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ABSTRACT

Cutaneous permeation assays are crucial to attest the performance or bioequivalence of
topical or transdermal products. Although the official guidelines (e.g., FDA/EMA) play
a key role in harmonizing the experimental design, alternative methods are often
proposed by the scientific community, which makes it difficult to compare results from
different studies. In this review, permeation assays with testosterone (TST) were
selected to show this high variability in drug transport rate. The main sources of

variation discussed were tissue thickness, animal model, donor and receptor fluid
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constitution, type of solubilizing agent used in aqueous fluids, drug concentration,
degree of supersaturation, skin lipid content, number of experimental times and the
physical-chemical stability of the molecule in test fluids. This variation becomes even
more critical for molecules that present biopharmaceutical limitations such as TST. In
addition, the skin presents specific receptors for this hormone due to its physiological
action in this region of the body, which makes the evaluation of the TST transport rate
in this tissue even more challenging. The impact of each experimental parameter
mentioned above on the flux or permeation coefficient of TST is discussed in detail in

the review. Assays used to evaluate tissue integrity are also presented.

Keywords: permeation studies; Franz-type diffusion chamber; skin integrity evaluation;

testosterone.



1. INTRODUCTION

Many topically administrated therapeutic agents present a limited or suboptimal efficacy
due to low penetration into the skin. Solubility and partition coefficient are key aspects
related to drug transport through the skin. Overall, high solubility results in high drug
concentration in the donor phase (or region of application of the formulation),
improving the permeation flux. The drug partitioning from the donor phase into skin
layers, in turn, represents the rate-limiting step for drug flux when these molecules are
characterized by a poor aqueous solubility taking into account the lipid constitution of
biological membranes (Ceschel et al., 2005).

Steroidal hormones, for example, are characterized by a low aqueous solubility
(Norman and Litwack, 1997), requiring the investigation of technological/formulation
approaches aiming to increase the free drug concentration in the donor phase. Drug
complexation (e.g. association with cyclodextrins), incorporation in vesicular or
particulate systems (e.g. micro- and nanoparticles) and supersaturated systems have
been often considered for this purpose (Ceschel et al., 2005).

On the other hand, the low aqueous solubility of hormones allows a drug
partitioning from the donor phase into skin layers. Due to the high value of log P, these
compounds bind so strongly to the tissues, particularly the more superficial layers
(SC and viable epidermis), resulting in a reservoir effect and low transport rate to the
dermis (Magnusson et al., 2006). This event is particularly noticed for TST after
application of low concentrations of this agent on the skin (Schlupp et al., 2014).

In addition to the slow tissue diffusion because the high affinity by lipids and high
molar mass, the skin presents receptors for these compounds due to the physiological
action they play in that region of the body. The TST interacts directly with androgen

receptors (ARs), which have been localized in most epidermis keratinocytes. In the



dermis, ARs were found in approximately 10% of fibroblasts. AR expression was also
found in both basal cells and sebocytes of sebaceous glands whereas it was restricted to
dermal papilla cell in hair follicles (Pelletier and Ren, 2004). A modest reduction in
epidermal thickness is also observed in TST replacement therapies (Kao et al., 2001).

In view of this high affinity of sex hormones by skin tissues, the inclusion of chemical
absorption enhancer combinations able of providing membrane fluidification or lipid
extraction is often recommended during the development of novel formulations. These
compounds may interact with both lipid and polar domains (Magnusson et al., 2006)
and thus chemical absorption enhancers of both polarities should be considered.

The evaluation of percutaneous permeation of molecules is a key step when new dermal
or transdermal delivery systems are purposed and different in silico, ex vivo and in vivo
models may be considered. Although in vivo human assays represent the gold standard,
ethical, practical, or economic reasons have limited its use. Alternatively, tissues from
different animal models, particularly pig ear skin, have been selected in many
permeation studies. These tissues are easier to obtain compared to human tissues,
however, high experimental variability may be found. Barrier properties may also vary
from human skin depending the selected animal model (Abd et al., 2016).

In addition to the inherent variability of the special animal considered, the tissue
thickness and preparation method, composition of the receptor and donor fluid can also
represent sources of experimental variation. All these aspects will be discussed detailly
in this review article, which considered the TST as a drug model. This drug was
selected based on its biopharmaceutical limitations (low solubility and reservoir effect),
the various permeation studies already carried out with this compound and its wide use

in hormone replacement therapies. Although TST therapy has effectively treated



hypogonadism for decades, therapies simpler and more convenient to use, safer and able
to mimic physiological levels are still needed (Kaminetsky and Wynia, 2015).

The main objective of this study is to provide tools so that future permeation assays can
be planned more rationally considering a series of problems that may be found in each
step assay. Once free drug solutions are frequently used as the control during the
evaluation of the performance of new topical formulations in skin permeation studies,
this review focused on the analysis of studies with free TST solutions/suspensions. The
solubility of this molecule in different solvents, the importance of this physicochemical
parameter in the design of permeation studies as well as aspects related to the drug

quantification step are described in detail.

2. SOLUBILITY STUDIES

Prior to the cutaneous permeation assay, a study of the drug's solubility in different
media should be performed. Drug should be soluble in both media used for donor and
receptor phases of diffusion chambers and in solvents used to extract the drug from
tissues or analytical/quantification step. If a drug is not soluble in the receptor phase, for
example, low drug partitioning into this phase with consequent low transdermal flux is
obtained (permeation rate can be underestimated) and solubilizing agents or cosolvents
need to be included in these situations. For this reason, many permeation guidelines
provide information on the need to carry out these assays under “sink conditions”
(OECD, 2004). In other words, the drug concentration should not reach values >10% of
its saturation to assure that concentration in the receptor fluid does not limit the drug

permeation across the tissue (Azarmi, Roa, Lobenberg, 2007).



For ionizable drugs, solubility study at different pH values should be carefully
performed. The ionized-non-ionized drug fraction changes with pH, which impacts not
only on solubility but also on the affinity by the biological tissues.

In general, the thermodynamic solubility is evaluated via a long duration incubation
(24-72 h) starting with solid materials, which is known as shake-flask method (Zhou et
al., 2007). After adding an excess of solid material in given amount of solvent (above
saturation), the flasks are placed on an orbital shaker with controlled temperature for 18-
72 h (until the system reaches a thermodynamic equilibrium condition). Temperature
close to that used in permeation assays should be preferentially selected. Finally, an
aliquot of this medium is removed and then centrifuged or filtered through a 0.45 mm
membrane for drug quantification.

Ethanol has been one of the most used solvents for the solubilization of drugs. It may
also play a role as a skin penetration enhancer (Williams and Barry, 2012), but
disruption in the SC may be observed depending on used ethanol concentration.
Overall, the permeation assays reported for the TST use high concentrations of ethanol,
or even the solvent pure in the donor receptor (Hewitt et al., 2020). Although
permeation of lipophilic molecules is less affected by ethanol concentration than
hydrophilic molecules (Horita et al., 2012), the establishment of a maximum amount of
solvent is an important criterion for not having overestimated permeation values. The
use of ethanol pure has been suggested to markedly alter skin permeability (Thomas and
Panchagnula, 2003). The solvent evaporation is another concern regarding the use of
ethanol in the donor phase. This fact leads to an increase in the TST concentration with
formation of precipitates, which impairs the entry of the molecules into the SC. Thus,
the evaporation rates depend on ethanol concentration, duration of the assay and

temperature used.



Although the solubility of TST is higher in pure ethanol, its combination with water or
buffer solutions can be considered for skin permeation studies using Franz-type
diffusion cells. Determination of experimental conditions as concentration of TST in the
donor chamber and the temperature used in the assay are relevant for the selection of
hydroethanolic solution. An increase in ethanol concentration from 20 to 50%, for
example, increases the TST solubility in approximately 31-fold. When this parameter is
changed from 50 to 70 %, in the same conditions of temperature (37 °C) and agitation

time (48 h), the hormone solubility increases about 6 times (Table 1).

Propylene glycol has also been used in various percutaneous permeation studies with
TST. The hormone solubility in PBS/propylene glycol (1:1) is approximately 24-fold
higher than in pure PBS (Table 1). PG can also act as a chemical permeation enhancer.
This agent permeates through human SC and can change the thermodynamic activity of
drugs (Williams and Barry, 2012). Carrer et al., (2020) investigated its effect on the
transport of molecules with different physicochemical properties. Interestingly, the
permeation enhancing effect of PG was more pronounced for hydrophilic compounds.
Protein denaturation (solvation the a-keratin structures of the cells) is the most probable
mechanism of action, which can contribute to the barrier disruption and fluidization of

intercellular lipids or intracellular expansion (Haq and Michniak-Kohn, 2018).

[Table 1]

3. RECEPTOR PHASE SELECTION

The diffusion cell apparatus has been widely used for percutaneous permeation studies
of drugs and it may be categorized into static or flow-through cells. In both classes,
formulations are applied to the surface of a membrane, which is sandwiched between a

donor and a receiver compartment of the diffusion cell (Moser et al., 2001). In static



diffusion cells, samples are collected and the same volume of fresh perfusate is added at
each time point (Bronaugh and Stewart, 1985). In these systems, the membrane, donor
and receiver chambers may be placed either “vertically” as in the popular Franz
diffusion cell or “horizontally” (Zsiko et al., 2019). In flow-through diffusion cells, a
pump continuously supplies the receiver compartment with perfusate, simulating the
blood flow from the dermis (Bronaugh and Stewart, 1985). When more physiologically
relevant assessments of percutaneous permeation for lipophilic compounds are needed,

flow-through diffusion cells should be prioritized (Clowes et al., 1994).

In static diffusion cells (most used in skin permeation studies), the volume of diffusion
cell receiver chamber should be selected to guarantee detectable concentrations of the
permeant in the receiver medium. In this context, the receptor phase should present a
reduced volume for the evaluation of drugs with low permeation rate as TST. Likewise,
the smaller the amount of TST added in the donor phase, the smaller volumes of
receiver medium are recommended. The system agitation should be enough to obtain a
homogenous distribution of the permeant and temperature equilibrium in this medium.
The composition of receiver phase should ensure that “sink conditions” may be
achieved and barrier properties of biological tissues are preserved (Cilurzo et al., 2018;
Ng et al., 2010). In an acceptable sink condition, the maximum concentration of drug in
the receptor fluid in the permeation assay should not exceed 10% of its maximum
solubility (EMA, 2012). It is calculated by the relationship between Cgs and Cp (“Cs” is
the saturated solubility of the compound in the medium whereas “Cp” represents the
concentration of compound in the bulk medium).

Isotonic saline or buffered isotonic saline (pH=7.4) are often used for highly soluble
drugs to mimic the physiological environment; however, solubilizer agents need to be

included when poorly water-soluble drugs are considered (Finnin et al., 2012). Azone®



and N-methyl-2-pyrrolidone, for example, increased the hormone solubility from 0.02
mg/mL (in water) to 92.29 mg/mL and 518.89 mg/mL, respectively (Table 1). Although
the solubilization of TST by these agents allows sink conditions to be achieved, the
impact on the skin structure discourages their application (Fang et al., 2003). Thus,
aqueous solutions containing less aggressive agents such as ethanolic solutions, bovine
serum albumin or propylene glycol should be alternatively considered for the
composition of receptor fluid (Table 2). Sodium azide was also added to the receptor
solution in some studies with an experimental time of 24 h (Table 2). This compound
acts as a preservative and is therefore recommended for long-term permeation assays

(Bartosova and Bajgar, 2012).

4. EFFECT OF DRUG CONCENTRATION FROM DONOR PHASE

According to Fick's 1st law (Equation 1), the permeation flux of a drug is proportional
to its concentration in the vehicle (or thermodynamic activity, 4,), occurring in favor of
a concentration gradient. High drug solubilization leads to a high thermodynamic
activity in the donor phase, improving its permeation flux through the SC (Ceschel et

al., 2005).

K.CoD  y,CoD  A,D

J= T Ay (Equation 1)

Where: K, Cy, D, y, and y, represent the partition coefficient, initial concentration in the
formulation, diffusion coefficient, activity coefficient in the formulation and that from

the skin barrier, respectively. L is the tissue thickness (Ishii et al., 2010).

The maximum permeation flux (J,4), in turn, is achieved at the maximum solubility
(Sy) of a solute in the SC (Couto et al., 2014), which also corresponds when solute

solubility in vehicle achieves its saturation condition.



D.S

Jmax = 7 (Equation 2)

In general, the permeation profile of TST through the skin follows a Fickian diffusion
given the absorbed drug fraction or rate in specific period is constant. When the
diffusion of the TST in the skin is analyzed, its transfer rate to the SC is faster whereas a
slower rate from the dermis to the systemic route is showed. As already discussed, this
fact is attributed to reservoir effect of TST in tissue. The greater the interaction or
partitioning of the drug with the tissue, the slower the diffusion rate.

The fluid composition of the donor phase appears to impact on the permeation rate more
significantly than the TST concentration (Table 2). In a study that considered 0.22, 6.31
and 5.14 mM of TST in only PBS, ethanol/PBS and propylene glycol/PBS in the donor
phase of diffusion cells, permeation coefficient (K;) values from equine skin were 6.82,
1.59 and 2.04 x 103 cm/h, respectively (Mills, 2007). Although the donor phase
containing only PBS had a lower drug concentration, it provided a higher K, value.
These findings may be associated with solubility differences of TST in the donor phase,
which affect the supersaturation degree (greater in aqueous solutions). In another study
considering a similar donor phase composition (solubilizer type and ratio as well as TST
concentration) and canine skin as membrane model, donor solutions without solubilizer
agent and with lower TST concentration also provided higher K, values (Mills et al.,
20006). In the same way, in a permeation study carried out with different concentrations
of ethanol in water (20, 40, 50, 60, 70, 80 and 100 %) and TST (0.45, 8.53, 18.52,
38.95, 68.32, 140.01 and 33.04 mg mL1), lower K, values through rat skin were found
for increasing amounts of ethanol and TST (Kim et al., 2001). In these analyzed studies,
the inclusion of propylene glycol seems to be more advantageous than ethanol in

increasing the cutaneous transport of TST.



In permeation studies, authors commonly mention that an increased thermodynamic
activity provided by a state of supersaturation results in higher permeation rate
(Schwarb et al., 1999), however, it is necessary to be careful with this assumption. In a
study comparing the permeation rate of TST from saturated solution and suspensions
presenting different supersaturation degrees (1.4, 2.1 and 2.6), only the suspension with
a supersaturation degree of 1.4 provided a higher flux permeation than control. For the
other conditions, a permeation flux similar to the saturated solution was found because
drug precipitation phenomena would be observed, reducing the free drug amount
available to be absorbed (Leichtnam et al., 2006) Considering these findings, it is
important to consider the inclusion of anti-precipitating agents in tested medium so that
the advantages resulting from the increase in the degree of supersaturation can be
observed. This may also explain why membrane-based systems (e.g., polymeric films or
transdermal patches) can provide higher rates of cutaneous permeation compared to the

solution or other liquid systems in specific situations.

5. IMPACT OF TISSUE PREPARATION ON DRUG PERMEATION

Permeation assays may be performed by using epidermal membranes, dermatomed skin,
or full-thickness skin. The use of epidermis provides a greater correlation with in vivo
situation (in humans). The presence of dermis in dermatomed skin and full thickness
skin acts as an unreal barrier since continuous blood flow occurs within watery dermis
only in in vivo environment. Although the use of the epidermis provides more realistic
information on drug transport (Barbero and Frasch, 2016), the tissue preparation is more
difficult and susceptible to structural damages. Currently available methods to separate
the epidermis from the dermis use heating or chemical treatment (e.g. treatment with

salts, detergents, enzymes) (Abd et al., 2016), which can affect both tissue integrity and



skin metabolic activity. The tissue treatment with trypsin, for example, may lead to a SC
more heterogeneous, contributing to the partitioning of more polar solutes (Magnusson
et al.,, 2006). Another disadvantage is that hair follicles may be damaged during the
tissue separation process, leading to drug leakage (Barbero and Frasch, 2016).

The transappendageal route is preferentially used to transport hydrophilic drug, high
molecular weight compounds and drug delivery systems as nanoparticles (Knorr et al.,
2009); however, Hueber et al. (1992) has also demonstrated its contribution in transport
of TST (via sebaceous glands). In another study performed by the same research team
(Hueber et al., 1994), the absorption of TST from the human normal skin was
approximately 2.4-fold higher than in human scar skin (without skin appendages) at the
end of 8 h. These findings showed the importance of preserving the appendages of the
skin in permeation studies.

Transfollicular drug delivery may be evaluated by comparing different body regions,
use of specific animal models, artificial introduction of hair follicles in skin equivalents
and/or blockage of hair follicles compared to untreated skin (Knor et al., 2009). Porcine
skin is regarded as the most representative animal model to determine the contribution
of the follicular route in drug transport due to the similarity to human skin. In fact,
porcine and human skin present about 20-30 follicles per cm? of skin area, and a hair
density of 11-25 hairs/cm? with a diameter of 58-97 um. Animal models such as rat and
mouse skin exhibit much more follicles, with smaller diameters when compared to
human skin (Lauterbach and Miiller-Goymann, 2015). Follicle-free skin models as
EpidermFT™ (for comparison with human skin presenting follicles) and in vitro models
of human fibroblasts or keratinocytes with hair follicles may represent alternatives to

animal use in these studies (Krugluger et al., 2005; Michel et al., 1999).



“Full-thickness skin” is prepared by removal of connective tissue and subcutaneous fat
and its thickness may be reduced with a dermatome. This procedure reduces
experimental variability (Abd et al., 2016). Although dermatomed and full-thickness
skin present an additional barrier that is not found in vivo, particularly for lipophilic
drugs, the tissue integrity is preserved (Barbero and Frasch, 2016). As a result, the
absorption rate of drugs could be underestimated. The presence of this additional layer
represents a situation analogous to vasoconstriction (Abd et al., 2016).

Interestingly, a study testing only the dermis layer as membrane model and TST was
also performed (Kretsos et al., 2008). The permeation coefficient value found from this
study showed to be higher than other studies performed with full-thickness or
dermatomed skin as well as only with human epidermis (Baert et al., 2012; Guth et al.,
2015; Hewitt et al., 2020; J R Heylings et al., 2018; Kretsos et al., 2008; Netzlaff et al.,
2006; Qvist et al., 2000; Schreiber et al., 2005; Veryser et al., 2015), confirming that
both SC and viable epidermis play key barrier properties.

A significant difference in permeation flux of TST through human dermatomed skin
(most of the dermis removed) and full-thickness skin was observed, with a TST flux of
approximately 10-fold higher in the thinner skin (Wilkinson et al., 2006). Thus,
membrane thickness should be a critical variable for TST permeation across human
skin. The intra- and inter-laboratory study between 10 laboratories found higher flux
rates of TST using skin samples presenting thickness between 300 and 500 um (2.82 to
5.39 ug.cm-2 .h'!') compared to skin samples with thickness between 700 and 900 pm
(0.40 to 0.80 pg.cm-? .h'") (Van de Sandt et al., 2004). This finding is consistent with
the lipophilic nature of TST, which difficult its transport through the dermis. Therefore,
permeation results obtained for lipophilic agents after the transport in full-thickness or

dermatomed tissue preparations should be carefully analyzed (Magnusson et al., 2006).



The use of epidermal membranes, in turn, may overestimate the drug absorption in
humans because of insufficient barrier function. The use of cultured and reconstructed
human skin models (e.g. constructed from keratinocytes) is not recommended for the
determination of dermal penetration as these models have not been validated for dermal
absorption studies and there are reports that their barrier properties are not comparable
with those of ‘natural origin’ skin (SCCS, 2010; WHO, 2006).

The OECD recommends the use of dermatomed skin with a thickness between 200 and
400 pum for harmonization of ex vivo studies with human skin. In these range of
thickness, the membranes tend to have significantly lower levels of residual material
than full-thickness preparations. For permeation assays with TST (Table 1),
dermatomed and full-thickness skin models appears in most of these studies. The use of
membranes with 400 pm of thickness was prevalent among the studies with human
skin, even though, different values of permeated drug and rate flux were showed.
Higher permeability coefficient values (K;) have been reported with the use of only
epidermis compared to dermatomed skin as already mentioned. Correlations can be
established by regarding studies performed in similar experimental conditions (donor
and receptor fluid). Netzlaff et al. (2006) and Schreiber et al. (2005), for instance, found
K, values of 9.4 x 10 and 8.3 x 10 cm.h’!, respectively, with human epidermis
separated by heat. In contrast, lower K, values, 4.5 x 10 and 3.92 x 10 cm.h"!, were
showed by Baert et al. (2012) and Veryser et al. (2015), respectively, using skin
samples with a thickness of 400 um. In fact, the tissue preparation has a significant
effect on the TST permeation. The studies showed an increase of about 2-fold in
permeation rate of the hormone without dermis layer.

The tissue storage conditions also impact on drug permeation. As the skin preparation

step is laborious, the tissue is commonly frozen for a specific period before the use in



the permeation assays. The freezing does not affect the skin barrier integrity and it is a
suitable procedure to measure the passive permeation of drugs (Barbero and Frasch,
2016). One the other hand, it is worth mentioning that frozen tissue is not appropriated
to investigate the metabolic activity of drugs (Fahmy et al., 1993).

In general, the permeation assays with TST were performed using similar storage
conditions. The tissues were frozen at -20 °C in all studies with human skin, which is
according with regulatory agencies guidelines (OECD, EU Scientific Committee on
Consumer Products, US Environmental Protection Agency, International Programme on
Chemical Safety). Tissue preparation for permeation studies was performed prior to
freezing. The human skin storage time, in turn, often ranged from 3 (Baert et al., 2012;
Hewitt et al., 2020) or 6 months (Schreiber et al., 2005; Veryser et al., 2015). A
consensus among regulatory agencies regarding the freezing time of tissues prior the use
has not yet been reached. For example, the International Programme on Chemical
Safety (IPCS) states that human skin can be stored to one year, whereas the US
Environmental Protection Agency (EPA) allows the storage for up to 3 months. The
skin thawing should also be standardized in assays since the use of frozen skin without
hydration provides different permeation rate values when compared to fresh tissue.

Thus, the tissues should be appropriately rehydrated before use (Swarbrick et al., 1982).

6. SELECTION OF ANIMAL MODELS OR MEMBRANE TYPE

Human skin is the preferred membrane model to predict the ex vivo permeation of
compounds. Excised skin is commonly obtained from autopsies (cadaver skin) or plastic
surgery. Overall, the permeation assays of TST were performed with tissues from
abdomen and breast. Several animal models have been alternatively considered to

human skin, including pig, mouse, rat, guinea pig and rabbit skin. Porcine skin has been



widely used given its histological similarity to human skin. It presents a comparable SC
thickness, which varies from 21 to 26 pm, and similar hair-follicle density (20 vs. 14-
32/cm? for porcine ear skin and human forehead skin, respectively) (Jacobi et al., 2007).
Porcine SC lipids are organized as a hexagonal lattice whereas human SC lipids are
arranged in the denser orthorhombic lattice (Caussin et al., 2008).

The easy availability and relatively low cost make the group of rodents (mice, rat, and
guinea pigs) widely used in ex vivo percutaneous permeation studies. Although rat skin
is most structurally similar to human skin among the rodents, rat dermis is thicker than
human and does not present a defined limit between papillary and reticular dermis. In
addition, rats have no subcutaneous fatty tissue or subcutaneous muscle tissue
(McFarlane et al., 1965). In terms of permeability, significant differences between rat
and human skin have been found for various compounds presenting different
physicochemical properties (Abd et al., 2016). Ex vivo permeation studies with saturated
and supersaturated solutions of TST applied in rat skin have been performed (Kim et al.,
1999; Leichtnam et al., 2006). Overall, higher values of flux and permeation coefficient
were found with rat skin compared with human skin (Table 1). Nevertheless, the rat is
also often used for in vivo studies because the extensive pharmacokinetics/
pharmacodynamics data that may be obtained with this species.

Netzlaff et al. (2006) performed ex vivo permeation studies with TST and skin models
from different species. The permeation coefficient values of TST through bovine udder,
human and pig skin were 5.42, 2.31 and 1.29 (x 107) cm.s!, respectively. Differences in
skin composition explain these findings. Human and pig skin are characterized by a
much higher lipid fraction (triglycerides and free fatty acids) than udder skin, which
increase the affinity of TST by the tissue. Although these tissues significantly differ in

relation to the number of follicles per tissue area (6, 30-36 and 207-338 mm.cm™? for



human, pig and bovine udder skin, respectively), this permeation route is not used for
lipophilic molecules such as TST. The epidermal thickness also varied with the animal
species (57-82, 40 and 54-92 um for human, pig and bovine udder skin, respectively),

but this parameter would present a marginal contribution on permeation rate of TST.

TST has been used as lipophilic molecule model in several percutaneous permeation
studies. When the different studies are compared (Table 2), mice, amphibian and equine
skin seem to be more permeable to TST than human or porcine skin (K, values
increased from 10 to 100 times). In fact, amphibian skin, for example, presents only 1-2
cell layers of stratum corneum with no intercellular lipid layers, offering less resistance
to TST transport (Lillywhite, 2006). In the same way, mice also have a stratum corneum
that is thinner than humans (5 vs. 10-20 um) (Wei et al., 2017), which may explain the

greater permeation rate.

As amphibian skin is much more permeable than other vertebrates and more sensitive to
environmental contaminants, this skin model has not only been considered to assess the
absorption of molecules but also as an indicator of the relative health of an ecosystem
(Llewelyn et al., 2019). Kaufmann and Dohmen (2016) performed permeation assays
with TST in the African clawed frog skin (X. laevis, wild type). The permeation
coefficient values ranged from 1.3 to 3.0 x 103 cm.h'!. Regarding the same composition
of donor and receptor fluid, Baert et al. (2012) evaluated the TST permeation across
human skin and found a permeation coefficient of 4.5 x 10* cm.h!. Therefore, the

permeation of TST through amphibian skin was 2.9 to 6.7-fold higher than human skin.

In vitro permeation studies in equines and canines have also been performed (Mills,
2007; Mills et al., 2006) since the skin is an administration route used for the TST in

these animals. The main clinical use of TST in horses aims to increase libido and treat



hypogonadism (Snow, 1993). Its application to improve the performance of animals in
competitions is illegal (Houghton and Maynard, 2010). In dogs, the hormone is
particularly used for treating TST-responsive urinary incontinence and for suppression
of oestrus in racing greyhounds (Blythe et al., 1994; Plumb, 2002).

Synthetic membranes are structurally simpler and demonstrate superior permeation data
reproducibility since in vivo variables as skin age, race, sex and anatomical site are
eliminated. In contrast, they do not exhibit the lipid perturbation effects undergone by
biological samples (Ng et al, 2010). For the TST, all synthetic silicone-based
membranes demonstrated lower barrier properties and thus greater permeation
compared to biological tissues. The fact that synthetic membranes do not have receptors
for TST, and present greater permeability may raise the hypothesis of a probable
relationship between physiological receptors and the reservoir effect observed for this
hormone; however, further investigations should be performed.

Reconstructed skin models are interesting substitutes for human and animal skin
because they overcome the problems of availability of human skin and the ethical issues
of using animals. On the other hand, the OECD has not yet approved the use of these
models for skin absorption assays (only for in vitro skin irritation assays). Therefore,
more studies are needed to validate the models for this purpose. In addition,
reconstructed skin is usually more permeable than human skin. The low barrier property
of reconstructed skin was demonstrated by Schreiber et al. (2005). The authors founded
higher permeation coefficient values for TST using reconstructed epidermis (K,= 176.4
x 105 and 777.6 x 10" cm.h'!) compared to human epidermis (K,= 7.6 x 10 cm.h!)
and porcine skin (K,= 31.7 x 105 cm.h'!). The assays with porcine skin and human
epidermis were performed in 24 h whereas the use of reconstructed skin reduced this

time to 6 h. The short lag time and high flux values are associated with the reduction of



experimental time. For this reason, the reconstructed skin model has been considered
advantageous for routine and screening assays, particularly when several compounds or
topical formulations should be analyzed at the same time.

The efforts to improve the barrier function of these models is constant. Simard et al.
(2019), for instance, evaluated the effect of different lipids on skin barrier properties by
considering a 3D reconstructed skin model. A slower permeation rate of TST was found
after supplementation with alpha-linolenic acid. On the other hand, the supplementation
with linoleic acid did not affect the drug absorption. Thus, a proper composition and
proportion of fatty acids in culture media should be considered to achieve similar barrier

properties to human skin.

7. ASSAY TOTAL DURATION & SAMPLING INTERVALS

Considering that the TST presents a low diffusion rate through different skin layers, it is
rational to consider a long experimental time in permeation studies. Moreover, the more
effective barrier effect of the membrane, the longer the time of experiment required to
obtain the permeation data for a certain compound. In fact, most of the permeation
assays with TST were performed over a time equal or greater than 24 h (Table 2). One
the other hand, a time exposure of 12 h or less was enough for permeation assays
performed with tissues characterized by greater permeation as mice, rat and amphibian
skin. Therefore, the assay total duration depends mainly on the selected membrane
model. The distribution of the sampling intervals should be as homogeneous as possible
and should not consider too many points. Permeation studies with a sampling time at 12
h and the next at 24 h can be found, however, if any operator error occurs during
sampling, all permeation parameters (flux, permeation coefficient and lag time) may be

erroneously calculated. Therefore, a homoscedastic distribution of sampling intervals



should be designed. Overall, the concentration of TST in receptor fluids was evaluated
at time intervals of 0, 1, 2, 4, 8, 12, 16 18, 20, 21 and 24 h in studies with human skin
(Baert et al., 2012; Hewitt et al., 2020; Veryser et al., 2015) Another problem for drugs
as TST is the inclusion of many sampling intervals. For each replacement of the
medium of the receptor phase, the drug is diluted. In these situations, if the
quantification method is not sensitive enough, TST may not be detected. This problem
occurs particularly when various initial sampling intervals are defined (drug is found in

the least amount in the medium in these periods).

8. SKIN INTEGRITY ASSAYS

The evaluation of tissue integrity is strongly recommended for permeation tests
involving long incubation periods, such as those considered for the TST. Permeation
assay itself can provide indications of the impairment of barrier properties. A change in
tissue structure can result in permeability changes (Bennion et al., 2017). If the
permeation rate is modified over the course of the assay or an extremely large amount
of drug permeates through membrane in specific intervals, this fact may indicate a
compromise in the barrier properties and further investigations should be carried out.
OECD, WHO and FDA guidelines recommend the evaluation of skin integrity prior to
the permeation study to identify samples that affect the tissue barrier function. In
addition to a visual inspection of the skin, the OECD proposes the measure of
transepidermal electrical resistance (TEER), transepidermal water loss (TEWL) and
tritiated water. No guidance on how to perform and interpret these integrity tests or then

reference values for each assay is available in official guidelines.



While physical methods evaluating TEER and TEWL are useful for the selection of
tissues for assays (Bartosova and Bajgar, 2012), histological studies allows to identify
the region of tissue most affected (e.g. epidermal desquamation, dermal vacuolization).
TEER represents a simple, rapid, and cost-effective method of cellular barrier integrity.
TEER measurements based on impedance spectroscopy have proven to be more reliable
and provide more information about the cells when compared to the Ohm's law method
(Srinivasan et al., 2015). The measured resistance is dependent on the device, applied
frequency, resulting current, ionic strength of the solution, temperature and surface area
of the tissue (Guth et al., 2015). Skin samples from different animal models may also
affect TEER values. In a study with human, mouse, guinea pig, pig, rat and rabbit skin,
TEER values were >10, 5, 5, 4, 3 and 0.8 kQ, respectively (Davies et al., 2004).
Kaufmann and Dohmen (2016), for instance, used TEER to evaluate the integrity of
fresh excised and frozen amphibian skin. The higher impedance measurements for fresh
skin suggested that the freezing step affected the epidermal integrity. In fact, the ice
crystal formation in the frozen skin can lead to the disruption of epidermal cells,
impairment the tight junctions, and hence impedance decreases. The K, value of TST
through the fresh dorsal skin was lower (1.3 x 10 cm.h™!) than frozen skin (1.9 x 1073
cm.h!). On the other hand, a minor transition between intact and damaged skin can be
found due to the low impedance of amphibian skin and thus methods such as TEWL
would be recommended for analysis of amphibian skin integrity.

TEWL methods measure water vapor flux in the air above the SC, which is an indicator
of water diffusion through SC and its barrier properties. A temperature and moisture
stabilization time around the probe are required before measurements (Neupane et al.,
2020). Another caution refers to the complete removal of moisture on the skin surface

generated from rehydration of the frozen skin samples or TEER measurements given



that the assay objective is to measure exclusively the water loss from the skin sample
(Guth et al., 2015). For human skin, TEWL values ranges from 4 to 10 g/m%*h
depending on the tissue area. When the epidermis is damaged, these values may
increase up to 30-times (Boer et al., 2016).

The transepidermal water flux (TWF), which involves the measurement of tritiated
water (a radioactive form of water), is another assay able to evaluate the skin barrier
function. This test can be carried out before, during or after the permeation assay. When
it is performed only before permeation study, eventual tissue damages caused by
treatments will not be identified. In this same way, limitations may be found when TWF
is performed only at the end of permeation assays. Once the tissue is exposed to infinite
amounts of water or hydration for many hours during the permeation and it is often
washed after its removal of diffusion cells, which may lead to tissue deterioration, TWF
measurements at this stage may reject previously intact tissues (Fabian et al., 2017).
Although these assays detect only changes in the polar transport pathway (Flynn et al.,
1974), Guth et al. (2015) considered them during the evaluation of tissue integrity prior
to permeation studies with TST. The limit to distinguish damaged and intact tissues was
10 gm?2h',4.5x 103 cm h'! and 2 kQ for TEWL, TWF and TEER, respectively.

The inclusion of chemical markers (e.g., mannitol) whose permeation is already well
known have also been considered. In general, two reference compounds presenting
different physicochemical characteristics are selected. The results of these tests should
be carefully analyzed given that the presence of additional compounds in the donor
phase may affect the absorption characteristic of the test compound due to changes in
solubility or saturation levels (Guth et al., 2015).

Absorption chemical enhancers are the main agents responsible for compromising the

skin barrier properties; however, it is important to highlight that the drug itself may also



affect them. For TST, studies have demonstrated that fluctuations in its level modulate
barrier function and that hormone replacement with TST can exert a negative

consequence for permeability barrier homeostasis (Kao et al., 2001).

9. SAMPLE STORAGE BEFORE QUANTIFICATION

Samples should be quantified immediately after the permeation test has been completed;
however, some studies have stored the samples under refrigeration until quantification
step (Table 2). It is well known that the storage of drugs presenting low aqueous
solubility under refrigeration can lead to the precipitation and that analytical errors can
increase because of a non-soluble drug fraction. On the other hand, storage at room
temperature increases the chances of drug degradation by hydrolysis, oxidation and/or
enzymatic reactions. Thus, a prior analysis of the drug's stability in different aqueous
media and conditions (presence and absence of enzymes, temperature, pH, etc.) is

recommended.

10. DRUG QUANTIFICATION STEP

The quantification of steroids from biological matrices (e.g. blood, plasma, urine and
skin homogenate) usually involves extraction as the first step and such procedures are
carried out by selecting specific solvents. The liquid-liquid extraction may lead to
emulsion formation, which would be avoided by a centrifugation step; however, this
latter is time-consuming. During the selection of extraction solvent, both polarity of the
steroid and its interaction with binding proteins should be considered. Solvents such as
acetonitrile and methanol act by providing the disruption of steroid-protein binding
through a mechanism of protein denaturation. After solvent addition, the mixture is

vortexed, and the protein plug removed by centrifugation (Makin et al., 2010). The



protein precipitation efficiency is associated with the solvent type and solvent/biological
matrix ratio used. Overall, a ratio 2:1 of solvent (acetonitrile or trichloroacetic acid) to
biological matrix is able to precipitate more than 90% of proteins (Polson et al., 2003).
In human skin matrices containing TST, Baert et al. (2012) removed proteins by adding

aratio 1:1 of acetonitrile/matrix. No analytical problems were reported in this study.

The absence of proteins in the supernatant may be confirmed by adding a dye capable of
binding proteins. When proteins are found, Coomassie blue dye under acidic conditions
changes the color from brown to blue (Rodger and Sanders, 2017). The dye binds to
basic amino acids by a combination of hydrophobic interactions and heteropolar

bonding (Drabik et al., 2016).

In addition to liquid-liquid extraction, solid-phase extraction (SPE) has been often
applied to separate the steroids from biological interferences. It is composed by a
sorbent such as microparticulate silica coated with octadecasilane, which is packed into
syringes or cartridges (Makin et al., 2010). In the case of TST, which has an extremely
low permeation rate and the volumes collected cannot be large, the application of this
method is limited. The large number of samples also makes this method expensive.

HPLC has been the most important technique to quantify steroids in different matrices;
however, not enough sensitivity could be achieved when a UV detector is used (Makin
et al., 2010). Baert et al. (2012), for example, found a quantification limit of 0.17 pg/mL
for TST by using this technique. Once the TST has an extremely low initial permeation
rate (in the nanogram range) and several authors have considered HPLC as a

quantification method, initial time intervals are more susceptible to analytical errors.

If reversed-phase columns are selected, guard column (30-70 mm in length) should be

included to avoid the accumulation of non-polar material on the columns or time-



consuming clean-up procedures of sample or column. LC-MS-MS (i.e. tandem mass
spectrometry) may represent an alternative to overcome this extensive need of clean-up
of samples and also is able to provide a lower quantification limit than HPLC-UV

(Makin et al., 2010).

Another alternative to improve the sensitivity of the quantification method is to increase
the amount of sample injected, however, this must be compatible with the size of
column used. In our database for TST (Table 2), most of the authors used an injection
volume of 20 pL and a non-processing of the samples before injection (without solvent
extraction or SPE). When the injection volume is increased, a greater need for sample

clean-up/purification steps should be considered.

11. DRUG RETENTION

Androgen receptors are expressed in sebocytes, hair follicle, dermal papilla and
keratinocytes. Hence, TST plays an important role in the sebum production, control hair
growth as well as hair loss, epidermal growth and differentiation (Choudhry et al.,
1992). The mechanism of action of TST occurs by its local conversion to
dihydrotestosterone (DHT) by Sa-reductase (type 1). DHT then binds to the androgen
receptor. This means that the increase of TST lead to an increase of DHT
concentrations, which is associated with hair loss (alopecia) (Riggs et al., 2002; Shapiro
and Price, 1998). The action of this hormone is regulated by cell-type-specific activation
or deactivation in human skin. In physiological conditions, fibroblasts present in the
dermis activate mainly TST to DHT. In contrast, keratinocytes present in the epidermis

deactivate TST, forming androstenedione (Miinster et al., 2003).



The higher concentration of TST in men is associated with a thicker epidermis, and
greater amount of collagen and moisture compared to women skin (Markova et al.,
2004). On the other hand, the higher levels of TST in male stimulate a large production
of sebum, leading to fatty glow and coarser pores of the skin (Baumann, 2002). TST can
also perturbs the epidermal barrier homeostasis considering that studies showed a retard
in barrier development of skin fetus and slowed barrier recovery in adult skin (Kao et
al., 2001). Other negative effects include the inhibition of skin wound healing in males
and the TST association with an enhanced inflammatory response (Ashcroft and Mills,
2002). In contrast, a reduction in physiological levels of the hormone has also a
negative impact on epidermal skin moisture, elasticity, and thickness (Bernard et al.,
2012). In these cases, the local hormone replacement with TST can be advantageous to
improve the aspect of skin aging in men.

Transdermal products containing 1% TST are commonly used to reproduce diurnal
physiological variations of the hormone in the treatment of male hypogonadism (Mazer,
2000). Once application of TST in skin is focused on the systemic treatment, many in
vitro studies do not evaluate the presence of the hormone in skin homogenates.
Magnusson et al. (2006), for instance, evaluated the distribution of TST in human skin
using excised epidermis, dermis, and full-thickness skin. TST retention was higher in
the uppermost skin layers (SC > epidermis> dermis), which is attributed to its
lipophilicity. In hormone retention assays performed with viable epidermis versus full-
thickness skin, the dermis layer seemed to restrict TST permeation. The TST retention
in viable epidermis from full-thickness skin as a membrane model was 3.36-fold higher
than only in epidermis (isolated tissue). Heylings et al. (2018) also reported a lower
affinity of the TST for dermis. The authors found 0.41 and 0.32% of dose applied of

TST (1.0 mg/mL) in epidermis and dermis, respectively.



TST has a great affinity for the lipophilic layers of the skin, contributing for its
accumulation in the tissue. This could generate important adverse effects from a topical
administration. However, studies have not thoroughly investigated the possible toxic

effects of this hormone in skin.

12. FINAL CONSIDERATIONS

The interplay/tradeoft solubility-permeation should not ignored and researchers need to
achieve an optimal solubility-permeation balance to maximize the permeation of poorly
soluble drugs such as TST. The inclusion of ethanol in aqueous medium increased the
solubility or free fraction of TST in the solution, which solves problems of solubility in
receptor fluids and maintains sink conditions; however, a reduction in its permeation
rate was found when compared to aqueous solutions without solubilizing agents. In this
same way, an optimal supersaturation degree should be found to maximize permeation
and avoid drug precipitation phenomena. Infinite doses have been frequently used in
commercial preparations of hormone due to its low cutaneous absorption; however, an

increase in permeation is not always achieved with this approach as reported here.

The type of tissue selected as the membrane model as well as its preparation has also
been shown to strongly affect the TST permeation rate. When full-thickness skin is
considered, the dermis acts as a barrier that restricts the diffusion of TST, significantly
reducing the partitioning into the receptor chamber. Therefore, the amount of absorbed
TST is underestimated. The drug retention in epidermis is also increased in an
unrealistic way. This fact represents the main reason for prioritizing dermatomized skin.
Substantial differences in the rate of transport of the hormone were found depending on
the animal model and between biological and artificial membranes/tissues. Despite its

widespread use, mouse/mice skin is much more permeable than human skin and should



not be prioritized in initial studies (when the permeation of a certain molecule is not yet
known). Human skin and pig skin are more suitable in these situations. Mouse/mice
skin can be useful, for example, for comparing the performance of different
formulations and in vivo distribution studies. Likewise, the TST permeation results
obtained with artificial membranes are quite different those with human skin.

Although various cutaneous permeation studies with TST were presented in this review,
few studies evaluating its retention in the dermis and epidermis are reported. As already
mentioned, the skin presents specific receptors for TST, which makes this type of study
even more important. This fact could be justified by the complexity of separating the
epidermis from the dermis. As already mentioned, the currently available methods that
use heating or chemical treatment can affect tissue integrity. For this reason, manual

tissue separation has been proposed, but poorly reproducible results are usually found.

Although traditional methods in the pharmaceutical field have been considered for the
quantification of TST in biological matrices, in-depth studies of sample preparation are
still scarce. Improvements in terms of the method sensitivity could be achieved with an
adequate processing of the samples, reducing the experimental time and the data
generated would also be more reliable.

In summary, this review contributes to define more properly the experimental variables
of cutaneous permeation assays with poorly soluble molecules such as the TST, creating

new discussions for future revisions of official guidelines.
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Table 1. Testosterone solubility in different solvents and experimental conditions.

Medium/solvent pH Temperature  Incubation Solubility Reference
time
HEPES (10 mM + NaCl 0,154 M) 7.4 25°C 18h 0.02 mg/mL
HEPES + HSA (4% w/v) 7.4 25°C 18h 0.21 mg/L
HEPES + -CD (1,5% w/v) 7.4 25°C 18h 0.06 mg/mL (Schwarz et al.,
HEPES + HP-4-CD (4% w/v) 7.4 25°C 18 h 3.90 mg/mL 2017)
HEPES + SBE7-4-CD (4% w/v) 7.4 25°C 18h 3.23 mg/mL
HEPES + HSES (1,5% w/v) 7.4 25°C 18 h 5.72 mg/mL
HEPES + HTMT (1,5% w/v) 7.4 25°C 18h 2.23 mg/mL
HEPES + HTG (1,5% w/v) 7.4 25°C 18 h 0.07 mg/mL
Ethanol/PG/Water (4:1:1) - 25°C 12h 26.99 mg/mL (Lzllf}gggg ct
Isopropyl myristate - 25°C Several 0.03 mg/mL (Imai et al.,
days 2016)
Water - 25+1°C 72 h 0.02 mg/mL
PBS 7.4 25+1°C 72 h 0.02 mg/mL
PEG 200 water solution (40%) 25+1°C 72 h 0.32 mg/mL
Azone® - 25+1°C 72 h 92.38 mg/mL  (Luetal., 2013)
N-methyl-2-pyrrolidone (NMP) - 25+1°C 72 h 518.89 mg/mL
PG - 25+ 1°C 72 h 103.00 mg/mL
Isopropyl myristate - 25+ 1°C 72 h 6.83 mg/mL
Ethanol/water (70:30) - 37°C 48 h 68.31 mg/mL
Ethanol/water (70:30 - o
+D0decylamin(e 1% ()w/v) 37°C > o 66.71 mg/mL
Ethanol/water (70:30) + oleic acid - o
1% (wiv) ( ) 37°C 48 h 68.71 mg/mL (Kim et al.,
E(‘)[hanol/water (70:30) + lauric acid - 37 °C 48 h 6635 mg/mL 2001)
1% (w/v)
Ethanol/water (70:30) + HPE-101 - o
1% (wiv) ( ) 37°C 48 h 64.11 mg/mL
E(‘)[hanol/water (70:30) + transcutol® - 37 °C 48 h 69.05 mg/mL
1% (w/v)
PBS - 3°C 24 h 0.06 mg/mL
PBS/Ethanol (50:50; w/w) - 3°C 24 h 1.85 mg/mL (Mills et al.,
PBS/ PG (50:50; w/w) - 3°C 24h 1.50 mg/mL 2006)
PBS - 30°C 24 h 0.06 mg/mL
PBS/Ethanol (50:50; w/w) - 30°C 24 h 1.82 mg/mL (Mills, 2007)
PBS/ PG (50:50; w/w) - 30°C 24 h 1.48 mg/mL
PG - 30°C 48-72 h 75.90 mg/mL
Liquid petrolatum - 30°C 48-72 h 0.43 mg/mL
Water - 30°C 48-72 h 0.03 mg/mL
Transcutol® - 30°C 48-72 h 104.00 mg/mL.  (Bonina et al.,
Labrasol® - 30°C 48-72 h 46.10 mg/mL 1993)
Labrafil® - 30°C 48-72 h 20.90 mg/mL
DPPG - 30°C 48-72 h 13.20 mg/mL
Water - 32°C lor2 0.03 mg/mL
weeks
PBS - 32°C lor2 0.04 mg/mL
weeks (Binks et al.,
Isopropyl myristate - 32°C lor2 8.08 mg/mL 2012)
weeks
20% hydroethanolic solution - 20°C 48 h 0.25 mg/mL




20% hydroethanolic solution - 37°C 48 h 0.34 mg/mL

20% ethanol in PBS - 20°C 48 h 0.22 mg/mL
20% ethanol in PBS - 37°C 48 h 0.30 mg/mL
50% hydroethanolic solution - 20°C 48 h 6.76 mg/mL
50% hydroethanolic solution - 37°C 48 h 10.77 mg/mL  (Ainbinder and
0.5% Brij® 98 aqueous solution - 20 °C 48 h 0.06 mg/mL Touitou, 2005)
0.5% Brij® 98 aqueous solution - 37°C 48 h 0.08 mg/mL
6.0 % Brij® 98 aqueous solution - 20°C 48 h 0.17 mg/mL
6.0 % Brij® 98 aqueous solution - 37°C 48 h 0.19 mg/mL
Hydrated soybean oil - 27°C - 6.00 mg/g
Desiccated soybean oil - 27°C - 8.60 mg/g
Hydrated olive oil - 27°C - 5.20 mg/g (Land et al.,
Desiccated olive oil - 27 °C - 8.00 mg/g 2005)
Hydrated miglyol 812 oil - 27°C - 8.90 mg/g
Desiccated miglyol 812 oil - 27 °C - 14.30 mg/g
- 25°C One whole  209.99 mg/mL

Ethanol day and

night (Araya et al.,

- 25°C One whole  0.02 mg/mL 2005)

Water day and

night
PBS - 30°C 24 h 0.07 mg/mL
Ethanol/PBS (50:50; w/w) - 30°C 24 h 6.31 mg/mL (Mills, 2007)
PG/PBS (50:50; w/w) - 30°C 24 h 5.14 mg/mL

HSA = human serum albumin ; f-CD = f-cyclodextrin; HP-4-CD = hydroxypropyl-f-cyclodextrin; SBE7--CD =
sulfobutyl-f-cyclodextrin; HSES = heptakis-6-sulfoethylsulfanyl6-deoxy- S-cyclodextriny HTMT = eptakis-6-
methylsulfanyl-6-deoxy-2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)]-f-cyclodextrin; HTG = heptakis-6-thioglyceryl-6-
deoxy-f-cyclodextrin; LBS = glycolysed ethoxylated Cg/Cy( glycerides; LBF = glycolysed ethoxylated glycerides;
TSC = diethylene glycol monoethyl ether; DPPG = propylene glycol dipelargonate; PBS = phosphate-buffered saline;
PG = propylene glycol.



Table 2. Experimental conditions used in skin permeation studies with testosterone.
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ials plus 1% n of contain =1.96 h)
(m/V) TST ing
transcutol 40%
(v/v)
polyeth
ylene
glycol
400
Rat - Epider Surgic Ethanol/w 3 Saturat Saline 12 24h 0.09 x 10 NF N HPLC 2.14
skin mis+der al ater mL ed solutio mL 3em/h Y(- 20 pL cm?
mis mater (70/30) solutio n (lag time 20°C)
ials plus 1% n of contain =5.5h)
(m/V) TST ing
lauric acid 40%
(v/v)
polyeth
ylene
glycol
400
Rat - Epider Surgic Ethanol/w 3 Saturat Saline 12 24h 0.20 x 10 NF N HPLC 2.14
skin mis+der al ater mL ed solutio mL 3em/h Y(- 20 pL cm?
mis mater (70/30) solutio n (lag time 20°C)
ials plus 1% nof contain =7.04 h)
(m/V) oleic TST ing
acid 40%
(v/v)
polyeth
ylene
glycol
400
Rat - Epider Surgic Ethanol/w 3 Saturat Saline 12 24h 0.72x 10 NF N HPLC 2.14
skin mis+der al ater mL ed solutio mL 3ecm/h Y(- 20 pL cm?
mis mater (70/30) solutio n (lag time 20°C)
ials plus 1% n of contain =7.09 h)
(m/V) TST ing
dodecylam 40%
ine (v/v)
polyeth
ylene
glycol
400
Huma 400 Epider Derm [14C])-TST 10 10 Physiol 4.5 24h 0.005 Stratu N Scintill 2.54c (R
n skin um mis+der atom was uL/c uL/cm? ogical mL ug/cm2.h m N ation m? Heyli
mis ed dissolved m? (froma saline + corne Tissue ngs
tissue in 40% solutio 5% um digesti et
ethanol in n with bovine (0.16 on al.,
water 1 serum %); 2018
mg/mL albumi remai )
of TST) ne + ning
0.1% epider
sodium mis
azide (0.41
%);
dermi
s
(0.26
%)
Pig 400 Epider Derm [*4C)-TST 10 10 Physiol 4.5 24h 0.055 Stratu N Scintill 2.54¢
skin um mis+der atom was ul/c uL/cm? ogical mL ug/cm2.h m N ation m?
mis ed dissolved m? (froma saline + corne Tissue
tissue in 40% solutio 5% um digesti
d ethanol in n with bovine (0.23 on
water 1 serum %);
mg/mL albumi remai
of TST) ne + ning
0.1% epider
sodium mis
azide (0.89

%);




dermi
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%)
Huma 400 Epider Derm Ethanol/w 500 32mMm PBS + 5 24h 2.08 to NF Y HPLC 0.64 (Bae
n skin um mis+der atom ater 50/50 uL 5% mL 6.79 x 10 (acet Limit cm? rtet
mis ed (V/V) (m/V) 4cm/h onitril of al.,
tissue bovine (range) e) quanti 2012
serum N ficatio )
albumi n=
n 0.17
pg/mL
Equin - Epider Surgic PBS 1 Saturat PBS + 3.5 24h 6.82 x PBS > N Liquid - (Mill
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(0.22 serum er
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L) n
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mis mater (PG)/PBS solutio (m/V) =PG ation
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n skin corneu ps solubilized mL ug/mL ate mL 7em/s NF 50 pL 7 zlaff
m+ in 2% of buffere cm? et
epider Igepal® d saline al.,
mis (PBS) 2006
)
Porcin 100 Epider Derm TST 0.5 40 Phosph 121 30h 1.29x 10 - NF HPLC 1.76
e skin 0 mis+der atom solubilized mL ug/mL ate mL 7em/s NF 50 pL 7
um mis. ed in 2% of buffere cm?
tissue Igepal® d saline
(PBS)
Bovin 100 Epider Derm TST 0.5 40 Phosph 12.1 30h 5.42x 10 - NF HPLC 1.76
e skin 0 mis+der atom solubilized mL pg/mL ate mL 7cm/s NF 50 pL 7
um mis. ed in 2% of buffere cm?
tissue Igepal® dsaline
(PBS)
Canin - Epider Force Phosphate 1 Saturat PBS pH 3.5 24h 5.53 x Neck N Scintill - (Mill
e skin mis+der ps buffered sa mL ed 7.4+ mL 104 cm/h > N ation set
(thora mis and line (PBS) solutio 4% groin Radiol al.,
x) scisso n bovine > abele 2006
rs (0.21 serum thorax d )
mmol/ albumi (14C)
L) n (BSA) PBS>P TST
G>EtO
H
Canin - Epider Force Phosphate 1 Saturat PBS pH 3.5 24h 4.32 x N Scintill -
e skin mis+der ps buffered sa mL ed 7.4 mL 10% cm/h N ation
(neck) mis. and line (PBS) solutio +4% Radiol
scisso n BSA abele
rs (0.21 d
mmol/ (14C)
L) TST
Canin - Epider Force Phosphate 1 Saturat PBS pH 3.5 24h 3.85x 10 N Scintill -
e skin mis+der ps buffered sa mL ed 7.4+ mL 4“em/h N ation
(groin) mis and line (PBS) solutio 4% BSA Radiol
scisso n abele
rs (0.21 d
mmol/ (14C)
L) TST
Canin - Epider Force Ethanol/PB 1 Saturat PBS pH 3.5 24h 1.12 x Neck N Scintill -
e skin mis+der ps S$50/50 mL ed 7.4+ mL 104 cm/h = N ation
(thora mis and (w/w) solutio 4% BSA thorax Radiol
x) scisso n > abele
rs (6.26 groin d
mmol/ PBS>P (14C)
L) G>EtO TST
H
Canin - Epider Force Ethanol/PB 1 Saturat PBS pH 3.5 24h 1.21 x N Scintill -
e skin mis+der ps S50/50 mL ed 7.4+ mL 10* cm/h N ation
(neck) mis and (w/w) solutio 4% BSA Radiol
scisso n abele
rs (6.26 d
mmol/ (14C)
L) TST
Canin - Epider Force Ethanol/PB 1 Saturat PBS pH 3.5 24h 0.73x 10 N Scintill -
e skin mis+der ps S$50/50 mL ed 7.4+ mL 4ecm/h N ation
(groin) mis and (w/w) solutio 4% BSA Radiol
scisso n abele
rs (6.26 d
mmol/ (14C)
L) TST




Canin - Epider Force Propylene 1 Saturat PBS pH 3.5 24h 1.63 x Neck N Scintill -
e skin mis+der ps glycol/PBS mL ed 7.4+ mL 10* cm/h = N ation
(thora mis. and 50/50 solutio 4% BSA thorax Radiol
x) sCisso (w/w) n > abele
rs (5.21 groin d
mmol/ (14C)
L) PBS>P TST
G>EtO
H
Canin - Epider Force Propylene 1 Saturat PBS pH 3.5 24h 3.14 x N Scintill -
e skin mis+der ps glycol/PBS mL ed 7.4+ mL 10“ cm/h N ation
(neck) mis. and 50/50 solutio 4% BSA Radiol
sCisso (w/w) n abele
rs (5.21 d
mmol/ (14C)
L) TST
Canin - Epider Force Propylene 1 Saturat PBS pH 3.5 24h 0.81x 10 N Scintill -
e skin mis+der ps glycol/PBS mL ed 7.4+ mL 4em/h N ation
(groin) mis and 50/50 solutio 4% BSA Radiol
SCiss0 (w/w) n abele
rs (5.21 d
mmol/ (14¢)
L) TST
Huma < Epider Force PBS +2% - 0.004% PBS 12 24h 9.4 x10* NF N HPLC 1.76 (Schr
n skin 100 mis ps Igepal® mL cm/h N 8 eibe
0 Full- and (lag time cm? ret
um thicknes scisso =0.03 h) al.,
s skin rs 2005
)
Recon - Epider Purch PBS + 2% - 0.004% PBS 12 24h 122.4 x NF N HPLC 1.76
struct mis ased Igepal® mL 10* cm/h N 8
ed by (lag time cm?
epider Labor =0h)
m atoire
EpiDer MatT
m™ ek
Corp.
Recon - Epider Purch PBS +2% - 0.004% PBS 12 24h 212.4 x NF N HPLC 1.76
struct mis ased Igepal® mL 10%cm/h N 8
ed by (lag time cm?
epider Labor =0.01h)
m atoire
SkinEt SkinEt
hic® hic
Porcin < Epider Force PBS + 2% - 0.004% PBS 12 24h 11.5 x NF N HPLC 1.76
e Skin 100 mis ps Igepal® mL 10*cm/h N 8
0 and (lag time cm?
um scisso =7.63h)
rs
Rat - Full- Derm EtOH/prop 250 Saturat PBS perf 6h 21 NF N HPLC 0.78 (M.-
skin thicknes atom ylene pL ed usio ug/cm2.h N 5 L.
s skin ed glycol solutio n cm? Leic
skin /water n (0.6 htna
(4:1:1) mL/ met
min al.,
) 2006
)
Rat - Full- Derm EtOH/prop 250 Supers PBS Perf 6h 3.1 NF N HPLC 0.78
skin thicknes atom ylene pL aturate usio pg/cm2.h N 5
s skin ed glycol d n cm?
skin /water solutio (0.6
(4:1:1) n mL/
(supers min
aturati )
on
degree
=1.4)
Rat - Full- Derm EtOH/prop 250 Saturat PBS Perf 6h 2.2 NF N HPLC 0.78
skin thicknes | atom ylene uL ed usio pg/ecm2.h N 5
s skin ed glycol solutio n (drug cm?
skin /water n (0.6 crystalliza
(4:1:1) (supers mL/ tion)
aturati min
on )
degree
=2.1)
Rat - Full- Derm EtOH/prop 250 Saturat PBS Perf 6h 2.2 NF N HPLC 0.78
skin thicknes atom ylene pL ed usio pg/cm2.h N 5
s skin ed glycol solutio n (drug cm?
skin /water n (0.6 crystalliza
(4:1:1) (supers mL/ tion)
aturati min
on )
degree
=2.6)
Mice - Full- NF TST 1g 1% PBS 7- 10h 2.0 NF N HPLC 1.74 (Imai
skin thicknes solubilized 7.3 ug/cm2.h cm? et
s skin in mL (lag al.,
isopropyl time<0.5 2016
myristate h) )
(1/99)
Mice - Full- NF TSTin lg 1% PBS 7- 10h 2.6 NF N HPLC 1.74
skin thicknes isopropyl 7.3 ug/cm2.h cm?
s skin myristate/| mL (lag




ecithin time<2h)
(1/69/30)
Mice Full- NF TSTin lg 1% PBS 7- 10h 3.98 NF N HPLC 1.74
skin thicknes isopropy! 7.3 pg/cm2.h cm?
s skin myristate/| mL (lag
ecithin/wa time=1.0
ter 6h)
(1/65.6/30
/3.4)
Mice Full- NF TSTin 1g 1% PBS 7- 10h 2.69 NF N HPLC 1.74
skin thicknes water/lecit 7.3 ug/cm2.h cm?
s skin hin/D- mL (lag
ribose time=0.7
(1/62.8/30 7h)
/6.2)
Mice Full- NF TSTin lg 1% PBS 7- 10h 235 NF N HPLC 1.74
skin thicknes lecithin/D- 7.3 ug/cm2.h cm?
s skin ribose/ mL (lag
tetraglycer time=1.0
ol 2h)
(1/30/55.6
/13.4)
Rat Full- Surgic Ethanol/w 3 Saturat Saline 12 24h 1.8x103 NF N HPLC 2.01 (Kim
Skin thicknes al ater mL ed solutio mL cm/h Y (- 20 pL cm? et
s skin mater (20:80) solutio n 20°C) al.,
ials n of contain 2001
TST ing )
(0.45 40%
mg/mL (V/V)
) polyeth
ylene
glycol
400
Rat Full- Surgic Ethanol/w 3 Saturat Saline 12 24h 0.13x 10 NF N HPLC 2.01
Skin thicknes | al ater mL ed solutio mL 3em/h Y(- 20 uL cm?
s skin mater (40:60) solutio n 20°C)
ials n of contain
TST ing
(8.53 40%
mg/mL (V/V)
) polyeth
ylene
glycol
400
Rat Full- Surgic Ethanol/w 3 Saturat Saline 12 24h 0.07 x 10 NF N HPLC 2.01
Skin thicknes al ater mL ed solutio mL 3cm/h Y (- 20 pL cm?
s skin mater (50:50) solutio n 20°C)
ials nof contain
TST ing
(18.52 40%
mg/mL (V/V)
) polyeth
ylene
glycol
400
Rat Full- Surgic Ethanol/w 3 Saturat Saline 12 24h 0.05 x 10 NF N HPLC 2.01
Skin thicknes al ater mL ed solutio mL 3ecm/h Y (- 20 uL cm?
s skin mater (60:40) solutio n 20°C)
ials n of contain
TST ing
(38.95 40%
mg/mL [ (V/V)
) polyeth
ylene
glycol
400
Rat Full- Surgic Ethanol/w 3 Saturat Saline 12 24h 0.04 x 10 NF N HPLC 2.01
Skin thicknes al ater mL ed solutio mL 3em/h Y (- 20 uL cm?
s skin mater (70:30) solutio n 20°C)
ials n of contain
TST ing
(68.32 40%
mg/mL (V/v)
) polyeth
ylene
glycol
400
Rat Full- Surgic Ethanol/w 3 Saturat Saline 12 24h 0.02x 10 NF N HPLC 2.01
Skin thicknes al ater mL ed solutio mL 3em/h Y(- 20 pL cm?
s skin mater (80:20) solutio n 20°C)
ials n of contain
TST ing
(140.01 | 40%
mg/mL [ (V/V)
) polyeth
ylene
glycol
400
Rat Full- Surgic Ethanol 3 Saturat Saline 12 24h 0.00 x 10 NF N HPLC 2.01
Skin thicknes al 100% mL ed solutio mL 3em/h Y (- 20 pL cm?
s skin mater solutio n 20°C)
ials n of contain
TST ing
(334.03 | 40%




mg/mL | (V/V)
) polyeth
ylene
glycol
400
Mice - Epider Surgic TST 100 5% 40% 7 24h Azone>IP NF N HPLC 3.14 (Lu
skin mis+der al solubilized uL (m/V) PEG mL M>PG>N N cm? et
mis mater in ethanol 200 MP al.,
ials with and 2013
without )
chemical
absorption
enhancer
(Azone®,
isopropyl
myristate,
N-methyl-
2-
pyrrolidon
eand
propylene
glycol)
Amphi - Full- Surgic TST 10p 40 5% BSA 125 8h J=53 NF N Liquid 1.85 (Kau
bian thicknes al dissolved L/c ug/cm? in mL ug/cm2.h N scintill cm? fma
skin s skin mater in m? (dose amphib ation nn
(fresh ials ethanol/w solutio ian P=13x counti and
dorsal ater 1/1 na Ringer' 103cm/h ng Doh
) (v/v) mg/mL s soluti men,
) on 2016
)
Amphi - Full- Surgic TST 10pn 40 5% BSA 125 8h J=120 NF N Liquid 1.85
bian thicknes al dissolved L/c ug/cm? in mL ug/cm2.h N scintill cm?
skin s skin mater in m? (dose amphib ation
(fresh ials ethanol/w solutio ian P=3.0x counti
ventra ater 1/1 n4 Ringer' 103 cm/h ng
| (v/v) mg/mL s soluti
tissue) ) on
Amphi - Full- Surgic TST 10p 40 5% BSA 125 8h J=74 NF N Liquid 1.85
bian thicknes | al dissolved L/c ug/cm? in mL ug/cmzh N scintill cm?
skin s skin mater in m? (dose amphib ation
(froze ials ethanol/w solutio ian P=19x counti
n ater 1/1 na Ringer' 103cm/h ng
dorsal (v/v) mg/mL s soluti
tissue) ) on
Amphi - Full- Surgic TST 10p 40 5% BSA 12.5 8h J=11.4 NF N Liquid 1.85
bian thicknes al dissolved L/c ug/cm? in mL ug/cm2.h N scintill cm?
skin s skin mater in m? (dose amphib ation
(froze ials ethanol/w solutio ian P=29x counti
n ater 1/1 n4 Ringer' 103cm/h ng
ventra (v/v) mg/mL s soluti
| ) on
tissue)
Gottin 765 Epider Derm 20% NF 0.1 0.05 M 121 28h J=0.223 NF N Liquid 1.77 (Quis
gen pum mis+der atom ethanol in mg/ml phosph mL pg/cm2.h N scintill cm? tet
Minipi mis ed 0.05M ate ation al.,
gs skin phosphate buffer Lag time: counti 2000
(1.5 buffer 3to5h ng )
month (pH=7.4)
s)
Gottin 765 Epider Derm 20% NF 0.1 0.05M 121 | 28h J=0.361 NF N Liquid 177
gen um mis+der atom ethanol in mg/ml phosph mL ug/cm2.h N scintill cm?
Minipi mis ed 0.05 M ate ation
gs skin phosphate buffer Lag time: counti
3 buffer 3to5h ng
month (pH=7.4)
s)
Gottin 765 Epider Derm 20% NF 0.1 0.05M 121 28h J=0.538 NF N Liquid 1.77
gen um mis+der atom ethanol in mg/ml phosph mL ug/cm2.h N scintill cm?
Minipi mis ed 0.05M ate ation
gs skin phosphate buffer Lag time: counti
(6 buffer 3to5h ng
month (pH=7.4)
s)
Dome 765 Epider Derm 20% NF 0.1 0.05M 121 28h J=0.792 NF N Liquid 1.77
stic pum mis+der atom ethanol in mg/ml phosph mL pg/ecm2.h N scintill cm?
pigs mis ed 0.05M ate ation
skin phosphate buffer Lag time: counti
buffer 3to5h ng
(pH=7.4)
Huma 408 Epider Derm 20% NF 0.1 0.05M 121 28h J=0.501 NF N Liquid 1.77
n skin pum mis+der atom ethanol in mg/ml phosph mL ug/cm2.h N scintill cm?
(abdo mis ed 0.05 M ate ation
minal skin phosphate buffer Lag time: counti
and buffer 3to5h ng
breast (pH=7.4)
skin)
Mice - Full- Surgic PEG 400 5 1 PBS/PE 17.5 12h J=0.25 NF N HPLC 133 (zha
skin thicknes al (5%, w/v) mL mg/mL G 400 mL pg/cm2.h N 10uL cm? nget
s skin mater in saline (cont (95/5, P=2.49x al.,
jals Ei;‘" V/V) 10 cm/h 2017
TST)
Mice - Full- Surgic Imidazoliu 5 1 PBS/PE 17.5 12 h J=0.42 NF N HPLC 1.33
skin thicknes al m ionic mL mg/mL G 400 mL t0 0.9 N 10pL cm?




s skin mater liquids and (cont (95/5, pg/cm2.h
ials PEG 400 ainin V/V) (range)
(5%, w/v) gmsg P=4.18
in water TsT) 10 8.95 x
*Assay 10* cm/h
were
performed
with 20
different
types of
imidazoliu
m ionic
liquids
Huma 400 Edpier Derm Pure 10 1.64 0.9% NF 24h Qgermeated NF N Scintill 1.00 (He
n skin +50 mis+der atom ethanol pL ug/cm? NaCl in =4.7% of N ation cm? witt
(abdo um mis ed water + applied counti et
minal) 1% dose ng al.,
(m/V) 2020
BSA + )
0.05%
(V/V)
gentam
ycin
sulfate
Recon - Epider Cell TST 100 4 PBS + 5 24h 1=783 NF N UPLC 0.63 (Sim
struct mis+der cultiv solubilized uL mg/mL 5% mL and 52.9 Y 5puL cm? ard
ed mis ation in (400 bovine ug/cm2.h (4°C) et
skin witho Ethanol/w ug serum (upto2h al.,
model ut ater (1/1, TST) albumi —two 2019
(in alpha V/V) n different )
vitro) - experime
linole ntal
nic groups)
acid
and
linolei
c acid
Recon - Epider Cell TST 100 4 PBS + 5 24h J=46.8 NF N UPLC 0.63
struct mis+der cultiv solubilized pL mg/mL 5% mL ug/cmzh Y 5puL cm?
ed mis ation in (400 bovine (upto 2 (4°C)
skin with Ethanol/w ug serum h)
model alpha ater (1/1, TST) albumi
(in - V/V) n
vitro) linole
nic
acid
(ALA)
Recon - Epider Cell TST 100 4 PBS + 5 24h J=488 NF N UPLC 0.63
struct mis+der cultiv solubilized uL mg/mL 5% mL ug/cm2.h Y 5uL cm?
ed mis ation in (400 bovine (upto2 (4°C)
skin with Ethanol/w ug serum h)
model linole ater (1/1, TST) albumi
(in nic V/V) n
vitro) acid
(ALA)
Silicon 0.05 HT- - TST 900 7.07 x EtOH: 5 8h J=64 NF N uv 0.64 (Alb
e cm 6240 solubilized uL 103 PBS mL ug/cm? N spectr cm? erti
memb BISCO® in pg/mL (50: 50) P=9.2x oscop et
rane transpa EtOH:PBS 103 cm/h y (245 al.,
rent (50: 50) Lag time nm) 2017
membr =0.22h )
ane
Huma 100 Full- Derm TST 25 4 5% BSA 4 24h P=69.3 1.7% Y Liquid 1 (Gut
n skin 0 thicknes atom solubilized uL/c mg/mL in mL x105 (etha scintill cm? het
(abdo um s skin ed in m? water cm/h nol) ation al.,
minal) skin ethanol/w Lag time N counti 2015
ater =44 ng )
1/1 (v/v)
Huma 400 Epider Derm 80% of the 500 9.71 PBS + 5 24h 3.92x 10 NF Y HPLC 0.64 (Ver
n skin um mis+der atom maximal uL mg/mL 5% mL 4em/h (acet 25 uL cm? yser
mis ed solubility (m/V) onitril et
skin ina50/50 bovine e) al.,
ethanol/H2 serum N 2015
0 (% V/V) albumi )
n
Huma 400 Epider Derm 80% of the 500 9.71 PBS + 5 24h 25.5x 10 NF Y HPLC 0.64
n skin pum mis+der atom maximal pL mg/mL 5% mL 4em/h (acet 25 uL cm?
mis ed solubility (m/V) onitril
skin in a 50/50 bovine e)
ethanol/H2 serum N
0 (% V/V) albumi
+Azone n
(1%, W/V)
Huma 400 Epider Derm 80% of the 500 9.71 PBS + 5 24h 2.05to NF Y HPLC 0.64
n skin um mis+der atom maximal pL mg/mL 5% mL 7.02x 10 (acet 25l cm?
mis ed solubility (m/V) 4cm/h onitril
skin in a 50/50 bovine (range) e)
ethanol/H2 serum 10 N
0 (% V/V) albumi phytocer
+ n amides
phytocera were
mides (1%, tested as
W/V) chemical

absorptio




n

enhancer
s
Huma 1) Epider 1) TST 16 4 Saline 0.4 1)1.82 1) 136 Liquid | 0.64 (wil
n skin 500 mis+der Derm solubilized pL mg/mL +5% mL ug/cm2.h ug scintill cm? kins
um mis atom in ethanol (w/v) (lag time /mL ation on
2) ed 50% (V/V) bovine =0.6h) counti et
900- skin serum 2) 112 ng al.,
110 2) albumi 2)0.18 pg/mL 2006
0 Full- n, pH pg/cm2.h )
um thickn 7.4 (lag time
ess =2.2h)

skin




