yet 
mature to be used as the sole tool to test the skin penetration of liposomes and, more in general, of nanoparticles. As 
discussed in the previous sections, their use could provide important information on the mechanism of diffusion across 
strata of live cells, but such data should be complemented by the results from transdermal penetration studies using skin 
explants of humans or pig origin. On the other hand, HSE are an exceptional instrument to assess the pharmacological 
and toxicological effect of novel topical nanomedicines, providing more significant information compared to 2D cell 
cultures.  
 

In vitro membrane permeation studies 
 
Ex-vivo and in vitro skin permeation models have some disadvantages, such as the low storage stability of skin specimens 
and high intra- and inter-individual skin variations (different thickness and hair density). For these reasons, over the last 
three decades, several attempts have been made to develop in vitro models based on artificial mimetic membranes that 
could represent a reproducible alternative to study the physicochemical mechanisms of drug permeation through the skin. 
Also, permeation studies across synthetic membranes could support the design of the liposomal formulation, especially 
if a relationship between the permeation flux through the artificial membrane and in vivo/ex vivo/in vitro skin penetration 
is demonstrated. Furthermore, although the use of synthetic membranes is not sufficient for estimating the 
biopharmaceutical performances of a topical formulation, they can be usefully applied for quality purposes. Indeed, they 
can be used to assess the drug release as recently established by EU Guideline on quality of semisolid preparations [27] 
and issued in USP (monograph <1724> Semisolid drug products  performance tests). They are also particularly relevant 
for comparing the bath-to-batch equivalence and/or for managing post-marketing variations. 
The most studied artificial membrane can be classified in non-lipid-based models and lipid-based models. 
 

Non-Lipid based models 
 
Single-layer silicone membrane and microporous membranes, based on pure cellulose acetate, cellulose and polysulfone 
have been tested as suitable substitutes to determine the permeability of drugs through different biological membranes 
[135-137].  
However, while these artificial membranes could be used to predict the permeability of lipophilic compounds through 
biological barriers, they demonstrated a very low correlation when hydrophilic compounds are tested [138]. 
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For this reason, more sophisticated artificial membranes have been developed. Strat-M® is a multi-layer synthetic 
membrane engineered to mimic human skin. It is composed of a thin top layer containing a proprietary blend of synthetic 
lipids (e.g., ceramides, cholesterol, fatty acids) that resemble the lipid composition of the human stratum corneum. Two 
lower polyether sulfone porous layers on top of a polyolefin non-woven layer, create a morphology similar to the 
epidermis and dermis. In the last five years, an increasing number of studies recommended this artificial membrane in the 
evaluation of topical nanoformulations.  
Touti et al. used Strat-M® and Raman microscopy for assessing skin penetration of multi-lamellar liposomes prepared 
from soybean lipids and Tween 80 (and eventually DOTAP or DPPG) [139]. They found that Strat-M® penetration is a 
complex mechanism depending on the mean diameter, zeta potential and flexibility of multi-lamellar liposomes. Most 
importantly, a correlation between Strat-M® and dog excised skin was established. 
Strat-M® was also used to estimate the transdermal delivery of tocotrienol loaded in ethosomes [140]. The cumulative 
amount of tocotrienol permeated across this artificial membrane (132.38 ± 10.84 µg cm-2) was significantly higher than 
those obtained using heat-separated human epidermis (1.73 ± 0.29 µg cm-2) or full-thickness human skin (1.03 ± 0.24 µg 
cm-2). This difference is ascribed to the presence of overlapping and tightly bound corneocytes in the skin, a feature that 
is not mimicked by the synthetic membrane. Interestingly, also the difference observed between the two biological 
membranes is significant, suggesting that the hydrophilic dermal layer represents a barrier for the diffusion of ethosomes.  
Recently, cationic liposomes have been prepared using pyrrolidinium surfactants containing a hydroxyethyl fragment in 
the head group [141]. Transdermal delivery of liposomal ketoprofen has been tested in vitro using Strat-M® and Wistar 
rat skin, respectively. In both experiments, modified liposomes improved ketoprofen transdermal diffusion compared to 
conventional phosphatidylcholine liposomes. However, a higher amount of drug diffused through the rat skin, compared 
to the Strat-M® membranes. Therefore, while both systems could be employed to compare the permeation of different 
formulations, absolute values of permeated drug and flux might vary significantly.  
 

Lipid-based model membranes 
 
The Parallel Artificial Membrane Permeability Assay (PAMPA) was initially designed to predict the passive 
gastrointestinal absorption of drugs [142], and it was then modified to assessing drug permeability across other biological 
barriers, including the skin [143].  
In original PAMPAs, a hydrophobic filter coated with a lipid mixture (phosphatidylcholines) separates a donor 
compartment containing the drug formulation and an acceptor filled with buffer solution. This resultant PAMPA sandwich 
is incubated (with or without stirring) at a controlled temperature for a given time to allow the permeation, and the drug 
amount in the acceptor is determined by a microplate reader. Skin-PAMPA models were developed by adding synthetic 
ceramides, cholesterol, and stearic acid in the filter coating, as chemical compounds simulating the stratum corneum 
[144]. 
Casamonti et al. used Skin-PAMPA to evaluate the skin permeability of resveratrol loaded liposomes and Nanostructured 
Lipid Carriers. Skin-PAMPA revealed an increase in the skin permeability of resveratrol when loaded into liposomes 
[145].  
The same artificial model membrane was employed to evaluate the permeability of berberine chloride loaded into escin-
based liposomes. However, permeation data obtained using rabbit ear skin indicated a poor correlation with that obtained 
using Skin-PAMPA [114]. 
For their artificial nature, the synthetic membranes here described are highly homogenous in terms of thickness and 
composition. This provides higher reproducibility and consistency of permeation studies results compared to in vitro skin 
experiments. Moreover, numerous products are available in convenient 96-well formats suitable for high-throughput 
screening of many nanocarriers, representing an ideal tool for the initial formulation stages. On the other hand, synthetic 
membranes have seldom demonstrated a strong correlation with in vitro or in vivo permeability data, being more suitable 
for comparative studies between formulations. In addition to the structural differences with biological skin, the lack of 
some processes like metabolism, distribution, and excretion further reduces the correlation with the in vivo conditions.  
In conclusion, synthetic membranes are ideal for high throughput screening of new nano-formulations in the initial phase 
of development. Cell-based in vitro models could provide useful information on the interaction of liposomes (and 
nanocarriers in general) with live cells organized in a 3D tissue. In vitro skin models are undoubtedly the most employed 
system to assess the permeation of liposomes-loaded drugs. For this reason and an easier access to the technology, in vitro 
skin permeation experiments are increasingly taken into consideration by regulatory agencies for the evaluation of new 
pharmaceutical products. In vivo experiments in rats allow to study of some features that are only present in a living being, 
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such as the drug clearance by dermal microcirculation, but data should be critically analysed in light of the important 
differences between human and animal skin. Lastly, the pathological alterations of the skin barrier should be considered 
when testing a (nano)formulation intended to be applied on damaged areas, and appropriate in vitro or in vivo models of 
the disease should be employed. 
 

Conclusion 
 
Despite the literature supports the application of topically applied liposomal systems -and more broadly of nanosystems- 
to improve the therapeutic performance of some active ingredients after topical applications, few liposomal-based 
products (e.g., a conventional liposome intended for the localization in the stratum corneum of econazole) reached the 
European market. Due to the higher developing/manufacturing costs, the rationale of a nanomedicine product strongly 
depends on the demonstration of its clinical superiority versus the therapeutic alternatives available on the market. In our 
opinion, a topical nanomedicine product should be superior in efficacy to other topical products and/or in safety than 
systemic medicinal products authorized for the same therapeutic indication. In this light, topical nanomedicine products 
should follow full or hybrid applications to obtain marketing authorization. The extent of preclinical and clinical data and, 
consequently, the pre-authorization investment that the applicant has to provide is linked to the availability of reliable 
methods to assess and characterize the liposomal systems in vitro. The lack of robust in vitro studies to be used in place 
of clinical studies can be one of the causes of the difficulties for topical nanomedicines in reaching the market. Both in 
the case of first-in-man products and copies, the lack of well-established in vitro/in vivo correlations for topically-applied 
nanosystems, together with the challenge of characterizing them, affects the assessment of their technological and 
biopharmaceutical properties.  
It is noteworthy that the development and application of physicochemical characterization methods and skin permeation 
models can be very useful during the whole life cycle of a liposomal product. First, in the pre-marketing phases, for the 
assessment of drug product quality profile and the design of clinical studies. Secondly, once the product is authorized, to 
evaluate the impact of post-marketing variations and to support the pharmaceutical quality control system. Currently, the 
benefit/risk assessment of the product remains linked to case-by-case criteria that limit information sharing, the 
determination of 
to be therapeutic alternatives. In this context, a first step towards the harmonization of quality standards may be the 
application of regulatory provisions released for parenteral liposomal systems also to topically applied ones.  
In conclusion, the non-consolidated regulatory framework on topically applied nanomedicine is strictly related to the poor 
number of requests for marketing authorization and vice versa. Thus, further studies dedicated to both penetration 
mechanisms and definition of the quality product profile are required to favour the development of such products.  
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Table 1  Additional Quality critical attributes that can potentially impact on the pharmaceutical development of a 
liposomal formulation to be applied on the skin.
 

Final drug product 

Chemical Quality  
 Complete description and characterization of liposomal formulation including the 

quality and the purity of lipids and other non-lipid components of the vesicle 
 Lipid content expressed as mg/ml for liquid preparations of powder for 

reconstruction, or as w/w for semisolids Complete description of other non-
liposomal components 

 Total drug substance content.  
 Encapsulated/free fractions of the drug substance. 
 Distribution of drug substance within liposome (e.g., surface, bilayer, interior, etc.). 
 Liposome phase transition temperature. 
 Drug leakage from a nanomaterial carrier. 
 Degradation products of lipids and drug substance. 
 Stability of drug, lipids, and other critical excipients in the finished product. 

When applicable: 

 Complete characterization of coating materials and the surface to which the coating 
adheres. 

 Additional information (e.g., conformational state, protein consistency) are required 
for complex ligands (e.g., protein or antibody). 

Physical Quality 
 Structure and morphology of liposomes, and the lipidic bilayer.  
 Particle size distribution and net charge (zeta potential) of the liposomes. 
 Drug product viscosity. 
 In vitro drug release of drug from liposomes. 
 Liposome integrity changes in response to changes in factors such as salt 

concentration, pH, temperature, or addition of other excipients. 
 Stability of liposomal systems during storage and in-use conditions, including their 

integrity, drug leakages. 

When applicable: 

 Coating stability during storage and in use. 
 Premature detachment and release of coated ligands and/or their degradation. 

Manufacturing 
process 

 Identification of the key steps and suitable controls of the manufacturing process. 
 Drug/lipidic moiety ratio at relevant manufacturing steps to be within an acceptable 

range to ensure consistent formulation performance 
 The residual solvent used in the manufacturing process.  
 Process and mechanism of liposomal drug loading, the removal of the free drug via 

purification, if required, should be described in detail. 
 For sterile products, product-specific purification and sterilization methods should 

demonstrate the ability of microbial sterilizing filters to function correctly, without 
compromising the integrity and structure of liposomes. 

When applicable: 

 Detailed description of linkage chemistry. 
 Complete validation of coating steps, including detailed analyses of the chemistry 

beyond. 

 
 



Table 2  Application of physicochemical characterization methodologies, and skin penetration models for assessing the 
quality, efficacy and safety of the nanomedicine products.
 

Characterization 

Quality (Module 3) 
Preclinical  

(Module 4) 
Clinical 

(Module 5) Pharmaceutical 
development 

Quality 
controls 

Post-marketing 
variations 

Dynamic light scattering (DLS) X X X   

Deformability Index X  X   

Infrared spectroscopy X  X   

Differential scanning calorimetry 
(DSC) 

X     

In vivo models    X  

Ex vivo models X  X X X (1) 

Cell-based models    X  

In vitro skin permeation studies X  X  X (1) 

In vitro membrane permeation studies X X X   

(1) Performed for supporting and/or rationalizing the design of clinical trials  
 
 
 
 


