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Chapter 1
Percutaneous Absorption

Michael S. Leo and Howard I. Maibach

© Springer Science+Business Media New York 2014 
V. P. Shah et al. (eds.), Topical Drug Bioavailability, Bioequivalence,  
and Penetration, DOI 10.1007/978-1-4939-1289-6_1

M. S. Leo () 
Department of Dermatology, University of California-San Francisco,  
San Francisco, CA 94143 , USA
e-mail: mleo799@gmail.com

H. I. Maibach
Department of Dermatology, School of Medicine, University of California,
San Francisco, CA, USA
e-mail: MaibachH@derm.ucsf.edu

1.1  Introduction

Skin is a primary area of body contact with the environment, and is the route by 
which chemicals enter the body. Introduction of chemicals in the body via skin oc-
curs through passive contact with the environment and through direct application of 
chemicals on the body for the purposes of medical therapy (skin disease, transder-
mal drug delivery), and cosmetics. In most cases, the toxicity of chemicals is low, 
likely because the bioavailability (rate and amount of absorption) of the chemical is 
too low to cause an immediate response; however, some chemicals when applied to 
the skin have produced toxicity.

This chapter summarizes methodologies used to study percutaneous absorption 
and results from these absorption studies. The rate of percutaneous absorption can 
impact the bioequivalence of drugs, and thus is an important factor to consider. 
There are many variables involved in the study of percutaneous absorption, which 
can influence the final results such as study design. Interpretation of particular stud-
ies should be restricted within the limits of its study design. The methodology and 
supportive information discussed here are intended to help in formulating a good 
study design.
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1.2  Powdered Human Stratum Corneum

An in vitro model uses the partition coefficient of the chemical contaminant between 
water or some other vehicle and powdered human stratum corneum. Adult foot cal-
luses are grounded with dry ice and freeze-dried to form a powder. The portion of 
the powder that passes through a 40-mesh sieve but not through an 80-mesh one is 
used. A solution of the (radiolabeled) chemical in 1.5 mL of water or some other 
vehicle is mixed with 1.5 mg of powdered human stratum corneum, and the mixture 
is allowed to set for 30 min. The mixture is then centrifuged, and the proportion of 
the chemicals bound to the human stratum corneum and that remaining in water are 
determined by scintillation counting or by another analytical method [1].

Binding studies were performed to evaluate the capacity of skin and soil for cad-
mium. Cadmium chloride in water was partitioned against 1 mg of soil and 1 mg of 
powdered human stratum corneum. Table 1.1 shows the percentage dose in water 
and in matter (soil or powdered human stratum corneum); and Table 1.2 gives the 
partition coefficient of cadmium chloride. Soil has a relatively higher affinity for 
cadmium than stratum corneum. This correlates with the data indicating that skin 
absorbs more cadmium from water than from soil [2].

Further studies regarding arsenic prepared in a similar manner can be com-
pared to studies for cadmium. Table 1.3 shows the percentage dose of arsenic 

Done
Percentage dose

Water and SC
Water  68.6 ± 5.6
SC  3.2  ± 3.8
Total 101.8  ± 3.3
Water and soil
Water  9.3  ± 1.4
Soil  82.5  ± 1.0
Total  91.8  ± 1.8

116 ppb Cd/1.0 mL water/1.0 mg stratum 
corneum or 1.0 mg soil mixed for 30 min 
followed by centrifugation; n  = 3

Material tested Partition coefficient
SC 3.61 × 101

Soil 1.03 × 102

Partition coefficient = concentration of CdCl2 in 
1000 mg of HPSC (soil)/concentration of CdCl2 
in 1000 mg of water

Table 1.1  Distribution of 
cadmium chloride between 
water and powdered human 
stratum corneum (SC) and 
between water and soil. 
(Adapted from [2])

Table 1.2  Partition coeffi-
cient of CdCl2 in human pow-
dered stratum corneum(SC)/
water and soil/water. 
(Adapted from [2])
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absorption in human stratum corneum from water and soil. The in vitro absorp-
tion of cadmium from water is from 9 to 12 % dose and 0.08–0.2 % dose from 
soil; whereas the in vitro absorption of arsenic from water is 1.9 % dose and 
0.76 % from soil [2, 3]. This difference may be due to the physical and chemi-
cal properties of the metals. The greater dose of arsenic absorbed from soil 
compared to cadmium absorbed from soil is explained by the small differences 
in the partition coefficients of arsenic chloride from water to human powdered 
stratum corneum, and from water to soil as seen in Table 1.4. This gives an ap-
proximate ratio of 1:2.5 for stratum corneum to soil, while cadmium chloride’s 
ratio for stratum corneum to soil is 0.36:1000.

Another example of the use of powdered human stratum corneum is shown in 
Table 1.5. Here, the ability of soap and water to decontaminate the skin is shown 
for alachlor [4].

Table 1.3  In vitro percutaneous absorption of arsenic from water and soil on human skin
Percentage dose absorbed
Vehicle Skin Surface wash Receptor fluid Total recovery
Soil 0.33  ± 0.25 99.2 ± 27.3 0.43 ± 0.54 99.9 ± 27.5
Water 0.98  ± 0.96 69.8 ± 16.4 0.93 ± 1.1 71.7 ± 15.4

Mean ± standard deviation; n = 9 (three skin sources × three replicates each)

Table 1.4  Partition coefficient of arsenic in human powdered stratum corneum/water and water/
soil
Test material Partition coefficient
Stratum corneum 10,928
Soil 24,882

Partition coefficient
Concentration of arsenic-73 in 1000 m

=
gg HPSC soil

Concentration of arsenic-73 in 1000 ml water

( )

Table 1.5  Partitioning: alachor in lasso with powdered human stratum corneum
Test material [14C] Alachlor percentage dose
Stratum corneum 90.3 ± 1.2
Lasso supernatant  5.1 ± 1.2
Water-only wash of stratum corneum  4.6 ± 1.3
10 % soap and water wash 77.2 ± 5.7
50 % soap and water wash   90 ± 0.5

[14 C] Alachlor in Lasso EC formulation (1:20 dilution) was mixed with powdered human stratum 
corneum, and allowed to set for 30 min, then centrifuged stratum corneum was washed with: (1) 
water only; (2) 10 % soap and water; (3) 50 % soap and water
Details of the stratum corneum model are found in references [1–4]
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1.3  In Vitro Percutaneous Absorption Method

The most commonly used in vitro technique involves placing a piece of excised skin 
in a diffusion chamber, applying cold or radioactive compounds to one side of the 
skin and then assaying for radioactivity, in the collection vessel, on the other side 
[4]. Excised human or animal skin may be used, and the skin can be fully intact or 
separated into epidermis or dermis. Artificial membranes can be used in place of 
skin to measure diffusion kinetics. The advantages of the standard in vitro technique 
are that the method is easy to use, and the results are obtained quickly. The disad-
vantage is that the fluid in the collection bath that bates the skin is saline, which 
may be appropriate for studying hydrophilic compounds but is not suitable for hy-
drophobic compounds. Table 1.6 shows that absorption of triclocarban, in vitro, 
in a standard static system was 0.13 ± 0.05 % of applied dose through human adult 
abdominal skin. In contrast, in vivo, the absorption was 7.0 ± 2.8 % in humans. The 
discrepancy appeared to be primarily due to the insolubility of triclocarban in the 
small volume of saline used in the reservoir of the static system. When a continuous 
flow system was employed, in which the volume of saline was greatly increased, 
the solubility of triclocarban was no longer the limiting factor in absorption, and the 
extent of absorption in vitro, approached that of absorption in vivo [5]. Studies have 
also employed a surfactant to increase the solubility of the tested compound, but the 
adequacy of this approach has not been fully examined [6].

Studies have compared this in vitro technique to the in vivo methods, particularly 
the in vitro and in vivo percutaneous absorption of four compounds and the different 
vehicles used to deliver them with the in vivo method generally showing better total 
absorption [6].

The validity of using excised skin depends on three assumptions. The first 
is that no living process affects the skin’s impermeability. If the contribution of 
metabolism in maintaining cellular lipids were not counted, then this assumption 
would be valid for compounds that strictly follow Fick’s law of diffusion. In con-
trast, the drug metabolizing enzyme activity in the epidermis is greatly dependent 
on the tissue viability. (It should be emphasized that determination of skin absorp-
tion by measurement of radioactivity in the collection vessel, when radiolabeled 
compounds are used, does not distinguish between the unchanged compounds and 
its metabolites.) It cannot be assumed that the excised skin (usually stored) will 
retain full enzymatic activity.

Table 1.6  Percutaneous absorption of triclocarban [5]
In vitro and in vivo
System Dose absorbed (% ± SD)
Static system (23°C) 0.13 ± 0.05
Human adult abdominal skin ( n = 8)
Continuous-flow system (23 °C)
Human adult abdominal system ( n = 12)  6.0 ± 2.0
Human, in vivo ( n = 5)  7.0 ± 2.8
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The second assumption is that the dermis does not affect penetration. The prob-
lem of compatibility with hydrophobic compounds was discussed above with regard 
to triclocarban. In addition, W. Reifenratth compared the penetrability of different 
thicknesses of skin and has shown the penetration of dermis to be the rate-limiting 
step in the penetration of DDT [7] .

The third assumption is that skin surface conditions in vitro are similar to those 
in vivo. In volatile compounds (mosquito repellents, perfume fragrances), the ratio 
of volatility to penetration is very much dependent on surface conditions. Another 
major unknown factor with surface conditions is the bacterial population and the 
role it might play in percutaneous absorption.

Despite the concern regarding the above assumptions, the excised diffusion 
chambers are easy to use and are capable of producing rapid, reproducible results. 
However, once the results are obtained, it may be necessary to verify the findings 
in vivo.

Although, the excised human skin remains the gold standard, it may be dif-
ficult to obtain at times. Porcine skin models have been proposed as a viable 
substitute. Particular research groups have produced a porcine ear skin culture 
system that was tested with benzo(a)pyrene as a model drug [8]. As the dose 
of the benzo(a)pyrene was increased from 25 to 800 nmol, the percentage of 
radioactive material that did not penetrate increased from 2.2 to 35.7 %. Porcine 
skin showed absorption rates from 12.3 % up to a maximum of 35.6 % depend-
ing on the dose.

1.4  In Vitro Individual and Regional Variation

Table 1.7 presents the results on in vitro percutaneous absorption of a test article in 
three different human skin sources. The data were summarized over five different 
formulations (each run on all three skin sources). Of interest is the receptor fluid 
accumulation in human skin source 2. It shows that the barrier properties of human 
skin source 2 were such that no skin absorption occurred. A formulation comparison 
with only that skin source would have provided negative data [9].

Table 1.8 gives the in vitro percutaneous absorption of pentadeconic acid from 
two formulations (A and B) in two human skin sources. The skin content shows that 
formulations were only distinguishable in one of the human skin samples. This sug-
gests that decisions based on only one skin source may be misleading [9].

Table 1.7  Individual variation in in vitro percutaneous absorption
Human skin Percentage dose (mean ± SD)
source Skin Surface wash Receptor fluid Total recovery
1 5.0 ± 2.4 85.7 ± 7.8 2.5 ± 4.5 93.2 ± 6.0
2 3.2 ± 2.8 83.7 ± 9.5 0.3 ± 0.2 87.7 ± 8.1
3 2.6 ± 1.0 72.1 ± 12.3 4.4 ± 5.0 79.0 ± 12.5
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Table 1.9 gives the in vitro percutaneous absorption of taurocholic acid. Data are 
summarized over five formulations and individualized for each human skin source 
and repeated skin absorption for each of the skin sources. Of interest is the receptor 
fluid content (24 h accumulation) and the totally different results in skin source 3 
compared with the other two skin sources (1 and 2). Again, individual variations 
can be significant, but this becomes apparent only when other skin sources are also 
used [9].

Table 1.10 compares the in vitro percutaneous absorption of DDT and benzo[a]
pyrene from two human skin sources. Skin content differences should be noted for 
both different individual skin sources and penetration of different chemicals in the 
human skin [9].

Table 1.11 provides an overview of the in vivo percutaneous absorption of mul-
tiple compounds and the ratio of the unique site’s percentage of dose absorbed com-
pared to the forearm’s percentage of dose absorbed [10].

Table 1.12 compares the in vitro permeability of coumarin, griseofulvin, and 
propranolol across human abdominal skin and scalp skin. For coumarin and pro-
pranolol, the scalp showed higher permeability. Feldmann and Maibach identified 

Table 1.9  In vitro percutaneous absorption of taurocholic acid
Skin source Skin content Receptor fluid content
1 0.5 ± 0.3 8.9 ± 12.9
1 repeat 1.3 ± 1.3 8.2 ± 6.0
2 1.4 ± 1.8 16.5 ± 18.0
2 repeat 3.4 ± 6.3 11.7 ± 14.3
3 1.4 ± 1.5 0.2 ± 0.3
3 repeat 0.8 ± 0.8 0.3 ± 0.7

Table 1.10  Individual human skin source variation in in vitro percutaneous absorption
Human skin source Skin content

DDT Benzo[a]pyrene
1  6.7 ± 1.5 27.4 ± 10.9
2 29.6 ± 8.1 20.0 ± 8.6

Table 1.8  In vitro percutaneous absorption of pentadeconic acid
Skin source Formulation Skin Surface wash Receptor 

fluid
Total 
recovery

1 A  5.4 ± .8 80.4 ± 8.9 0.05 ± 0.04 85.9 ± 9.5
B  6.4 ± 1.8 85.6 ± 5.2 0.15 ± 0.03 92.1 ± 4.5

2 A  5.8 ± 1.5 86.2 ± 6.6 0.03 ± 0.03 92.1 ± 5.2
B 14.2 ± 23   80 ± 5.3 0.03 ± 0.01 94.2 ± 4.3

Percentage dose (mean ± SD)
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the scalp as a higher absorbing area in vivo in humans [11]; thus the in vitro results 
of Ritschel et al. agree with the in vivo results [12].

Variations in percutaneous absorption are also present in animal models. The 
absorption rates of nicorandil, isosorbide dinitrate, and flurbiprofen were evaluated 
in yucatan micropig skin [13]. Both, interindividual and regional variations of skin 
were examined. Interindividual variations of the micropig skins were greater than 
the differences in absorption rates of the regional sites tested: left shoulder, right 
shoulder, left hip, and right hip. However, the absorption rate of the micropig skin 
was approximately half that of the human skin tested.

Individual and regional variations exist for in vivo percutaneous absorption, 
and as shown in this chapter, the same variability exists for in vitro percutane-
ous absorption. This can be critical for studies using human skin because of the 
limited availability of human skin, and the tendency to use only one human skin 
source to conserve supply. We recommend, if possible, the use of multiple human 
skin sources.

1.5  In Vitro Short-Term Skin Exposure

Skin exposure from drug therapy and environmental chemical contaminants usu-
ally has an extended period of a day or even longer. However, some exposures will 
be of a considerably shorter duration—minutes rather than days. In either case, the 
first step of percutaneous absorption occurs within the first 30 min. Rougier et al. 
have shown that in vivo absorption in the longer term can be predicted from the first 
30 min of exposure [14–16]. With binding to powdered human stratum corneum 
and in vitro percutaneous absorption, our data reflect these early happenings. Our in 
vivo data confirm some of the potential predictions of longer exposures. The mes-
sage is that even short-term chemical skin exposure can result in significant skin 
chemical content. This may be good for some types of drug therapy but may not be 
good in some instances of environmental exposure.

A study was done with human skin being exposed to cadmium in water for only 
30 min, followed by skin surface wash with soap and water. One half of the replicates 
(nine each; three human skin sources × three replicates) were stopped at 30 min. 
Human skin content was 2.3 ± 3.3 %, and no cadmium was detected in the plasma 

Table 1.12  In vitro permeability across human abdominal and scalp skin
Drug Steady-state flux (mg/cm2/h)

Abdominal skin Scalp skin
Coumarin 130 ± 78 172 ± 64
Griseofulvin  10 ± 6  16 ± 8
Propranolol  30 ± 6  42 ± 11

Significant difference ( P < 0.05) for abdominal versus scalp skin
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receptor fluid. The other half of the replicate was perfused for an additional 48 h. 
The skin content was 2.7 ± 2.2 %, which was not significantly different ( P = 0.77). 
However, about 0.6 ± 0.8 % of the dose had diffused into the plasma receptor fluid 
( P = 0.04). Therefore, cadmium has the ability of binding to the human skin during a 
short exposure in water, and is not completely removed using soap and water wash, 
rather is subsequently absorbed in the body (Table 1.13).

Table 1.14 summarizes a short-term (30 min) exposure for p-nitroaniline. In vitro 
absorption, in vivo absorption, and binding to powdered human stratum corneum 
are all in agreement, and show the potential for short-term absorption. Table 1.15 
gives additional data for DDT and benzo[a]pyrene. Short-term (25 min) exposure 
can be as extensive as that of a 24 h exposure [17].

Animal studies have also been conducted in hairless guinea pigs to test the short-
term exposure to sulfur mustard ranging from 1 to 30 min. As the exposure time 
increased, both, wound area size as well as transepidermal water loss (TEWL) in-
creased. A 5 min exposure to sulfur mustard led to a damaged stratum corneum 
72 h after exposure, whereas 30 min of sulfur mustard exposure resulted in barrier 
disruption—24 h after exposure [18].

Table 1.13  Exposure of cadmium in water to human skin for 30 min followed by skin surface 
wash with soap and water and then a 48 h perfusion with human plasma

Percentage dose
Treatment Skin content Plasma receptor fluid
30 min exposure only 2.3 ± 3.3 0.0 ± 0.0
30 min exposure followed by 
48 h perfusion

2.7 ± 2.2 0.6 ± 0.8

Statistics P = 0.77 P = 0.04

Table 1.14  In vivo percutaneous absorption of p-nitroaniline in the rhesus monkey following 
30 min exposure to surface water: comparison of in vitro binding and absorption
Phenomenon Percentage dose absorbed/bound
In vivo percutaneous absorption, rhesus 
monkey

4.1 ± 2.3

In vitro percutaneous absorption, human skin 5.2 ± 1.6
In vitro, powdered human stratum corneum 2.5 ± 1.1

Table 1.15  Skin exposure time and skin content during in vitro percutaneous absorption
Chemical Formulation Percentage dose 24 h 

exposure
Skin content 25 min 
exposure

DDT Acetone 18.1 ± 13.4 16.7 ± 13.2
Soil  1.0 ± .7  1.8 ± 1.4

Benzo[a]pyrene Acetone 23.7 ± 9.7  5.1 ± 2.1
Soil  1.4 ± .8 0.14 ± 0.13
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1.6  In Vivo Percutaneous Absorption Methods

1.6.1  Skin Stripping: Short-Term Exposure

The stripping method determines the concentration of a chemical in the stratum cor-
neum at the end of a short application period (30 min), and by linear extrapolation 
predicts the percutaneous absorption of that chemical for longer application periods. 
The chemical is applied to the skin of animals or humans, and after a 30 min skin 
application time, the stratum corneum is removed by successive tape application. 
The tape strippings are assayed for their chemical content. Rougier and coworkers 
have established a linear relationship between this stratum corneum reservoir con-
tent and percutaneous absorption using the standard urinary excretion method. The 
main advantages are: (1) elimination of measurement of urinary (and fecal) excre-
tion to determine absorption; (2) the applicability to non-radiolabeled determination 
of percutaneous absorption because the skin strippings contain adequate chemical 
concentrations for nonlabeled assay methodology [14–16].

There are limitations involved with the use of the skin-stripping approach. 
The stratum corneum is characterized by a network of furrows that lead to topi-
cal drug deposition. The tape-stripping method is unable to remove the super-
ficial corneocytes located in the furrows, thus, using this technique, leads to 
some undetected drug deposition. These furrows, also, pose a problem because 
of their tendency to accumulate residual drug material that is difficult to re-
move completely by washing [19]. Furthermore, the skin-stripping method is 
influenced by the anatomical site, application pressure, duration, and the re-
moval method applied [20]. The vehicle used in a topical solution can affect 
the amount of stratum corneum. A study has shown that twice the amount of 
stratum corneum was removed by the ethanol application compared to water 
or oil application [21]. The first tape strip is often discarded in most experi-
ments because it represents the unabsorbed drug on the skin surface; however, 
this procedure has not been critically evaluated and the first tape is necessary 
to calculate the concentration of substance recovered. This technique can only 
assess the concentration of drugs in the stratum corneum, and only at a single 
point of time per stripping. A standardized procedure has yet to be adopted, and 
thus there are limitations while comparing the data obtained through this in vivo 
technique from different studies.

There are multiple methods to quantify the amount of stratum corneum removed 
from each strip. Weighing the tape strips before and after stripping is one of the ap-
proaches, but the sebum, topical formulation, and interstitial fluid may increase the 
weight difference from the initial tape. Another approach is to use a protein assay 
based on the amount of proteins in corneocytes. The proteins show an absorption 
spectrum at 278 nm that can be measured using a UV-spectrometer. However, the 
absorption is weak, and also there can be superpositions with stronger bands from 
other substances. Some approaches have been applied, such as the use of trypan 
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blue, to increase the absorption of the proteins in the visible light range [22]. An-
other relevant approach to quantify the amount of stratum corneum removed is the 
use of optical spectroscopy. There is a decrease in the transmission of light due to 
reflection, diffraction, and scattering by the corneocyte aggregates that result in an 
increasing absorption with a deceasing wavelength termed pseudo-absorption. The 
pseudo-absorption of the tape strips can be used to determine the amount of stratum 
corneum removed by using an UV/Vis spectrometer [23]. The colorimetric protein 
quantification method can also be used to determine the amount of stratum corneum 
removed through tape stripping. This method measures the fraction of stratum cor-
neum proteins that is soluble in sodium hydroxide with the use of a protein assay. 
It has been shown to be an accurate and reproducible method as demonstrated by 
(Dreher et al. 1998), who measured the removed mass of stratum corneum both, 
gravimetrically and spectrophotometrically, as a function of shaking time [24]. 
These two methods produce nearly identical results with a correlation coefficient of 
up to 0.99, depending on the shaking time.

1.6.2  Skin Flaps

If a section of skin of an animal is surgically isolated such that the blood supply 
is singular, this singular source can be used to collect chemicals in blood as they 
absorb through the skin. The isolated skin section, while being intact on the animal, 
can be used for in vivo percutaneous absorption studies, or the skin section with its 
intact blood vessels can be mounted in an in vitro perfusion system to study percu-
taneous absorption.

This methodology is exemplified by the isolated perfused porcine skin flap 
(IPPSF) and the skin sandwich flap (SSF). The IPPSF is surgically created on a 
pig, and then the viable flap with an intact blood supply can be mounted in an in 
vitro perfusion system. The absorption of chemicals through the skin and metabo-
lism within the skin can be determined by assaying the blood vessel perfusate. The 
IPPSF model is advantageous as it is an alternative in vitro animal model, and the 
metabolism of chemicals penetrating the skin can be determined [25, 26]. The skin 
sandwich flap (SSF) is an island flap that has a split thickness skin grafted to its 
subcutaneous surface directly under the superficial epigastric vasculature. In this 
setting, the dermis of the donor skin and the subcutaneous tissue of the host flap 
grow together, sandwiching the vessels supplying the flap, the superficial epigastric 
vessels. Two additional steps allow this sandwich to be converted to an island sand-
wich flap, which is isolated on its vasculature and transferred back to the animals 
using a series of surgical procedures. The juncture on the femoral vessels supplying 
and draining the flap can be readily visualized with an incision in the groin, and 
is accomplished routinely. The exposed vein draining the flap tolerates multiple 
venopunctures. The SSF can be constructed with either human, pig, or rat skin as 
the skin donor [27].
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1.6.3  Systemic Bioavailability (Blood and Excreta)

Percutaneous absorption, in vivo, is usually determined by an indirect method based 
on the measurement of radioactivity in excreta following topical application of the 
labeled compound. In human studies, plasma levels of the compound are extremely 
low following topical application, often below assay detection level, so it is neces-
sary to use the tracer methodology. The labeled compound (usually carbon-14 or 
tritium labeled) is applied to the skin. The total amount of radioactivity excreted in 
urine (or urine along with feces) is then determined. The amount of radioactivity 
retained in the body or excreted by some route not assayed (CO2, sweat) is corrected 
for by determining the amount of radioactivity excreted following parenteral ad-
ministration. This final amount of radioactivity is then expressed as the percentage 
of the applied dose that was absorbed.

The equation used to determine percutaneous absorption is:

Determination of percutaneous absorption from urinary radioactivity does not ac-
count for metabolism by skin. The radioactivity in urine is a mixture of that of 
the parent compound and metabolites. Plasma radioactivity can be measured and 
the percutaneous absorption determined by the ratio of the areas under the plasma 
concentration versus time curves following topical and intravenous administration. 
Radioactivity in blood and excreta can include both the applied compound and me-
tabolites. If the metabolism by skin is extensive and different from that of other sys-
temic tissues, then this method is not valid because the pharmacokinetics of the me-
tabolites can be different from that of the parent compound. However, in practice, 
this method has given results similar to those obtained from urinary excretion [28].

The only way to determine the absolute bioavailability of a topically applied 
compound is to measure the compound using specific assays in blood or urine fol-
lowed by topical and intravenous administration. This is difficult to do, as plasma 
concentrations after topical administration are often very low. However, as more 
sensitive assays are developed, estimates of absolute topical bioavailability will 
become a reality. A comparison of the above methods was performed by using [14C]
nitroglycerin in rhesus monkeys (Table 1.16). The difference between the estimate 
of absolute bioavailability (56.6 %) and that of 14C (72.7–77.2 %) is the percentage 
of the compound metabolized in the skin as the compound was being absorbed. For 
nitroglycerin, this is about 20 % [28].

Percent
Total radioactivity following topical administrati

=
oon

Total radioactivity following parenteral administration
××100.
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1.6.4  Microdialysis

Another approach has been shown to be a promising in vivo technique for measur-
ing percutaneous absorption. It involves the use of a fiber forming a thin hollow 
tube of a semipermeable membrane. The fiber allows passage of molecules with 
a volume smaller than the opening in the membrane. The fiber is inserted into the 
dermis parallel to the skin and a physiological solution is pumped through the probe 
from the afferent side of the tube to the efferent side. Microdialysis allows the con-
tinuous monitoring, assessment, and metabolism of substances directly in the target 
tissue. However, microdialysis does not allow for systemic measurements of per-
cutaneous absorption. The insertion of the probe causes an increase in blood flow, 
and thus requires equilibration time. Finally, the depth of the insertion of the probe 
in the dermis can be inconsistent [29, 30]. Details are found in references [29, 30]. 
See also Chap. 10 for a more complete analysis.

1.6.5  Surface Disappearance

Another approach used to determine in vivo percutaneous absorption is to measure 
the loss of radioactive material from the surface as it penetrates the skin. Recovery 
of an ointment or solution following skin application is difficult because total re-
covery from the skin is never assured. Using topical application of a transdermal 
delivery device, the total unit can be removed from the skin and the residual amount 
of drug in the device can be determined. The difference between the applied and the 
residual dose is assumed to be the amount of drug absorbed. One must be aware that 
the skin may act as a reservoir for unabsorbed material.

Table 1.16  Bioavailability of topical nitroglycerin determined from plasma nitroglycerin, plasma 
14C, and urinary excretion of 14C
Method Mean bioavailability %
Plasma nitroglycerin AUC 56.6 ± 2.5
Plasma total radioactivity AUC 77.2 ± 6.7
Urinary total radioactivity 72.7 ± 5.8

Absolute bioavailability of nitroglycerin and 14C
Percent = (total 14 C excretion following topical administration)/total 14 C excretion following i. v. 
administration × 100 AUC  Area under the curve

Percent
AUC (ng h/mL)/topical dose

AUC (AUC ng h/mL /i.v.
=

×
×( ))   dose

×100.
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1.6.6  Suction Blister

Interstitial fluid and serum can be extracted from a fluid-filled blister formed by ap-
plying a partial negative pressure to the epidermal–dermal junction. This allows the 
sampling of any previously applied compounds with the use of a hypodermic needle 
and a concentration–time profile for the compound can be made. However, very 
low compound levels may be present due to the potential binding of the compound 
to skin tissue, and more so for lipophilic species. This indirect technique is used to 
assess skin drug levels following systemic administrations, and is rather an invasive 
technique that can cause scarring [29].

1.6.7  Biological Response (Pharmacodynamics)

Another in vivo method of estimating absorption is to use a biological/pharmaco-
logical response. Here, a biological assay is substituted for a chemical assay, and 
absorption is estimated. An obvious disadvantage of using biological response is 
that it is good only for compounds that will elicit an easily measurable response. An 
example of a biological response would be the vasoconstrictor assay when the bal-
ancing effect of one compound is compared with that of a known compound. This 
method is perhaps more qualitative than quantitative. More details are given in ref-
erence [31]. The physiologically based pharmokinetic model (PBPK) was designed 
to provide a more quantitative measurement of absorption of drugs. PBPK relies on 
a system of equations derived from previous knowledge of human anatomy, physi-
ology, and biochemistry to facilitate interspecies extrapolations or relate data from 
different administration methods. A novel PBPK model based on rats injected with 
14Cpatupilone has been utilized to predict concentrations of 14Cpatupilone in cancer 
patients [32].

Other qualitative methods of estimating in vivo percutaneous absorption include 
whole-body autoradiography and fluorescence. Whole-body autoradiography will 
give and overall picture of dermal absorption followed by the involvement of other 
body tissues with the absorbed compound.

1.6.8  Raman Spectroscopy

Another novel in vivo approach uses a monochromatic laser light that transfers ener-
gy from photons to molecules in the skin to cause distinct excited vibrational modes 
in those molecules. Using this knowledge and the fact that varying amounts of en-
ergy is needed to excite molecules of various sizes and the types of bonds in those 
molecules, Raman Spectroscopy can be used as a highly molecule-specific tool to 
analyze percutaneous absorption of drugs. Confocal Raman Spectroscopy is a type 
of Raman Spectroscopy that can filter the sample’s analysis volume in 3D. It has 
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been used to determine the water concentration profile in the stratum corneum as a 
function of distance to the skin surface. However, this technique not only requires 
the levels of the compound under investigation to be in significant concentrations 
but also determines relative and not absolute levels of percutaneous absorption [33]. 
Details are found in [33].

1.7  Other Methods to Examine Maturity of Stratum 
Corneum (The Major Barrier to Water Loss)

1.7.1  Quantitative Structure Activity Relationship (QSAR)

Using the relationship between chemical structure and biological activity of a com-
pound, QSARs can be used to predict the percutaneous absorption rates of various 
compounds. Variables that affect the penetration of the skin barrier, such as the 
lipophilicity, size, solubility, etc. can be used to create a QSAR model to determine 
the absorption rate of a particular compound. Details are found in [34].

1.7.2  Transepidermal Water Loss

Transepidermal water loss, TEWL, is a physiological phenomenon that demon-
strates the integrity of the barrier function of stratum corneum that can be used to 
test the maturity of the skin. A high TEWL value is associated with a poor epidermal 
barrier, thereby, increasing the absorption of topical formulations. An inverse rela-
tionship exists between the corneocyte size, measured through tape stripping, and 
TEWL in the human cheek [35].

1.7.3  Skin Impedance

Skin impedance is another method used to measure the integrity of the stratum 
corneum barrier. A pair of electrodes is placed on the skin, and current is applied to 
test the electrical resistance of the epidermis between the two electrodes. There is 
a sharp decrease in impedance once the outer layers of the epidermis are removed. 
TEWL, also, shows a significant increase once the outer layer is removed. How-
ever, impedance is more strongly affected by the removal of the outer layer than 
TEWL [36].
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1.8  Concluding Remarks

It is likely that human neonatal skin is different from adult skin; however, there has 
been limited research on this topic. For more details regarding neonatal skin consult 
references [37]. Altogether, the significant advances in penetration methodology have 
developed since World War II. For additional details, textbooks by references [38–40] 
should be valuable. It is likely that many surprises and advances will follow.
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2.1  Introduction

A most relevant way to determine the percutaneous penetration rate or absorption 
rate of chemicals in humans is in vivo studies. However, it has been increasingly 
complex to perform in vivo human studies because of regulation such as US EPA’s 
human research rule [1]. An alternative way is in vitro human skin absorption study 
not banned by the current human research guidelines. However, it does not have 
an intact physiologic and metabolic system present in in vivo models, and is as-
sociated with limited tissue durability, and subject to practical issues of obtaining 
human tissue. Therefore, animals remain practical models because they are easier 
to obtain, less subject to regulation, have less intersubject variability due to inbred 
animals, and there is a large body of valuable data not only on percutaneous absorp-
tion/penetration but also on related toxicokinetic and toxicodynamic parameters [2]. 
However, animal skin is generally more permeable than human skin. To develop 
most predictive data of the human skin penetration or absorption, animal model’s 
physiology, biochemistry, and anatomy of skin should be similar to humans [3]. 
Thus, animals phylogenetically close to humans would be good models, but it is 
not absolutely required for an animal to be genetically close to humans to be a 
good animal because an animal that is not genetically close to human can have skin 
characteristics similar to humans. Two basic criteria help judge whether an animal 
is relevant; the animal model should give percutaneous absorption similar to that 
in humans; if it is not possible, then percutaneous absorption in the animal model 
should be constantly different from that in humans.
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In 1972, Bartek et al. [4] challenged the world of comparative cutaneous biology 
to begin to understand relative percutaneous penetration in several species. Subse-
quently, extensive observations have extended Bartek’s investigation—and here we 
evaluate the subsequent four decades—in hopes of aiding dermatopharmacology 
and dermatotoxicology studies.

This chapter describes monkeys, pigs, rats, rabbits, guinea pigs, and hairless ro-
dents such as hairless rats, hairless mice, and hairless guinea pigs (HGPs), and then 
some alternative models such as a human skin grafted onto the nude mouse model 
(HuSki model).

2.2  Monkeys: Rhesus/Squirrel

The monkey is a most relevant animal model for percutaneous absorption because 
it is phylogenetically close to humans; therefore, its skin resembles human skin and 
areas such as the inner arm, legs, and trunk are relatively hairless like human skin. 
Its regional variation in percutaneous absorption resembles human skin; therefore, 
the same anatomical site can be used in comparative study. It is sufficiently large for 
serial blood sampling. However, the use of monkeys in experiments is somewhat 
limited by cost and restricted availability. Also, they are difficult to handle and re-
quire expertise with special facilities. There are some differences in skin anatomy 
between monkeys and humans; monkeys are covered with a dense coat of pelage 
not hair; their epidermis has little undersculpture; they have numerous apocrine 
glands over nearly the entire hairy skin; monkeys have fewer sebaceous glands that 
directly open to the skin surface [5].

We found three studies for four chemicals, which described the permeability of 
both monkey and human skin and were published after 1993. 2, 4-dichlorophen-
oxyacetic acid penetrated similar to human skin [6]. However, acitretin was 0.3 
times as permeable as in human skin [7]. In Panchangnula et al.’s study [8], water 
and 7-hydroxycoumarin were 2.3 and 3.8 times more permeable, respectively, than 
human skin even if the thickness of full-thickness and stratum corneum (SC) as well 
as hair density of monkey skin were similar to those of humans. Thus, percutaneous 
absorption across monkey skin often, but not always, resembles human skin.

2.3  Pigs

Another appropriate animal model for human skin absorption is the pig, both in 
vivo and in vitro [2]. Porcine skin is easily obtainable; the pig is large enough for 
collection of multiple samples (body fluids, biopsies) over extended periods, while 
at the same time not too large to be inconvenient to handle in standard laboratory 
animal facilities. There are similarities between porcine and human skin; the skin 
is characterized by a spare hair coat, a thick epidermis that has a well-differentiated 
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undersculpture, a dermis that has a well-differentiated papillary body and a large 
content of elastic tissue [3]. The follicular structure of pig skin also resembles that 
of humans. The average of 20 hairs/cm2 of porcine ear skin is similar to 14–32 hairs/
cm2 in humans [9].

The histological appearance of the epidermis is similar in humans and pigs [3]. 
Porcine and human epidermis appear similar in tissue turnover time and the char-
acterization of keratinous proteins. Porcine SC contains protein fractions grossly 
similar to humans. It has similar variable filament density and areas of cell overlap-
ping with human skin SC. The epidermal–dermal junction of pigs resembles that of 
humans. The number, size, distribution, and communications of the dermal blood 
vessels of the pig were remarkably similar to those of human skin. The architecture 
of collagen fibers and fiber bundles as wells as the thickness of collagen fibrils in 
the dermis of the pig is generally similar to those of human skin. In immunohis-
tochemical study with 93 monoclonal or polyclonal antibodies, many antibodies 
showed similar immunoreactivity on porcine and human skin [10].

Biochemical similarities were found while studying glycosphingolipids and ce-
ramides in human and pig epidermis. The enzyme patterns of the skin of the domes-
tic pig revealed by enzyme histochemical investigations mirror that in man [3]. The 
thickness of skin layers in porcine skin resembles that of human skin (Tables 2.1 
and 2.2) [11, 12].

However, dissimilarities also exist: vascularization is rich in man but poor in 
pigs; humans have mostly eccrine sweat glands, whereas pigs have mostly apocrine 
glands. As there is high fat component in pigs, lipid soluble compounds concentrate 
in the fatty area of pigs rather than the central compartment (blood sampling) [3].

Barbero and Frasch [13] extensively reviewed porcine skin as surrogates for 
human in vitro penetration studies. In 18 studies which reported permeability co-
efficient of 26 chemicals, correlation efficient (r) between pig and human skin 
is 0.88 (p < 0.0001). It supports a strong positive correlation between two skins.  

Table 2.1  Thickness of skin layers of different species. (Modified from [11])
Species, anatomic site SC (μm) Epidermis (μm) Whole skin (mm)
Human, forearm 17 36 1.5
Pig, back 26 66 3.4
Pig, ear 10 50 1.3
Mouse, back  5 13 0.8

Table 2.2  Thickness of human and animal skin. (Modified from [12])
Species SC (μm) Epidermis (μm) Whole skin (mm)
Human 16.8 46.9 2.97
Pig 26.4 65.8 3.43
Rat 18 32 2.09
Mouse  9 29 0.70
Hairless mouse  8.9 28.6 0.70
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In another 20 studies of 50 measurements on 40 chemicals that did not report per-
meability and factors of difference (FODs) calculated from permeability studies, 
80 % fell within the range of ± 1/2 log interval; that is 0.3 < FOD < 3.0. Average 
intraspecies coefficient of variation for pig skin is 21 % and for human skin 35 %. 
Smaller variation in pig skin than human skin means that fewer experiments would 
be required to attain sufficient statistic power to confirm subtle differences. In lag-
time data (13 measurements from 9 studies on 10 compounds), there is no signifi-
cant correlation between lag-time in pig skin compared with the human skin.

As the first edition of this book was published in 1993, we reviewed the original 
papers published after 1993 that described permeability of both pig skin and human 
skin. These included 46 studies, which measured permeability of 77 chemicals. For 
38 chemicals in 26 studies, percutaneous permeability of porcine skin is close to 
that of human skin (0.625 < FOD < 1.6). For 25 chemicals in 15 studies, percutane-
ous permeability of pigs is higher than that of humans. In this group, nine chemicals 
were absorbed in porcine skin in a much higher rate than human skin (FOD > 3). 
For 16 chemicals in six studies, human skin permeability is higher than that of pigs. 
However, only three chemicals showed higher difference (FOD > 3). In conclusion, 
86 % (65 chemicals of 76) fell within the range of ± 1/2 log interval.

As seen above, experiments with many chemicals showed similar permeability 
through pig skin and human skin. But, the degree of resemblance varies with groups 
of compounds of different chemical characteristics.

2.4  Rats

Rodents are readily available, small and easy to handle, inexpensive, have consider-
able cumulated data about them; so, they are most commonly used in permeation 
studies as well as regulatory toxicity studies. However, rodent skin generally shows 
higher permeation rates compared to human skin. Among rodents, rat skin has more 
structural similarities to human skin (Table 2.2). Therefore, permeation kinetic pa-
rameters of rat skin are frequently comparable with human skin [14]. However, 
differences between rat skin and human skin are large. In rat skin, epidermis and SC 
are thinner, appendage number is higher, intercellular lipid composition of the SC is 
different, and corneocyte surface is lower than in human skin [15].

We reviewed the original papers published after 1993 that described permeabil-
ity of both rat and human skin. These included 79 studies, which measured ab-
sorption of 110 chemicals. For 23 chemicals in 21 studies, permeability of rat skin 
resembled that of human skin (0.625 < FOD < 1.6). For 83 chemicals in 54 studies, 
rat skin is more permeable than human skin. Only four chemicals are less perme-
able through rat than through human skin. In the group of chemicals (n = 83) that 
were more permeable in the rat than human skin, twenty-eight chemicals show FOD 
within the range of 3–10, twenty-four chemicals show FOD within the range of 
11–99, and five chemicals show FOD within the range of 100–500. In conclusion, 
48 % (53 chemicals of 110) fell within the range of ± 1/2 log interval and rat skin is 
generally more permeable than human skin.
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van Razenzwaay and Leibold [16, 17] compared in vivo rate of penetration of 
14 pesticides with a wide range of lipophilicities and molecular weights with in 
vitro rate of penetration in rat as well as in vitro rate of penetration in humans. In 
in vitro studies, rat skin was always more permeable for all tested substances than 
human skin (FOD ranged from 2.3 to 36.5, mean: 13.4 ± 11.1-fold). In vivo rat skin 
is always less permeable than in vitro rat skin, but, in most cases (9/12), it was more 
permeable than in vitro human skin. No constant factor of difference was identified. 
Factor of difference would not appear to be determined by molecular weight, lipo-
philicity, or aqueous solubility. Because of inconsistent difference in permeability 
between rat and human skin, it is not possible to derive a general adjustment factor 
for estimation of human skin permeability. Thus, the systemic exposure of humans 
may be significantly overestimated if risk assessment is based only on the results of 
an in vitro or an in vivo rat study.

To overcome this problem, several research groups (US EPA 1992; Thongsinthu-
sak et al. 1993; van Ravenzwaay and Leibold 2004; WHO 2005) [17–20] suggested 
a method, the so-called parallelogram, to estimate dermal penetration through hu-
man skin from the combined use of in vivo and in vitro rat data and in vitro human 
data, using the following equation: add reference

Ross et al. [21] examined the predictive worth of this method as outlined in Table 2.3 
for five other compounds with widely varying log Kow (log P varies from − 0.1 
for caffeine to 6.1 for permethrin). Agreement between estimated and measured 
values is remarkable. More importantly, the predicted dermal absorption estimate 
≤ 1.7-fold of the actual human in vivo measured value for each compound except 
fluazifop-butyl and o-phenylphenol.

The parallelogram method to estimate human dermal absorption can also be uti-
lized with other test animal data besides rat. Shown in Table 2.4 are the values 
predicted using pig data, which also show a good agreement between estimated and 
measured values [21]. While the ratio of animal to human absorption varies with the 
compound, this approach is only valid if the ratio of in vivo to in vitro absorption for 
a given compound remains the same in both human and animal species. It is also de-
sirable if three study types (in vitro human, in vitro rat, in vivo rat) were conducted 
concurrently under the same condition by the same laboratory [21].

[ ] [ ]
[ ]

% human dermal penetration

% dermal penetration in rat in vivo rate of dermal penetration in human in vitro  

rate of dermal penetration in rat in vitro

×
=
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2.5  Rabbits

Similar to rat, rabbit skin is generally more permeable than human skin and the 
difference in percutaneous absorption between rabbit skin and human skin is not 
consistent. In 2008, Nicoli et al. [22] performed an experiment to compare rabbit 
ear skin with pig ear skin on histology, lipid composition, and permeability of skin 
(Tables 2.5 and 2.6). Rabbit ear skin is characterized by the density of hair follicles 
(80/cm2) much lower than that of the skin of the rabbit back and of other rodents 
(rat 8000/cm2). Rabbit ear skin also showed comparable permeability in some mol-
ecules (lidocaine, triptorelin, thiocolchicoside). One study demonstrated that rabbit 
ear skin is a reasonable model for studying the iontophoretic transport of drugs in 
vitro since the relative electro-osmotic and electrorepulsive contributions were al-
most similar for human skin and rabbit skin [23].

As seen in Tables 2.5 and  2.6, rabbit ear skin has SC thickness similar to pig 
ear and human skin. However, the lipid composition of rabbit SC was substantially 
different from that of the pig, which showed a higher content of nonpolar lipids. 
And viable epidermis of rabbit ear was much thinner than that of pig ear skin. Hair 

Table 2.4  Estimated human dermal absorption using parallelogram method with pig data. (Modi-
fied from Table 9 in [21])
Compound Pig

Pig
in vivo

in vivo

Human in vivo
(%)

Human in vivo P
(predicted %)

Human in 

vivo M
(measured %)

Human

Human
in vivo

in vivo

p

M

Benzoic acid 1.9 46.5 88.4 60.6 1.5
Caffeine 1.2 40.6 40.6 48.7 1.2
Lindane 1.3  7.5 9.8 9.0 1.1
Malathion 0.4 17.0 6.8 8.0 0.9
Testosterone 0.5 39.4 19.7 49.5 0.4

Table 2.3  Comparison of measured human absorptions and new predictions of human dermal 
absorption using the parallelogram method. (Modified from Table 4 in [21])
Compound Rat

Rat
in vivo

in vivo

Human 
in vivo (%)

Human in vivoM
(predicted %)

Human in vivoM
(measured %)

Human

Human
in vivo

in vivo

p

M

Benzoic acid 1.3 46.5 60.5 60.6 1.0
Caffeine 1.0 40.6 40.6 40.6 1.0
Fluazifop-butyl 0.9 2.2 2.0 8.0 0.25
o-Phenyl phenol 3.5 16.3 56.7 24.2 2.4
Permethrin 1.3 1.3 1.7 1.2 1.4
PBO 1.2 7.4 8.9 5.3 1.7
Propoxur 0.6 25.9 14.5 14.5 1.0
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follicle density is also still higher than pigs and humans (human back and abdomi-
nal skin are 29–93/cm2 and 6/cm2, respectively) though it is much lower than other 
hairy rodents. In permeation studies, hydrophilic chemicals (caffeine, nicotinamide) 
were 4–7 times less permeable through rabbit ear than through pig skin, probably 
because of the higher lipophilicity of its SC while lipophilic chemical, progesterone 
showed permeability similar to pig ear skin [22].

We reviewed the original papers published after 1993 that described permeabil-
ity of rabbit skin and human skin, including 16 studies, which measured 19 chemi-
cals. Only 2 chemicals showed similar permeability in both and 16 chemicals higher 
permeability through rabbit skin than through human skin. Among 14 chemicals, 
di-n-butylphthalate is 24 times and terbutaline is 14 times more permeable through 
rabbit skin that through human skin. In conclusion, rabbit skin is generally more 
permeable than human skin and 10 chemicals of 19 (53 %) fell within the range of 
± 1/2 log interval.

Table 2.5  Rabbit ear skin as a skin model for in vitro transdermal permeation experiments. (Sum-
marized from [22])

Rabbit ear skin Pig ear skin (control)
SC thickness 11.7 μm 9.1 μm
Lipid amount in SC  6 %  5 %
Lipid composition in SC More lipophilic Less lipophilic
Ceramide (polar) 35 % 43 %
Cholesterol (polar) 11 % 32 %
Cholesterol esters (nonpolar) 32 %  1 %
Triglycerides (nonpolar)  5 %  1 %
Epidermis thickness 17 μm 62 μm
Hair density 80/cm2 11–30/cm2

Permeation
Hydrophilic (caffeine, 
nicotinamide)

4–7 times less permeable than pig skin

Lipophilic (progesterone) Comparable with isolated pig epidermis

Table 2.6  Mean thickness of different layers of rabbit, pig, human, and mouse skins. (Modified 
from Table 2 in [22])
Species SC (μm) Epidermis (μm) Whole skin (mm)
Human 12.5 53.5 –
Pig, outer ear  9.1 61.7 1.1771
Rabbit, inner ear 11.7 17.0 0.276
Mouse  6.7  9.6 –
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2.6  Guinea Pigs

Guinea pig skin is also generally more permeable than human skin like other ro-
dents. Barbero and Frasch [13] performed an extensive quantitative review on guin-
ea pig skin, including HGP skin as well as porcine skin as surrogates for human in 
vitro penetration studies. These included data from 14 in vitro studies consisting 
15 measurements of 13 chemicals on permeability through both human and guinea 
pig skin. Their review showed an excellent correlation exists between guinea pig 
skin and human skin; the linear correlation of the log transformed data gave an r2 of 
0.90 with a slope very close to 1.0 (0.96 ± 0.10), and an intercept not distinguishable 
from 1 (0.11 ± 0.3). But, for those where FOD only is measured (17 studies, 25 mea-
surements, 21 chemicals), 65 % fell within the range 0.3 < FOD < 3.0. These FOD 
studies generally exhibit less agreement between guinea pig and human permeation.

Average intraspecies coefficient of variation for guinea pig skin is 19 %, which 
is less than for human skin (24 %). Twelve lag-time measurements of 12 chemicals 
taken from 11 studies comparing human and guinea pig skins have a Pearson cor-
relation coefficient of 0.90 ( p < 0.0001). Linear correlation slope was 1.07 with an 
intercept of − 0.22 h, and r2 of 0.82. Thus, time-lag correlations between guinea 
pig and human skins were significant. From these results they concluded that, in 
general, the guinea pig is a good model for human skin in vitro permeability mea-
surements. For chemicals with substantial disagreement they suggest that higher 
hair density in guinea pigs may contribute to the high permeability of guinea pig 
skin for those chemicals, particularly hydrophilic ones (e.g., paraquat dichloride, 
sodium chloride).

We reviewed the original papers published after 1993 that described permeabil-
ity of both guinea pig and human skins. These included 10 studies, which measured 
absorption of 10 chemicals. Six chemicals showed higher permeability through 
guinea pig skin than through human skin. Three chemicals were less permeable 
through guinea pig skin than human skin. In conclusion, five chemicals of ten fell 
within the range of ± 1/2 log interval. This result differs from Barbero and Frasch’s 
result. This may be due to the small number of studies reviewed and that they also 
included HGP that showed much more comparable results to human skin as well as 
the haired guinea pig skin in their review.

2.7  Hairless Rats/Hairless Mice/Hairless Guinea Pigs

Hairy rodents have the disadvantage of an extremely high density of hair follicles 
and require hair removal before permeation experiment. As both issues can affect 
percutaneous absorption of chemicals, hairless rodents have been gaining more 
ground in permeation studies.
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2.7.1  Hairless Rats

Earlier there were in vivo studies in which chemicals showed permeability through 
hairless rat skin similar to human skin. Therefore, Shah et al. [24] stated in 1991 
that, together with pigs and rhesus monkeys, hairless rats are the only animals in 
which permeation data are consistently, qualitatively, and quantitatively similar to 
human permeation data.

We reviewed original papers published after 1993 that described permeability 
of hairless rat skin and human skin. These included 13 studies, which measured 
absorption of 21 chemicals. For four chemicals from three studies, absorption was 
similar in hairless rat and human skin. For 14 chemicals from seven studies absorp-
tion through hairless rat skin is higher than human skin. Most (12 of 14) were more 
than three times permeable than human skin and seven chemicals showed more than 
ten times permeability than human skin. Three chemicals from three studies are less 
permeable through hairless rat skin than through human skin. In conclusion, 33 % 
(7 chemicals of 21) fell within the range of ± 1/2 log interval. Thus, hairless rat skin 
seems to be generally more permeable than human skin.

2.7.2  Hairless Mice

Chantasart et al. [25] described the advantage of hairless mouse skin. Hairless 
mouse skin SC has relatively constant lipid content whereas human skin lipid con-
tent varies considerably, thus making the interpretation of the partition experiment 
data difficult. Hairless mouse SC lipid composition resembles that of human skin. 
The large body of hairless mouse skin data available allows direct comparisons of 
the present results with those in previous studies. Hairless mouse skin has been 
found to be an adequate, quantitative model for human skin in the investigation of 
chemical permeation enhancers when defined protocols are employed.

Simon and Maibach [26] reviewed the relevance of the hairless mouse as an 
experimental model for human skin penetration. Regarding histology, SC of the 
hairless mouse is less than half as thick as that of the human tissue and accordingly 
with lower barrier properties. It is more susceptible to chemical perturbations than 
human skin. Their conclusion was that statistically significant correlations were not 
obtained between the hairless mouse skin and human skin and the in vivo hairless 
mouse data is not usefully predictive for human skin in vitro permeability. For in 
vitro studies, hairless mouse skin needs to be hydrated thoroughly to be a model 
for human skin penetration. Some compounds penetrated in an almost similar man-
ner, but many differed in at least one logarithmic order, human skin being the less 
permeable. Relative effect of each enhancer formulation on the two skins was not 
consistent and therefore the hairless mouse model should not be used to predict the 
effects of penetration enhances in human skin.

We reviewed the original papers published after 1993 that described permeability 
of hairless rat skin and human skin. These included 16 studies, which measured ab-
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sorption of 17 chemicals. Five chemicals penetrated through the hairless mouse skin 
at a rate similar to human skin. Twelve chemicals penetrated through the hairless 
mouse more than through human skin, seven of them showing more than a threefold 
difference between hairless mouse skin and human skin. These results support that 
the hairless mouse is not a good model to predict human skin absorption.

2.7.3  Hairless Guinea Pigs (HGPs)

The skin of HGP has some structural similarities with human skin that the skin of 
the haired guinea pig does not have [27]. The HGP epidermis is as thick as human 
skin and has distinct layers (5–10 layers) similar to human epidermis and SC thick-
ness and the number of blood vessels in the dermis is similar as well.

Skin permeability values in HGP were similar to those of humans.Frasch and 
Barbero [28] performed an experiment to compare HGP skin permeability and lag-
time measurements for six chemicals with a wide range of lipophilicity (log Kow 
0.90–3.40) with those of human skin. They found an excellent correlation between 
HGP and human skin in terms of permeability ( Kp) and lag-time. The data of per-
meability ( Kp) for six chemicals through HGP skin are mostly slightly more per-
meable, but close to those of humans. Thus, they concluded that HGP is a good 
substitute for human skin.

We reviewed the original papers published after 1993 that described permeabili-
ty of both HGP and human skin. These included 20 studies, which measured absorp-
tion of 28 chemicals. Eighteen chemicals from 11 studies showed a close absorption 
rate through HGP to human skin. Only one chemical was less permeable through 
HGP than human skin and 11 chemicals from eight studies showed higher perme-
ability through HGP skin than human skin. Overall, 89 % (25 of 28) chemicals are 
within the range of 0.3 < FOD < 3. These results support that HGP skin is a good 
model for human skin absorption.

2.8  In Vitro Species Comparison and In Vitro/In Vivo 
Correlation

Compared to in vivo animal study, in vitro animal models are more easily available, 
easy to perform, and can provide results in a shorter period. They provide important 
tools for screening a series of drug formulations, evaluation of skin permeation en-
hancing properties and mechanism of action of the carrier systems, and estimation 
of rank of skin transport for a series of drug molecules [14].

There are numerous in vitro and in vivo animal studies, but fewer in vitro–in vivo 
comparative studies. This makes it difficult to interpret in vitro animal data. van 
de Sandt et al. [29, 30] compared in vitro absorption of the pesticide propoxur (log 
P 1.56) and the fungicide o-phenylphenol (log P 3.28) with in vivo absorption in 
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human and rat skin. For direct comparison, experimental conditions were standard-
ized with respect to dose, vehicle, exposure duration, temperature, and humidity. In 
in vitro studies, samples of receptor fluid were collected at various time intervals 
after application in static diffusion cells. In in vivo studies, blood sampling was 
performed and urine (human, rat) and feces (rat) were collected at predetermined 
time intervals after application. They found that in vitro absorption in most cases 
overestimated the in vivo situation. Most close agreement between in vitro and in 
vivo results could be obtained on the basis of potentially absorbed dose (amount 
applied minus dislodged) for both rat and human (Table 2.7).

In an in vivo and in vitro comparative study in rats, van Ravenzwaay and Leibold 
[16, 17] determined the rates of penetration for 14 chemicals. In vitro results were 
always higher, irrespective of the compound tested and the duration of exposure, as 
compared to in vivo values. In vitro methods provided a more accurate prediction 
of in vivo dermal absorption for water-soluble molecules than lipophilic molecules 
with a log P greater than 3. However, considerable difference between in vitro and 
in vivo values for highly lipophilic compounds was reported for lindane (log P 3.5) 
showing the 40-fold overprediction. Ross et al. [21] reviewed comparison of in 
vivo and in vitro dermal absorption values measured in pigs (Table 2.8), humans 
(Table 2.9), and rats (Table 2.10). This showed that in vitro studies agree with in 
vivo studies for most compounds tested. This suggests that properly conducted in 
vitro study is generally accurate in predicting in vivo skin absorption and one may 
avoid in vivo studies.

However, the majority of studies reported that in vitro percutaneous absorption 
overestimated in vivo percutaneous absorption. In vitro studies showed considerable 

Table 2.7  Comparison of in vivo and in vitro potential absorbed dose (PAD, µg/cm2) of propoxur 
and o-phenylphenol in rat and human
Compounds Rat in vitro Rat in vivo Human in vitro Human in vivo
Propoxur  29 48  17  23
o-Phenylphenol 108 67 110 105

Table 2.8  Comparison of in vivo and in vitro dermal absorption values measured in pigs. (Modi-
fied from Table 5 in [21])
Compound Pig In vitro Pig In vivo Ratio, in vivo/in vitro
Benzoic acid 15 28 1.9
Caffeine 20 23 1.2
DEET 6 9 1.5
Fluocinolone 
acetonide

4 6 1.5

Lindane 6 8 1.3
Malathion 10 4.4 0.4
Mean 1.2
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variation depending on the experimental details or conditions. Predictive value in 
vitro assays showed to be influenced by factors such as skin type and thickness 
and choice of receptor fluid (RF). Agreement between in vitro and in vivo is better 
for hydrophilic than for lipophilic compounds. In vivo, the capillary bed acts as a 
sink, removing chemicals as they diffuse into the epidermis and dermis. In vitro 
methods rely on receptor fluid as sink, but the thermodynamics of partitioning the 
skin into the RF is highly dependent on the chemicals’ lipophilicity, the physio-
chemical attributes of the RF, and the chemicals solubility into the RF [8]. Most 
studies showed that the use of full-thickness skin resulted in a lower absorption of 
lipophilic chemicals into the receptor fluid when compared with results obtained 
with split thickness skin, indicating a reservoir effect of these compounds. There is 

Table 2.10  Comparison of in vivo and in vitro dermal absorption values measured in rats. (Modi-
fied from Table 8 in [21])
Compound In vitro rat In vivo rat Ratio, in vivo/in vitro
Acetyl salicylic acid 29.0 24.8 0.86
Benzoic acid 49.1 37.0 0.75
Caffeine 48 57 1.2
DEET 34 38 1.1
Fluazifopbutyl 80 74.3 0.93
Ortho phenyl phenol 10.3 35.8 3.5
Permethrin 20.7 35 1.7
PBO 35 42 1.2
Propoxur 31 20.8 0.67
Urea  7.2  8.1 1.1
Mean 1.1

Table 2.9  Comparison of in vivo and in vitro dermal absorption values measured in humans. 
(Modified from Table 6 in [21])
Compound In vitro human In vivo human Ratio, in vivo/in vitro
Benzoic acid 46.5 60.6 1.3
Caffeine 40.6 40.6 1.0
Fluazifopbutyl 2.2 8.0 3.6
Lindane 7.5 9 1.2
Malathion 17 8 0.47
Ortho phenyl phenol 16.3 24.2 1.5
Permethrin 1.3 1.2 0.95
PBO 7.4 5.3 0.72
Propoxur 25.9 14.5 0.56
Testosterone 39.4 49.5 1.3
Mean 1.0
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also a point of debate in the way the amount of a chemical is retained in the skin at 
the end of exposure [2].

In conclusion, more comparative studies are needed to determine the factors that 
influence the predictive value of the in vitro and animal models.

2.9  Alternative In Vitro Test Methods

New regulatory guidelines increasingly demand the reduction of tests using labora-
tory animals in research as well as in drug, chemical, and cosmetic screening. Thus, 
alternative in vitro test methods are gaining in importance to avoid excessive animal 
use.

2.9.1  Isolated Perfused Porcine Skin Flap (IPPSF)

Among the 45 studies done on pigs in our review only four are in vivo. To overcome 
some of the limitations of in vitro study while still taking advantages of in vitro study, 
Riviere et al. [31] developed isolated perfused porcine skin flap (IPPSE) model. It 
provided an anatomically intact, viable, isolated, perfused tube-like preparation in 
which epidermis and dermis are viable with functional microcirculation, which can 
be used for collecting blood containing chemicals absorbed through skin. Wester 
et al. [32] compared percutaneous absorption of five chemicals through human skin 
and IPPSF model. Percutaneous absorption values of IPPSF model were compa-
rable to those of human skin (correlation coefficient = 0.78; p < 0.04) (Fig. 2.1). 
However, they concluded that though their results and other studies are promising, 
this model needs more studies with a broader group of diverse chemicals.

Fig. 2.1  Comparison of percutaneous absorption of five chemicals through human skin and IPPSF 
model
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These ex vivo model systems allow cutaneous toxicology and pharmacology 
studies to be conducted on viable skin that has a normal structure and intact mi-
crovasculature. However, surgical procedures and perfusion techniques for these 
models are complex and time consuming.

2.9.2  Isolated Blood-Perfused Pig Ear

There are two major advantages of the perfused pig ear model over in vitro mod-
els. In the pig ear model, blood is used as the recipient medium instead of a buffer 
containing organic solvents, and the model does not ignore the effect of chemicals 
on the dermal vascular system (dose-dependent increase in perfusion pressure after 
noradrenaline and reversal of the same by isoxsuprine) [3].

In van de Sandt et al.’s comparative in vitro–in vivo percutaneous absorption 
studies for propoxur and ortho-phenylphenol, data generated in the perfused pig 
ear model were generally intermediate between full-thickness skin and epidermal 
membrane of human in vitro studies and 5–10 times overestimated the human in 
vivo data for both chemicals [29, 30]. The practical perfusion period is limited to 
about 6 h [33].

2.9.3  Isolated Normothermic Hemoperfused Porcine Forelimb

Wagner et al. [34] developed this model to replace animal testing with maintaining 
the characteristics of porcine skin as close to physiologic conditions as possible. 
The perfusion of the isolated porcine forelimb in several respects meets the require-
ments of an in vitro assay model. However, it was not predictive of in vivo absorp-
tion in humans. Maximal nitroglycerin concentration as determined in their study 
was considerably higher than that in humans from the literature studies (Table 2.11) 
[35, 36].

They explained the difference as follows: the perfusion of the porcine is run in 
a recirculating mode, which leads to continuous accumulation of nitroglycerin in 
the perfusion medium and the isolated porcine limb is deprived of the metaboliz-

Table 2.11  Comparison of maximal blood nitroglycerin concentration in isolated normothermic 
hemoperfused porcine forelimb and humans

Maximal blood nitroglycerin concentration
Patch Wagner SM et al.’s study Human in vivo (published 

data)
TTS 5a Up to 3.86 ng/ml 0.27 ng/ml35

TTS 10b 4.54 ng/ml 1.1 ng/ml36

a Patches containing nitroglycerin 25 mg
b Patches containing nitroglycerin 50 mg
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ing and eliminating mechanisms of the liver and kidney, which are present in vivo. 
They concluded that comparing nitroglycerin penetration rates in the porcine limb 
model with in vivo in humans is difficult. So, further improvement of the perfusion 
setup is necessary. Like isolated blood-perfused pig ear model, its vitality of model 
maintained for 5–6 h.

2.9.4  Mouse Dorsal Skin Fold Chamber Model

Eros et al. [37] used mouse dorsal skin fold chamber model, which permits pre-
cise determination of drug quantity penetrating living full-thickness skin with a 
functioning microcirculation. A skin fold in the dorsal region of a nude mouse was 
fixed with two fenestrated titanium plates. A circular wound was made on one side 
of the skin fold. A metal cylinder with phosphate buffer was fixed in the window 
of the titanium plate. Concentration of penetrated drug was measured in the buffer. 
It is an in vitro study under in vivo condition, so repeated measurements can be 
performed in the same animal to determine the kinetics of penetration, which can 
reduce the number of animals required for study. However, the continuous presence 
of an investigator is required for assessment of the animals and for the maintenance 
of anesthesia. And observation period was only 6 h.

Eros et al. [37] measured ibuprofen permeation through dorsal skin fold chamber 
model. A flux of 11.57 µg/cm2/h of ibuprofen reported by them was not comparable 
with the data of human skin in published data; 20–30 μg/cm2/h or higher in human 
skin in vitro study [38, 39]. So, it may replace in vivo mouse study but is not com-
parable with human studies.

2.9.5  Isolated Bovine Udder

Netzlaff et al. [40] compared bovine udder skin with human and porcine skin in 
percutaneous permeation experiments. Bovine udder skin exhibited a weaker but 
less variable barrier against caffeine, benzoic acid, testosterone, and flufenamic acid 
while pig skin and human skin were found to be equally permeable.

2.10  Human Skin Grafted onto Nude Mouse Model 
(HuSki Model)

This model allows evaluation of chemicals using a system consisting of a viable 
human skin and SC with a physiological capillary circulation of the nude mouse. 
Reifenrath et al. [41] investigated skin absorption in several in vivo models, includ-
ing the HuSki model and demonstrated a significant correlation between the skin 
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penetration values obtained for nine chemicals with the HuSki model and the hu-
man volunteer values ( r = 0.74; p = 0.05).

Capt et al. [15] compared skin penetration for three reference insecticides (mala-
thion, lindane, and cypermethrin) using two in vivo (rat and HuSki) and two in vitro 
(rat and human) models. Then they compared data obtained from these models to 
human volunteer data [42–44] for their ability to predict the human skin absorp-
tion (Fig. 2.2). Human in vitro model was the most predictive of human in vivo 
absorption, but it could not be used for more than 24 h as the skin samples in the 
diffusion cells may not maintain their vitality beyond 24 h. The HuSki model was 
similar to the human in vitro model in predicting human in vivo absorption for the 
three compounds. Rat in vivo model overestimated human in vivo skin absorption 
much more than human in vitro and the HuSki model. As HuSki is a vivo model 
and allows absorption experiment for longer period (at least 11 days), it was also 
suitable to study the fate of chemicals in the skin and SC over prolonged periods. 

Fig. 2.3  Evolution of the distribution of cypermethrin over time in rat in vivo and the HuSki 
model. (Modified from [15])

 

Fig. 2.2  Distribution of malathion, lindane, and cypermethrin in five models at 24 h. (Modified 
from [15])
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Evolution of the distribution of cypermethrin between 6 and 120 h was different in 
the rat model compared to the HuSki model (Fig. 2.3). In the rat model, about 1/3 
of cypermethrin present in the SC at 6 h was further absorbed at 120 h. On the other 
hand, in the HuSki model, only a small fraction of the cypermethrin present in the 
SC at 6 h was further absorbed at 120 h and 3/4 of cypermethrin present in the SC 
at 6 h was eliminated in the wash-off compartment at 120 h.

2.11  Animal Skin: Physical and Chemical Parameters

Many physical and chemical differences exist between the skin of animals and be-
tween animal skins and human skin; skin (especially SC) thickness; composition 
of SC lipids; hair density and thickness of hair follicles; density and distribution of 
sweat glands and sebaceous glands; epidermal–dermal junction; architecture of vas-
culature, collagen fibers and fiber bundles in the dermis; and distribution of fat. In 
addition to these, dosing variables (concentration, surface area, formulation, time, 
etc.) affect percutaneous absorption in animal models.

Among the many factors mentioned above, Godin et al. [14] suggested that skin 
thickness, composition of intercellular SC lipids, and hair shaft number are the most 
important factors causing lack of correlation in percutaneous absorption of chemi-
cals across species or from different application sites in the same animal model. 
Netzlaff et al. [40] showed that the amount of free fatty acids and triglycerides and 
the density of hair follicles are important factors causing differences between the 
skin barriers among species.

2.12  Dose Response

In vivo percutaneous absorption can vary depending upon skin concentration. 
Therefore, a topical dose response can give additional information about the rel-
evance of an animal model. Rhesus monkeys showed the same dose response with 
human in vivo [45]. Hairless rat also showed the same dose response to human in 
vivo, which showed a linear increase in absorption with increased dose [46]. How-
ever, it was different in the absolute amount absorbed between two species. In hair-
less Rat, 80–90 % of applied dose was absorbed, however, much less was absorbed 
in rhesus monkeys.

2.13  Regional Variation in Animals

Regional variation in animal models may affect prediction of human skin absorp-
tion. In rhesus monkeys, regional variation resembles humans; thus, it is a most 
relevant animal model for human regional variation [47]. In rat and hairless rat, skin 
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thickness is much less than human skin, which causes percutaneous absorption to 
be higher.

2.14  Summary

For critical studies, percutaneous absorption in human remains a key option. How-
ever, it may sometimes be difficult or impossible to perform human study. Thus, 
animal models have been introduced to predict percutaneous absorption in human. 
However, it is complex to correlate absorption data from animal studies with hu-
mans because there are differences in percutaneous absorption between human and 
animal species, which comes from either the species themselves or methods or tech-
nologies used in the study. Thus, the experimental method and conditions that affect 
absorption should be controlled by investigator. Some are easy to control, i.e., appli-
cation site, occlusion, dose concentration, surface area, and vehicle. However, oth-
ers may be difficult to control, i.e., skin metabolism, skin age, and skin condition.

We also need familiarity with limitation of animal models and experimental 
methods. Absorption in common laboratory animals (i.e., rat or rabbit) is generally 
higher than humans, but absorption in pigs, monkeys (squirrel, rhesus) is more pre-
dictive of humans in vivo. In in vivo–in vitro comparative studies, absorption data 
appeared to be comparable in many chemicals. For those chemicals, in vitro study 
may replace in vivo study. And to overcome limitations of in vitro or animal models, 
new alternative models such as isolated perfused porcine skin flap or HuSki models 
were introduced.

The most efficient animal model depends on scientific question, availability, 
regulatory issues, and cost. Data, as noted in this chapter, remains incomplete. At 
the moment, monkeys and pigs appear closest to humans. And the hairless guinea 
pig and the HuSki model seem to be promising; however, they need more studies 
to validate their usefulness in predicting human absorption. Last, further studies 
focusing on 15 factors of percutaneous absorption of human would suggest future 
development on clinically relevant model [48].
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3.1  Introduction

Dermal absorption may represent the predominant route of entry for agrochemicals 
such as pesticides and herbicides [1–3]. Whilst the adoption of good working prac-
tices can limit exposure within the occupational setting [4], dermal contamination 
is difficult to eliminate in practice and so effective methods for skin cleansing are 
integral to maintaining the health of those involved in the production and use of ag-
rochemicals. However, hygiene associated with the use of protective clothing such 
as overalls and gloves is also an important aspect for mitigating dermal exposure.

3.2  Agrochemicals

The term ‘agrochemical’ can encompass a wide variety of substances which, at a 
most empirical level, can be broadly categorised into pesticides (e.g. insecticides, 
herbicides and fungicides) and chemicals which promote plant growth (e.g. fer-
tilisers and hormones). This encompasses a diverse range of chemicals and cor-
responding mechanisms of toxicity (Table 3.1). It is important to note that com-
mercial formulations may also contain excipients such as solvents, emulsifiers and 
preservatives, in addition to the active ingredients—an important factor which may 
complicate exposure assessments when extrapolating measurements of percutane-
ous absorption of active compounds from different vehicles [5].

An additional hazard within certain agricultural occupations is contact with phy-
togenic substances, classic examples being allergic contact dermatitis from poison 
ivy [6] and green tobacco sickness resulting from dermal absorption of nicotine [7]. 
Interestingly, the dermal absorption (and thus toxicity) of nicotine has traditionally 
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been reduced by tobacco harvesters through the practice of crushing tomatoes or 
citrus fruits in the hand to acidify the skin surface [8]. This relatively simple method 
of decontamination is due to the pH-dependent change from nicotine freebase to a 
charged salt, the skin being relatively impermeable to the latter [9].

Of particular relevance to human health are the organophosphorus (OP) pesti-
cides. Indeed, early research into the development of these compounds resulted in 
the synthesis of compounds with extremely high mammalian toxicity. These were 
recognised as having military potential and resulted in the development of chemi-
cal warfare agents such as tabun (ethyl dimethylphosphoramidocyanidate) and VX 
(S-[2-(diisopropylamino)ethyl] O-ethyl methylphosphonothioate) [10]. The poten-
tial for dermal absorption arising from occupational exposure to OP pesticides is 
particularly great due to their desirable properties, namely, relatively low molecular 
weight, generally low volatility and moderate lipophilicity, all of which contribute 
to enhancing absorption by the target species and prolonging persistency in the 
environment. Unfortunately, these very characteristics are those which tend to fa-
cilitate percutaneous absorption [11]. The global incidence of poisoning caused by 
dermal exposure to pesticides is difficult to establish, but has reportedly accounted 
for around 40 % of pesticide-related incidents in Finland [12].

3.3  Dermal Absorption of Agrochemicals

The dermal absorption of chemicals can be affected by a diverse array of factors 
which commonly affect percutaneous absorption [15]. Those which seem most per-
tinent to agrochemicals include environmental factors, skin condition and adoption 
of safe working practice.

3.3.1  Environmental Factors

It has been recognised for some time that the presence of water on the surface of the 
skin can affect the percutaneous absorption of chemicals, a classic example being 
the enhanced dermal toxicity of sulphur mustard [16]. Thus, the percutaneous toxic-
ity of agrochemicals which are susceptible to the effects of water may be augmented 
under wet conditions such as rain or heavy dew [17]. The effect of water on skin 
permeability also has potential implications for decontamination (see the later sec-
tion on factors influencing decontamination).

3.3.2  Skin Condition

Where available, risk assessments of dermal exposure to agrochemicals may be 
based on evidence derived from laboratory or human volunteer studies. However, 



44 R. P. Chilcott

a factor which is frequently overlooked is absorption through damaged skin [18, 
19]. Mild damage to the skin caused by exposure to detergents, punctures or partial 
removal of the stratum corneum (SC) by tape stripping can cause a two- to tenfold 
increase in skin permeability [20–22]. More substantial damage, such as total loss 
of the SC, may enhance percutaneous absorption by more than tenfold depending 
on the lipophilicity of the penetrant (Fig. 3.1).

3.3.3  Adherence to Safe Working Practices

Controlling dermal exposure in the workplace is, in principle, relatively straight-
forward: prevent or avoid contact and cleanse contaminated skin promptly if ac-
cidental exposure occurs. However, this oversimplifies what is effectively a very 
complex issue involving a multitude of behavioural, psychological and environ-
mental factors such as training, education, availability and use of personal pro-
tective equipment (PPE), perceptions on exposure to toxic materials and working 
conditions [26]. Non-adherence to good practices can often arise through lack of 
education. For example, farm workers often consider dry (powder) pesticides to be 
nontoxic (via percutaneous absorption) compared to liquid formulations [27]. Such 
misconceptions, as well as financial constraints, social factors and lack of training 

Fig. 3.1  Variation in the amount of chemical ( A, B and C) penetrating normal and damaged pig 
skin over an 8 h period (equivalent to a normal working shift). Chemicals A and B were organo-
phosphorous (OP) compounds. Chemical C is an organochlorine compound. Skin was damaged by 
mechanical removal of the upper 100 µm of epidermis [23–25]
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are major causes of noncompliance with good practices and may result in clinically 
relevant exposure to pesticides and herbicides [28, 29].

3.3.4  Exposure Scenarios and Environmental Decontamination

An obvious cause of dermal exposure is direct contact during the preparation and 
use of agrochemical formulations [30]. However, clothing can also represent a sub-
stantial source of contamination and can extend the duration of exposure (and as-
sociated adverse health effects) past the time of initial contact [31]. Other direct 
contact hazards include contaminated soil and water [32, 33] and recreational (out-
door) furniture [34].

A variety of methods have been assessed for remediating environmental contam-
ination caused by OP pesticides (Table 3.2). In principle, some methods of chemical 
neutralisation have potential for incorporation into skin cleansing (or decontamina-
tion) products. However, there are presently few commercially available products 
for topical application that actively sequester or neutralise agrochemical contami-
nants.

3.4  Skin Decontamination

3.4.1  Definition and Practice

Decontamination can be defined as ‘the process of removing hazardous material(s), 
both on or available to the external surfaces of the body, in order to reduce local 
or systemic exposure to a contaminant and thus minimise the risk of subsequent 
adverse health effects’ [75]. Inherent to this definition is the process of removing 
clothing (disrobing), which can be an order of magnitude more effective than skin 
decontamination for preventing dermal exposure.

In practical terms, the decontamination of agrochemicals can be considered a 
facet of personal hygiene, attained through hand-washing during or after potential 
exposure combined with a change of clothing at the end of a work shift [76]. Water, 
either alone or in combination with soap, is the most commonly advocated means 
of skin decontamination for chemicals such as pesticides and herbicides [77, 78].

3.4.2  Factors Affecting Decontamination

There are a variety of factors which influence the effectiveness of decontamination 
such as the physicochemical properties of the contaminant, total dose, timeliness of 
decontamination, duration of decontamination and anatomical site [79]. Other fac-
tors include hydrodynamics (pressure, temperature and flow rate of water), selection 
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Category Method Examples References
Chemical Catalysis Cu(II) complexes [35]

Copper bipyridyl [36]
Polyoxometallates (e.g. Fe, Co, 
Ca, Cu)

[37, 38]

Inactivation Hydrolysis (e.g. sodium 
perborate)

[39]

Nucleophilic substitution [40]
Oxidation (peroxyacids, nitric 
oxide)

[41–44]

Biological Catalysis Phosphotriesterases [45, 46]
Organophosphorus hydrolase 
(OPH)

[47]

Cholineterases (ChE) [48]
Carboxyl esterase (CaE B1) [49]
Methyl parathion hydrolase 
(MPH)

[50]

Mixture of recombinant 
enzymes

[51]

Bioremediation Specific bacteria (e.g. Pseudo-
monas dimunuta)

[52]

Plant sequestration (e.g. marsh 
plant)

[53]

Bio-filters (e.g. ‘urban waste 
compost’)

[54]

Physical Passive absorbance Plant derivates (e.g. husks, pods, 
etc.)

[55]

Clays [56]
Cyclodextrins [57–59]

Ionising radiation Gamma radiolysis [60, 61]
Physico-chemical Photochemical Solar (in combination with 

photocatalytic agents)
[62]

Photolysis (e.g. H2O2) [63]
Photo-Fenton reaction [64]
Photo-catalytic agents (TiO2, 
ZnO, CeO2, ZrO2, SnO2, CdS, 
ZnS, polyoxometallates)

[62, 64–70]

Electrochemical Electro-Fenton reactions (OH●) [64]
Vehicle-mediated Supercritical fluid extraction 

(e.g. CO2)
[71, 72]

Micelles [41, 73]
Micro-emulsions [37, 42, 73]
Nanofibres [59, 74]

The text in italic indicate that technology is not suitable for personal decontamination

Table 3.2  Summary of methods investigated for neutralising environmental organophosphorus 
(OP) residues
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of appropriate excipients such as detergents, use of physical washing aids, spread of 
contaminant across the skin surface, toxicokinetics and the presence of clothing on 
the skin surface [80]. Indeed, whilst the principle of skin decontamination appears 
to be a simple process, it belies a complex interaction of biological, physical and 
chemical processes [81, 82].

In terms of skin decontamination, the most extensively studied group of agro-
chemicals to date are pesticides. A review [22] of seminal work in this area high-
lighted a number of challenges associated with the skin absorption and decontami-
nation of such chemicals (Table 3.3). Moreover, subsequent studies have questioned 
the long-standing belief that water is a safe and effective medium for skin decon-
tamination due to the ‘rinse-in’ or ‘wash-in’ effect [83–87]. In a comprehensive 
review, Moody and Maibach (2006) tentatively suggested five mechanisms for the 
wash-in effect, viz., the effects of surfactants (detergents), skin hydration, change in 
pH, friction or experimental artefact. Recent work with the hydrophobic compound 
sulphur mustard has identified a sixth mechanism: the presence of a film of water 
on the skin surface (distinct from the effects of skin hydration) which may alter the 
thermodynamic activity of lipophilic substances to favour enhanced dermal absorp-
tion [88]. The effect of water on sulphur mustard absorption is a good example of 
the clinical manifestation of the wash-in effect [16].

3.4.3  Experimental Methods to Assess Skin Decontamination

The assessment of skin decontamination procedures and products can be ap-
proached through a variety of methodologies which vary in their level of technical 
sophistication from simple, physical test systems through to full human field trials 
(Table 3.4). With increasing technical refinement comes increasing confidence in 
the test results and, correspondingly, increased cost. Thus, the availability of mul-
tiple tests provides the basis for a tiered strategy for the rational development of 
new decontamination products.

The most basic method of assessing a product is to apply a contaminant to a flat, 
inert surface, transiently apply the test product and then recover and quantify any 
residual contaminant. This empirical approach can allow a large number of decon-

Table 3.3  Fundamental aspects of skin decontamination as reviewed by Wester and Maibach [22]
Parameter investigated Effect on dermal absorption Primary 

reference
Occlusion Up to tenfold enhancement [89]
Anatomical site Up to tenfold difference
Skin condition Up to tenfold enhancement
Delay before decontamination Inverse relationship between decontami-

nation efficiency and time after exposure
Skin partitioning Can be immediate and thus resistant to 

decontamination
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Test model Description
Inert surface Contaminant is applied to a flat surface such as a steel plate, 

which is subsequently treated with decontamination product. 
Effectiveness is quantified by measuring surface recovery 
of contaminant. The method can be adapted to incorporate 
biological end-points such as residual insecticidal activity [90]

Powdered stratum corneum Ground callous (stratum corneum; SC) is preloaded with con-
taminant and then subjected to immersion in decontamination 
product. Mixture is centrifuged to separate out the SC pellet 
from the decontamination matrix. The amount of contaminant 
in each compartment is then quantified to provide a measure 
of decontamination effectiveness [91, 92]. The method may 
not be appropriate model for assessment of nonliquid decon-
tamination products, but is relatively inexpensive and rapid

3D Cell culture Three-dimensional cell models can quantify biological end-
points of decontamination such as cell viability [93]. Such 
models currently have deficient skin barrier function and so 
may underestimate decontamination effectiveness

In vitro—artificial membrane Generally use standard skin diffusion cell apparatus but 
substitute excised skin sample with homogenous, artificial 
membrane such as cellulose acetate, acetophane and nylon 
[94]. May predict ranking of decontamination products but 
may underestimate decontamination effectiveness due to 
higher permeability than mammalian skin. Lacks skin–con-
taminant–decontaminant interactions but does not require 
access to skin tissue

In vitro—skin A standard and well-characterised system for assessing skin 
decontaminants based on standard diffusion cell apparatus 
with ex vivo skin samples. Takes into account biophysical 
interactions between skin, contaminants and decontamination 
product and can detect rinse-in effect. Relatively inexpensive 
and contributes to reduction and replacement of animals in 
scientific research. Lacks systemic circulation and normal 
physiological responses (such as erythema and inflammatory 
response). Inappropriate use of aqueous receptor chamber 
fluids may limit apparent absorption of lipophilic compounds. 
Can be difficult to source human skin (which may also require 
ethical approval in some countries)

Animal studies Provide organism-level responses to contaminants which can 
be used to quantify the biological effectiveness of decon-
tamination products. Incorporate most physical, biological 
and chemical interactions which can affect performance of 
decontamination. Relatively expensive, resource intensive and 
require ethical approval

Human studies The “gold standard” for assessment of decontamination 
products and may take the form of controlled clinical studies 
or field trials under more realistic conditions. Use limited to 
relatively nontoxic contaminants, although historical data may 
be available for more toxic substances. Can be expensive, 
resource intensive and requires ethical approval

Table 3.4  Summary of test methods used to determine the effectiveness of skin decontamination 
products
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tamination products to be tested rapidly and economically [90] and is likely to be 
of use in eliminating products which demonstrate little or no efficacy. However, 
the lack of interaction between the decontaminant and skin severely limits this ap-
proach.

The use of powdered SC is a simple technique which permits some interaction 
between the decontaminant test product, the contaminant and the outer (barrier) 
layer of the skin (SC). In such studies, a sample of powdered SC is exposed to the 
contaminant prior to mixing with a solution of decontamination test product. The 
SC is then separated by centrifugation and the amount of contaminant in the decon-
taminant product and SC can be quantified to provide a measure of decontaminant 
effectiveness. Despite the empirical nature of the test system, powdered SC may 
provide a good prediction of the rank order of effectiveness of decontaminants [91, 
92]. Overall, the method is relatively quick and inexpensive but may be better suited 
to liquid decontamination products such as soapy water, acetone, ethanol and poly-
ethylene glycol.

Over the past decade or so, three-dimensional skin models have become estab-
lished techniques for assessing skin irritancy [95]. The presence of a coherent SC 
provides a biologically relevant surface for the application of contaminants and 
test products, with decontamination effectiveness being quantified by cell viabil-
ity assays of the supporting tissue [93]. However, such 3D models tend to have a 
deficient barrier layer [96] and so a future approach may be to use a hybrid system 
comprising mature ex vivo SC (to provide a more realistic barrier layer) combined 
with epidermal cell culture bioassays [97]. The use of a 3D model with impaired 
barrier function is likely to underestimate decontamination effectiveness, since the 
applied contaminant may partition into or diffuse through the SC more rapidly and 
so be less available for decontamination.

The most common method for assessing skin decontamination products is with 
standard skin diffusion cell systems containing excised human or animal skin 
[32, 83, 84, 91, 92, 94, 98–106]. Human skin is generally accepted to be the most 
appropriate model (for human decontamination) but can be difficult to source in 
appropriate quantities and is subject to ethical approval in many countries. Alter-
natives include rat- and pig skin, although artificial membranes such as silicone 
rubber, cellulose and nylon have been used as alternatives [94, 107]. Skin diffusion 
cells are a popular choice, as they are an established technology and provide data 
which is generally predictive of in vivo decontamination effectiveness, although 
some disparity between in vitro and in vivo data has been observed [32, 104]. The 
isolated nature of the skin sample within a diffusion cell provides an ideal environ-
ment for controlled, mechanistic studies and assessment of decontamination effec-
tiveness. However, the corresponding disadvantages are that such in vitro models 
do not incorporate an immune response, systemic circulation or target organ toxic-
ity, which may be important factors when considering the holistic effects of expo-
sure and decontamination.

Animal studies provide a more extensive evaluation of decontamination prod-
ucts than in vitro studies and may provide final confirmation of efficacy if the con-
taminant is too toxic for use in human volunteer studies. Animal species most com-
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monly used include the pig [108, 109], rat [110–112], guinea pig [108, 113] and 
rhesus monkey [32, 104, 114]. Two primary considerations for animal studies are 
ethical (i.e. is the research justifiable?) and economical (in vivo studies are expen-
sive to perform). Moreover, animal studies cannot reproduce the effects of human 
behaviour such as compliance and variability in self-washing.

Human studies provide the gold standard for assessing decontamination products 
and can be broadly categorised into two types: field trials and clinical studies1. Field 
trials provide the ultimate assessment of decontamination products (or procedures) 
and incorporate ‘real-world’ factors such as the influence of human behaviour 
which cannot be replicated with in vitro or animal studies [115]. In contrast, clini-
cal studies provide a more controlled environment which allows for the systematic 
evaluation of individual parameters of decontamination such as water temperature, 
different detergents and time between exposure and decontamination [116–119].

3.4.4  Consideration of Experimental Factors for Design  
of Decontamination Studies

In addition to the various factors discussed above, there are specific aspects of de-
contamination which require attention when designing decontamination studies. 
For example, spray-application of agrochemicals will contaminate hair as well as 
exposed skin surfaces and very little research has been performed to assess the ef-
fectiveness of decontamination protocols on scalp skin. Indeed, human scalp skin 
was recently demonstrated to be twice as permeable as human abdominal skin [101]. 
One explanation for this difference could be the expected doubling of exposed skin 
surface area due to additional SC associated with the lining of hair follicles [120].

The period elapsing between exposure and onset of decontamination is a critical 
factor [22, 92, 93, 98, 99, 104–106, 109, 113, 118, 121]. It has long been recognised 
that decontamination is most effective when performed immediately after expo-
sure [122]. However, this is generally incongruous with agricultural practices where 
workers may be exposed for 8 h or more before having the opportunity to wash.

For studies with human volunteers, the method of exposure needs to closely 
model conditions of use. Thus, consideration should be given to substituting topical 
application of contaminants using accurate methods (such as pipetting) with more 
practical (but more variable) techniques such as skin contact with contaminated sur-
faces [117]. It should also be noted that dermal exposure to contaminated surfaces 
can result in the accumulation of the contaminant. For example, the concentration 
of nicotine on the skin surface of harvest workers can be ten times greater than the 
concentration of nicotine on tobacco leaves [115].

The design of exposure scenarios for assessing decontamination products 
or procedures needs to incorporate the possibility that more dilute solutions of a 

1 Clinical study here refers to a controlled, laboratory study using human volunteers and is distinct 
from clinical studies which support conformance with the licensing of drugs or medical devices.
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contaminant may result in greater dermal absorption than from more concentrated 
solutions [91, 116, 123]. This seemingly paradoxical situation is likely the result of 
thermodynamic effects caused by the vehicle and so also emphasises the need to 
ensure that the vehicle used for topical application of a contaminant is the same as 
under “in use” conditions.

An unexpected but relatively frequent observation is the effect of pre-exposure 
skin washing on the outcome of decontamination. In general, decontamination is 
more effective at removing hydrophilic compounds when the skin is prewashed 
before exposure. Conversely, the effectiveness of decontamination for hydrophobic 
compounds appears to be reduced following prewashing [117, 123].

3.4.5  Current Recommendations for Skin Decontamination  
of Agrochemicals

At present, the general advice for those working with agrochemicals is to use warm 
soapy water for skin decontamination [77, 78]. This generic approach is mainly 
based on perceived best practice, although a number of studies have supported the 
efficacy of this simple approach [92, 98–100, 103, 108, 109, 111, 119, 121, 123]. 
However, the veracity of this advice has been questioned [81–85, 100, 103]. In as-
sessing the available evidence, a clear conclusion is that more research is required 
to identify robust recommendations on skin decontamination which are likely to be 
chemical specific rather than a single, generic procedure.

3.5  Summary

Dermal absorption is a major route of entry for agrochemicals. OP pesticides 
represent an important class of potentially toxic agrochemical which have prop-
erties favouring dermal absorption. Decontamination is a practical method for 
reducing dermal exposure and subsequent local or systemic absorption of ag-
rochemicals. There are many factors which affect the effectiveness of decon-
tamination, some of which are paradoxical or counterintuitive in nature (such 
as enhancement of absorption by washing with water). There are a variety of 
methods available to assess different decontamination products and protocols, 
judicious use of which can provide a tiered and rational approach to the de-
velopment of new and effective methods of decontamination. At present, the 
generic recommendation is to wash contaminated skin with warm soapy water. 
However, it is clear that this advice should be reviewed with the possibility of 
introducing chemical-specific decontamination procedures.
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4.1  Introduction

The dissolution or drug release test is an important and time-honored test to as-
sure stability in product performance over many years once bioavailability (BA) 
or bioequivalence (BE) has been established. It is applicable to nonsolution orally 
administered drugs. Typically, the dissolution test procedure and acceptance criteria 
are developed following the understanding of the in vivo performance. While the 
dissolution procedure has many limitations and has been challenged on many oc-
casions, it remains widely used and has continued to be improved over the years. It 
might well be argued that understanding of dissolution, particularly for immediate 
release oral drug products, had a substantial impact on the success of the US multi-
source system, given some of the inherent limitations in the primary documentation 
of BA and BE [1].

For topically applied drug products, drug release from the formulation is also 
considered important. They fall into two major categories: (1) transdermal systems 
(TDS) that are designed to allow entry of the drug substance into the systemic circu-
lation and (2) topical dermatological drug products such as creams, ointments, gels, 
and lotions that are designed to treat local skin disorders with minimal systemic 
exposure. Thus far, the only known exception for the latter classification is nitro-
glycerin ointment applied topically yet used to achieve systemic effects in the treat-
ment of angina pectoris. Recently, over-the-counter patches have been introduced 
for analgesic and antiarthritic activity.

The US Food and Drug Administration’s (FDA) approval of topical and transdermal 
dosage forms requires documentation of in vivo and, where appropriate, in vitro data. 
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The former include clinical safety and efficacy, local irritation, systemic toxicity, BA, 
and chemistry, manufacturing, and controls (CMC) information. For control, studies 
should cover critical quality attributes, including identity, description, strength (assay), 
purity, content uniformity, and drug release characteristics, where appropriate. These 
control approaches are well considered in available ICH documents, which are taken 
up in FDA guidances that are reflective of applicable laws, regulation, and policy. They 
are also pertinent to the identity, strength, quality, and purity requirements stated in the 
United States Pharmacopeia (USP). The various terms speak about the overarching term 
quality, which is part of the triad that includes safety and efficacy.

Recently, two types of in vitro tests have been identified to better assess the 
critical quality attributes of many drug products: (1) product quality tests and (2) 
product performance tests [2]. Product quality tests are intended to assess attributes 
such as identity, strength, quality, and purity, using basic language in the Food, 
Drug, and Cosmetic Act that speak about adulteration and misbranding [3]. Prod-
uct performance tests assess the in vitro release of a drug substance from a dosage 
form in ways that help assure or, through in vitro/in vivo correlations, document in 
vivo performance. Quality and performance tests speak about the overall quality of 
pharmaceutical dosage form as a means of assuring its continuing equivalence—
both pharmaceutical and biopharmaceutical—relative to the clinical trial material 
on which safety and efficacy data were based.

A simple, reliable, and reproducible in vitro drug release test is desired for most 
nonsolution dosage forms, irrespective of the route of administration. For most oral 
products, an appropriate in vitro dissolution test has proved to be the optimum test 
method for this purpose. The sequence of steps leading to pharmacological activity 
after oral administration is shown in Fig. 4.1, which also compares the sequence 
of steps that occur after topical drug application. Thus, for topical products, the 
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Fig. 4.1  Sequential steps after dosage form administration/application
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understanding of safety and efficacy rests on the release of the active drug from its 
dosage form to the skin surface [4]. Once the drug is applied to the skin surface, 
it penetrates through the stratum corneum to achieve its pharmacological action. 
Release rate determination through in vitro studies, then, is an important parameter 
for controlling the quality of a topical product just as release testing is important for 
nonsolution orally administered dosage forms.

The following points should be considered when developing an in vitro release 
procedure for dermatological products:

• Assurance of batch-to-batch uniformity
• Applicability to all products that are (and will be) marketed
• Ability to discriminate manufacturing changes that (may) influence product per-

formance
• Relevance to in vivo product performance
• Simplicity, reliability, reproducibility, and capability for automation

The two major categories of topical products: (i) transdermal patches and (ii) topi-
cal dermatological creams, ointments, and gels pose different issues for the devel-
opment of an in vitro release test. These are discussed separately in the remaining 
sections of the chapter.

4.2  In Vitro Release Methods for Transdermal Systems

The current USP identifies apparatus 5, 6, and 7 for the in vitro release of trans-
dermal systems such as patches [5]. Developed with FDA, USP apparatus 5 is a 
simple, reproducible method that employs a watch glass-patch-Teflon mesh sand-
wich assembly coupled with the USP paddle method to determine the release rate 
of a drug substance from a transdermal patch. The in vitro release profile generated 
by using apparatus 5 provides a release profile comparable to that obtained by more 
cumbersome methods needed for USP apparatus 6 and 7 and is thus preferred [6, 7]. 
Procedures utilizing apparatus 5 can be easily automated.

The nitroglycerine patch is an example of a multisource product available from 
several manufacturers. All brands of nitroglycerin patches exhibit different release 
characteristics in apparatus 5 because of the different manufacturing technologies 
employed [6]. This suggests that it is difficult to have a single in vitro release test 
for all brands of nitroglycerin patches. This is analogous to the situation for oral 
extended-release preparations (and some products as well), where different manu-
facturers have different release specifications for the same drug product, given that 
adequate BA and BE studies have been performed. Similarly, transdermal products 
such as controlled/extended-release preparations, require product-specific release 
requirements in order to assure batch-to-batch uniformity and BE. Similarity of in 
vitro release in transdermal patches is also used as a confirmation of equivalence in 
product performance under scale-up and post-approval changes (SUPAC) of level 1 
[8]. The absence of a common test for all products, as frequently happens for many 



64 V. P. Shah and R. L. Williams

immediate release formulations administered orally is not necessarily a negative 
finding. Rather it means that each manufacturer must develop a test using general 
methodology found in the USP. With this methodology, continuing equivalence in 
product performance can be assured batch-to-batch and, as noted, some changes in 
manufacturing can occur with reliance on the product performance test as a means 
of assuring continuing BE.

4.3  In Vitro Release Method for Semisolid Dosage Forms

Semisolid dosage forms include creams, ointment, and gels. As the efficacy of a 
topically applied dosage form is dependent on drug release, the in vitro release 
rate (profile) theoretically constitutes an important and valuable product quality 
control parameter. Despite some debate, a recent workshop entitled “Principles and 
Practices of In vitro Percutaneous Penetration Studies: Relevance to Bioavailability 
and Bioequivalence” emphasized the importance of developing a methodology to 
assure batch-to-batch drug release equivalency for topical dosage forms [9]. The 
report also indicated that the use of a skin membrane (human cadaver or animal) 
in diffusion studies is subject to great variability (source, preparation, skin history, 
etc.). Based on these and prior reports, these types of membranes are now consid-
ered unsuitable for use in routine quality control testing.

A simple, reliable, and reproducible method to determine the drug release of 
corticosteroids from creams, ointments, and gels, has been developed [10]. It uses a 
commercially available static vertical diffusion cell (VDC) system and a synthetic 
membrane. Use of a commercially available synthetic membrane obviates the prob-
lems associated with the preparation and variability of skin membranes. The semi-
solid dosage form is placed in the donor chamber on the synthetic membrane and 
aqueous buffer is used as the receptor medium. The release of the drug substance 
is determined over a 6 h interval and plotted as amount released versus square root 
of time. This will typically result in a straight line, with the slope representing the 
release rate (flux) of the drug substance from the drug product [11]. The method is 
capable of being automated.

With creams containing sparingly soluble drugs, the use of a hydroalcoholic me-
dium as a receptor phase is essential to increase drug solubility for detection and 
to maintain sink conditions. Detection can usually be made by high-pressure liquid 
chromatographic (HPLC) testing without further extraction. When employing a hy-
droalcoholic medium as a receptor phase, a challenge arises from the possibility 
of back diffusion of alcohol through the synthetic membrane and alteration of the 
integrity of the cream preparation. Suitable studies can detect or refute this occur-
rence. For example, in the case of betamethasone valerate cream, where 60 % etha-
nol/water was used as the receptor phase, only 0.032 % of alcohol was detected in 
the cream (donor chamber) at the end of 6 h of study. The microscopic examination 
of the cream before and after the in vitro release experiment showed no difference. 
Thus, the concentration of ethanol had a negligible effect on cream integrity [12].
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Hydrocortisone ointment showed a much slower rate of release compared with a 
cream formulation [9]. This does not necessarily reflect a difference in pharmaco-
logical activity between two formulations, but emphasizes instead that release rates 
between the pharmaceutically inequivalent dosage forms may differ substantially. 
Because of the complexity of any specific topical dosage form, it is difficult to set 
a release rate specification for a particular class of products. Yet, each manufacturer 
can have its release rate requirement to assure batch-to batch uniformity and BE, just 
as the case with transdermal systems.

Equivalence of in vitro release rates can be a measure of continuing in vivo per-
formance in topical products. For this reason, FDA has allowed in vitro release 
studies for Level 2 SUPAC changes [13]. The drug release rate should be within de-
fined acceptability criterion before and after the proposed change [13]. The general 
approach considered in an AAPS workshop entitled “Assessment of Value and Ap-
plication of In vitro Testing of Topical Dermatological Drug Products” reasserted 
the importance of in vitro testing to assure batch-to-batch uniformity and for some 
SUPAC changes [14].

The USP has carried out a collaborative study using a hydrocortisone cream (as a 
performance verification approach), betamethasone dipropionate cream, ointment, 
and gel in four laboratories using a VDC system. The results indicated that the in 
vitro release procedure is simple and reproducible [15]. A general chapter, <1724> 
in the current USP/NF 36/31 Supplement 1, 2013 describes product performance 
tests for semisolid dosage forms. Along with the use of VDC, other methods are 
also discussed for in vitro release measurements.

Recently, the FDA published a draft guidance for BE determination of acyclovir 
ointment 5 % with an option of using in vitro drug release data for drug approval 
purposes [16]. This includes the requirement that the generic product must have 
qualitatively (Q1) and quantitatively (Q2) same inactive ingredients and must have 
the same microstructure arrangement (Q3) as the innovator product. The FDA has 
also suggested that in vitro drug release studies are a first step in advancing QbD 
approaches for topically applied products [17].

4.4  Importance of In Vitro Drug Release

Just as dissolution is used as a quality procedure for orally administered nonsolution 
dosage forms, so is in vitro release testing for a topical drug product. The in vitro 
release test for topical products (also termed semisolids) has been recognized in US 
FDA’s SUPAC-SS guidance as a test for equivalence tests for product performance 
after certain manufacturing-related changes [13]. Recently, the in vitro release test 
is also recognized as a reasonable and useful test to consider for product release and 
stability testing [18]. When the generic product is Q1 and Q2 for excipients and has 
the same release characteristics as the innovator product in an in vitro system (speci-
fied as Q3), the test is considered to be suitable for biowaiver of acyclovir ointment 
5 % [16]. Can the principle of “Q1, Q2 and Q3” be applied to other semisolid dos-



66 V. P. Shah and R. L. Williams

age forms? The answer is probably yes. In the case of nonsolution orally adminis-
tered dosage forms such as tablets and capsules, lower dosage strengths may have 
BA and BE requirement waivers as long as they are formulation proportional and 
employ the same drug releasing ingredients as the higher strength. Can this also be 
applied to topical dosage forms? Also, the answer is probably yes. The general anal-
ogy between oral and topical dosage forms is shown in Fig. 4.2.

4.5  Conclusion

Two simple methods to determine the in vitro drug release profile for topical drug 
products have been discussed. USP apparatus 5 provides a watch glass-patch-Teflon 
mesh assembly with the paddle method and an appropriate dissolution medium is 
suggested for TDS products. A simple static VDC system with a synthetic mem-
brane and an appropriate receptor medium has been proposed for topically applied 
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Topical Dosage Forms
(Semisolids; TDS)

Dissolution In vitro Drug Release
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Fig. 4.2  Impact of dissolution/drug release
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drug products. Both methods have been shown to be simple, reliable, and repro-
ducible and are suitable for automation. While the resulting procedures are appli-
cable to specific products, the overall value as a product performance test to assure 
batch-to-batch consistency is increasingly evident. The application to assure BE is 
also beginning to be better understood and utilized. These approaches have the pos-
sibility of reducing manufacturer and regulatory resources, as well as moving away 
from costly clinical trials as a means of assuring continuing equivalence over time 
for both TDS and topically applied medicines. Manufacturers, regulators, practi-
tioners, and patients are likely to be the beneficiaries of these advances in in vitro 
product release testing.
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5.1  Introduction

This chapter will cover aspects of skin diffusion cell design and how various 
types of devices have evolved over the years for the purpose of measuring the 
absorption of drugs and chemicals across the skin. Much of this relates to the 
author’s own experience, but to do justice to this topic, the historical aspects of 
flux chamber devices and adaptations to conventional designs, including a new 
generation of automated diffusion cell equipment will be covered. Recognis-
ing that the rest of this book covers the dermal absorption of compounds and 
formulated products used in the pharmaceutical sector where dermal exposure 
is intentional, the author has focused mainly on this area. However, much of the 
published work that utilizes skin diffusion cells and how they have evolved over 
the last 50 years actually comes from the area of human safety assessment of in-
dustrial chemicals, where in vitro methodology is used extensively for predict-
ing dermal absorption in humans. Absorption data generated in these models is 
a key element of human risk assessment for a broad range of chemical products 
that come in contact with human skin, either for cosmetic purposes [30] or in the 
case of pesticides [7, 9] and industrial chemicals [40], during occupational ex-
posure that may occur during manufacture or intended use. The basic chamber 
design is similar for the approved methods used across the different industrial 
sectors including the pharmaceutical industry.
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5.2  Historical Perspective

Diffusion cell devices that use resected skin for estimating dermal absorption in 
man have been around for many decades. Of all the portals of entry to the human 
body, the skin is a relatively accessible organ to study in the laboratory. The skin 
from many animal species has been investigated in vitro using chamber approaches 
with the pig being probably the most extensively studied animal species as well as 
a widely accepted surrogate model for human skin [5, 32].

As far as the use of flux chambers as devices for measuring the transport of 
chemicals from external (environmental) compartments to internal (systemic) com-
partments goes, they have been used to provide the rigid structure to support a 
functional epithelial layer or some other form of biological barrier, such as the skin, 
in a situation where the exposed surface is fixed and of known engineered area, and 
each side of the biological specimen faces a different environmental or biological 
condition. The most commonly used chambers are designed to replicate the polar-
ized nature of the skin, where the external surface faces an air environment and the 
internal surface faces the systemic circulation. However, much of the history of 
chamber devices actually comes from in vitro experiments using isolated mucosal 
sheets from the gastrointestinal tract, where ion transport and gut absorption (not 
dermal absorption) have been investigated in great detail for many decades. One 
of the classical chamber approaches with isolated gut was developed primarily by 
Hans Ussing in Denmark for the study of gastric ion transport using amphibian 
mucosa [41]. Much of the understanding on how the gastric mucosa transports hy-
drogen ions into the lumen of the stomach in order to create a pH gradient between 
the serosal side of the gastric mucosa and the luminal side came from the classical 
‘Ussing’ chamber studies. These chamber systems were constructed using Lucite or 
Perspex, and usually had discs of gut mounted on pins to stretch and flatten the tis-
sue over the circular exposed aperture of the chamber. This allowed a fixed surface 
area of tissue to be bathed with separate circulating media in the two halves of the 
chamber. Such chamber devices were used mainly in the pharmaceutical industry 
to study the effect of drugs on both mucosal secretion and absorption. These gut 
mucosal chambers were also used to characterize mucosal protection. One such 
device that the author developed in the 1980s was a dual mucosal chamber. This 
device incorporated two discs of gut orientated such that their blood sides were in 
contact with a common bathing solution. The luminal sides of the membranes were 
bathed with separate oxygenated solutions. This chamber device demonstrated that 
the control of bicarbonate secretion, the protective mechanism against acid auto-
digestion, was via a humoral mechanism, as acidification of one mucosa caused a 
protective secretory response of the other mucosa, despite the physical separation 
of the two tissue discs [16].

A major difference between gut chambers and skin chambers is the requirement 
for tissue viability. The isolated gut requires a constant oxygen flow to the media 
bathing the tissue as even transient anoxia will arrest the active transport processes 
fundamental to the function of the tissue. In contrast, the skin surface, the stratum 
corneum is a dead cornified layer, which can still serve its main function of a barrier 
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to the passage of substance through it, in the absence of an oxygenated media. As 
such, the design of a typical gut and skin chambers is similar in several respects 
such as a fixed surface area for application of a measured dose of test substance and 
expression of flux or other parameter relating to the proportion of the substance that 
has moved to the alternate compartment over a measured time period. However, the 
most obvious difference is the orientation of the device. Generally, a gut chamber is 
horizontal with a tissue held vertically. In contrast, a skin chamber is vertical with 
the tissue held horizontally. The gut mucosa is held between two aqueous physi-
ological environments to measure the transport between the compartments, whereas 
the skin has an upper air-exposed surface and a lower aqueous-exposed dermal side 
bathed by a receptor fluid. There are, of course, some exceptions where some skin 
chambers were designed horizontally, but controlling the receptor temperature and 
mixing makes this system inherently more suitable to a vertical or upright design. 
In fact, these horizontal skin chambers can only be used for infinite dose type stud-
ies, where the chambers on both sides of the skin are filled with donor and receptor 
fluids [33]. A conventional skin diffusion cell uses a dose application that is typical 
of human exposure to a chemical or drug treatment. This normally involves a low 
(finite) volume of the product containing the active ingredient. This covers the skin 
surface in a vertical designed system [13, 33]. There are now a considerable number 
of publications on studies with skin diffusion cells across all industrial sectors [21]. 
These mainly stemmed from the original work in the area of drug absorption and 
skin disposition of pharmaceutical products. With the publication of OECD test 
guidelines in 2004, there are now increasing numbers of papers with literature on 
industrial chemicals, particularly pesticides, where the method is used extensively 
as part of the prediction of human exposure during the manufacture, handling and 
use of such chemicals [9]. The in vitro method, as used for chemicals and drug in-
termediates, has a guideline status and is used throughout the world as part of the 
human risk assessment process [25, 26]. This has now almost completely replaced 
the corresponding in vivo test method that used rats for such studies for pesticides 
only [24, 39]. In addition to the formal OECD test guidelines, the in vitro method 
using glass diffusion chambers has the endorsement of many different European 
industry bodies, many of whom have published their own specific guidance over 
the last two decades [7–9, 27, 30]. There are also several key publications detailing 
the methodology in the area of dermal absorption and how the in vitro approach fits 
into the overall risk assessment process for chemicals [17, 20, 21].

Probably the most comprehensive earlier publications comparing different per-
meants using diffusion chambers and resected human skin come from investigators 
such as Tom Franz, certainly on the static cells [13] and others such Bob Bronaugh 
on the flow-through type systems [1]. In order to gain credibility as a reliable mod-
el, the in vitro chamber system must be able to predict dermal absorption in humans 
with an acceptable degree of accuracy. A systematic evaluation of 12 organic com-
pounds that all had in vivo data [10] was investigated in some of the earlier system-
atic evaluations of the glass chamber system. The static diffusion cell system was 
shown to predict the dermal absorption observed in humans very well [13]. Indeed, 
the author of this particular investigation, Tom Franz, did a lot of work developing 
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the chamber system over the years, so much so that these devices are often referred 
to as ‘Franz’ chambers. Although skin chamber type studies were performed many 
years prior by investigators such as Burch and Winsor [2] and Malkinson [23], it 
was the work in the next two decades by others such as Scheuplein [31], Flynn and 
Yalkowsky [12], and Feldmann and Maibach [11] that investigated specific areas 
of both medicinal and industrial chemicals using chamber devices and identified 
the key methodological aspects that are important to the emerging field of in vitro 
dermal absorption at that time. A general understanding on how the physicochemi-
cal properties of the penetrant and the vehicle in which it was applied influenced the 
kinetics of skin penetration began to emerge. No formal validation of the chamber 
method was in place for the approach to be used as stand-alone in risk assessment, 
but many investigators from their own areas of industry, particularly for pesticides, 
were demonstrating the usefulness of the in vitro approach as a predictive model for 
humans. [28, 29, 34, 35].

5.3  Static Diffusion Cell

Practically all the earlier studies on diffusion chambers that utilized human or ani-
mal skin were of the ‘static’ design [6, 14, 33]. These devices were simple and based 
on a two-part glass cell, the donor and the receptor compartments engineered to 
accommodate a fixed circular area of skin tissue between the compartments. Some 
of the designs had water-jacketed outer glass compartment in order to maintain the 
receptor fluid at skin temperature (32 °C). Other systems used open water baths 
in which the static cell was semi immersed so that the receptor compartment was 
maintained at this skin temperature but the donor compartment was placed above 
the waterline. A key design feature that is often overlooked is the thorough mix-
ing of the receptor fluid during the experiment. A typical dermal absorption study 
normally involves a 24 h time period, whether for a pharmaceutical investigation, 
such as drug delivery, or for a safety investigation such as the systemic exposure 
to a potentially toxic agent. Indeed, a number of years ago these experiments often 
involved leaving a chemical on the skin for up to 3 days [39]. This is no longer a 
guideline requirement where the maximum duration of a correctly designed in vitro 
study is now 24 h [9, 25, 26]. The experiment relies on sampling of the receptor 
fluid at regular (or prescribed test guideline) time periods from the time of applica-
tion of the test material to the skin till the end of the study. The small sample taken 
at each time point, which may be as low as 50 µl from a 4.5 ml receptor chamber 
volume, must be representative of the bulk concentration in the whole receptor vol-
ume of the test substance being evaluated. Therefore, rapid stirring of the receptor 
fluid to ensure the concentration of the test compound immediately below the der-
mal side of the tissue is the same as the point of entry into the collection device is 
essential. There are several interlinking aspects here such as the solubility of the test 
substance in the receptor fluid, the binding of the test compound to any component 
of the system (such as the glass wall of the chamber or sampling tubing) and the 
type of skin preparation (epidermal sheet versus split thickness skin). These can 
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all affect the measured concentration of test substance that has permeated into the 
receptor fluid at any given time. These aspects are discussed in the respective test 
guidelines and guidance documents for in vitro percutaneous absorption [9, 25–27, 
30], and form the basis for inclusion or otherwise of the so-called skin dose or mass 
of test substance that has crossed the stratum corneum, but not reached the receptor 
fluid, as being potentially systemically available.

The conventional type static diffusion cell must also accommodate the resected 
skin sample so that the seal between the glass donor and receptor chambers is ef-
fective. Most cells have an engineered ground glass joint so that even the thinnest 
heat-separated epidermal can be supported by a nickel (or other inert) grid and 
effectively sealed, and no lateral migration of the test application from its site of 
application can occur. A strong clamp with a steel edge in contact with the full cir-
cumference on either side of the joint ensures that this donor–receptor chamber seal 
is maintained until the chamber is dismantled. This same clamp is engineered with 
a wheel-locking device and base supports under the glass chamber, so that it sits 
perfectly horizontal in a water bath [33].

The surface area of exposed skin is a key element of diffusion cell design, and 
in the author’s experience the most fundamental aspect of a successful OECD 428 
mass balance recovery in vitro percutaneous absorption study. The signal-to-noise 
ratio or that of skin surface-to-glass chamber should be as high as possible, to allow 
good surface spreading of a finite low volume dose of a formulated product, but 
without bowing or distortion of the skin sample and, of course, without utilizing 
too much precious biological material. With static cells, the exposed cell area is 
usually between 1 and 5 cm2. The smaller ‘mini’ cells around 1 cm2 are often used 
for nonregulatory investigations, or for other functional end points, including skin 
irritation assessment [18, 19]. The larger ‘standard’ static cells, around 2–3 cm2, are 
most common in regulatory dermal absorption studies. Figure 5.1 shows the diffu-
sion cell designed and used by the Dermal Technology Laboratory (DTL). It has a 
relatively large surface area of skin to the size of the glassware. A key design feature 
is the broad rim of ground glass joint that evokes a good seal preventing lateral 
compound migration, and importantly any transfer round the rim of the specimen. 
The device is clamped with a spring holder and the skin sits on a thin nickel porous 
support to prevent any bowing or stretching of the skin. The design also allows easy 
access to the skin, post exposure, to facilitate sponge washing and tape stripping of 
the stratum corneum.

The static cell design has not changed much over the years. Some laboratories 
use cells that are slightly smaller than the one described above. This conserves the 
precious commodity, human skin. However, it has been shown that the interlabora-
tory concordance for a variety of drugs is very good when the studies are performed 
correctly using different size static diffusion cells. One example of this was a pub-
lished interlaboratory investigation of caffeine, benzoic acid, and testosterone. The 
dermal absorption of these three reference chemicals in terms of both, the maximum 
absorption rate and the percentage absorption after 24 h, was shown to be very 
similar for each drug, despite the fact that the human skin was sourced, stored and 
prepared in different laboratories and by different technicians [15]. The most impor-
tant aspect here to achieve this concordance was the measurement of the skin integ-
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Fig. 5.1  Schematic of the DTL glass diffusion cell and the various compartments that are collected 
and analysed in the mass balance recovery of a test substance 24 h after application to the surface 
of the skin
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rity for each skin diffusion cell. The laboratories used the same rejection criteria for 
tritiated water flux and electrical resistance measurement to assess the skin integrity 
[4]. Only skin samples that were deemed to have normal barrier function were used 
for drug application. This should apply, of course, to all in vitro dermal absorption 
studies, as specified by the OECD test guidelines [25].

5.4  Flow-Through Diffusion Cell

By the late 1970s, many laboratories throughout the world were using resected skin 
mounted in static diffusion cells. As more and more papers on the predictive ability 
of these models came to press, further refinements in this approach were investi-
gated. The drivers for moving towards a continuous flow-through receptor design 
included a general move towards physiological receptors and moved away from 
solvent-type systems in an attempt to replicate the normal physiological conditions 
of the skin and its draining blood supply that carries any absorbed material away 
from the skin [1]. This, of course, makes solubility in the receptor more of a chal-
lenge as it is important that sink conditions are maintained and the concentration of 
test substance in the receptor never reaches a point where back diffusion can occur. 
Recent guidance indicates that the maximum concentration of the test substance 
observed in the receptor fluid should not exceed 10 % of its saturated solubility in 
the receptor fluid selected [9]. The flow-through design with physiological receptor 
fluid means that for many studies the flow rate and replacement of fresh receptor 
needs careful attention. Another issue with the flow-through design relates to the 
analytical sensitivity. For non-radiolabelled investigations, the extraction and anal-
ysis of the test compound in a mass balance type investigation may be more chal-
lenging due to the greater volumes of receptor fluid compared to static cell designs.

Static diffusion cells are more commonly used than their flow-through counter-
parts. One distinct advantage of the static cell is that it runs independently from the 
other diffusion cells in the group. It is also much easier to undertake the mass bal-
ance washing and tape stripping procedures that form a part of the dermal absorp-
tion protocol [9, 30] than in a flow-through diffusion cell system.

Most flow-through type systems utilize a dry heated-block type design or water-
jacketed approach to maintain a constant skin temperature of 32 °C. There is an 
electric pump to move the receptor under the dermal side of the skin at a constant 
flow rate into some form of collection device or autosampler vials. A typical flow 
rate is around 1.5 ml/h for such devices [1, 3]. Although most of the systems are 
quite reliable, one disadvantage of the flow-through system is that if the receptor 
flow system fails or the pump speed varies then all the diffusion cells in the group 
may be lost. In a group of static cells if there is a single blockage, say in the receptor 
collection line and the other samples are running independently then, the autosam-
pler will continue to take accurate receptor volumes. As these in vitro experiments 
run for 24 h to obtain daily exposure data, and taking samples of receptor every 
1–2 h through the night, it is important that the system is reliable.
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5.5  Special Devices

5.5.1  Volatile Compounds

Diffusion cells can be used to study chemicals that are volatile at room temperature, 
or likely to be lost from the skin via evaporation during their normal use. However, 
care must be taken in the design of such studies to assess the likely proportion of 
an applied dose that is lost to the atmosphere, and this often requires the use of 
radiolabelled compounds due to the complexity of extraction and quantification of 
the compound in the matrices used to trap the chemical. Indeed, it is a regulatory re-
quirement for many classes of chemicals under OECD test guidelines to fully define 
the distribution of the volatile compounds above the skin, within the skin, and in the 
receptor fluid [25]. This is now routinely undertaken in regulatory dermal absorp-
tion studies and devices have been developed for in vitro diffusion cells (Fig. 5.1). 
This is a key element of the mass balance and in situations where this has not been 
quantified by trapping the test substance in the void above the skin surface, the 
study is compromised and the ‘missing’ fraction of the dose would therefore be as-
sumed to have been absorbed, under a precautionary principle. The usual procedure 
for studies with volatile test substances is to place a charcoal filter above the donor 
chamber (in vitro) or skin device (in vivo), and to extract the compound from the 
matrix at the end of the exposure period. The use of such filters allows the skin sur-
face to remain essentially unoccluded because an occluding trapping device would 
not allow the evaporation of the vehicle thus, ultimately enhancing skin penetration. 
An adaptation of the standard static diffusion cell to incorporate charcoal filters is 
shown in the Fig. 5.1.

5.5.2  Solids and Powders

Glass diffusion cells are very useful for studying the dermal absorption of actives 
from solid applications. For example, studies in humans using solids or powders 
containing an active ingredient are challenging and are actually best undertaken in 
vitro using chamber devices. A distinct advantage here is that the application stays 
where it was on a measured area of the skin. In humans, the application is prone to 
move or even come away from the site of application. In animals, the skin site also 
needs to be protected from grooming by the animal and also oral ingestion. There-
fore, this is one area where the diffusion chamber could be perceived as a better 
model compared with the in vivo situation. Indeed, the large static type cell allows 
good spreading of material, which can be applied to a fixed area of skin.

In the pharmaceutical sector, there are few drugs that are applied in solid form 
to the skin as spreading and skin contact are important aspects for delivering the 
intended dose. Hence, gels, ointments, lotions and creams are the conventional 
types of platforms used in dermatological products. There are some obscure dust-
ing treatments for foot infections, but use of powders poses other safety issues such 
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as inhalation exposure and also the fact that effective dermal penetration normally 
relies on other adjuvants present in the product. The fact that the dermal absorption 
of test substances (or formulated products containing the test substance) that are in 
a solid form at the temperature of the skin is poor and normally requires a vehicle 
or carrier to allow it to penetrate into the stratum corneum; and has been exploited 
by manufacturers of pesticides and other potentially toxic chemicals as dermal ex-
posure is generally lower for the same compounds in solid form.

One area that does impact on the pharmaceutical industry when it comes to sol-
ids is during the manufacture of the drug active and any intermediates in the syn-
thetic process that are solid at room temperature. Another scenario is the dermal 
exposure during veterinary use of powders containing an active drug. Studies on 
the dermal absorption for solid or powder materials using in vitro chamber systems 
can therefore be useful in measuring absorption and setting exposure limits and 
indicating the correct protective equipment to be used. Dry solid large particles or 
granules are generally very poor platforms for dermal absorption. Fine particles and 
dusts (depending on the actual particle size) will absorb any surrounding moisture 
on the skin surface and will therefore have more direct surface contact and a greater 
ability to penetrate into the skin. When in vitro or in vivo dermal absorption studies 
are designed to assess the risk from contact with solids, it is important to examine 
the actual real life exposure scenario. This includes a number of aspects such as the 
particle size and the potential exposure period. For example, if the material at the 
top of a container is a lumpy granule but is a fine dust at the bottom of the same con-
tainer due to settling, it is prudent to test the finer dust material as it is likely to have 
a greater opportunity to release and deliver the active onto and into the skin. The 
OECD test guidelines suggest that moistening of the solid should be undertaken for 
in vitro and in vivo dermal absorption studies [25]. In order to better simulate typical 
exposure, it would be more useful and relevant to compare the neat material with a 
simulated sweat type of application. This would involve preparing a ground down 
version of the solid in this sweat medium that is then applied to the skin as a paste. 
This would provide a conservative assessment of dermal absorption relative to the 
neat solid, and represent a worst case scenario that may occur during handling of 
the chemical or product.

5.6  Bioequivalence Testing

An important area that utilizes the in vitro chamber approach is the area of derma-
tological product development. The chamber method provides a rapid and consis-
tent method of selection and optimization of the release, and ultimately the dermal 
absorption and skin distribution of drugs. With so many generic products containing 
the same active (but often different adjuvants and other ingredients) the diffusion 
cell method provides data to confirm equivalence, or otherwise, for newly intro-
duced products. There are several approaches here, depending on the specific ques-
tion being addressed. In some cases, it is the release of a drug from its formulation 



78 J. R. Heylings

that is important. Here, there is a guidance for the type of artificial membranes and 
the protocols that are acceptable in diffusion chamber experiments [36]. Standard 
static diffusion cells can normally be used with these artificial membranes. In other 
situations, where the question relates to predicting systemic exposure of the drug, 
human skin is used in conventional chamber systems to study the flux or propor-
tion of a drug that is absorbed over a specific time course. An example of this in the 
literature is the bioequivalence of the drug aciclovir in a study using a wide range 
of dermatological preparations that were compared using the static diffusion cell 
chamber system and human dermatomed skin [38]. This is a key area in pharma-
ceutics that is not only ethically acceptable, as it minimizes the number of in vivo 
investigations, but it also allows a systematic assessment of the impact of even mi-
nor formulation components in addition to the effect of changing the drug loading 
concentration. The in vitro chamber method can also provide important information 
on the time course kinetics for release into and through the skin, and also the stabil-
ity of the drug under simulated physiological conditions.

During the early stages of drug development of a new dermatological product, 
various adaptations of the in vitro chamber model have been utilized. For example, 
pig skin is used as a surrogate for human skin, and is recognized as the closest 
animal species to human skin for dermal absorption investigation. The key element 
is the barrier properties of pig skin either used as heat-separated epidermal mem-
branes prepared from pig ears, or as flank skin prepared with a dermatome. The 
functional properties of the barrier, as assessed by chemical permeation, electrical 
resistance or transepidermal water loss, are all quite similar between pig and human 
[4], making pig skin a very useful model to compare the dermal absorption of drugs 
from different formulations. Another advantage of pig skin over, say rodent skin, 
is the density and depth of hair follicles. Porcine skin is very similar to human skin 
and this therefore allows the stratum corneum to be tape-stripped using an in vitro 
procedure with resected human skin that was developed and validated with human 
volunteers in a side-by-side investigation [37]. Such a procedure allows the profil-
ing of a drug through individual strips of the stratum corneum, thus providing key 
information on the penetration into the skin barrier. This technique, another adapta-
tion of the glass chamber methodology, is now widely used to study drug delivery 
and is particularly powerful when the tape stripping investigation is substantiated 
by visualization of the drug in the different layers of the stratum corneum using 
techniques such as time-of-flight mass spectrometry [22].
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6.1  Introduction

Following regulatory approval of a drug product by the regulatory authority, e.g., 
US Food and Drug Administration (FDA), the product performance test becomes 
the sole means of directly monitoring the ongoing performance of the dosage form. 
The United States Pharmacopeia (USP) formed an advisory panel charged with de-
veloping appropriate product quality tests and product performance tests for topical 
dosage forms [1]. Deliberations of the panel included discussions about regulatory 
and compendia responsibilities in setting specifications for the performance of topi-
cal and transdermal drug products. The discussions included scientific principles 
underlying the product quality and product performance test methods.

Topically applied drug products fall into two general categories: (i) those applied 
to the skin to achieve local action or effects, e.g., creams, gels, ointments, solutions, 
suspensions, lotions, foams, and (ii) those applied to the skin to achieve systemic 
effects after absorption through the skin, e.g., transdermal drug delivery systems 
(TDSs, also known as patches).

Two categories of tests are performed with drug products: (i) product quality 
tests and (ii) product performance tests. Product quality tests are intended to assess 
attributes of the dosage form such as identification, assay (strength), impurities, 
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physicochemical properties, uniformity of dosage units, pH, apparent viscosity, mi-
crobial limits, antimicrobial preservative content, antioxidant content, sterility, if 
applicable, and other tests that may be product-specific that are part of a compendial 
monograph. Product performance tests are designed to assess the performance of 
the dosage form that in many cases is related to drug release from the finished drug 
product.

6.2  Tests for Topical Dermatological Drug Products

6.2.1  Product Quality Tests

Product quality tests for topical dermatological drug product are divided into:

• Universal tests that include description, identification, assay, impurities
• Specific tests that include uniformity of dosage units, water content, microbial 

limits, sterility, pH, and particle size
• Particle size of active pharmaceutical ingredient (API) for semisolid drug prod-

ucts and suspensions
• Viscosity for semisolid dosage forms

6.2.1.1  Particle Size

The particle size of the active drug substance(s) in topically applied drug products is 
usually determined and controlled at the formulation development stage. However, 
topically applied drug products should be examined for evidence of particle size, 
shape, and form alteration, including aggregation, of the active drug substance that 
may occur during the course of product processing and storage. Such examinations 
should be conducted at the time of batch release and at designated stability test 
time points for batch-to-batch monitoring because changes that are visually (macro- 
and microscopically) observable would likely compromise the integrity and/or the 
performance of the drug product. These types of testing are generally formulation-
dependent. Therefore, such tests are not included in compendial monographs but 
are part of the manufacturer’s specification(s) for the drug product.

6.2.1.2  Viscosity

Viscosity, a critical quality attribute that influences the physical appearance, sta-
bility, and performance of topical products, is a measure of a formulation’s resis-
tance to flow and is an assessment of the rheological properties of the dosage form 
(e.g., semisolids). Because only Newtonian fluids possess a measurable viscosity, 
which is independent of shear rate, semisolid pharmaceutical dosage forms that 
are non-Newtonian products exhibit an apparent viscosity. The apparent viscosity 
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of semisolid drug products should be tested at the time of batch release and ini-
tially at designated stability test time points to set specifications for batch-to-batch 
and shelf-life monitoring. For semisolids that show thixotropic properties and/or 
irreversible changes in viscosity after shearing, specific attention should be given 
to sample preparation procedures to minimize variability in the measurement of 
apparent viscosity caused by variable shear histories (e.g., mixing speed and tem-
perature, filling operation, and sample handling). Furthermore, for all products, it 
is important to have apparent viscosity specifications at more than one set of condi-
tions (e.g., bulk in-process stage, final packaged product, high and low shear rates, 
and different temperatures).

Apparent viscosity specifications based on data obtained during product devel-
opment and shelf life testing should be established for batch release and throughout 
their proposed shelf life. The apparent viscosity test is formulation and/or process-
dependent and is part of the manufacturer’s specification for the drug product. Fur-
thermore, the specifications for apparent viscosity of semisolid dosage forms at 
batch release and during stability testing may be different. The apparent viscosity of 
the finished drug product at the time of batch release must conform to the product 
development specifications. For stability testing, the apparent viscosity specifica-
tions for the drug product should be based on in-process-derived data and statistical 
assessment of the product over its shelf life.

6.2.1.3  Container Uniformity

Topically applied semisolid drug products may show physical separation during 
manufacturing processes and during their shelf life. To ensure the integrity of the 
drug product, it is essential to evaluate the uniformity of the finished product at the 
time of batch release and throughout its assigned shelf life. Often, semisolid dosage 
forms undergo phase separation, change in physical appearance and texture. Based 
on the packaging container, content uniformity test can be carried out using an ap-
propriate procedure. For details on process and procedures, and ways to estimate 
container uniformity, see USP General Chapter 3 [2].

Briefly, to determine product uniformity when packaged in a tube, the container 
is cut horizontally just above the crimp edge and below the shoulder/neck of the 
tube using a utility knife, and vertically along the middle of the tube body as shown 
in Fig. 6.1a. The content of the tube is readily exposed by pulling aside the walls. 
Initial inspection of the tube content will show the integrity or lack of integrity 
of the formulation. For creams, in case of separation, distinct oily and aqueous 
phases are observed as shown in Fig. 6.1b and c. In addition, the product may not 
be smooth and often lumps are observed indicating lack of integrity of the original 
product. To quantitate drug in various parts of the tube, the tube contents should 
be divided into individual sections representing the top, middle, and bottom (T, M, 
B) zones as shown in Fig. 6.1. Samples from each zone should be weighted and 
analyzed as specified in the test method. Depending on the sensitivity of the assay 
method, sample sizes may be 0.1–2.0 g. Quantitative analysis of the API will pro-
vide a comparative measure of the uniformity and stability of the product.
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Fig. 6.1  Product uniformity sampling for a tube container. The area of the tube cut away (a) that 
may show oily (b) and aqueous (c) phase separation. Tubes should be sampled in zones as shown 
in panel D
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For the determination of uniformity of semisolid products packaged in a con-
tainer other than a tube, such as a jar, other sampling methods may be used. For 
example, after selecting a disposable plastic syringe of suitable length, remove the 
plunger and cut off the bottom of the syringe barrel (Fig. 6.2). With the plunger 
removed, slowly and carefully insert the syringe barrel vertically into the container 
until it reaches the bottom. Then, gently twist the syringe barrel containing the sam-
ple core, and carefully remove the syringe barrel. After removing the core sample, 
insert the plunger into the syringe barrel and carefully extrude samples representing 
the top, middle, and bottom zones of the container. Samples from each zone should 
be weighted and analyzed as specified in the test method. Depending on the sensi-
tivity of the assay method, sample sizes may be 0.1–2.0 g.

6.2.2  Product Performance Test

USP General Chapter 1724 provides procedures for determining drug release from 
semisolid dosage forms. Semisolid dosage forms include creams, ointments, gels, 
and lotions. Semisolid dosage forms may be considered extended-release prepara-
tions, and their drug release depends largely on the formulation and manufacturing 

Fig. 6.2  Product uniformity sampling for a jar container. Diagram shows sampling from different 
depths and panels illustrate the use of a syringe barrel (a), inserted to the bottom of the container 
(b), to obtain a core sample (c)
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process. Therefore, the drug release rate from products prepared by different manu-
facturers is likely to be different due to formulation and manufacturing process dif-
ferences. This is similar to specifications for dissolution of extended release dosage 
forms and subsequent drug release from the formulation.

Product performance tests for semisolid drug products are conducted to assess drug 
release from the dosage forms. In vitro performance tests for semisolid products may 
not, however, directly predict the in vivo performance of drugs, as the primary factors 
that impact bioavailability and clinical performance are the barrier properties of the epi-
thelia to which the product is applied (epidermal or mucosal tissues). Although product 
performance tests do not directly measure bioavailability and relative bioavailability 
(bioequivalence), they can detect product changes that may correspond to altered in 
vivo performance of the dosage form. These changes may arise from changes in physi-
cochemical characteristics of the drug substance and/or excipients, or to the formulation 
itself, changes in the manufacturing process, shipping and storage effects, aging effects, 
and other formulation and/or process factors.

The vertical diffusion cell (VDC) is a reliable and reproducible means of mea-
suring drug release from semisolid dosage forms. The VDC has a donor and a 
receptor chamber separated by a synthetic inert, porous support membrane which 
is in contact with the receptor medium in the reservoir. The support membrane 
is intended to keep the drug product sample and receptor medium separate and 
distinct. Typically, about 200–400 mg of the semisolid product is placed on the 
membrane. The release rate experiment is carried out at 32 ± 1 °C, except in the 
case of vaginal drug products for which the temperature should be 37 ± 1 °C. Usu-
ally a set of six cell assemblies are operated together at one time (i.e., single 
run). Sampling, generally, is performed over a 4–6 h time period, and the volume 
withdrawn is replaced with stock receptor medium. To achieve sink condition, 
the receptor medium must have a high capacity to dissolve the drug, and the 
drug concentration in the receptor medium at the end of the test ideally should 
be as low as possible. For each cell, the amount of drug released (µg/cm2 at each 
sampling time ( t1, t2) is determined, and the cumulative amount released plotted 
versus √t. The slope of the resulting line is a measure of the rate of drug release. 
The test is often conducted with a group of 6 or 12 cells per test run. The average 
of six slopes for each test and reference product is a measure of the drug release 
rate from the dosage form. The VDC system is the most common in vitro drug 
release system. In addition to the VDC system, an immersion cell and modified 
flow-through cell system can also be used to assess drug release from semisolid 
dosage forms.

6.3  Application of In Vitro Drug Release

The product performance test is used to assess product sameness after scale-up 
and postapproval changes. Because common testing artifacts, such as air bubbles 
and membrane defects, yield measurements that are not normally distributed, a 
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nonparametric statistical technique is used to evaluate the test results. The Mann–
Whitney U test is used to calculate the 90 % confidence interval for the ratio of the 
slopes between the test and the reference batches.

Another important application of in vitro release testing is the biowaiver for ge-
neric drug products. FDA/Office of generic drugs has released a guidance for acy-
clovir ointment 5 % that allows biowaiver of a generic product [3]. Similarly, an in 
vitro release test is available for bioequivalence testing of cyclosporine ophthalmic 
emulsion [4]. These developments may result in the use of in vitro release tests as a 
routine product performance test for semisolid dosage forms as the dissolution test 
is for oral dosage forms, and may also be used for biowaiver under certain condi-
tions.

6.4  Tests for TDSs

6.4.1  Product Quality Tests

Product quality tests for transdermal drug delivery systems (TDSs) are divided into:

• Universal tests that include description, identification, assay, and impurities
• Specific tests that include uniformity of dosage units, water content, microbial 

limits, sterility, pH, and particle size
• Adhesion tests
• Leak test

6.4.1.1  Adhesion Tests

TDS or patches are formulated with an adhesive layer to ensure intimate contact 
with the skin to allow the delivery of the desired dose of drug. Adhesives in TDS 
must permit easy removal of the release liner before use, adhere properly to 
human skin upon application, maintain adhesion to the skin throughout the pre-
scribed period of use, and permit easy removal of the TDS at the conclusion of 
use without leaving a residue or causing damage to the skin or other undesirable 
effect(s). Additionally, adhesives must be able to maintain the performance of 
the TDS throughout its shelf life. Three types of TDS adhesion tests are gener-
ally used: peel adhesion test (from a standard substrate), release liner peel test, 
and tack test. Acceptance criteria are product specific and defined to assure that 
adhesion of each batch of TDS is within the range defined by the product design 
and is consistent between batches based on the product development specifica-
tions or statistical assessment of multiple product batches over the product’s 
shelf life.



88 A. Yacobi et al.

6.4.1.2  Peel Adhesion Test

This test measures the force required to remove (peel away) a TDS attached to a 
standard substrate surface (e.g., polished stainless steel). The TDS is applied to the 
substrate using specified techniques for application and is conditioned at a speci-
fied temperature and time. Then, the TDS is peeled away from the substrate with 
an instrument that allows control of peel angle (e.g., 90 or 180°) and peel rate (e.g., 
300 mm/min), and the peel force is recorded. This procedure is repeated using a min-
imum of five independent samples. The product fails the test if the mean peel force 
is outside the acceptable range determined during product development and/or based 
on statistical assessment of multiple product batches over the product’s shelf life.

6.4.1.3  Release Liner Peel Test

This test measures the force required to separate the release liner from the adhesive 
layer of the TDS. The test is performed with a finished product sample. The test 
sample is conditioned using specific procedures (temperature and time). Then, the 
release liner is pulled away from the TDS with an instrument that allows for control 
of peel angle (e.g., 90 or 180°) and peel rate, and the peel force is recorded. This 
procedure is repeated using a minimum of five independent samples. The product 
fails the test if the mean peel force is outside the acceptable range determined dur-
ing product development and/or based on statistical assessment of multiple product 
batches over the product’s shelf life.

6.4.1.4  Tack Test

Several tack test methods have been developed. Examples include the probe tack 
method and the rolling ball method. It is the responsibility of the TDS manufacturer 
to determine which method is appropriate for their drug product (For details, see 
USP General Chapter 3).

6.4.1.5  Leak Test

This test is applicable only to form-fill-seal (reservoir or pouched)-type TDS. Form-
fill-seal TDS must be manufactured with zero tolerance for leaks because of their 
potential for dose dumping if leaking occurs (e.g., Fentanyl patch).

6.4.2  Product Performance Test

USP General Chapter 724 provides three procedures using Apparatuses 5, 6, and 
7 for testing drug release from transdermal systems. Apparatus 5 is the simplest 
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system applicable to all types, sizes, and strengths of marketed TDS. Apparatuses 6 
and 7 are product specific.
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7.1  Introduction

Skin has always been looked upon as our external natural gear which protects the 
body from environmental factors like sun, pollution, extreme temperatures, etc. 
Like our attire, the skin too is supposed to describe one’s looks and make a firm 
statement about one’s personality. This external organ of our body which we see 
more often that the hidden complexities of other vital organs has, thus, been nearer 
and dearer to all of us. No wonder then that the safety of skin has been of paramount 
importance to all.

In spite of this, the scientific community started considering systematic safety 
evaluation of skin products relatively late in the day. It was probably in the year 
1966 that Prof. Kligman first proposed the standardized method for detecting the 
contact allergens in a scientific way [1]. Our knowledge of skin safety testing has 
evolved several folds since then with the use of standardized protocols, techniques, 
and availability of newer noninvasive biomedical instruments. However, when it 
comes to skin safety testing, there is no single method that will be apt for a particu-
lar study. As Prof. Maibach puts it after his years of deep experience in the field, “It 
all depends” on a variety of factors.

The practical aspect related to safety and efficacy will always hold the key in de-
fining the successful evaluation of any topical product. In this chapter, I have tried 
to capture few such points related to the evaluation of cosmetic products and topical 
drug formulations. Not all of them are technical.
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7.2  Consumer Habits and Its Importance in Designing 
Safety and Efficacy Studies of Cosmetic Products

The importance of “Consumer habits” cannot be overlooked in designing safety and 
efficacy studies of cosmetic products. In fact, the variations in patch testing meth-
odologies such as occluded, open, repeat application open, or occluded are all ac-
ceptable precisely for the same reason. While selecting any of these approaches, the 
product knowledge and its intended use by the consumer must be given paramount 
importance. An overdesigned unrealistic safety protocol may result in rejecting a 
product/formulation whereas a lenient unthoughtful theoretical approach may put 
the consumer at undue risk. The role of the principal investigator and his team, who 
monitor the trial, is to select an appropriate study design, may be slightly stringent 
and exaggerated than the actual use conditions, so as to provide an adequate safety 
margin to protect the end-consumer.

The same holds true while designing efficacy studies as well. For example, 
imagine a study protocol for the evaluation of an antidandruff shampoo among 
Asian consumers. The Asian consumers on an average shampoo their hair two to 
three times a week as against their counterparts in western countries who have a 
habit of shampooing their hair daily. The Asian consumer also applies hair oil be-
fore shampooing which has been a traditional habit in this part of the world. A study 
design wherein a daily hair wash with antidandruff shampoo and restricting the 
participants with the use of hair oil will result in larger dropouts due to noncompli-
ance. Also, the outcome of this study, even if positive, will have little relevance in 
the real-life situation in that market.

It is precisely for this reason that the revalidation of safety and efficacy data 
is necessary when launching a cosmetic product in new markets. It can be done 
through short but well-designed safety and efficacy trials which are controlled and 
supervised by experts followed by in-use consumer trials. It will be irrational to as-
sume that the product will do well in new markets since it has done well in the past 
in other markets.

7.3  Mindset Issues: Testing for Claims vis-à-vis Claiming 
“What Tested”

The central theme in testing a topical product for safety and efficacy has to be “the 
patient” who is finally going to use the product or “the end-consumer” in case of 
cosmetic formulations. The channel partners such as the medical fraternity, domain 
experts, and others come thereafter. Today, the whole purpose of testing the product 
has become that of compliance with the regulatory requirements, often country spe-
cific, and outsmarting competition to succeed in the market place. While these are 
crucial considering business imperatives, they by no means can be the main reasons 
for evaluating the products. This mindset has taken away the inquisitiveness which 
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is needed in product testing and makes product evaluation a mere ritual. While the 
ethical guidelines in conducting clinical evaluation do address participant’s safety, 
it does not and cannot address passion needed by the sponsor, principal investiga-
tor and other associated members involved in the trial to make it more holistic and 
prevent it from being a mere ritual.

In the cosmetic industry, very often the need for product evaluation is triggered 
by marketing needs for product’s preconceived claim. The claim thus drives cos-
metic product safety and efficacy evaluation rather than the product’s safety and 
efficacy evaluation driving claims. This is not to take away the credit for the efforts 
being put in by many cosmetic companies doing basic research and by specialty 
ingredient manufacturers to find new actives. The point being made here is that 
these efforts often get diluted so as to pass on the real benefit to the end-consumer.

Also, what we see today are the claims from cosmetic companies which are 
aimed at outsmarting competitor’s claims rather than the claims addressing con-
sumer needs. How many such claims help to build credibility of these products in 
consumer’s mind is anybody’s guess.

7.4  Efficacy Results and Interpretations—Instrumental, 
Clinical, and Consumer Perceptions

With advancements in the area of biomedical instrumentation, objective evaluation 
has become an integral part of efficacy evaluation of cosmetic products. It has found 
applications in topical drug product evaluation as well. For example, the vasocon-
striction assay for bioequivalence of topical corticosteroids as recommended by the 
United States Food and Drug Administration (USFDA) guidance mentions use of 
tristimulus colorimeter such as chromameter for quantification of skin blanching 
effect [2]. The wide range of skin imaging and bioengineering instruments has pro-
vided additional tool for the quantification of various skin parameters.

The use of instrumentation does not undermine the clinical evaluation by experts 
such as dermatologist/cosmetologist. In fact, a comprehensive protocol for evalu-
ation of efficacy of a topical product be it cosmetic or topical drug formulation, 
should include clinical evaluation, instrumentation, and self-evaluation by partici-
pants to capture the holistic product performance. Very often it has been observed 
that the instrumentation may capture improvement in certain attributes at an early 
stage during trial period, followed by clinical improvement as recorded by derma-
tologist, followed by improvement perceived by the participants. This is understand-
able. Thus, comprehensive evaluation may take longer time. The practical consider-
ation often limits conducting product trial for such a long duration. An instrumental 
change observed after 1 month may take several months of product application 
before the change is seen by the user/participants. The product claims, more in the 
case of cosmetic products, are made based on earliest significant change as detected 
by instruments or experts. Thus, we often come across claims like “Within 2 weeks” 
or “longer lasting for 24 h,” etc. In practice, it has been observed at our end that 
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unless the change as captured by instrumentation for critical parameters exceed 
25 % compared to initial stage, the effect of product performance will not be per-
ceived at the participants/consumers. This is applicable to cosmetic formulations. 
This is one way of identifying the critical performance parameters which can be 
taken forward to make product claim and that will be appreciated by the end-user.

The mere use of instruments does not guaranty correctness of the outcome. As 
Prof. Albert M. Kligman said, “A Fool with a Tool is still a fool.” This is so true. 
Unless one has taken care and pain to understand, standardize, and calibrate these 
instruments for regular use, the outcome with such instruments has limited utility. 
The same is the case while using clinical scales to capture clinical improvement in 
the skin condition. The periodic training for those who grade clinical improvement 
and aligning these evaluators in case there are more than one evaluator (often being 
the case with multicentric trails) becomes of paramount importance.

Finally, the self-evaluation questionnaire to be administered to the participants in 
the trial can reflect interesting practical concerns/benefits, provided this question-
naire is structured with great care to meet the end objective of the trial.

Obviously then, the collective wisdom of experts and participants supported by 
objective data from the correct use of instrumentation can give immense insights for 
practical success of the product in the market place.

7.5  Product Knowledge and Testing Methodology

Mindless testing to comply with internal stake holders in the organization or exter-
nal stake holders (outside the organization) often creates confusing study require-
ments. How can someone design a study protocol to prove “Non-irritant” claim 
for an AHA-based product which is supposed to be a skin peel? How to evaluate 
primary skin irritation of a topical anti-itch or rubefacient product with patch testing 
methodology since that is an accepted testing protocol for primary skin irritation?

While many such requests seem ridiculous at the first go, they may provide a 
trigger for doing something new and innovative either with respect to study design, 
new techniques or building new skills. But then, a sound and holistic knowledge not 
only of clinical practices but that of product formulation, new ingredients, newer 
instrumentation, and emerging new claims is needed.

For example, in one study for a modified topical corticosteroid formulation, the 
sponsor wanted a “Proof-of-Concept” clinical study by adapting vasoconstriction or 
blanching study protocol. The existing formulation of the same steroid was modi-
fied using skin penetration enhancer. The rationale behind this study is that with 
penetration enhancer the blanching effect will be more pronounced which presum-
ably relates to the amount of drug entering the skin and hence more bioavailability 
[3].

The preliminary studies, however, indicated lower blanching effect compared 
to the formulation without penetration enhancer. The possible explanations could 



957 Safety and Efficacy Testing of Topical Products; Practical Considerations

be systemic absorption of the drug due to enhanced penetration thru the skin. This 
effect, however, is not desirable.

The conceptualization of a product idea with possible effects and likely enhanced 
side effects therefore is of paramount importance in designing comprehensive safe-
ty and efficacy protocols.

7.6  How to Create a Value Proposition for the Sponsor 
and Consumer Through Safety and Efficacy Testing?

In a commercial setup, no organization would like to undertake any business activ-
ity unless it adds significant value either to its top line (read profitability) or bottom 
line (read cost structure improvement). Very often, while it is easy to identify value 
adding activities for the immediate future, it is often difficult to visualize value add-
ing propositions for the strategic long-term period, say over 5–10 years. It is all the 
more difficult to identify such initiatives in the research and development function 
of an organization since the function itself by the nature has many “ifs” and “buts” 
to answer. In spite of this, many organizations have successfully accomplished their 
strategic objectives by coordinating and meshing activities of various functions 
within organizations responsible for a new product launch including clinical out-
comes and product claims. This success often is the outcome of well planned and 
thought through set of activities connecting seamlessly across various functions.

The thought process for planning these activities invariably starts from markets 
to be catered to, users in these markets (end-consumers in case of cosmetic prod-
ucts and patients and dermatologists for dermaceuticals and topical pharmaceutical 
products). The correct insights into their needs is the most important but equally 
difficult task, which if done correctly, opens will open the path for successful prod-
uct launch. This is followed by rating and ranking all the needs and asking the 
consumer/customers to score their level of satisfaction on a simple scale from 0 
to 5 or any other suitable scale. This simple exercise helps in identifying those 
areas or gaps which can then be filled with the product under consideration. Hav-
ing identified the gaps, the next step is to verbalize them with an exhaustive and 
comprehensive product brief which is the first step in the research or developmental 
activity of a new product. The critical activity thereafter for the R&D team is to 
convert this product brief into a technical brief wherein each and every customer 
need is effectively measured by one or more quantifiable technical parameters. This 
is not simple and needs thorough deliberation within the R&D team. Many of these 
technical parameters can be measured through systematic safety and efficacy stud-
ies. The early identification of safety and efficacy evaluation parameters helps in 
effective identification of product strengths and weaknesses. The entire product im-
provement, launch and communication strategy then can be designed around these 
findings. The process is the adaptation of the quality function deployment (QFD) 
process which is very successfully followed in various industries such as automo-
bile and many others.
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This process helps in connecting a consumer need in the case of cosmetic prod-
ucts and a dermatologist or skin expert’s needs for pharmaceutical products to 
 product performance and deliverables.

7.7  Ethical Issues in Study Design

The study design for safety and efficacy evaluation is often conceptualized by the 
sponsor or the company wanting to conduct these trials. Obviously, their objective 
is to derive as much information as possible with optimal sample size of participants 
and at a competitive cost. This is natural from their viewpoint but in this process 
very often the ethical issues in the conduct of the trial get overlooked. For example, 
a skin lightening trial for a cosmetic face cream often describes a protocol wherein 
volunteers/participants would apply the product under evaluation to half the face 
and the other half will be applied a placebo cream. If one looks at the study hypoth-
esis, it states that the product under evaluation is expected to significantly lighten 
the skin (statistically significant difference at 95 % confidence interval) in a specific 
time period compared to placebo cream. The reason for doing half-face trial is to 
have each individual acting as his own control in the trial thereby eliminating an 
important variable, i.e., of skin type and individual life style and habits.

If this hypothesis was to come true, the trial would end up with number of par-
ticipants having one side of their face looking significantly lighter than the other 
side. While the sponsor will be delighted with these results which prove that their 
product is efficacious, how is it likely to impact the participants? Is it therefore ethi-
cally correct to conduct such a trial?

Here is another example for safety evaluation of topical products. In this case, 
the regulatory body has recommended a protocol for patch testing wherein 3 % so-
dium lauryl sulphate (SLS) has been recommended as positive control [4]. The test 
protocol further suggests that only those volunteers showing combined erythema 
and edema score of more than 4 (Draize scale) should be included in the patch 
testing study. This may be because it is difficult to visually grade erythema in par-
ticipants with darker skin (skin type 4 predominantly) thereby necessitating use of 
such high levels of SLS. The skin damage which 3 % SLS may evoke serious ethi-
cal issues more so when the same volunteers repeatedly participate in these safety 
studies over a period of time.

So, it is not only the sponsoring organization but sometimes even regulatory 
authorities who need to be sensitive to ethical issues while drafting guidelines in 
conduct of a trail.

The Ethics Committee/Institutional Review Board approving such trials has a 
very important role to play in protecting participant’s well being which very often 
the sponsor and regulators themselves may not be in a position to visualize.

The point being made here is that along with the technical considerations one has 
to consider social and psychological factors in practice to safe guard the interest of 
all involved parties.
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7.8  Summary and Conclusion

While at a macroscopic level, there are differences between Caucasian, Hispanic, 
Asian, and African skin, structurally, all skin types have similar qualitative struc-
ture. At quantitative levels, they differ from each other. For example, African and 
Asian skins have greater levels and different dispersion of melanosomes because 
of different photo-protection needs. Similarly, differences in skin thickness exist 
for different skin sites. Sex and age may also change biomechanical properties of 
the skin to a certain extent. These changes may be important for the evaluation of 
certain types of products while they may not significantly impact others.

The practical consideration and understanding therefore, is of paramount im-
portance in conducting any safety or efficacy trial for topical products. Clear un-
derstanding of study objective, product–skin interaction, ethical consideration with 
respect to participant’s safety and benefits, and intrinsic desire to offer value to the 
patients or end-users is the key to innovate newer products and therapies. This in 
turn will bring credibility and sustainability to the sponsoring companies to create 
profitable business propositions.
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8.1  Introduction

Topical dermatological drug products are semisolid preparations such as creams, 
ointments, and gels. They deliver drugs to the skin to prevent or treat disease and/
or to alleviate symptoms. Such preparations include antibacterials, antifungals, an-
tivirals, corticosteroids, and retinoids. The onset, duration, and magnitude of thera-
peutic response for any topical drug product depend on the relative efficiency of 
three sequential processes: (1) release of the drug substance from the product, (2) 
penetration/diffusion of the drug through the stratum corneum (SC), and (3) activa-
tion of the desired pharmacological effect at the site of action. Assuring the quality 
of a topical dermatologic product requires a complex set of studies that maintain 
continuing equivalence of the product relative to the clinical trial material on which 
the documentation of safety and efficacy was based. These include bioavailability 
(BA) and bioequivalence (BE) studies, and many other types of studies as well. 
Transdermal products are also applied topically but are designed to achieve system 
effect. They are not further considered in this chapter.

Commonly used methods for documenting the BE of oral dosage forms are 
generally not applicable to topical dermatological drug products. Currently, com-
parative clinical studies are used to establish bioequivalence for most topical for-
mulations, with the exception of corticosteroids where an in vivo pharmacodynamic 
approach developed at FDA in the 1990s has become available [1]. Over the last 
quarter century several national and international workshops have been held to dis-
cuss the methodologies for assessing BE of topical dermatological drug products 
[2–6]. The intensity of these dialogues without clear resolution reflects the general 
challenge of documenting BE for topical dermatologic formulations. This chapter 
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considers the pros and cons of the various methodologies either now used or under 
development.

8.2  Regulatory History

While a detailed review of US regulatory requirements is beyond the scope of this 
chapter, key milestones include the passage of the Food and Drug Act in 1906, 
replaced by the Federal Food, Drug and Cosmetic Act in 1938. The latter required 
safety data through a notification process in a New Drug Application (NDA). In 
1962, the Act was extensively revised to include requirements for an Investiga-
tional New Drug (IND) application, manufacturing according to good manufac-
turing practices (GMPs), and—mostly importantly—a preapproval requirement for 
documentation of efficacy in addition to safety. Out of these revolutionary changes 
came additional approaches as well, including the possibility of an Abbreviated 
New Drug Application (ANDA) for pre-1962 medicines [7], the over-the-counter 
(OTC) monograph system [8], and the Drug Efficacy Study Implementation (DESI) 
review of drugs approved between 1938–1962 to establish efficacy. In 1984, The 
Drug Price Competition and Patent Term Restoration Act (Waxman–Hatch Act) ex-
tended the ANDA approach to all new drugs, including those approved after 1962.

With the Congressional decisions embodied in these legislative and regulatory 
milestones, a clear statutory path exits in the USA to allow approval of generic 
versions of an innovator product following patent or exclusivity expiration, with 
submission of data documenting bioequivalence between the generic and innovator 
formulations in an ANDA (Food, Drug and Cosmetic Act, Sections 505(u)(4)(b) 
and 505( j )(4)(d)). The general concept relies on establishing BA by a first-entry 
manufacturer for their product (termed the reference listed drug, RLD) in an NDA 
filing with a multisource manufacture documenting BE relative to the RLD in an 
ANDA. A generic product must also be pharmaceutically equivalent (PE) to the 
RLD [9]. With satisfactory documentation of both requirements, the approved ge-
neric product may be deemed therapeutically equivalent [9].

BE (relative BA) is defined as the “absence of a significant difference in the 
rate and extent to which the active ingredient or active moiety in pharmaceutical 
equivalents or pharmaceutical alternatives becomes available at the site of drug 
action when administered at the same molar dose under similar conditions in an ap-
propriately designed study” (as stated in 21 Code of Federal Regulations (21 CFR) 
320.1(e)). BE is documented by performing different types of studies comparing 
test (T) and reference (R) products. These studies are categorized in order of FDA 
preference (21 CFR Section 320) as:

• Pharmacokinetic studies in which the active agent or its metabolites are mea-
sured in an accessible biological fluid

• Pharmacodynamic effect studies in which one or more measures of drug effect 
are compared between the generic and the pioneer product
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• Comparative clinical trials
• In vitro studies

In addition, the inactive ingredients in a generic topical formulation should general-
ly be qualitatively (Q1) the same and essentially quantitatively (Q2) similar (± 5 %) 
compared with the innovator product (as defined in 21 CFR 314.94 (a)(9)(v)). Both 
innovator and generic firms must manufacturer their products in accordance with 
current Good Manufacturing Practice (cGMP) (as outlined in the 21 CFR Sections 
210 and 211]. In addition, all marketed products, innovator and generic, must meet 
specifications if provided in monographs in the United States Pharmacopoeia-Na-
tional Formulary (USP-NF) [10], which are official compendia of the USA.

8.3  Regulatory Requirements for BE

BE is a performance comparison of two products, generally a T (generic, multi-
source) and an R product. BE focuses on release of the drug from the dosage form 
and subsequent entry into the systemic circulation (for oral products) or site of 
action (for topical products). They are not studies of the safety and efficacy of the 
product, which has already been established via the NDA products. In many in-
stances, BE is considered self evident (e.g., solution formulations, gases). For many 
other formulations (e.g., nonsolution, orally administered dosage forms), rate and 
extent of absence can rely on pharmacokinetic studies in an accessible biologic 
fluid such as plasma, which becomes a surrogate marker that should be sufficiently 
similar to the exposure pattern of the RLD [9].

8.4  Topical Dermatologic Drug Products: BE Methods

Documentation of BE for topical dermatological drug products has posed an im-
portant challenge for manufacturers and regulators. Several methods have been de-
veloped for documenting BE of these types of formulations and are currently being 
used. A number of methods, such as the tape stripping technique for measuring 
drug concentrations in the SC termed dermatopharmacokinetics (DPK), imaging 
technique, confocal Raman spectroscopy, the blister fluid technique, microdialysis, 
are under investigation, while still others have been deemed inadequate (Fig. 8.1).

Because a topical dermatological product will generally be applied to diseased 
skin, formulation/excipient factors may play a much larger role in how the drug moves 
to the primary site of action within the epidermis or dermis than in the case of a solid 
oral dose form administered orally, for which drug-excipient interactions after absorp-
tion are generally thought not to occur. Despite these and other differences between 
drugs administered orally and topically, many of the same general methods employed 
to establish BE for both types of formulations. The following sections of the chapter 
provide a general review of acceptable methods and methods under investigation.
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8.4.1  BE for Topical Dermtologic Products: Accepted Methods

8.4.1.1  Pharmacodynamic Measurements

When applied topically, corticosteroids produce skin blanching. This blanching re-
sponse is caused by vasoconstriction, and has been correlated with clinical efficacy 
of the drug product [11, 12]. Blanching is used to measure bioequivalence of topi-
cal formulations in healthy volunteers, but not in patients. It is of interest to note 
that there have been some publications which suggest possible bioinequivalence 
between brand name and generic topical corticosteroids [13]. However, no clini-
cal evidence has been provided. As a follow-up, the FDA launched an extensive 
research program [14, 15] to develop appropriate guidance for corticosteroids [1]. 
Guidance developed by the FDA suggests the use of a chromometer to quantify the 
blanching response and to allow measurement of the onset, duration and decline of 
response, analogous to drug blood/plasma concentrations, as a means of improving 
the approach in document BE of corticosteroid topical preparations. Some of the 
issues and limitations surrounding pharmacodynamic dose–response studies, maxi-
mum drug effect (Emax) modeling and data fitting, use of naive versus population 
data, and use of chromameter versus visual blanching reading, are discussed in the 
guidance [16]. On the basis of population modeling, dose response data from six 
different potency categories of corticosteroids were defined and described by an 
Emax model [1]. The dose producing 50 % of the maximum drug effect (ED50) 
decreased with increasing corticosteroid potency. No other classes of topical drug 
product produce pharmacodynamic response that can be used as a measure of BE.

Fig. 8.1  Methods for BE of topical dermatological drug products

 



1058 Challenges in Evaluating Bioequivalence of Topical …

8.4.1.2  Comparative Clinical Trials

Comparative clinical trials are now required by the FDA for most post-1962 topical 
dermatological drug products except corticosteroids. These clinical trials require a 
large patient population, are generally expensive, lack sensitivity, and are resource 
intensive both for FDA and for industry. However, they are considered “gold stan-
dards.” Furthermore, they tend to contravene the intent of the 1984 amendments to 
the FD&C Act, which is to avoid a requirement for repetition of efficacy studies to 
allow market access to generic manufacturers. For example, for the antiacne retinoic 
acid derivatives, 275–500 patients are recommended in a three  treatment parallel non-
crossover study. For antifungal drug products, 275–300 patients are recommended. 
Given the limitations of clinical trials to establish BE, new approaches are needed.

8.4.2  BE for Topical Dermatologic Products: Promising 
Approaches

8.4.2.1  Dermatopharmacokinetics

Dermatological drug products after topical drug application do not produce con-
centration that can be easily measured in an accessible biologic fluid. Given local 
action, the focus on systemic absorption may relate more to safety (i.e., absence 
of undesirable systemic response) than to local efficacy. For these reasons, plasma 
blood-level pharmacokinetic measurement for a topical drug product is used as a 
surrogate for possible toxicity.

Pharmacokinetics applied to drug concentration measurements in the SC is 
termed DPK. DPK measures drug levels in the SC as a function of time post appli-
cation and post removal using tape stripping procedure. The tape stripping is thus 
analogous to an in vivo pharmacokinetic studies, using drug concentrations in the 
SC to determine drug uptake and elimination from the SC [5, 19]. Whereas a plasma 
pharmacokinetic study assesses BE after oral administration, DPK measures drug 
concentration in the vicinity of the site of action following application of a topic 
product. The approach begins with studies by Rougier et al. have shown a relation-
ship between the amount of drug in the SC (referred to as SC reservoir function) 
present after a 30-min application from a solution and the amount of drug absorbed, 
as measured by urinary excretion in 96 h [17, 18]. In these experiments, a radioac-
tive drug was used, and the SC was removed using the skin stripping technique.

DPK Methodology

Unlike blood concentration studies, where multiple samples can be obtained after 
oral drug administration, only one skin sample can be obtained from a site after 
topical drug application. To obtain the multiple samples required to define a SC 
concentration–time curve profile, a DPK study requires application of multiple sites 
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in each subject. Each site yields a single drug concentration in the SC. Generally, T 
and R products can be studied at the same time in the same subject [20]. To assess 
rate of absorption for a BE study, the drug product is applied at multiple sites (four 
sites in this example) and the SC samples are removed from each site just after 
removal of the applied drug at sequentially increasing times, for example, at 0.25, 
0.5, 1, and 3 h. To assess drug elimination, the drug product is applied to multiple 
sites, and maintained for a period of time (3 h). At the close of this period, all ap-
plication sites are cleaned after 3 h and SC samples are removed at 4, 6, 8, and 12 h. 
SC samples are generally removed by using a tape stripping technique using a clear 
flexible adhesive tape. Repetition of the procedure with adhesive tape at the same 
site effectively removes layers of the SC and the drug embedded in it. The tape is 
applied to the cleaned site of application, pressed uniformly, and removed. The 
first two tape strips are discarded because they contain drug that has not penetrated 
through the SC. Amount per surface area is more commonly used because of dif-
ficulties in quantification of SC weight. The results are plotted as amount/surface 
area against time.

The exposure measures in the SC, as determined by area under the concentra-
tion–time curve (AUC) to last measured time point and Cmax reflect the rate and 
extent of diffusion and penetration of the drug reaching site(s) of action. For a ge-
neric product to be BE to an RLD, both the AUC and the maximum drug concen-
tration achieved (Cmax) ratios between T and R product should meet average bio-
equivalence criteria of 80–125 % with 90 % confidence interval [20]. DPK profiles 
for an example T and R product appear in Fig. 8.2.

Fig. 8.2  DPK profile of test (T) and reference (R) product; mean of 40 subjects (Source: Presenta-
tion at FDA’s Pharmaceutical Sciences Advisory Committee meeting)

 



1078 Challenges in Evaluating Bioequivalence of Topical …

Challenges to DPK

Preliminary studies indicate that the DPK is proportional to drug concentration at 
the site of action and is applicable for a variety of topical drug products. According 
to the primary analogy, two topical products having similar DPK exposure mea-
sures are likely to be bioequivalent. Yet, the approach and fundamental assump-
tions of the DPK approach has challenged on many grounds, as discussed in several 
public workshops over many years [4–6]. Criticisms center on: (1) measuring drug 
concentration in “dead” skin; (2) understanding of the relationship of drug con-
centrations in the SC to topical efficacy; (3) DPK’s ability to differentiate between 
strengths and formulations, reliability; and (4) reproducibility of the DPK method.

Clinical Studies in Support of DPK

Acceptance of any new methodology for BE determination would require informa-
tion about its relevance to clinical data. An ideal example would involve compari-
son of DPK results with clinical findings of a RLD; a bioequivalent generic product 
and a product bioinequivalent to the RLD. Two examples are considered, one for 
clobetasol and one for tretinoin.

Clobetasol Study A cream and emollient cream of clobetasol products are mar-
keted in the US. Both contain the same amount of active drug (0.05 %). Clobetasol 
cream was approved first followed by the emollient cream. The two products are 
not therapeutically equivalent and have different labeling. The cream is considered 
more potent and should not be applied for more than 2 weeks. In contrast, the emol-
lient cream is comparatively less potent and can be used for 4 weeks. These findings 
were substantiated by hypothalamic-pituitary-adrenal axis testing.

A DPK study carried out with the clobetasol innovator (reference) cream, clo-
betasol generic cream and clobetasol emollient cream clearly showed that drug con-
centrations in the SC after 6 h were not statistically significantly different between 
the RLD and generic clobetasol cream. They were significantly different between 
clobetasol cream and clobetasol emollient cream. The concentration of emollient 
cream in the treated skin was significantly lower (30 %) compared with clobetasol 
reference cream (Fig. 8.3). These findings suggest a reasonable association between 
the clinical findings and the DPK results, addressing at least part of the reservations 
that have been expressed about DPK findings [21].

Tretinoin Study There are three approved tretinoin 0.025 % gel products on the 
market: the innovator product, a generic product bioequivalent and PE to the inno-
vator product, and a third product which is not equivalent to the innovator product 
but is approved because it is superior to placebo with fewer adverse effects. This is 
an unusual situation and provides a basis for assessing the DPK approach.

A DPK study comparing these three tretinoin products was carried out at Uni-
versity of Utah, supported by the FDA. The results of the study concur with ear-
lier clinical findings. The clinically equivalent products showed equivalent DPK 
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profile, and the clinically inequivalent product showed significantly lower DPK 
profile compared to the innovator product (Fig. 8.4). Again, this study supports the 
clinical observation that reduced toxicity (safety) is associated with lower tretinoin 
blood levels in support of the general DPK approach [22].

DPK Reproducibility

One of the major questions for using DPK methodology has been the reproduc-
ibility of the data/method. DPK data presented on tretinoin study comparing T and 
R product by two investigators at the FDA’s Pharmaceutical Sciences Advisory 
Committee Meeting in 2001 indicated that the products were bio-inequivalent. 
Yet contradictory and inconsistent results in the data set [23] resulted in the FDA’s 
withdrawal of a draft topical bioavailability/bioequivalence guidance in May, 2002. 
Later, the investigation revealed that the protocol and the procedure followed by 
the two investigators in tretinoin study were different [24]. Based on this experi-
ence, the importance of adhering closely to study protocols was emphasized. Fur-
thermore, topical dermatological drug products vary in their rheological properties 
and consistency. For these reasons some products, when applied, undergo lateral 
diffusion. It is important to consider this phenomena during development of BE 
assessment study protocol. Several researchers have further studied DPK methodol-
ogy to simplify, standardize, and improve the procedure [25, 26]. DPK is a useful 

Fig. 8.3  Mean SC concentration of clobetasol in the areas of application and neighboring regions 
6 h after application [21]
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technique for drug products for which the site of action is SC. Overall, a general 
conclusion is that DPK may not accurately reflect therapeutic effectiveness if the 
target tissue is not SC.

8.4.2.2  BE of Topical Dermatology Drug Products: In Vitro Studies

Drug release from the dosage form is the first and most important step towards the 
pharmacological and therapeutic activity of the dosage form. When the active and 
inactive ingredients in a topical dosage form between the T and R product are the 
same, the only possible difference between the two is the method of manufacture 
and the micro structure of the formulation. Since for generic products meeting Q1 
and Q2, the difference between brand and generic products are essentially similar 
to Level 2 changes (SUPAC), the in vitro release is suggested as a method for as-
sessing BE [27]. This has been utilized in the draft guidance for bioequivalence of 
acyclovir ointment 0.5 % [28].

Fig. 8.4  Mean DPK profile in 49 subjects—tretinoin gel 0.025 % [22]
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8.4.2.3  BE of Topical Dermatology Drug Products: Other Methods

Dermal microdialysis (DMD) and confocal Raman spectroscopy are other promis-
ing methods for BE determination of topical dermatological drug products. DMD 
can be used in healthy as well as damaged skin areas to assess the BE of topical 
dermatological drug products [29, 30]. DMD is comparatively more invasive than 
DPK. The method is a challenge for lipophyllic and highly protein bound drugs. 
Clearly the methods such as suction blister, skin biopsy, and grafted skin model are 
not acceptable methods because of its invasive nature. In Raman spectroscopy, the 
drug of interest should have a distinct and a strong absorption to differentiate from 
the skin spectrum (Fig. 8.1).

8.4.2.4  BE of Topical Dermatology Drug Products: Case-By-Case Solutions

Because of the complexities of demonstrating BE for topical dermatologic drug 
products, FDA has allowed several approaches on a case-by-case approach [31], 
summarized as follows:

• Application of pharmacokinetics: Lidocaine topical patch 5 %. Lidocaine con-
centration in plasma can be easily measured. Lidocaine plasma concentration is 
proportional to its presence in dermal tissue, at the site of action.

• Application of pharmacodynamics: Fluocinolone acetonide 0.01 % topical oil. 
The vasoconstrictor assay can accurately detect the rate and extent of availability 
in skin. If a generic product is Q1 and Q2, then a biowaiver can be granted.

• Application of clinical approach: 5-flourouracil (5-FU) cream 5 %: A clinical 
endpoint BE study in AK lesions patients is recommended.

• Application of in vitro approach: Acyclovir ointment 5 %. If the generic product 
is Q1 and Q2 with the brand name product, approval can be granted based on 
Q3,that is similar in vitro release rate, and similarity in particle size, viscosity, 
morphic form, PEG molecular weight distribution.

• Application of PK endpoint study and a clinical endpoint study: Diclofenac so-
dium gel 1 %. Two BE studies are required. Topically applied diclofenac is well 
absorbed, and it acts locally also. A PK study and a BE study with clinical end-
point is recommended.

The FDA considers the drug mechanism and site of action, complexity of the reference 
formulation, feasibility, and sensitivity of an approach to determine the BE require-
ments; it can be PK, PD, clinical, or in vitro, or a combination of any these techniques.

8.5  Conclusion

Application of drugs to the skin offers both unique opportunities and special chal-
lenges to the pharmaceutical scientist and regulator interested in evaluation of bio-
equivalence of topical dermatologic products. While new approaches are needed, 
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the question might now be asked—based on many years of research and debate—
would it not be sensible for regulatory officials to adopt the most sensitive and spe-
cific approach available rather than relying on clinical trials? A small confirmatory 
clinical trial might used, perhaps in association with a pharmacokinetic blood level 
study for toxicity. But the primary documentation of BE for these formulations 
would turn instead either to a DPK approach and/or to an entirely in vitro approach 
such as the diffusion cell discussed in Chaps. 4 and 6. The general argument for this 
approach would be along the following lines. With a reasonable understanding of 
the drug substance in terms of its physicochemical characteristics, to include par-
ticle size, coupled with requirements for Q1 and Q2 (as noted above), the question 
becomes: what is reasonable to assure clinicians of BE (and with PE also therapeu-
tic equivalence)? Is it a DPK and/or in vitro study or is it a comparative clinical 
trial. It would seem that the burden of proof should be on those who advocate for 
this larger, less sensitive, and specific approach, and much more burdensome ap-
proach, which might take many years to be generated. In the meantime, patients 
and practitioners would benefit from timely access to interchangeable multisource 
products where BE is achieved through simpler means, with resource sparing both 
for manufacturers and regulatory agencies. Even in the USA, there are attempts to 
maintain the “gold standard” of comparative clinical trials (which in the case might 
be more aptly termed “fool’s gold”), the rest of the world might well benefit from 
the much more simple DPK and in vitro approaches.
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9.1  Introduction

In the quest to make medicines more affordable and more accessible to the wider 
population, in 1977, the US Food and Drug Administration (FDA) published its 
Bioavailability and Bioequivalence regulations under 21 Code of Federal Regula-
tions (CFR) [1]. These regulations made provision for the application of surrogate 
measures to assess the safety and efficacy of drug products. Subsequently, the Drug 
Price Competition and Patent Term Restoration Act of 1984 (Pub. L. 98–417) (the 
Hatch-Waxman Amendments) created section 505(j) of the Act which made provi-
sion for an Abbreviated New Drug Application (ANDA) approval process in the 
USA [2]. Unlike the New Drug Application (NDA) requirements to obtain market 
approval for a new drug product, the ANDA eliminates the requirements that ge-
neric drug manufacturers duplicate expensive, time-consuming clinical and non-
clinical studies to demonstrate safety and efficacy. Hence, bioavailability (BA) and 
bioequivalence (BE) studies between a reference drug product (the reference listed 
drug (RLD), usually the “Brand” or “Innovator” product) and/or the test drug prod-
uct (“new” or “generic” product) are the current acceptable surrogate approaches 
to determine the safety and efficacy of generic drug products via the ANDA route.

The current requirements and methods for the assessment of BE between an RLD 
and generic drug product have largely served the pharmaceutical industry and the 
public well for many years. When generic drug products are submitted for approval 
in most countries around the world, they must be both pharmaceutically equivalent 
and bioequivalent to be considered therapeutically equivalent and as such, approv-
able and therefore interchangeable (switchable) for a prescribed “Brand” or “In-
novator” product.

For topical drug products which are not intended to be absorbed into the sys-
temic circulation, pharmacokinetic measurements in blood/serum/plasma/urine are 
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generally not acceptable by most regulatory authorities to document BE. Hence, the 
assessment of BE for such topical products is based on clinical endpoint or pharma-
codynamics studies.

9.2  Definitions and Types of Topical Dosage Forms

The term “TOPICAL” is defined as “Belonging to a Place or Spot”. Hence, when a 
topical product is applied onto the skin, several implications and consequences need 
to be considered. Figure 9.1 depicts possible target areas for the active ingredient in 
the topical dosage form. In the first instance, some drug may well reach the system-
ic circulation but that consequence is considered to have toxicity implications rather 
than a therapeutic benefit. Generally, the main objective following application to 
the skin is that the site of action is “local” as depicted in Fig. 9.1 whereas in cer-
tain instances, such as topical products containing a nonsteroidal anti-inflammatory 

Fig. 9.1  Application sites for topical products
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agent (NSAID), the target site may be considered to be in deeper tissue which is 
indicated as “regional” in the figure [3].

a. Transdermal dosage forms
 These are topical drug products which are intended for the treatment of systemic 

conditions/diseases. These products are used to achieve systemically active drug 
concentrations. Hence, percutaneous absorption is a prerequisite for activity, and 
ideally, no local drug accumulation occurs.

b. Regional drug products are intended for the treatment of disease or symptoms 
in deeper tissue. The pharmacological action of the active ingredient is affected 
within musculature, vasculature, joints, and synovial fluid beneath and around 
the application site. They are more selective with respect to activity compared to 
systemic delivery, and percutaneous absorption and deposition is intended.

c. Topical drug products are indicated for cutaneous (dermatologic) use and the 
word topical is synonymous with “local” in this context. The pharmacological or 
other effects following application of these products are confined to the surface 
of the skin or within the skin for a local effect and may or may not require per-
cutaneous penetration and deposition.

9.3  Methods

Unlike those drug products which are intended to be absorbed into the systemic cir-
culation, apart from transdermal dosage forms, topical dosage forms are generally 
not intended to be absorbed, thus the determination of BE of such products presents 
a formidable challenge.

The application of the principles of BA and BE are, notwithstanding, also ap-
plicable to these dosage forms but it is extremely important to make some relevant 
comparisons.

a. First, in the case of drugs which are systemically absorbed from a dosage form, 
the rate and extent to which the active ingredient or moiety is absorbed from the 
drug product and becomes available at the site of action is a primary consider-
ation. However, for drug products where the active ingredient is not intended 
to be absorbed, the USA CFR [4] describes the type of studies that may be 
acceptable to demonstrate BE, viz: “For drug products that are not intended to 
be absorbed into the bloodstream, bioavailability may be assessed by measure-
ments intended to reflect the rate and extent to which the active ingredient or 
active moiety becomes available at the site of action.”

b. For products where the drug is intended to be absorbed, surrogate measures can 
be justified by the presumption that the concentration of drug in blood stream is 
in equilibrium and reflects the concentration at the site of action and by impli-
cation, a relationship between effectiveness and systemic blood concentrations 
of drug exists. However, for topical drug products not intended to be absorbed, 
such surrogate measures cannot be justified on the same basis as for systemically 
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absorbed drugs since no apparent relationship between effectiveness and sys-
temic blood concentrations following application to the skin is expected.

The methodology for assessing BE of systemically absorbed drugs and the statisti-
cal assessment of data are well-established procedures. In the latter instance, the 
regulatory BE acceptance criteria are based on the maximum blood (plasma) con-
centrations (Cmax) and the area under the plasma drug concentration versus time pro-
files (AUC) falling within prescribed limits of the confidence interval (CI) of 90 % 
and the relative means of test to reference product ratios being within 80–125 % on 
the log transformed basis [5, 6]. However, in the case of topical drug products not 
intended to be absorbed into the systemic circulation, the methodology for the as-
sessment of BE is still a “work in progress.” Currently, apart from the vasoconstric-
tor assay for the assessment of bioequivalence of topical corticosteroid products 
[7], the only means whereby a generic company can demonstrate bioequivalence 
of a topical dosage form intended for local and/or regional activity is through com-
parative clinical trials with a clinical endpoint using a randomized, double blind, 
parallel, placebo-controlled study design comparing the generic product versus the 
RLD in the USA. This has resulted in a dearth of generic topical products reach-
ing the market since conducting clinical endpoint trials are lengthy and expensive. 
Furthermore, the statistical assessment of data is yet to be defined and apart from 
dermatological products containing corticosteroids where the FDA Guidance [7] 
requires that Locke’s method [8], which provides an exact confidence interval from 
untransformed data, is used, no other regulatory guidance permitting the use of sur-
rogate measures has yet been proclaimed.

9.3.1  The Human Skin Blanching Assay (HSBA) also Known as 
the Vasoconstrictor Assay (VCA) for Topical Corticosteroids

Unlike the determination of the BA/BE of oral dosage forms which involve the 
comparison of drug concentrations found in biological fluids (blood/plasma/serum/
urine) following administration of the dosage form, this approach cannot be used 
for medicinal products not intended for absorption into the systemic circulation, 
such as topical dosage forms used for local action. The human skin-blanching assay 
(HSBA) is a reliable and convenient assay for the comparison of the BA and BE of 
topical corticosteroid products [9]. The observation of skin blanching following ap-
plication of a topical corticosteroid to the skin was first observed by Hollander et al. 
in 1950 [10]. This assay, initially introduced by McKenzie and Stoughton in 1962 
[11], relies on the unique ability of topical corticosteroids to produce a blanching re-
sponse (a skin whitening effect) on the skin following application and is illustrated 
in Fig. 9.2. This blanching response relates to the amount of corticosteroid that has 
penetrated into the skin [7]. The HSBA has been found to be very effective for the 
determination of the effect of formulation on the activity and efficacy of topical 
corticosteroid products and to examine the comparative bioavailabilities of such 
topical preparations as the indicators of the efficacy of those products [12]. It is an 
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indirect measure using a supposed vasoconstriction response following application 
of topical corticosteroid to human skin. The HSBA was subsequently optimized to 
facilitate comparisons by evaluating time-response profiles, potencies, and formu-
lations of topical corticosteroids. The optimizations included the application of ap-
propriate statistics, establishment of requisite duration of application of the drug or 
drug product (dose duration), and intervals of time following application at which 
the response should be assessed and also a scoring system to facilitate visual assess-
ment [10, 13–16].

9.3.2  Methods for the Evaluation of Skin Blanching

9.3.2.1  Visual Assessment

The initial methodology for the assessment of topical corticosteroid formulations 
involved the visual assessment of the degree of skin blanching following applica-
tion to the skin. Visual assessment remained for some period of time as the most 
commonly used tool when applying the HSBA to compare skin blanching activities 
between different topical corticosteroids and also formulations [10, 17–19] as well 
as for the assessment of BA/BE. However, the FDA Guidance document, issued by 

Fig. 9.2  Typical blanching responses following application of topical corticosteroids to the 
volar aspect of the forearm of a human subject. H hydrocortisone 17-butyrate cream (1 mg/
gm), C clobetasol propionate cream (0.05 %), B betamethasone valerate cream (5 mg/5 gm), D 
desoximetasone ointment (0.25 %), and M mometasone furoate cream (0.1 %)
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the US FDA in 1995 [7], recommended the use of an instrumental method using a 
chromameter, although the visual assessment method was also retained initially. 
However, the human eye is sensitive enough for the discrimination of small color 
changes in skin blanching, different people usually draw upon different references 
and may express the exact same color in different words. As a consequence, this 
is perceived as an apparent weakness when using the human eye to evaluate skin 
whitening owing to the observer’s subjectivity. A further criticism on visual assess-
ment relates to the inability to validate the eye as one is able to do when using an 
instrument [20–22].

However, if observers undergo sufficient training and gain experience in visual 
evaluation of skin blanching, reproducibility and reliability of visual assessment 
can be established [23–25].

Visual assessment of skin blanching involves the use of a scoring system to mea-
sure skin blanching intensity. A scoring system was developed which involved a 
graded response based upon the following criteria: absent, faint, faint–moderate, 
moderate–strong, and strong–intense blanching using the scores of 0, 1, 2, 3, and 
4, respectively. This remains the commonly used visual assessment scoring system 
based on the 0–4 scale introduced by Barry and Woodford [26, 27]. The data are 
reported and plotted in terms of the percentage of the total possible score versus 
time (Fig. 9.3) and calculated as follows [7]:

The maximum score per site = 4
The number of independent observers = n

Fig. 9.3  Typical visual blanching profile
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The number of sites per preparation per arm = S
The number of volunteers = V
Total possible score (TPS) = 4× × ×n S V
Percent total possible score (%TPS) = (Actual score/TPS) × 100

9.3.2.2  Chromameter Assessment

An instrumental method involving a tristimulus colorimeter was subsequently introduced 
as an objective and thus was a “preferred” method. The Minolta® chromameter, which is a 
portable instrument that uses tristimulus colorimetry involving reflectance spectroscopy, was 
adapted to measure skin blanching. This approach had subsequently been used for the objec-
tive measurement of skin color [28, 29]. The chromameter functions by emitting a white 
light (using a pulsed xenon arc lamp) onto the chosen area of assessment and measuring 
the intensity of reflected light through three particular wavelength filters (analyzed at wave-
lengths of 450, 560, and 600 nm) or using a photodiode array in more recent instruments. 
The detected signal is converted into three coordinates: L* (luminosity), a* (the amount of 
green or red), and b* (the amount of yellow or blue). These three coordinates record color 
in a three-dimensional color system recommended by CIE (Commission International de 
l’Eclairage)[21, 22, 30]. The skin blanching response is measured relative to the color change 
in the skin. As the skin blanching response develops, the skin becomes lighter and its red-
ness fades. As the skin becomes paler the L* scale increases, a* scale decreases, and b* 
scale increases very slightly. It has been shown that the L* and a* coordinates are more 
discriminative than the b* coordinate in determining skin blanching responses, thus the latter 
coordinate is omitted from data analysis [31]. However, following the release of the FDA 
guidance, only the a-scale data has been recommended for use in the statistical analysis [7]. 
This is possibly due to better correlation with visual skin blanching data found by Pershing 
et al. [32]. The chromameter can offer reliable and repeatable results provided that certain 
drawbacks are avoided such as manipulation of the measuring head of the instrument that 
can affect the quality of the data produced. Skin compression by the measuring head and the 
angle alignment of the chromameter play a role in obtaining repeatable data [30, 23, 33]. To 
obtain optimal results, each subject’s assessment site as well as ambient temperature should 
ideally be controlled. It is also important for the operator to hold the chromameter head in 
such a way that variation in pressure is avoided [23]. The presence of hair and variations in 
skin glossiness related to the amount of water and lipid on the skin surface, scarring, uneven 
skin tone, etc., can influence the data obtained [34]. As a result, it is important to avoid these 
areas of the skin to achieve reliable and reproducible data.

9.3.2.3  Study Designs

Types of Studies—Pilot and Pivotal

The FDA Guidance recommends that two in vivo studies, that is, a pilot and piv-
otal study be conducted in order to determine BE between topical corticosteroid 
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products. A pilot study provides information on an appropriate dose duration re-
quired for the subsequent bioequivalence testing in a pivotal study. The pilot study 
utilizes a dose duration-response approach, which controls the dose of topical cor-
ticosteroid being delivered by comparing different times of exposure of the prod-
uct on the skin (dose duration is the period of time that the formulation/product 
is left in contact with the skin). This study is usually conducted only using the 
reference product. Dose durations required for the pivotal study as recommended 
by the Topical Corticosteroid FDA guidance [7] are ED50, D1 (i.e., ½ ED50), and 
D2 (i.e., 2ED50), where ED50 is the dose duration at which 50 % of the maximum 
blanching response is achieved. The ED50 is chosen since it represents the portion 
of a dose–response relationship plot where the optimum discrimination of relevant 
differences can be detected. Using longer dose durations may dampen the assess-
ment of relatively small but significant differences in blanching between a test and 
a reference product. Furthermore, using shorter dose durations will influence the 
reliability and repeatability of the assessments. The development and validation of a 
dose–response curve is therefore essential to determine ED50, D1, and D2. These val-
ues are determined from an Emax model, in accordance to the relevant FDA guidance 
[7]. The pivotal study is then conducted where a comparison between the responses 
of a test and reference product is investigated for bioequivalence using the ED50. 
Furthermore, the Guidance recommends that a subject must be a “detector” in order 
for inclusion of their data for statistical analyses supporting in vivo bioequivalence 
assessment. Hence, subjects’ responses are expected to meet the specified minimum 
D2/D1 ratio of AUEC values in the pivotal study as shown in the equation below.

9.3.2.4  Comparison Between Visual and Chromameter Assessment

Au et al. [35] conducted a pilot study where Dermovate® cream (containing 0.05 % 
clobetasol propionate) was used as the reference product. The study was performed 
using the volar aspect of the forearms of 11 healthy human subjects. Visual blanch-
ing responses were assessed by three trained observers and a chromameter was also 
used to assess the degree of blanching at various time intervals over a period of 26 h 
after removal of the cream. Skin blanching reached a maximum at dose durations 
longer than 4 h, the maximum blanching occurring at 12 h after removal of the ap-
plied formulations at all dose durations for visual and chromameter. The Emax model 
fitting using AUEC data from the visual and chromameter assessments showed that 
the AUEC of the blanching/vasoconstriction response approaches a maximum at 
~1 h dose duration. Based on these values, 0.6 h was utilized as the ED50 in the 
pivotal study. D1 and D2 were determined to be 0.3 and 1.2 h, respectively. In the 
subsequent pivotal study, 34 healthy human subjects were enrolled. The HSBA piv-
otal study was implemented using Dermovate® cream as both reference and test 
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product for the determination of bioequivalence. Skin blanching was evaluated over 
a period of 30 h after the removal of the applied products. The results revealed that 
23 subjects were found to be “detectors” in the pivotal study, but the data for all 34 
subjects were included for comparison purposes. The skin blanching profiles were 
found to be very similar when comparing the data between the two different assess-
ment methods or between “detectors” and “nondetectors” and clearly indicate that 
the visual and chromameter assessment methods are comparable to each other and 
both are equally applicable for HSBA. Interestingly, the inclusion of “nondetectors” 
data did not seem to have a significant effect on the skin blanching profiles or on the 
outcomes of the comparisons for the assessment of BE.

9.3.2.5  Assessment of Bioequivalence

The acceptance criteria for the declaration of BE generally specify that the 90 % con-
fidence intervals (CIs) for the ratios of the log-transformed Cmax and AUC for orally 
administered test and reference products must fall within the range of 80–125 % 
[36]. However, for the HSBA only the ratios of the AUEC are recommended for use 
as assessment criteria. As shown in Table 9.1, both assessment methods complied 
with the BE criteria except for the data for “detectors” using the chromameter where 
the 90 % CI are 86.5–129.3. This indicated that the power of the study was too low 
and more subjects should therefore be included in order to increase the power of the 
study when using the chromameter as the assessment tool. On the other hand, the 
visual assessment data clearly indicate that the study population of 23 subjects was 
sufficient for this HSBA BE study.

It is thus seen that although the use of the chromameter is generally recom-
mended as the “preferred” assessment method in favor of visual assessment due to 
the subjectivity, the above data has shown that visual assessment is a reliable and 
appropriate assessment technique using the HSBA [35].

Several issues relating to variability of the visual assessment method have also 
been addressed. Haigh et al. [37] investigated subject- and observer-dependent 
variation in blanching responses where two different creams containing betametha-
sone valerate (0.12 %) were compared in three separate trials using three trained 

Table 9.1  Ninety percentage confidence intervals (CI) using Locke’s method for visual and chro-
mameter data [77]

Visual Chromameter
Mean ratio % 
(T/R)

90 % CI Mean ratio % 
(T/R)

90 % CI

Detectors 
( n = 23)

104.6 99.3–111.6 104.6 86.5–129.3

All subjects 
( n = 34)

102.9 97.9–109.2 104.3 90.2–120.7
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independent observers. Figure 9.4 illustrates the results obtained by each of the 
observers for each trial where it is seen that the rank order between the two differ-
ent creams were consistent throughout each trial and for each observer. These data 
clearly confirm the high degree of reproducibility of the visual method. A further 
study was undertaken to investigate possible correlations between the visual and 
chromameter assessments. Figure 9.5 depicts the excellent correlations using a mo-
metasone cream product (1 %) and the data collected by two independent observers.

It is therefore apparent that the visual method of assessment which has largely 
been discarded by regulatory authorities can provide the same or similar blanching 
data compared with the chromameter. However, whereas the validation of the visual 
assessment method remains in contention, attention to detail is essential to ensure 
accuracy, precision, reproducibility, and subsequent optimized outcomes. These 
considerations include the use of trained observers, strict adherence to protocols, 
accuracy of dosing and application to sites, and using appropriate screening meth-
ods, among others.

Fig. 9.4  Blanching profiles of two different betamethasone valerate cream formulations in three 
separate trials using three different observers. Celestoderm V® (todermuBetnovate® (▲), AUBC 
Area Under the Blanching Curve
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Fig. 9.5  Correlations between visual and chromameter assessments using two observers. AUEC 
Area Under the Effect Curve
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9.3.3  Dermatopharmacokinetic (DPK) Methods  
or Tape Stripping (TS)

This approach to document BE of topical products relies on the measurement of 
active moiety in the stratum corneum (SC) layer of human skin. The methodology 
involves the determination of the amount of drug which has been permeated into the 
SC following application of the product to the skin. Adhesive tape strips are used 
to sequentially remove ~1 µm layers of SC (Fig. 9.6) and are considered relatively 
noninvasive techniques.

In 1998, the US FDA issued a draft guidance [38]. The initial TS methodol-
ogy outlining the BA/BE protocol for topical formulations intended for local and/
or regional activity was published in that draft guideline. However, in May 2002, 
the FDA withdrew the guidance as a result of major concerns raised regarding the 
reproducibility of the DPK method. These concerns were based on contradictory re-
sults generated by two reputable independent laboratories regarding the BE assess-
ment of tretinion gel products [39, 40]. The study involved three tretinoin gel prod-
ucts, Retin-A gel, 0.025 %, (Ortho-McNeil Janssen Pharmaceuticals, Inc.), Treti-
noin gel, 0.025 % (Spear Dermatology Products), and Avita tretinoin gel, 0.025 % 
(Bertek Pharmaceuticals). [Pershing LK. BE assessment of three 0.025 % tretinoin 
gel products: dermatopharmacokinetic vs. clinical trial methods; Franz TJ. Study 
#1, Avita gel 0.025 % vs. Retin-a gel 0.025 %. http://www.fda.gov/ohrms/dockets/
ac/01/slides/3804s2_03_Franz.pdf; Food and Drug Administration Advisory Com-
mittee for Pharmaceutical Science, November 29, 2001]. Although subsequent re-
views of the data revealed differences in study design and methodologies carried 
out in the different laboratories, [Conner DP: Differences in DPK Methods. http://
www.fda.gov/ohrms/dockets/ac/01/slides/3804s2_05_conner/index.htm, Advisory 
Committee for Pharmaceutical Sciences Meeting, Center for Drug Evaluation and 
Research (CDER), Food and Drug Administration (FDA), Rockville, Maryland, 
November 29, (2001), [41] the dermatopharmacokinetic approach using tape strip-
ping was largely discarded as a viable option to pursue for the BE assessment of 
topical products, mainly due to a number of limitations, in particular the sources of 
variability and inadequate control. In addition, there were concerns/issues in ex-
isting methodology such as trial-and-error approach taken to determine the time 
points at which TS should take place, the amount of time and effort required to 

Fig. 9.6  Perceived tape stripping process
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carry out the procedure, variability in SC characteristics, especially thickness of the 
SC, between individuals which were not taken into account, the large numbers of 
subjects deemed necessary to achieve a statistical power greater than 80 %, inherent 
variability of the method, other sources of variability due to the inconsistency in the 
amount of SC adhering to each tape strip, variability in the amount of drug present 
on the discarded tape strips, and variability in the effectiveness of the skin cleaning 
procedure while removing the product.

Further concerns relate to the appropriateness of using parameters such as AUC and 
Amax parameters derived from the principles of oral pharmacokinetics since there are 
differences in assessment between topically applied and systemically administered dos-
age forms. For example, after topical application of a drug, the concentration found at 
the “site of action” is determined primarily by SC penetration and processes, such as 
partitioning, diffusion, and keratin binding. In contrast, when using the oral route, the 
plasma concentration versus time profile obtained is controlled by the processes of ab-
sorption, distribution, metabolism, and elimination [42].

When the topical product is applied, the penetration process begins and then at 
some time after application, the residual formulation is physically removed. Fur-
thermore, when using the oral route, (in the case of an immediate release formula-
tion) absorption occurs until the dosage form is depleted, after which elimination 
processes start to dominate. Hence, it is clear that oral and topical routes should thus 
have very different pharmacokinetic profiles (Fig. 9.7).

More recently, the dermatopharmacokinetic approach using the tape stripping 
method has been revisited by a number of researchers [43]. These authors sug-
gested that the first two tapes which were to be discarded as per the original FDA 

Fig. 9.7  Schematic of profile resulting from a tape stripping method [42]
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guidance should be included in the analysis. The initial recommendation in the draft 
guidance was based on the assumption that residual drug product left on the skin 
following application might be contained in the first few tapes, thereby resulting in 
an erroneous overestimation of drug concentration in the SC. They proposed that 
the product should be rapidly removed from the application site using commercially 
available alcohol swabs. They also stressed the importance of collecting almost all 
of the SC to obtain improved reproducibility by controlling several possible sources 
of variability including type of tape used, subject-to-subject variation, operator, and 
site of SC collection. According to the FDA draft guidance, a fixed number of tapes 
should be used but that recommendation could result in incomplete and variable SC 
collection. Hence, in order to obviate such problems, as much as possible of the SC 
should be removed using transepidermal water loss (TEWL) data as an indicator to 
ensure the extent of SC removal. The study design has also been identified by the 
advisory committee [44] as an important source of variability and implicated as one 
of the reasons for study failures.

In a paper by Kalia et al. [45], the authors purported that the SC thickness on the 
forearm varies from 5–20 μm in normal humans. Therefore, the total amount of SC 
tissue removed from different individuals with the same number of strips may vary. 
Reevaluation and optimization of the tape stripping technique have been addressed 
by Herkenne et al. [46] where instead of totaling the amount of drug found in the 
SC, a profile was obtained which describes the amount of drug present at varying 
depths of the SC.

In order to reduce intersubject as well as intrasubject variability (between sites 
within a subject), it is thus important to determine the total SC removed during each 
tape stripping experiment. In a study conducted by Au et al. [47], refinements to the 
original tape stripping methodology were made with respect to dosage application, 
duration of product contact with the application site, removal of excess formulation 
from the skin, control of temperature and relative humidity of the environment dur-
ing the study, and normalization of the drug penetration data with skin thickness. 
The authors emphasized the importance of considering the SC thickness from each 
individual subject to reduce variability. Normalization of SC thickness (H) was de-
termined from the following equation [45]:

where

J Flux g/m2h
H Total SC thickness
x Partial SC thickness
K Partition coefficient of water in tissue
D Water diffusivity
ΔC Difference in water concentration across the membrane

I

J

H x

KD Cx

= =
−1

TEWL ∆
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H can be determined by the x-intercept of the plot 1/TEWLx versus x in the follow-
ing plot shown in Fig. 9.8. The normalized fraction of SC allows for the comparison 
of data between subjects with varying SC thickness. The corrected area under the 
curve (AUCcorr) of a plot of amount of clobetasol propionate (CP) versus normal-
ized SC fraction was determined and for comparison purposes, the more commonly 
used data analysis, i.e., the mean amount of drug penetrated into the skin as per 
uncorrected area (AUCuncorr) was also determined for each formulation in the BE 
study.

The study compared the tape stripping method with the HSBA to assess BE of 
topical clobetasol propionate (CP) creams and ointment formulations and deter-
mined that the optimum contact time for the drug product with the skin was deter-
mined to be 2 h by using a sigmoidal dose-response model [48]. The authors showed 
that results using tape stripping were comparable to those obtained from the HSBA 
[47]. Three commercially available products each containing 0.05 % m/m CP were 
utilized in the studies. The innovator product, Dermovate® cream (Glaxo Wellcome, 
Midrand, South Africa) was used as both the test and the reference product, and a 
generic CP cream (Dovate® cream, Aspen Pharmacare Ltd, Port Elizabeth, South 
Africa) was also assessed. A subsequent TS study was undertaken to compare a CP 
ointment dosage form containing the same concentration of CP (Dermovate® oint-
ment 0.05 % CP, Sekpharma Pty Ltd, Gauteng, South Africa) versus the CP cream 
product used as the reference.

BE was demonstrated by both HBSA and TS and similar results were obtained 
using transformed and Ln-transformed data (Table 9.2). These authors also showed 
the importance of including SC thickness in data analysis to obtain discrimina-
tory results. The ointment formulation was found to be bioequivalent to the cream 
(Table 9.3) formulation when the SC thickness determined using TEWL [49] was 
not taken into account, whereas the two formulations were shown to be nonbio-
equivalent when the data were corrected for SC thickness (Fig. 9.9).

Fig. 9.8  Determination of stratum corneum (SC) thickness from TEWL measurements
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Whereas the results using tape stripping showed BE between the cream products 
using either transformed or Ln-transformed data, the difference in bioequivalence 
between the Dermovate® cream and Dermovate® ointment were masked when us-
ing uncorrected AUC data as shown in Table 9.3 and Fig. 9.9 above. Hence, the 
use of AUCcorr data by normalization of the skin thickness appears to provide better 
discriminatory power and should be considered when using the TS method for BE 
assessment.

The important question of “How long should the dose be left on the application 
sites prior to skin stripping?” was also addressed by Au et al. [47] who consid-
ered the choice of dose duration which has hitherto generally been unsubstantiated. 
Sampling when the concentration of drug in the SC is at steady state is likely to 
mask differences in formulations; thus, it is important to have a validated method of 
ensuring that the chosen dose duration falls on a sensitive part of a dose–response 
relationship, such as a plot of the dose duration versus drug penetration profile. In 
order to determine a dose duration which will provide the necessary discriminatory 
power to identify significant differences or equality between products, the approach 

Table 9.2  Bioequivalence assessment of identical products (Test and Reference: Dermovate® 
cream). (Adapted from reference [77])

Mean T/R % 90 % confidence interval
Untransformed Ln-transformed Untransformed Ln-transformed

HSBA chro-
mameter ( n = 34)

104.3 90.2–120.7

Tape stripping 
( n = 7)

101.8 101.4 88.0–118.3 87.4–117.7

Table 9.3  Bioequivalence assessment of clobetasol propionate creams and ointment products. 
(Adapted from reference [77])

Mean T/R % 90 % CI
n = 30 Untransformed Ln-transformed Untransformed Ln-transformed
AUCcorr

Dovate® cream 
versus Dermovate® 
cream

93.8 92.8 84.7–103.6 82.9–103.9

Dermovate® 
ointment versus 
Dermovate®cream

66.3 55.2 48.8–82.2 46.1–66.1

AUC uncorr

Dovate®cream 
versus Dermovate® 
cream

93.4 93.6 86.3–101.2 86.2–101.5

Dermovate® oint-
ment versus Dermo-
vate® cream

95.9 96.3 86.8–106.1 86.6–107.1
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employed in the FDA HSBA guidance was used. This requires that a pilot study be 
initially conducted with the RLD product alone in order to determine an appropriate 
“dose duration” to be used later in the pivotal study. The sigmoidal dose-response 
model [48] was applied to determine the ED50 where the maximum sensitivity can 
be expected, i.e., carried out at the most sensitive part of the dose–response curve. 
The following relationship is used:

where

E Effect elicited
E0 Baseline effect in the absence of ligand
Emax Maximum effect elicited
ED50 Dose duration (D) at which effect is half maximal

Figure 9.10 below depicts a dose duration profile following the application of a 
clotrimazole cream product.

The above data, fitted to the Emax model resulted in a R2 = 0.9648, Emax = 89.06, 
and ED50 = 0.801 (10.8 min). Dose duration on the steep part of the curve in accor-
dance with the appropriate sensitivity can then be selected. Although the ED50 is 
considered the time at which maximum sensitivity can be achieved, because it takes 
approximately 10 min to carry out the TS procedure, dose duration of 15 min can be 
used instead since a shorter dose duration would be impractical [50].

max
0 

50

E D
E E

ED D

×
= +

+

Fig. 9.9  Comparison between the use of a AUCuncorr and b AUCcorr values of the different clobeta-
sol propionate formulations obtained from tape stripping. AUC values with SEM ( n = 30)
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In a small “proof of concept” study investigating the BE of topical clotrima-
zole formulations using an improved tape stripping method [51], the statistical 
analyses was performed using both Ln-transformed and untransformed data. The 
use of Ln-transformed data for the BE assessment of oral products is appropri-
ate since those data have been shown to follow a Ln-normal distribution [52] 
There is some evidence from in vitro work to suggest that dermal absorption 
measurements also follow this log-normal distribution [53–55]. However, for in 
vivo dermal pharmacodynamic studies (i.e., the HSBA), untransformed data are 
conventionally used [7] suggesting that untransformed data may be more appro-
priate for the assessment of topical products. The FDA draft guidance regarding 
the DPK method [38] endorsed the use of transformed data. However, as that 
guidance was withdrawn, no guidelines for the analysis of TS data are presently 
available. Therefore, both Ln-transformed and untransformed data were used for 
the BE assessments in these studies. The conventional BE limits of 0.8–1.25 for 
the 90 % CI of the ratio were used to define BE, even though the significance of 
using these relatively “tight” limits in a BE study involving topical formulations 
is debatable. For the untransformed data, the point estimate was calculated by 
dividing the mean AUCtest value by the mean AUCref value and the 90 % CI was 
determined using Locke’s method [7–8]. The CV% associated with the ratio was 
calculated using the following equation based on untransformed data in order to 
determine the number of subjects required for 80 % statistical power [56].

CV
MSE

mean
% = ×100

Fig. 9.10  Dose duration 
profile following the topical 
application of a clotrimazole 
cream product
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where

MSE Mean square error

For the Ln-transformed data, the Schuirmann two one-sided test (TOST) [57] was 
used to calculate the 90 % CI and the point estimate. The following equation was 
used to determine the CV% associated with the ratio using Ln-transformed data:

The statistical power of the Ln-transformed data was calculated using the MS Ex-
cel 2003 spreadsheet accompanying the 5th edition of Pharmaceutical Statistics: 
Practical and Clinical Applications [52]. The following data (Table 9.4) depict the 
results of the BE study comparing clotrimazole cream products where the same 
clotrimazole cream was used as both the test and reference products.

The data in Table 9.4 indicate that BE could be declared using either untrans-
formed or transformed data. Although only 13 subjects were used, it is seen that in 
order to attain a power of 80 % to confirm BE, 19 subjects would be sufficient using 
untransformed data whereas 21 subjects would be required using Ln-transformed 
data. Consideration was also given to widening the BE limits and those results are 
depicted in Table 9.5.

When the BE limits were widened to 75–133 %, 14 subject would be required 
using untransformed data and 13 using Ln-transformed data. Further widening of 
the BE limits to 70–143 % would require even less subjects for a power of 80 %, 
viz: < 13 and 9 using untransformed and Ln-transformed data, respectively.

CV MSE% .= − ×e 1 100

Table 9.4  Bioequivalence between clotrimazole cream (1 %) products using conventional BE lim-
its of 80–125. (Reprinted with permission from reference [51])

Untransformed data LN-transformed data
n 13 13
AUCTest/AUCRef 0.94 0.97
90 % CI 0.82–1.08 0.82–1.13
Bioequivalence Yes Yes
CV% 23.62 23.40
Statistical power n/d 47.24 %
n required for 80 % power 19 21

Table 9.5  Effect of widening the bioequivalence limits and sample sizes required for 80 % power. 
(Reprinted with permission from reference [51])
90 % CI Untransformed data LN-transformed data
0.8–1.25 19 21
0.75–1.33 14 13
0.7–1.43 < 13  9
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Table 9.6 depicts the results of a subsequent small “Proof-of-Concept” study 
comparing the BE of a clotrimazole gel (1 %) with the clotrimazole cream (1 %) 
reference product. Although only a very small number of subjects were used in this 
study, these data clearly show that the clotrimazole gel was not found to be bio-
equivalent to the clotrimazole cream product. The number of subjects required to 
achieve a power of 80 % was calculated to be 29 and 44 using untransformed and Ln-
transformed data, respectively. Based on their findings, the authors concluded that 
although the small sample sizes resulted in the power of the studies being very low 
and consequently inconclusive BE results, those investigative studies were able to 
demonstrate that the TS method is capable of detecting both differences and similari-
ties between CLZ formulations, albeit not being able to confirm BE. Furthermore, 
the vast differences found between the cream and gel formulations suggest the po-
tential of the method to detect formulation differences if such differences truly exist.

The studies clearly show that, if properly powered, it is possible for the TS method 
to determine BE between topical CLZ products. These results are heartening because 
they suggest that TS has the potential to be used in a regulatory setting as a tool for 
the assessment of BE between topical CLZ products. As TS is a more direct method 
for assessing BE than comparative clinical trials, as well as being less costly and 
time consuming, it would be extremely advantageous to be able to use such a meth-
od. Since the site of action for antifungals is the SC and the TS method takes samples 
directly from this tissue, this technique is particularly appropriate for the assessment 
of such formulations. Therefore, by using CLZ as a model compound, these studies 
have shown that the TS method has the potential to be used as an assessment tool not 
only for CLZ formulations, but also for other antifungal preparations.

One of the issues surrounding TS is the use of the conventional BE limits of 
0.8–1.25. Since the relevance of using these limits in BE studies involving topical 
products is unsubstantiated, widening the limits may be appropriate. Due to the vast 
differences with regard to the method of dosing and in particular the usual nonde-
script size of each dose, the target site, and the pharmacokinetics between oral and 
locally acting topical products, it is highly unlikely and thus inappropriate that the 
0.8–1.25 BE limits will have the same clinical significance for topical products as 
they have for oral dosage forms.

In summary, it is apparent that the DPK approach using tape stripping has good 
potential as a method for the assessment of bioequivalence of topical dosage forms 
not intended for the systemic circulation and more particularly for drugs where the 
site of action is the SC [58–64].

Table 9.6  Bioequivalence of clotrimazole cream (1 %) versus clotrimazole gel (1 %). (Adapted 
from reference [51])

Ln-transformed data Untransformed data
n 7 7
AUC Test/AUC Ref 1.67 2.06
90 % CI (BE limits 80–125) 0.91–3.23 1.06–3.99
Bioequivalence No No
CV% 27.74 24.61
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A particularly attractive aspect using tape stripping is that both the test and refer-
ence products are tested in the same individual and as such, each subject serves as 
an individual control with major advantages such as reduction in intrasubject vari-
ability resulting in less subjects being required for the necessary statistical power.

9.3.4  Microdialysis

Microdialysis (MD) is an in vivo sampling technique [65–67] following the im-
plantation of a semi-permeable membrane into a specific region of a tissue or fluid-
filled space [68]. Details of its application have been extensively reported [66, 69] 
and although the MD technique was initially developed for use in animals, the first 
pharmacokinetic study in humans was published in 1997 [70]. Preliminary clini-
cal studies that employed MD demonstrated the potential of this technique for the 
determination of drug concentrations in the interstitium of target tissues. This al-
lowed relative changes of concentration-time profiles of drugs to be described. The 
development and refinement of this technique over the past two decades has led to 
its increased acceptance in studies of drug distribution, metabolism, and pharma-
codynamics [68, 71]. This technique has been successfully used for the continuous 
sampling of low molecular weight compounds including glucose, lactose, pyruvate, 
glycerol, glutamate, and urea as well as pharmacologically active agents in extracel-
lular fluid (ECF) [72] MD has also been used to investigate basic physiology and 
endogenous substances, as well as the pathophysiology of inflammation and al-
lergic responses, pharmacokinetics and pharmacodynamics of topical and systemic 
drugs, skin barrier function, and drug penetration into the skin [65, 73–75].

9.3.4.1  Theoretical Principles

The principle of the MD technique is based on passive diffusion of compounds 
down a concentration gradient across the semi-permeable membrane of a dialysis 
fiber [76] This technique mimics the functions of a capillary blood vessel that per-
mits the exchange of solutes in and out of the ECF [65, 77, 78–80]. Movement of 
drug across the membrane is based on Fick’s law of diffusion although facilitated 
diffusion has also been reported with the use of certain types of perfusates [81]

9.3.5  Dermal Microdialysis

Dermal microdialysis (DMD) is a relatively new application of MD, which allows 
continuous monitoring of endogenous and/or exogenous solutes in the interstitial 
fluid (ISF) of dermal tissue with minimal tissue trauma [68]. The technique, as il-
lustrated in Fig. 9.11 involves the placement of small perfused membrane systems 
at given depths within the skin [77].
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Following the implantation of a probe with a microdialysis membrane under 
the skin and pumping a perfusate through the probe, drug molecules which may 
have entered the skin from a topically applied product may diffuse from the ISF 
through the implanted membrane and be collected in the dialysate. This dialysate 
can be sampled at various intervals of time intervals and the drug concentration in 
the dialysate can be quantitatively determined [68, 69]. In recent years, DMD has 
attracted a great deal of interest as a potential technique for the assessment of BA 
and BE of topical formulations [65, 70, 77, 82].

9.3.5.1  Membrane Systems

Various membrane systems have been used for MD and differ in shape and type 
of material, depending on the tissue being sampled [67]. Linear systems are nor-
mally used and are inserted subcutaneously through a guide cannula and their use 
requires small skin punctures for entry and exit of the probes where the probes 
are attached to a microdialysis pump prior to entry and sample collection takes 
place on exit of the dialysate [77]. Different membrane materials have different 
chemistries that can affect the recovery and/or delivery of drugs. The molecular 
weight cut-off (MWCO), a physical property commonly used by manufacturers of 
these membranes, describes the ability of a membrane to reject 90 % of molecules 
with a specific molecular weight [83]. Although most membrane pore sizes range 
from 6–3000 kDa, the majority of MD experiments have been conducted using 
membranes with MWCO of 20 kDa [73] because the pores are small enough to 
permit diffusion of a large number of drugs, while restricting the entry of large en-
dogenous compounds such as proteins and other macromolecules [84]. The choice 
of membrane type is an essential element in searching for the optimal probe for a 
particular application. It is important that the membrane as well as any other com-
ponent of the MD system does not interact with the drug since this would reduce 
the drug concentration in the dialysate [85]. The membranes incorporated in linear 

Fig. 9.11  Microdialysis probe with the membrane implanted into the skin of a human subject [98]
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probes are usually reinforced with a stainless steel guide wire during manufacture 
for mechanical strength and also facilitate the determination of the insertion depth 
by ultrasound image scanning using a frequency of 20 MHz [65, 77]. It has been 
reported that there is no significant effect on the presence of an intraluminal guide 
wire in linear MD probes during sampling [86]. When manufacturing MD probes, 
the length and inner diameter of the outlet tubing should be considered in order 
to minimize mixing of the dialysate and to prevent hydrostatic pressure build-up 
across the probe membrane [83].

9.3.5.2  Probe Calibration

MD probes should be checked to ensure reproducible recovery of the study drug 
to minimize probe-to-probe differences. It is important to note that since MD is 
a dynamic technique and equilibrium is not established because the perfusate is 
continuously being pumped through the probe, dialysate concentrations represent 
only a fraction of the actual concentrations in the ISF [87, 88]. Hence, the extraction 
efficiency (EE) has to be determined in order to quantitatively relate drug dialysate 
concentrations in either the tissue or in the surrounding medium. Knowledge of the 
in vitro EE, however, provides information on the reproducibility and patency of 
the MD probe being used [88]. The general working definition of EE is ( Cp − Cd)/
( Cp − Cs), where Cd is the drug dialysate concentration, Cs is the known concentra-
tion in the external medium, and Cp is the drug concentration in the perfusate. If Cp 
equals zero, EE is also referred to as the relative recovery (RR). The EE describes 
the overall mass transport of drugs to and from the MD probe and is commonly used 
as a means to calibrate the device [83, 89]. Several approaches have been reported 
to determine EE. The most frequently used calibration methods are the low-flow 
rate method, the no-net-flux (or zero-net-flux) method, the dynamic (or extended) 
no-net-flux method, and retrodialysis by drug or by calibrator methods [68]. The 
simplest approach to calibrate an MD probe is by using a standard solution. For 
in vitro calibration studies, since the in vitro drug concentration in the surround-
ing medium (periprobe) is known and the perfusate contains no drug (i.e., Cp = 0), 
diffusion of the drug occurs from the periprobe into and through the membrane 
and is collected as dialysate. The EE obtained from a measure of drug concentra-
tion recovered in the dialysate (EEr) is described as Cd/Cs. EEr is also referred 
to as recovery by gain. For in vivo and/or in vitro calibration studies, EE may be 
determined by using a standard solution as perfusate with no drug in the tissue or 
periprobe (i.e., Cs = 0). Diffusion occurs from the perfusate into the tissue or peri-
probe. The EE in this instance, referred to as retrodialysis, recovery by delivery or 
recovery by loss (EEd), is defined as the ratio of loss of drug from the perfusate rela-
tive to the perfusate drug concentration as ( Cp − Cd)/Cp. It is advisable to perform 
in vitro experiments before human use, to check for in vitro adsorption to tubing, 
time delays in drug movement, and to compare drug gain and loss[65, 68] . The dif-
fusion process is directly proportional to temperature and therefore the MD study 
should be conducted at a constant, preferably body temperature environment. The 
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flow rate, thus is an influential factor on EE and, in general, low flow rates result in 
higher recoveries and vice versa, as described according to EE = (1 − e − rA/F) × 100, 
where r is the mass transport coefficient, A is the surface area of the MD membrane, 
and F is the flow rate. Low perfusion rates are often limited by the small sample 
volumes and the quantitation limit of the analytical method. Therefore, it is not ad-
visable to choose minimal flow rates, as this would increase the sample collection 
interval and consequently result in worse temporal resolution [67, 90] whereas, on 
the other hand, it is also not advisable to choose high flow rates (> 10 µL/min), as 
this would significantly result in reduced EE.

9.3.5.3  Assessment of Probe Depth

The depth of the probe insertions, (distance of the dialysis membrane within the 
skin to the skin surface) can be measured by ultrasound imaging using a frequency 
of 20 MHz [65, 91, 92]. A probe depth of 0.6–1.0 mm is considered acceptable for 
DMD studies [65].

9.3.5.4  Composition of Perfusates

The composition, ion strength, osmotic value, and pH of the perfusate, ideally, 
should be identical to those of the ECF of the dialyzed tissue [85] such that the 
perfusate chosen should be physiologically compatible with the dermis environ-
ment [84]. Perfusates are usually perfused at low flow rates of 1–10 µL/min [88]. 
A comprehensive list of various perfusates has been reported [85]. Clearly, perfus-
ates should be sterile when used in human experiments and it should be noted that 
the choice of perfusate used in MD studies may affect drug recovery. Intralipid®, a 
fat emulsion used for nutritional disorders, and 2-hydroxypropyl-cyclodextrin have 
been used as perfusates for recovery enhancement of lipophilic, highly protein-
bound compounds [81, 93].

9.3.5.5  Exposure and Trauma

Human subjects may experience some trauma caused by the insertion of probes 
[67] which is a normal result of inflammatory reactions that occur due to the im-
plantation of the probes. However, the inflammation is usually reversible with little 
bleeding and edema [84]. Probe implantation also causes histamine release into the 
skin, which returns to baseline after 40 min [94] and histological examinations have 
shown no cellular infiltration or tissue disruption around dialysis probes in the skin 
within the first 6–10 h [94, 95]. Apart from the inflammatory response, the probe 
might also introduce bacteria, therefore causing infection and purulent response. 
In order to avoid the possibility of infection as a result of probe implantation, the 
probes should be sterilized prior to implantation. Ethanol solution (70 %) which has 
been reported not to damage the dialysis membrane may be used [94].
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9.3.5.6  Analytical Sensitivity Requirements

Since very low perfusion flow rates (~ 1–10 µL/min) are generally used, only very 
small sample volumes are collected (~ 1–30 µL) during a sampling interval; hence, 
long sampling collection times may be necessary in order to collect sufficient vol-
umes of dialysate for reliable quantitation [96]. Hence, an analytical method that 
can either make use of small sample volumes or which has the necessary limit of 
sensitivity to measure the drug concentration in the dialysate is essential.

9.3.5.7  Advantages and Limitations

DMD offers several advantages for in vivo sampling of drugs such as nonremoval 
of endogenous fluid and thus continuous sampling can be performed with mini-
mal disruption of the physiological system [84]. Although minimally invasive, the 
procedure is well tolerated by subjects and dermal implantation of the probes may 
be achieved by placing ice packs directly over the area demarcated for the probes 
for about 5 min prior to the insertion of the cannulae in order to induce a local 
anaesthetic effect [82, 97]. The MD technique has a few main limitations. As pre-
viously noted, the small sample volumes coupled with associated extremely low 
drug concentrations necessitate the need for a very sensitive analytical method [81]. 
Lipophilic compounds may adsorb onto the polymeric materials that are used in 
manufacturingMD probes as well as the inlet and outlet tubing [83]. Benfeldt and 
Groth [98] also reported a similar observation when an attempt to measure dermal 
concentrations of betametasone-17-valerate after topical drug administration failed 
since no in vivo concentrations of the corticosteroid were found.

Many pharmaceutically active compounds demonstrate substantial in vivo der-
mal protein binding. Therefore, the actual recovery of total drug concentration at 
the site of interest within the skin in an in vivo MD study can be well below 1 %. 
This limitation may be overcome by applying high doses or the use of a particularly 
sensitive analytical technique. Another limitation seems to be the high inter-and 
intraindividual variability associated with the recovery of exogenous substances. 
The variability has been reported [99] not to be caused by the MD technique it-
self, but because of variations in the dermal concentration after the penetration of 
an exogenous compound. However, some aspects of the MD clinical methodology 
may contribute toward the variability. One of such aspects is the difficulty in the 
standardization of a dose application procedure.

9.3.5.8  Bioavailability and Bioequivalence Applications

Apart from the HSBA for topical corticosteroids and the use of clinical endpoint 
studies, there are currently no other methods acceptable by regulatory agencies 
which can be used to measure BA or to assess BE of topical drug products intended 
for local action. Since the use of DMD can facilitate the generation of concentra-
tion-time profiles following application of a topical product to the skin, it has the 
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potential for use to assess BA and BE. Several reports on the application of DMD 
for investigations of BA and BE have been published [68, 93, 100–102]. Using 
DMD for the assessment of BE has an important advantage that both the test and 
reference products can be concurrently applied to sites in each volunteer thereby 
reducing intrasubject variability which may have significant consequences on the 
overall coefficient of variation and can result in the reduction of the total number of 
subjects required to establish BE [102, 103].

Benfeldt et al. [104] investigated the relationship between DMD sampling and 
the dermatopharmacokinetic method in only eight healthy human subjects to deter-
mine the BE of a cream and ointment containing 5 % lidocaine. Four microdialysis 
probes were implanted in one forearm of each subject and dialysate samples were 
collected for 5 h to measure concentrations of lidocaine. Although it was stated that 
the study was repeated in the same subjects on two separate occasions, it was un-
clear which formulations were applied to the various sites and no information was 
provided regarding the results obtained following each separate occasion. Further-
more, the tables and figures refer to the results obtained from all volunteers ( n = 8) 
without any mention of whether they were obtained from the first or the subsequent 
repeated study or average values from both studies? Furthermore, although the two 
lidocaine formulations were unsurprisingly found to be bioinequivalent, based on 
an assumption that if the cream and ointment formulations were bioequivalent, the 
authors calculated the sample size necessary for a bioequivalence study of two for-
mulations using DMD and suggested that 27 subjects are required to establish bio-
equivalence with 90 % CI and 80–125 % bioequivalence limits when two probes 
are used per formulation whereas the number of subjects reduced to 18 when three 
probes are used per application site. A study was undertaken by McCleverty et al. 
[103] to determine whether the relatively large degree of variability [82, 99, 104] 
to be associated with DMD would permit the assessment of bioequivalence of topi-
cally applied agents with a reasonable number of subjects. A topically applied ve-
hicle containing methyl salicylate was applied to eight human subjects and samples 
were collected over a period of 5 h. The results indicated that the demonstration of 
bioequivalence with 80 % power would require approximately 20 subjects. Tettey-
Amlalo et al. [82] undertook a study in 18 human subjects to investigate DMD for 
the assessment of the bioavailability of a ketoprofen topical gel (2.5 %) formulation 
and to evaluate this technique as a tool for the determination of bioequivalence. 
Four probes were inserted on the left volar aspect of the forearms of each subject. 
For the assessment of bioequivalence, the same ketoprofen gel product was used 
as both the test and reference and the gel was applied to four sites on each subject. 
Sites were perfused for 5 h and dialysate concentrations were determined by UPLC-
MS/MS [105]. Although the same ketoprofen product was applied to each site, in 
order to test the resulting data for bioequivalence, two sites on each arm were des-
ignated as test sites (T) and the other two sites as reference sites (R). Designation 
of the sites was performed according to three randomization sequences: A (TTRR/
RRTT), B (TRTR/RTRT), and C (TRRT/RTTR) where the means of probes 1 and 2 
versus 3 and 4 were designated as sequence A, the means of probes 1 and 3 versus 2 
and 4 were designated as sequence B and the means of probes 1 and 4 versus 2 and 
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3 designated as sequence C. The authors reported intra-and intersubject variabilities 
of 10 % and 68 %, respectively. Bioequivalence was subsequently confirmed with a 
power of greater than 90 % (Table 9.7), clearly indicating the potential of DMD for 
the determination of topical formulations intended for local and/or regional activity. 
It should be noted, however, that AUC values were used to determine bioequiva-
lence. This is justified on the basis of the analogy that for topical corticosteroid 
products, only the area under the effect curve (AUEC) is used for bioequivalence 
assessment by VC assay [7]. Furthermore, the Cmax metric used in bioequivalence 
assessment of systemically available drugs and may not be a suitable parameter for 
topical drugs which are not intended for systemic absorption.

DMD was also used by Au et al. [93] for the determination of the BA of CP 
applied as a 4 % ethanolic solution to four sites on one arm of ten human subjects. 
Linear microdialysis probes with a 2-kDa cutoff were inserted intradermally at the 
designated sites and a lipid emulsion, Intralipid, was used as the perfusate since 
the usual perfusates which consist of aqueous saline solutions or similar physi-
ologically acceptable electrolyte/buffer solutions could not be used due to insolu-
bility of CP in such media. The intraindividual variation (CV%) ranged between 
10.17–121.65 % and the interindividual variation was found to be 50.56 %. The in-
terindividual AUCs0–4 ranged from 0.74 ± 0.90 to 3.30 ± 1.24 µg/ml.h (Table 9.8). 
No significant differences were found while comparing the penetration profiles of 
CP between subjects ( p value > 0.05). The flux of CP through the membrane of the 
probe in vivo was found to be 0.15 µg/cm2.h. Figure 9.12 depicts the comparison of 
the AUC0–4 values between the four sites, A to D, with the sites arranged from the el-
bow to the wrist. No differences were observed between the sites ( p value = 0.8159).

In summary, whereas DMD is associated with several technical difficulties and 
issues such as low recoveries for highly lipophilic and highly protein-bound drugs, 
appropriate perfusates, such as Intralipid® for example can help to overcome such 
problems. A major challenge lies in the necessity of having a sufficiently sensi-
tive analytical method to measure the very low concentrations of drug in dialysate 
samples, particularly when the topical formulation contains very low concentrations 
of drug such as 0.05 % in the case of topical CP products. A further important con-
sideration is the need to control the high variability of the method. Notwithstanding, 
based on the various reported applications where DMD has been investigated as a 

Table 9.7  Bioavailabilities of ketoprofen gel—comparison of application sequences ( n = 18) ([82])

Sequence PK 
parameter

Mean ± SD 90 % CI Statistical 
power

CV %

Test Reference
A AUC0–5 

ng.h/ml
155.51 ± 98.89 149.98 ± 107.27 97.39–

115.72
92.88 14.88

B AUC0–5 
ng.h/ml

152.04 ± 99.23 153.45 ± 103.93 89.86–
109.09

95.95 16.72

C AUC0–5 
ng.h/ml

139.89 ± 87.28 165.60 ± 116.67 80.37–
93.50

53.99 13.04



140 I. Kanfer

possible technique for the determination of BA/BE, this method appears to have 
great promise and potential for use as a surrogate method and alternative option to 
replace clinical endpoint studies to assess BE of topical dosage forms intended for 
local action.

9.3.6  In Vitro Methods

Much effort has been directed toward the development and validation of new and 
alternative approaches to demonstrate BE of topical drug products intended for 
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Fig. 9.12  Comparison of clobetasol propionate (AUC0–4) between four sites in human subjects 
assessed by dermal microdialysis

 

Subject No. AUC (µg/ml.h ± SD) CV %
 1 2.13 ± 1.52 71.34
 2 1.41 ± 0.14 10.17
 3 2.96 ± 1.64 53.43
 4 3.30 ± 1.24 37.60
 5 2.78 ± 0.37 13.20
 6 1.23 ± 0.29 23.67
 7 1.58 ± 1.62 102.90
 8 0.74 ± 0.90 121.65
 9 1.04 ± 0.94 90.39
10 0.97 ± 1.07 109.46
Mean 1.81 ± 0.92 50.56

Table 9.8  Intra-and interin-
dividual variability in AUC0–5 
values ([93])
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local action [106]. Although in vitro release testing of active ingredients from topi-
cal dosage forms can be conducted to characterize performance characteristics of 
a finished topical dosage form as a quality control procedure and also for justifica-
tion of scale-up and postapproval changes [107], in vitro studies have generally not 
found acceptance by most regulatory agencies to establish BE until recently when 
the FDA published a Draft Guidance on Acyclovir [108], which makes provision 
for an in vitro option to establish BA or BE of, specifically, acyclovir topical oint-
ments, only. In terms of that Guidance for acyclovir ointments, all of the following 
criteria must be met:

1. The test and Reference Listed Drug (RLD) formulations must be qualitatively 
and quantitatively the same (Q1/Q2).

2. Acceptable comparative physicochemical characterization of the test and RLD 
formulations must be shown and

3. Acceptable comparative in vitro drug release rate tests of acyclovir from the test 
and RLD formulations.

For many years, vertical diffusion cells (VDCs) have been regarded as the single 
most powerful in vitro model for monitoring the release of active ingredient from 
semi-solid and transdermal dosage forms and for predicting BA and BE [109]. These 
cells have been used with various synthetic membranes such as cellulose acetate/
nitrate mixed ester, polysulfone, or polytetrafluoroethylene to separate the donor and 
receiver side for performing in vitro drug release testing. Although dermatomed hu-
man skin has also been used [110], human skin has largely been used to monitor 
drug diffusion from transdermal preparations [111]. Whereas artificial membranes 
do not model the lipid perturbation effects undergone by biological samples, infer-
ences regarding partitioning and diffusion phenomena can be made. Previously re-
ported human skin penetration studies involving ayclovir creams [110] indicated that 
some generic creams might be bioinequivalent to the innovator and those authors 
also mentioned that the use of human skin is prone to inconsistent diffusion and 
that the study protocol needs standardization of skin membranes. Hence, synthetic 
membranes may be preferred to skin tissue as they are more easily resourced, less ex-
pensive, and structurally simpler. This means large-scale studies can be more readily 
undertaken while mechanisms can be deconvoluted more readily [112]. Furthermore, 
synthetic membranes exhibit superior permeation data reproducibility since variables 
such as skin age, race, sex, and anatomical site are eliminated [113]. Nevertheless, 
the results of artificial membrane studies still tend to yield useful data [114].

Penetration of a drug molecule through skin layers is a complex process, typi-
cally rate-limited by the SC. The SC layer of the skin is composed of terminally dif-
ferentiated corneocytes embedded in a complex lipid matrix comprising primarily 
ceramides, cholesterol, and free fatty acids [77]. Hence, delivery of drug by passive 
diffusion and the pharmacological effects elicited are dose-related—the more the 
permeation of the drug through the skin, the greater the therapeutic effect. Trottet 
et al. [110] undertook a study of 139 acyclovir cream formulations and concluded 
that a 40 % propylene glycol concentration in the cream formulation enhanced the 
availability of acyclovir by tenfold.
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A study [115] was undertaken to compare the in vitro release of acyclovir from 
four approved generic cream products using an acyclovir brand/innovator product 
(Zovirax®) as the reference product. The in vitro studies were carried out using 
vertical diffusion cells with a diffusional surface area of 1.767 cm2 and various 
commercially available membranes. Normal saline was used as receptor fluid and 
the temperature maintained at 32 ± 0.5°C. The in vitro release comparisons were 
based on the recommendations described in the United States Food and Drug Ad-
ministration Draft Guidance for acyclovir ointment and the SUPAC SS Guidance 
for nonsterile semisolid dosage forms. The release rates (slope) of the various test 
products (T) and reference product (R) were monitored and compared. The com-
parative release rates of acyclovir from the various generic formulations compared 
with the reference product (Fig. 9.13) were found to be within the limits of 75–
133.33 % with a 90 % confidence interval (Table 9.9) for all the generic products 
tested. These experiments indicate that all the generic acyclovir cream formulations 
which were tested exhibited release rates that were comparable to the innovator 
product. These data suggest that such in vitro release methods have the potential for 
use to provide the necessary information for a biowaiver and thereby could be used 
as a surrogate measure to assess the BE of topical products which are not intended 
for the systemic circulation.

Fig. 9.13  Cumulative amount of acyclovir released from various cream formulations. a Nylon 
membrane. b Tuffryn® membrane. c Nitrocellulose membrane. d Duropore® membrane
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9.3.7  Open Flow Microperfusion

9.3.7.1  Principles and Application of Open Flow Microperfusion to Study 
Drug Diffusion Through Skin

DMD is an attractive way to access dermal ISF using MD probes which incorporate 
a membrane to facilitate exchange between perfusate and dermal ISF and provide 
filtered ISF which can be readily analyzed for drug content. Furthermore, DMD is 
excellent for sampling small hydrophilic substances but problems are encountered 
when attempting to sample high molecular weight or highly lipophilic substances in 
the ISF. By omitting the membrane in the probe and replacing it with a steel mesh 
featuring macroscopic openings, a sampling system known as open flow micrope-
rfusion (OFM) has been developed and used to sample diluted ISF containing all 
endogenous and exogenous substances present in the ISF regardless of their mo-
lecular weight or lipophilicity [67, 114, 116–118]. The OFM probe is a mesh design 
catheter with openings of 100 μm rather than a porous membrane (Fig. 9.14).

A wearable light-weight push–pull six-channel micropump is used which en-
ables simultaneous rate-controlled perfusion of six probes in push or three probes 
in push–pull (Fig. 9.15). The clinical applicability and reliability of this novel wear-
able dermal open flow microdiffussion (dOFM) device has been evaluated in a 
clinical setting (Fig. 9.16) where Physicians inserted 141 membrane-free dOFM 
probes into the dermis of 17 healthy and psoriatic volunteers and sampled dermal 
ISF for 25 h [120]. A major difference between DMD and OFM is that whereas 
MD allows measurements of free, unbound drug, OFM only allows measurement 
of the total drug concentration including the protein-bound fraction. The dOFM 
technique also differs in probe permeability (semi versus fully permeable), nature 

Table 9.9  The 90 % Confidence interval values (8th and 29th terms) of acyclovir released from 
various synthetic membranes after 6 h from acyclovir generic cream formulations compared with 
Zovirax® (innovator)
Membrane Product T1 Product T2 Product T3 Product F4

8th 29th 8th 29th 8th 29th 8th 29th
Nylon 99.43 103.05 96.89 102.81 88.45 94.13 99.85 103.67
Tuffryn® 94.55 99.45 95.15 100.12 87.62 90.03 96.65 99.66
Durapore-
HVLP

88.44 97.83 95.73 100.32 86.01 89.20 97.17 100.14

Nitrocellu-
lose-VSWP

87.02 95.33 98.91 102.34 85.49 88.85 98.07 104.43

Strat-M™ Below LOQ
Fluoro-
pore™ 
FGLP

Below LOQ

LOQ limit of quantitation
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of the probe coating to prevent unspecific adsorption and in the perfusion mode re-
quired (push versus push–pull) compared to DMD. Recent reports show that dOFM 
allows cytokines such as IL-1β, IL-8, IL-6, and TNF-α to be measured in the fluid 
of subcutaneous adipose tissue [119] and lesional and nonlesional skin of psori-
atic patients [120]. Bodenlenz et al. [118] reported a clinical study examining PK 
and PD of a topical anti-TNF drug (BCT194, 0.5 % cream) carried out by dOFM 
where significant drug concentrations were detected in the skin after 8 days. This 

Fig. 9.15  Schematic representation of dermal open flow microperfusion (dOFM) sampling 
principle

 

Fig. 9.14  Comparison of OFM and MD probes
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increased sampling capacity is a significant benefit for the studies of penetration of 
topical drugs products because such drugs are generally lipophilic. Furthermore, 
dOFM devices have recently received CE certification for use as medical devices in 
humans, and there are already standardized procedures in place for its use in clini-
cal trials. When dOFM is used in combination with the latest bioanalytical mass 
spectrometric techniques, minute quantities of drugs can be measured in the dermis. 
Because of the open exchange area and the Teflon inner coating of dOFM probes, 
unspecific adsorption on the OFM materials is inhibited [121]. The OFM probe 
is a certified (within Europe, CE-labeled), industrially produced (Europe, USA) 
medical product. In addition, current production of the probes is largely automated, 
which provides more reproducible probe dimensions than past clinical dOFM and 
DMD studies that have used in house fabricated probes.

The application of dOFM to study drug penetration into the skin is a new and 
exciting technique which offers significant advantages over DMD, particularly with 
respect to the ability to monitor substances present in the ISF regardless of their 
molecular weight or lipophilicity, and more particularly to permit sampling for pro-
longed continuous dermal sampling in a multiprobe clinical setting [120].

Fig. 9.16  Wearable dOFM 
device on multiple sites
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10.1  Introduction

In this chapter the focus is on microdialysis (MD) methodology with emphasis on 
cutaneous, i.e., dermal microdialysis (DMD) sampling. MD is an in vivo technique 
used for sampling endogenous and exogenous substances in the extracellular space, 
routinely used in the clinic as well as in research settings [13].

MD sampling methodology in the skin and subcutaneous tissue introduces a 
unique opportunity for in vivo, ex vivo, and in vitro studies of topical drug penetra-
tion, and the DMD method has gained ground in the last decade (for an in-depth 
review, see [20].

MD as a technique provides in vivo chronological, real-time information about 
the pharmacokinetics of drugs, obtained from the extracellular fluid phase at the site 
of action, i.e., the target tissue.

Today, there are over 14,000 publications describing the applications of MD in 
numerous tissues and therapeutic areas and there are over 600 publications on the 
applications of MD in the skin.

This chapter aims to provide a background for understanding the current position 
of DMD as one of several eligible methodologies for evaluation of bioequivalence 
of topical products, proposed by regulatory experts [29, 32].
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10.2  The Methodology (Brief Description)

MD is a sampling technique that involves insertion of a MD probe in the tissue of 
interest with the aim of sampling and subsequently measuring local concentrations 
of the analyte in the sample.

A probe occurs in various sizes and shapes and consists of a cylindrical semi-
permeable membrane. The membrane is affixed on to nonpermeable tubings. The 
semipermeable membrane offers an exchange of solutes through the pores of the 
membrane. The probe is perfused with a physiological solution (called “perfusate”), 
which is pumped through the probe at a very slow flow-rate—typically between 1 
and 5 µL/min. The slow flow rate is selected to prevent excessive periprobe drain-
age and/or loss of perfusate volume as well as drainage of molecules into or out of 
the tissue, thus minimizing any disturbance in the tissue microenvironment. The re-
covery (by dialysis) of a given drug or substance is independent of the concentration 
of the drug or substance in the tissue. The resulting solution that exits the probe is 
called “dialysate” and can be directly analyzed using a well validated bioanalytical 
method. For most probe types this dialysate is free of cells, larger molecules such 
as enzymes, and protein.

For a detailed review of the methodology, the probe types available, the calibra-
tion of probe efficacy, recovery evaluation, and analytical considerations, please 
consult Holmgaard et al. [20] for a comprehensive technical review.

10.3  Planning an In Vivo Bioequivalence Study

There are many choices while preparing for in vivo experimentation. The most im-
portant one is probably the study design itself, as the between-subjects variability 
will, for some topical applications, be much larger than the inter-subject variability. 
Whenever possible, a design using the opportunity for several test and reference 
areas in the same person should be chosen. Furthermore, the opportunity of pooling 
samples in collecting vials for larger sample volume as well as optimizing probe 
length/membrane area should be considered for low-recovery drugs.

10.3.1  Choice of Probe Type and Perfusate

Different types of probes for DMD are available [20] and the majority of these 
probes are inserted in the skin through a small guide cannula as the probes are 
made of fragile material. The linear probe has a unidirectional flow and compared 
to the other probe types has a very small diameter—down to approximately 200 μm 
for some structures. Linear probes will, however, need to penetrate the skin twice 
when inserted, since they have both an inlet and an outlet. The typical probe used 
in clinical studies relating to systemic drugs is the concentric probe which, like the 
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side-by-side and loop design probes, has an inlet and outlet placed in parallel with 
each other. The latter probe types require guide cannulas of larger dimensions (e.g., 
500 μm) than those necessary for insertion of the linear probe, which leads to a 
larger insertion trauma (see later)—and this is a drawback.

In cutaneous MD, the perfusate is most often an isotonic saline solution or a 
Ringer solution. Depending on the lipophilicity of the drug, the perfusate medium 
may have to be modified to allow more lipophilic substances to enter the probe. 
Substances such as albumin, Intralipid®, and Encapsin® have been used [22, 46]. 
The enhancing effect of adding binding agents such as α, β, γ-cyclodextrins to the 
perfusate has been evaluated by studying the recovery of several eicosanoids in 
vitro. Similarly, the effect of adding small organic molecules such as ethanol, pro-
pylene glycol, and dimethylsulfoxide has been studied, and the inclusion of arachi-
donic acid in the perfusate has been shown to increase in vitro relative recovery for 
hydrophilic analytes [42].

10.3.2  Application Site

In cutaneous MD, the most frequently used area of application is the dermis of the 
volar forearm [3, 4, 6–8, 16–18, 35, 45].

The reason for this is twofold—this is the “standard area” for investigations into 
noninvasive measurements of skin blood flow and barrier perturbation. Secondly, 
the area is easily accessible, usually not hairy and not very convex. If there is a need 
for shaving, this should be done preferably 3 days before the experiment to prevent 
an artifact by skin barrier perturbation.

Only one arm is used for cutaneous MD at a time, since that arm must be at rest 
and tied up during the experiment. It is uncomfortable to have both arms tied up. 
Blood drawn from the other arm can provide measurements of plasma drug concen-
trations and thus the systemic drug delivery, if relevant.

10.3.3  Insertion Procedure, Trauma, and Exclusion Criteria

The probes are inserted under clean or sterile procedures after gentle wash of the skin 
area. To minimize the discomfort during insertion, local anesthesia [18] and applica-
tion of ice packs onto the skin can be used [1, 24, 45]. The probes are inserted using a 
19–23 G cannula as a guide, which is inserted horizontally in the dermis or subcutis. 
The probe is subsequently inserted in the opposite direction through the open tip of 
the hollow cannula and tested to secure the functionality. Subsequently, the guide 
cannula is withdrawn with the probe still in place. The accuracy of placing the probe 
at the intended depth in the skin depends on the training and experience of the labora-
tory personnel, and the depth should be measured routinely by ultrasound scanning 
as part of the experimental protocol, see Sect. 10.6.3.
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MD is a minimally invasive technique, but the skin trauma and histamine release 
evoked by the insertion will cause a reversible increase in the local blood flow, 
increased skin thickness, and hyperemia in both animals and humans. The tissue 
trauma needs to subside before sampling can begin and an appropriate equilibration 
period of minimum 60–90 min in human skin is advisable. The hyperemia reaction 
lasts between 90 and 135 min, but complete normalization of the skin perfusion 
may not occur [28]. The use of local anesthesia has been found to reduce the trauma 
reaction in man [18].

The presence of a MD probe will elicit an inflammatory response after approxi-
mately 12 h; infiltration of lymphocytes will begin and after 32 h scar tissue may ap-
pear [2]. Following insertion of concentric probes more extensive tissue disruption 
compared to a linear probe has been reported. The larger reaction could be caused 
by the larger diameter of the guide cannula used for implantation of concentric 
probes (e.g., ~ 500 μm).

The tissue reactions are generally reversible and lasting tissue damage is neg-
ligible. However, all the cytokines and cells associated with, e.g., inflammatory 
disease are involved in the trauma reaction [41]. In my experience the development 
of skin changes, visible at clinical examination after, e.g., 3 months, is very rare. 
One exception is if the volunteer or patient is prone to keloid formation, and for 
this reason we recommend screening for this as an exclusion criterion of the study 
protocol, thus avoiding DMD in keloid-prone individuals.

10.4  Bioavailability

The bioavailability of a topically applied drug is defined as “the rate and extent to 
which the active ingredient or active moiety is absorbed and becomes available at 
the target site. For drugs that are not intended to be absorbed into the bloodstream, 
bioavailability reflects the rate and extent to which the active ingredient becomes 
available at the relevant site within the skin” as per FDA “Guidance for Industry” 
2002. A recent study demonstrates the use of MD to determine the bioavailability 
in a study comparing orally administered diclofenac with topically administered 
diclofenac. Thus, the bioavailability at the target site was measured by placing the 
MD probe in the subcutaneous tissue as well as the muscular tissue. The relative 
bioavailability in both muscular and subcutaneous tissue after topical application 
was significantly higher than after oral administration and the measured plasma 
levels were much lower when the drug was topically administered compared to 
oral administration [3, 43, 44]. Similarly, the diffusion of ketoprofen from trans-
dermal patch application to the knee joint fluid has been demonstrated in rats and 
pigs [38]. A recent study explores, by MD sampling in subcutaneous tissues and 
skeletal muscle, the effect of alterations in the galenic composition of four novel 
topical diclofenac formulations under development. An improved drug delivery to 
the tissue (2.7-fold improved) over the reference product, a commercially available 
diclofenac gel, was demonstrated by Brunner [11].
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10.5  Bioequivalence

FDA describes bioequivalence as a comparative test between two products using 
specified criteria. Bioequivalence is defined as “the absence of a significant differ-
ence in the rate and extent to which the active ingredient or active moiety in phar-
maceutical equivalents or pharmaceutical alternatives becomes available at the site 
of drug action when administered at the same molar dose under similar conditions 
in an appropriately designed study.” However, the assessment of bioequivalence for 
locally acting and targeted delivery drugs has presented great challenges to science 
in the approval of generic drugs.

Kreilgaard et al. published the first human study demonstrating the potential of 
cutaneous MD for bioequivalence studies of topically applied drugs in 2001 [27]. 
The aim of that study was to evaluate the cutaneous bioequivalence of a lipophilic 
drug (lidocaine) applied in a novel topical microemulsion vehicle, compared to a 
conventional oil-in-water emulsion. Earlier, Kreilgaard had published an experi-
mental study in rats documenting that dermal drug delivery of hydrophilic and li-
pophilic drugs was improved by microemulsion vehicles [26]. Subsequently, Kreil-
gaard proved that microemulsion vehicles can increase dermal drug delivery of li-
pophilic drugs in humans, and that the MD technique combined with an appropriate 
pharmacokinetic model provides high sensitivity in this bioequivalence study of a 
topically applied formulation.

When addressing the issue of DMD variability the source of variability in these 
studies can be extracted from data obtained in hairless rats (which are genetically 
inbred and of the same sex and age and thus have minimum variability). The in-
creased variability observed in dermal sampling of the topically applied drugs can 
be seen to arise from interindividual variability in skin penetration kinetics/bar-
rier function and or microcirculation, unrelated to the MD sampling methodology, 
which is followed by an internal calibrator simultaneously with the ongoing pen-
etration process [40].

The comparability of dermato-pharmacokinetics, so-called tape-stripping meth-
odology, and DMD was demonstrated in a recent study evaluating bioequivalence of 
lidocaine in ointment and cream [8]. The study showed agreement between the two 
methods, finding a 3–5 fold higher lidocaine absorption from the cream formulation 
over the ointment formulation. Statistical calculations from this study indicated that 
bioequivalence evaluation of topical formulations based on DMD sampling may be 
conducted using 27 subjects and applying two probes in each application site or 18 
subjects using three probes in each application site with 90 % confidence interval 
and 80–125 % bioequivalence limits, which are the limits applicable to topical bio-
equivalence evaluations as per FDA protocols [38].

A theoretical-statistical MD paper found, based on data in the literature, that an 
evaluation of topical bioequivalence, conducted by duplicate sampling of both for-
mulations in the same human volunteer, could be expected to be conclusive within 
80–125 % confidence limits when a population of approximately 20 subjects was 
to be used [30]. This number of participants was similar to what was calculated 
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in the study on topical lidocaine formulations [8]. In the latter study, 61 % of the 
experimental variability could be ascribed to inter-subject variability—an impor-
tant finding for planning of future studies. This result was corroborated by Tettey-
Amlalo et al. who demonstrated a very low variability using the exact same probe 
structure for sampling drug penetration from a topical ketoprofen gel formulation 
[45]. However, different formulations may demonstrate different variabilities when 
the cutaneous penetration is studied by DMD; in a study of topical metronidazole 
creams the variability was higher and the number of participants for a conclusive 
bioequivalence evaluation would have been 34 [17]. Nevertheless, in comparison 
with the 6–700 subjects needed for a clinical comparative study, these numbers are 
small [29].

Another recent study has compared topical penetration of two commercially 
available tetracycline formulations and also found high variability [23], whereas a 
study of an aggressive ethanol solution of clobetasol propionate—a drug which it 
has previously not been feasible to sample by MD in the dermis—showed that us-
ing Intralipid ® as the perfusate the drug could now be reproducibly sampled [1].

Dermal MD sampling may also enable bioequivalence studies in diseased skin 
[6, 16, 36], which can be argued to be closer to the clinical situation than bioequiva-
lence evaluations conducted in healthy subjects. However, variability is likely to be 
increased and possibly too problematic, see Sect. 10.6.1 below.

10.6  Sources of Variability

10.6.1  Skin Barrier Function

Damage of the skin barrier implies an increase in trans-epidermal water loss (TEWL) 
which can be quantified by measurements above the skin surface. In a number of in 
vivo DMD studies the impact of experimentally induced skin barrier perturbation on 
the cutaneous penetration of different substances has been demonstrated [8, 25, 31, 
36]. Benfeldt et al. have studied the effect of different barrier disruption methods on 
cutaneous penetration in hairless rats as well as humans [5, 7]. The studies demon-
strated highly increased drug penetration in tape stripped skin (157- and 170-fold 
respectively, in comparison to the penetration in unmodified skin) and in skin with 
irritant dermatitis (46- and 80-fold increased penetration). Since the same probe 
type, perfusate, flow rate, and topical drug solution were used in these studies, a 
direct comparison between drug penetration in hairless rats and human volunteers 
could be made. This showed a 46-fold increase in penetration across rat skin when 
compared with human skin, while increases in penetration, induced by barrier per-
turbation were of the same order of magnitude [3].

Other more recent studies have compared, e.g., the penetration of acyclovir and 
salicylic acid on disrupted skin barriers using MD in the dermis and tape stripping 
[25], and the penetration of a metronidazole cream formulation (1 %) applied to the 
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forearm skin in areas of both irritant dermatitis and normal skin [36]. Furthermore, 
DMD sampling showed a significant threefold increased penetration of topically 
applied metronidazole in skin with atopic dermatitis compared with unaffected skin 
[16].

10.6.2  Microcirculation

The bioavailability of topically applied products in skin and underlying tissues is 
not only dependent on the integrity of the skin barrier, but also on the local blood 
flow. Vasodilatation as well as vasoconstriction can be physiologically or pharma-
cologically induced and will have a large influence on the local blood flow. The 
skin concentration of a topically applied drug will increase if the blood flow is 
diminished, whereas an increased blood flow enhances the uptake and subsequent 
systemic distribution and elimination of the drug from the skin [2]. Experimental 
studies which induce vasoconstriction or vasodilatation have demonstrated that the 
bioavailability of topically as well as systemically applied test substances is highly 
influenced by changes in the microcirculation of the skin [9, 12, 37]—an influence 
much stronger than the influence of variations in probe depth.

Topically administered substances have been studied, with added noradrenaline 
for vasoconstriction and the nitric oxide donor glyceryltrinitrate for vasodilatation, 
delivered by the MD probe. The changes seen in the dialysate concentration re-
flected the changes in the microcirculation [10, 14].

10.6.3  Probe Depth in the Skin

An influence of probe depth on the drug levels sampled following topical drug ap-
plication is likely from a theoretical point of view. The recommendation is to mea-
sure (normally by 20 MHz ultrasound scanning) the probe depth in three separate 
scans along the length of the probe in situ. With experience, probes can be inserted 
with great accuracy and low variability [8, 45], e.g., 0.7 ± 0.15 mm mean ± SD [36]. 
The preferable insertion depth is 0.6–1.0 mm in the dermis.

The original study regarding transdermal delivery of nicotine showed a correla-
tion between depth and drug concentration, but only when the analysis included dif-
ferent skin layers (both dermal and subcutaneous probe placement) [33]. Following 
this, several studies have been unable to show a correlation between the depth of the 
probe and the drug concentration [8, 17, 19, 35, 36]. However, in a very recent MD 
study, conducted in ex vivo human donor skin, an inverse relationship between the 
depth of the probe in the dermis and the amount of drug sampled following topical 
penetration is demonstrated [21]. The result is of relevance to the in vivo situation, 
and it can be predicted that the differences in sampling at different probe depths 
will have a more significant impact in the beginning of a study or in studies of short 
duration.
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Based on this study it can be recommended that studies of topical drug penetra-
tion using DMD sampling should include measurements of probe depth and that 
efforts should be made to minimize probe depth variability (e.g., to have few and 
similarly trained persons undertaking insertion as well as ultrasound scanning or 
other imaging technique for feedback of probe depth achieved) [21].

10.7  Advantages and Limitations

The methodological challenges that may influence in vivo experiments may typi-
cally be identified through well-planned in vitro experiments as a part of the plan-
ning phase. Founded on pre-experimental troubleshooting, conducted previous to in 
vivo experimentation, reproducible results with acceptable variability and validated 
analysis can be achieved for most drugs.

10.7.1  Advantages

• MD captures the pharmacological events where they take place in the tissues, 
providing high-resolution real-time details.

• There is no fluid extraction from the tissue.
• DMD sampling allows testing of both test and reference product at the same time 

in the same individuals.
• Both the drug of interest and the metabolites.
• The method can provide protein-free samples, which is often an analytical ad-

vantage.
• Cessation of enzyme degradation in the samples.
• DMD is a relatively inexpensive method to use once the MD pumps have been 

acquired.
• The probes allow sampling as well as delivery of substances.
• Multiple application sites.
• Good reproducibility.
• DMD sampling of topical drug formulation in the bioavailability/bioequivalence 

setting does not depend on drug concentrations in the formulations being the 
same.

• DMD sampling can be used in the presence of barrier perturbation or skin dis-
ease (unlike other methods for skin penetration assessment).

10.7.2  Limitations

• Drugs with a very high lipophilicity are excellent for topical application but less 
favorable for sampling by MD (the tape-stripping method will often be more 
suitable).
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• An in vitro relative recovery of less than 4 % will most often characterize a com-
pound as unsuitable for MD studies due to an expected even lower in vivo recov-
ery.

• Some topical drug formulations are of very low drug concentrations—the analy-
sis of the dialysate will unavoidably be very challenging.

• For protein-bound substances it is often necessary to add a protein to the per-
fusate to increase recovery, which will often result in more complex analytical 
procedures.

• Low variability in probe insertion and probe manufacturing depends on experi-
enced personnel.

• The dialysate concentration will decrease with increasing flow rate and vice ver-
sa since the relative recovery of substances is flow-dependent. However, if very 
low flow rates are used,the time resolution can be compromised.

• Analytical procedures may require extensive modifications prior to in vivo ex-
periments.

• Both drug concentrations in the tissue as well as recovery by MD sampling are 
known to be influenced by blood flow and this must be considered in the plan-
ning stage of an experiment.

• The duration of a DMD experiment is in many instances limited for practical rea-
sons, and this creates a limitation for slowly penetrating substances (this can be 
overcome by the use of portable pumps, which in turn typically have relatively 
few syringe spaces).

• As a consequence of the above-mentioned relationships between topical dose, 
dermal concentration, and the ensuing concentration in the microdialysates, MD 
sampling in the skin will hardly ever be the right method for toxicological stud-
ies of low dose/real life skin exposures—other methods will be more relevant.

10.8  Future Research

A key issue in the development of a standardized protocol is the reproducible inser-
tion of the probe at a consistent depth within the skin. Reproducible probe insertion 
is a skill which is only improved with practice. It is evident that implantation in 
either the superficial dermis or the subcutaneous tissue will affect the data collected. 
A thorough evaluation of this methodological issue, preferably studied under hu-
man in vivo conditions, using drugs of varying MW and lipophilicity, is needed.

Most MD studies are of limited time duration, typically less than 8 h, and his-
tological studies of the skin response to probe implantation have not showed signs 
of tissue inflammation [36]. Studies with more extended observation and sampling 
periods have, however, demonstrated that infiltration of lymphocytes and even de-
velopment of scar tissue may be observed over [36, 41].

Another concern, particularly relevant to DMD, is the use of MD in studies 
of inflammatory and immune-mediated diseases. Here the molecules of interest 
will very often be the same as those generated during the insertion trauma and 
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subsequent wound repair. Care should be taken to incorporate the proper controls 
in order to confirm the correct relation between molecule, implantation trauma, 
and disease process [41] Studies of the exact relation between probe implantation 
(depth, diameter, time since implantation) and the ensuing tissue damage will be 
important in the further development of the MD methodology, also from an ethical 
point of view.

In vitro drug penetration studies using static or flow-through diffusion cells have 
been extensively used in the past, and there is a pertinent need to establish a correla-
tion between results from in vitro penetration studies of topical drugs and in vivo 
data obtained by MD methodology.

Only few MD studies in diseased skin have been performed. An improved knowl-
edge of the impact of the structural changes in diseased or otherwise impaired skin 
on topical drug penetration in vivo will improve the development of topical thera-
pies. Furthermore, the relevance is supported by the fact that a substantial fraction 
of the general population suffer from different skin conditions that make the skin 
barrier potentially more permeable—an aspect relevant also to the occupational set-
ting [15].

MD methodology has a place among other methodologies employed in drug re-
search, preclinical test phases, and clinical studies as well as for use in industry for 
regulatory approval purposes. The potential for studies of bioequivalence of topical 
formulations and in evaluation of line extensions of topical is huge.

Whether the method is employed for sampling of pharmacokinetic or pharmaco-
dynamic information, MD in the skin as a technique offers a unique opportunity for 
real-time chronological sampling in the target tissue.
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11.1  Introduction

There is continuous effort to increase the penetration of topically applied substanc-
es (drugs and cosmetics) into and through the skin, which, however, represents a 
strong barrier mainly supported by the stratum corneum, the upper layer of the skin. 
Endeavors to increase the penetration include the application of physical and me-
chanical manipulations to reduce the barrier function [5] or to facilitate the access 
via the physiologically available penetration pathways which include the intercel-
lular, the intracellular, and the follicular route.

Whereas the intracellular penetration pathway seems to be of minor interest as 
a delivery route, the intercellular pathway around the corneocytes within the lipid 
layers was considered as the only relevant one for a long time.

It is only during the past few years that the follicular penetration pathway has 
attracted considerable interest, although the influence of hair follicles on the dermal 
absorption rate had already been detected significantly earlier [4].

In the absence of quantitative model systems, which were definitely free from 
follicles but still exhibited the structural, biochemical, and barrier properties of nor-
mal skin, the investigations into the influence of the hair follicle on the penetration 
rate presented the greatest challenge. The utilization of scarred and immature skin 
as performed in the 1990s [7, 26] fulfilled the criteria of follicular absence; how-
ever, structural and barrier properties are supposed to be significantly different in 
these skin models. Also, the utilization of the sandwich model developed by Barry 
et al. [1], where the top skin layer blocks the shunts in the bottom layer, cannot be 
considered as an appropriate model as the resulting skin is twice as thick.



170 J. Lademann and A. Patzelt

Currently, most penetration studies focusing on intercellular or follicular pene-
tration are performed in ex vivo or in vitro setups in diffusion cells, although there is 
increasing evidence of lacking in vitro–in vivo correlations [20] and inadequateness 
of diffusion cell experiments for follicular penetration studies [19]. In the mean-
time, different methods have been introduced, which are suitable for quantitative in-
vestigation of the follicular penetration pathway. Next to the selective artificial hair 
follicle closing technique and the differential stripping technique, which allow the 
quantitative estimation of the transfollicular and intrafollicular penetration, respec-
tively, novel optical devices are also available that are useful tools for investigating 
the follicular penetration qualitatively and quantitatively as recently summarized by 
Meidan et al. [15].

Whereas follicular penetration is a complex process that has not been completely 
clarified yet, it is understood that this process has to be divided at least into two 
parts: in the first step, penetration into the hair follicle can be observed. In the sec-
ond, a transfollicular penetration step can follow, which seems to depend mainly 
on the size of the substance applied. For the intercellular penetration process, the 
500 Da rule has been suggested above which substances are not able to overcome 
the intact stratum corneum barrier [2]. The threshold below which transfollicular 
penetration occurs has still to be defined.

This threshold is of significant importance concerning the risk assessment of 
nanoparticles and other particulate substances that are continuously suspected of 
inducing harmful interactions with the living cells of an organism. The relevance 
of the transfollicular penetration pathway for smaller nonparticulate substances has 
been demonstrated by Otberg et al. [18]. They showed that after blocking the fol-
licular pathway selectively, the absorption of caffeine into the blood circulation 
took four times longer than in the case of open hair follicles.

In contrast, for particulate substances, a transfollicular penetration into the blood 
circulation or the surrounding living skin has not been observed yet, as long as the 
skin barrier is intact. This aspect makes particles interesting as drug delivery sys-
tems into the hair follicle which, in turn, hosts similarly interesting target sites such 
as the stem cells, which are located in the bulge region of the hair follicle. Also, a 
dense network of capillaries and dendritic cells surrounding the hair follicle closely 
turns the hair follicle into an attractive target site.

11.2  Influence of Follicular Morphology, Density,  
and Activity Status on the Follicular Penetration 
Process

Each human individual displays an estimated number of 5 million hair follicles [9] 
which can theoretically contribute to the penetration process of topically applied 
substances.

Especially the infundibulum of the hair follicle, which is its upper part, repre-
sents an area of additional absorption and increases the surface area of the skin 
partly significantly. The follicular influence on the absorption process was shown to 
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depend mainly on the follicular size, density, and activity status of the hair follicle, 
which differs across different skin regions. The highest follicular density could be 
detected in the region of the forehead whereas the calf region exhibits the largest 
hair follicles. In both of these regions, the hair follicles cover about 10 % of the 
total skin surface with a reservoir capacity that is comparable to the reservoir of the 
stratum corneum [17].

Also, the activity status of the hair follicle plays an interesting role in determin-
ing whether or not the single hair follicle is receptive for topically applied substanc-
es. Each hair follicle undergoes continuous cycling and during each cycle, the hair 
follicle experiences substantial changes in the immune and gene expression status 
and vascular supply [8]. A recent study showed that hair follicles were only recep-
tive for topically applied substances if sebum flow and/or hair growth were detect-
able. Hair follicles were unresponsive if neither sebum flow nor hair growth were 
present. In these cases, a cover consisting of dry sebum, desquamated corneocytes, 
and other cell detritus were detected in the follicular openings. In the region of the 
upper forearm, approximately one fourth of the hair follicles were unreceptive for 
penetration in this study. [16].

11.3  Measuring Methods for Investigating the 
Penetration of Topically Applied Substances  
into the Hair Follicles

As mentioned above, several methods exist allowing a reasonable investigation of 
the follicular penetration process although some methods still provide some disad-
vantages, which have to be considered when analyzing the results.

The analysis of histological investigations, e.g., is frequently applied to inves-
tigate the penetration of topically applied fluorescent or fluorescence-labeled sub-
stances into the skin and the hair follicles by laser scanning microscopy and can be 
effectively utilized to determine the follicular penetration depth of substances as 
depicted in Fig. 11.1. Quantitative analysis is feasible with limitations measuring 
the fluorescence intensity. This methodology, however, has the clear disadvantage 
that it is invasive as the removal of biopsies is indispensable and time consuming. 
A further limitation is that the model skin utilized for this kind of investigation has 
to be selected with caution as there is increasing evidence of lack of in vitro–in vivo 
correlations in several skin models, which is discussed in paragraph 4.

Another alternative method is in vivo laser scanning microscopy as depicted in 
Fig. 11.2 which likewise allows the determination of the penetration of dye-labeled 
or fluorescent substances in vivo [13]. Unfortunately, with this method, only quali-
tative estimations are possible in the upper part of the hair follicles as the penetra-
tion depth of the laser radiation into the tissue is limited to approximately 150 µm. 
In contrast, the differential stripping method represents a quantitative, noninvasive 
in vivo procedure for the determination of the penetration of topically applied sub-
stances into the stratum corneum and the hair follicle [24]. The differential stripping 
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method combines the tape stripping technique to remove the stratum corneum and 
the cyanoacrylate skin surface biopsy to extract the follicular content. The tape 
strips and the cyanoacrylate biopsies allow a selective quantification of the topically 
applied substance having penetrated into the stratum corneum or the hair follicle 
by classical analytical methods. A schematic of the method is depicted in Fig. 11.3.

The determination of follicular penetration into the hair follicle has to be strictly 
separated from the analysis of transfollicular penetration of substances through the hair 
follicle to the surrounding living tissue, which requires specific analytical methods. One 
option is the artificial closing of the hair follicles where the follicular pathway is selec-
tively blocked by sealing the follicular orifices [25]. Comparing the penetration rate of 
topically applied substances through skin with open and closed hair follicles, respec-
tively, allows the calculation of the follicular penetration rate [27].

Fig. 11.2  In vivo analysis of the penetration of a fluorescent dye into different depths of the hair 
follicles by in vivo laser scanning microscopy (a: 0 µm; b: 50 µm; c: 80 µm; d: 110 µm)

 

Fig. 11.1  Histological sec-
tion demonstrating the pen-
etration of a topically applied 
substance into a hair follicle 
analyzed by fluorescence 
measurements using laser 
scanning microscopy
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11.4  Skin Models for the Analysis of Follicular 
Penetration

The appropriate skin models for each of the above described methods have to be se-
lected with caution as each method has its specific limitations. A previous investiga-
tion, e.g., showed that the follicular reservoir in excised skin is only 10 % of the fol-
licular reservoir in vivo of the same volunteer and the same skin site suggesting that 
the elastic fibers surrounding the hair follicles contract irreversibly immediately 
after excision [20]. Thus, the utilization of excised skin cannot be recommended 
as appropriate skin model for histological investigations on follicular penetration. 
On the contrary, the intact porcine ear has been demonstrated to be a reasonable 
alternative as during the penetration experiments the skin remains fixed on the ear 
cartilage, which prevents the skin from contracting [13]. Although the porcine skin 
provides somewhat larger hair follicles than human skin, the porcine ear model has 
been well established for follicular penetration studies [19].

Stratum corneum

a b 

c d

cyanoacrylate

Cyanoacrylate skin surface biospsy

Fig. 11.3  Schematic of the differential stripping procedure: a an intact stratum corneum (SC) 
and hair follicle (HF), the topically applied substance (TAS) has penetrated into the SC and HF,  
b the SC has been removed by tape stripping, the TAS is only located in the HF, c cyanoacrylate 
is applied onto the stripped skin surface, d after polymerization of the cyanoacrylate, it is stripped 
off and contains the follicular content
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The follicular contraction effect seems to be a reasonable explanation why dif-
fusion cell experiments are still adequate procedures to investigate intercellular 
penetration. As mostly split or full epidermis skin is used in these experiments, the 
subcutaneous fatty tissue is to be removed from the samples. This means that the 
bottom of the hair follicle, which extends deeply into the subcutaneous fatty tissue, 
is open and represents a channel into the receptor medium. Similar concerns have 
also been raised by Senzui et al. [23]. Due to the follicular contraction this effect 
seems to be decreased.

11.5  Particles, Follicular Penetration, and Safety Aspects

Drug delivery to and through the hair follicles seems to depend on several aspects, 
including the physicochemical properties of the applied substances and the activity 
status of the hair follicles as mentioned above.

With regard to the physicochemical properties of the applied substance the char-
acteristics of both the vehicle as well as the active substance obviously play a role 
[19], whereas the size of the active substance seems to be a predominant parameter.

In the recent years, particulate substances such as liposomes, micro- and nanopar-
ticles were demonstrated to be excellent drug transporters into the hair follicles, ex-
ceeding by far the follicular penetration depth of nonparticulate substances.

This effect, however, was only realized when the application protocol of the 
substance included a massage. Lademann et al. [12] hypothesized that the surface 
structure of the hair and the hair follicle, which is determined by the thickness of the 
keratin cells, might act as a ratchet transporting the particles deeply into the hair fol-
licle. The massage application seems to stimulate this ratchet effect in vitro whereas 
in vivo, a physiological movement of the hair occurs.

In their study, Lademann et al. [12] also hypothesized that a similar keratin cell 
thickness and particle size might be advantageous with regard to follicular penetra-
tion depth. This assumption was supported by our own investigations demonstrat-
ing that particles in the size range from 400 to 700 nm penetrated significantly 
deeper into the hair follicles than smaller or larger particles as depicted in Fig. 11.4 
[21]. In comparison, the thickness of the keratin cells is about 530 nm in human hair 
[12] and 320 nm in porcine hair, which is in the same range.

These results are of relevance for drug delivery as by the selection of different 
particle sizes different sites within the hair follicle can be targeted selectively. Sites 
of special interest can be localized in the infundibulum region, which is surrounded 
by dense capillary network and dendritic cells, the sebaceous gland and the bulge 
region where the stem cells are located [21].

Whereas the penetration of particulate substances into the follicular duct has 
been well investigated, there is still controversy as to whether or not such particu-
late substances are able to overcome the stratum corneum or to penetrate transfol-
licularly into the deeper skin layers.
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Recently, Labouta et al. [10] reviewed the corresponding literature and found 
several studies reporting particle penetration or permeation into the living tissue. 
However, considering the utilized models and methods more precisely it was found 
that in most of these studies, either penetration enhancers disturbing the skin barrier 
properties or inadequate model systems such as excised skin were utilized. In the 
latter case, a violation of the distal hair follicle has to be assumed leading to a direct 
diffusion into the receptor medium as discussed above. Whereas the contraction of 
the skin might be able to prevent the diffusion of larger particles only a reduction 
can be assumed for smaller particles which, then, are erroneously interpreted as 
having penetrated.

However, the review could not reveal the existence of any study performed in 
vivo on intact human skin that demonstrated transfollicular or intercellular penetra-
tion of any particle.

Although this issue is not yet fully explored and clear size thresholds, below 
which transfollicular or intercellular penetration of particles is feasible, are still 
missing, there are clear indications that particles larger than 100 nm are not able to 
overcome the intact skin barrier neither via the stratum corneum nor the hair fol-
licles. These indications are supported by the fact that although particles have been 
identified as excellent drug transporters, there are still no commercially available 
products that are based on this principle.

Fig. 11.4  Influence of the particle size on the follicular penetration depth. Data originating from 
Patzelt et al. [21]
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11.6  The Hair Follicle as a Long-Term Reservoir

As previously discussed, transfollicular penetration of especially larger particulate 
substances is rather unlikely; however, it still remains to be clarified what happens 
to the particles once they have penetrated deeply into the hair follicle. The hair fol-
licle as a physiological hole in the skin was demonstrated to be a well-protected 
long-term reservoir hosting the particles over a period of 10 days, whereas the un-
protected stratum corneum reservoir was already depleted after 1 day, presumably 
due to water and textile contact and desquamation [11]. A retrograde depletion of 
the hair follicle, in contrast, seems to be associated only with slow processes such 
as hair growth and sebum flow.

11.7  Triggered Release from Particles in the Hair Follicles

The hair follicle can be summarized as an interesting target site for drug delivery 
due to the above mentioned reasons; however, the problem is that nonparticulate 
substances are able to penetrate transfollicularly but do not reach significant depths 
and therefore targets within the hair follicle. In contrast, particles are able to pene-
trate deeply into the hair follicle close to diverse target sites of interest and have fur-
ther advantages such as the possibility of sustained release, high surface-to-volume 
ratio and protection of the active substance from early degradation. However, their 
big limitation is that they are not able to pass transfollicularly (Fig. 11.5).

a b c
Fig. 11.5  Schematic of 
the triggered drug release 
approach. a The delivering 
particles enter the HF and 
penetrate deeply into the 
HF. b An external or internal 
trigger induces the release of 
the active substance from the 
particles. c The active sub-
stance translocates indepen-
dently to the viable tissue
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To overcome this problem, the particles have to be equipped with a specific 
release mechanism. After delivering therapeutic substances deeply into the hair fol-
licles these are released actively and can subsequently translocate independently to 
their target site, e.g., the viable skin.

Applying this triggered release concept, it is important to quickly release the 
drug from the particles onto the specific target structure at the appropriate time [14].

Currently, a variety of release triggers are under investigation, including external 
stimulation factors such as radiofrequency [3], ultrasound [6], light [22], or enzy-
matic reactions [14], or internal stimulation factors such as pH [28].

11.8  Summary

Human hair follicles are an important target structure for drug delivery that can 
have a significant influence on the overall penetration and absorption process pro-
viding a reservoir comparable to that of the stratum corneum in some body regions. 
Moreover, compared to the stratum corneum, the hair follicles act as long-term 
reservoir for topically applied drugs; the hair follicle representing a protected cavity 
that prevents the content from being depleted easily.

Recent investigations have demonstrated that particulate substances penetrate 
significantly deeper into the hair follicle than nonparticulate substances; however, a 
translocation of the particles and thus their loaded drugs into the living tissue is not 
feasible due to the size of the particles. Currently, several attempts are being made 
to utilize the positive properties of particles, such as high loading capacity due to 
the high surface-to-volume ratio and deep follicular penetration, also for drug de-
livery through the follicular barrier. A promising approach seems to be the triggered 
release concept where the particles are equipped with a specific release system and 
only serve as drug transporters. After having reached the desired target region, a 
trigger signal activates the release system allowing the active drug to be released 
from the particles and to translocate independently into, e.g., the viable skin.
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12.1  Introduction

12.1.1  Rationale for Pilosebaceous Unit (PSU)-Targeted 
Drug Delivery

The pilosebaceous unit (PSU) consists of the hair shaft, the hair follicle, sebaceous 
gland, and the associated erector pili muscle. The flask-like sebaceous glands have 
ducts that vent into the open space surrounding the hair shaft just below the skin’s 
surface. The space between the hair shaft and the hair follicle enables transfollicular 
penetration of drug molecules or micro-/nano drug-loaded particles to bypass the 
stratum corneum (SC) and migrate into the PSU. Sebum produced in sebaceous 
glands secretes to the surface of skin through follicular ducts. Human sebum is 
a mixture of multiple components comprising triglycerides, wax esters, squalene, 
cholesterol esters, and cholesterol [1–3]. Unlike internal body organs and tissues, 
the sebaceous gland is one of the most accessible sites for targeted drug deliv-
ery. Figure12.1 shows the pathways of topically applied medicine into sebaceous 
glands. Successful targeting of the PSU simply means getting more drug molecules 
or drug-loaded particles into hair follicles and sebaceous glands than can be deliv-
ered with conventional dosage forms. At the same time it implies restricting the 
amount of drug that reaches therapeutically uninvolved sites, including the systemic 
circulation. In principle, topically applied agents can reach the lower follicle, hair 
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bulb, and sebaceous glands either by the transfollicular or the transepidermal route. 
The former pathway involves drug diffusion or drug-loaded micro-/nanoparticulate 
migration through the upper reaches of the PSU, while the latter pathway involves 
secondary local/systemic distribution into hair follicles. In fact, both pathways 

Fig. 12.1  Structure of human skin and drug transport routes via hair follicle and sebaceous gland
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occur simultaneously in most cases but the relative contribution of each pathway to 
the overall delivery should vary substantially depending upon the physicochemical 
properties of the therapeutic agent, nature of the formulation (e.g., cream or gel), 
property of particulate system (e.g., polymer or solid lipid), drug release from par-
ticulate system, and the elapsed time after topical dosing.

It is generally recognized that targeted drug delivery into and through hair folli-
cles reduces drug exposure to nontargeted tissues (i.e., tissues associated with tran-
sepidermal penetration pathway) while enhancing local exposure at the target site 
(e.g., sebaceous glands) to improve efficacy and/or reduce side effects. This concept 
has generated considerable interest in developing topically applied PSU-targeted 
drug products for treating sebaceous gland dysfunctions such as acne.

12.1.2  Properties of the PSU and Sebum

To effectively design and develop a follicle-targeted drug delivery system, it is im-
portant to understand the properties of the PSU and sebum. The amount of drug 
delivered depends on the surface area of the follicles, which is a function of the fol-
licle density and diameter of the follicles. Sebum produced in the sebaceous glands 
vents through the upper third of the hair follicle in order to reach the skin surface. 
On average, the secretion rate of sebum from the sebaceous gland to the skin sur-
face has been estimated to be approximately 0.1 mg/cm² (skin)/h [4, 5]. Therefore, 
the transport rate of topically applied drug molecules into sebum would have to be 
faster than the outflow of sebum to the skin surface. Transport rate depends on the 
concentration gradient, and the partition and diffusion properties of the drug mol-
ecule, as well as the vehicle effect. In the case of drug-loaded particulate delivery 
systems, drug release rate from particles into surrounding fluids and/or tissues and 
topical application with massage have a significant influence on the efficiency of 
the targeted follicular delivery. Some basic properties of pilosebaceous glands and 
sebum that are associated with the follicular drug delivery are listed in Table 12.1.

12.1.3  Potential Targets Within the PSU

The PSU has several biological domains that can be targeted, including sebaceous 
glands, bulge region, and follicular papilla (see Fig. 12.1). In general, drug mol-
ecules present at a specified target site in a follicle reach the target site by taking 
advantage of several transport pathways. Local diffusion of a drug from the sur-
rounding tissues invariably makes its contribution to follicular delivery from the 
systemic circulation. Over and above the properties of drug molecules and formula-
tions/delivery systems, the contribution of each pathway to the drug concentration 
at a target site depends upon the distance of the pathway, the mass of the tissue or 
substance offering the pathway, the physical nature of the local tissue or substance 
comprising the pathway, and the vasculature surrounding the target site. Due to the 
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different nature of pathway tissues/substances, it would be possible for follicular 
drug delivery to play an appreciable role in targeting sebaceous glands, but a much 
lesser role in targeting the dermal papilla. Therefore, different delivery strategies 
and anticipation have to be developed based on the actual target site within a follicle.

12.1.4  Primary Approaches for PSU or Follicular Drug Delivery

Targeted drug delivery (or follicular drug delivery) to the PSU can be managed 
by two different strategies— first a drug molecule approach and second a for-
mulation design approach [10]. The molecular modification approach involves 
tailoring the physicochemical properties of a drug molecule, such as its size, po-
larity (lipophilicity), polar surface area, solubility parameter, and/or charge, any 
of which has a potential to modulate delivery into the hair follicle [10, 11]. Due to 
the cost, time, and complexity of new drug molecule development, most studies 
in this area focus on the second strategy: the formulation approach. A number of 
studies using the formulation approach have demonstrated that improved local-
ized delivery of drugs to the PSU can be achieved by varying the compositions of 
applied formulations [12–23]. For example, the gains in localized delivery were 
achieved by applying a particulate carrier system [21] or by using sebum miscible 
excipients in the topical preparation [24]. To fully appreciate how the drug mol-

Table 12.1  Basic properties of human pilosebaceous glands and sebum
Investigation Results References
Sebum production 
and secretion

Sebum liberation from sebocytes to the skin surface: 8 days [1, 3–5]
Sebum secretion from hair follicle to the skin surface: 14 h
Sebum secretion rate: 0.1 mg/cm2/h

Sebum 
composition

Lumen of gland Skin surface [1, 3]
Squalene 15 15
Wax esters 25 25
Triglycerides 57 42
Fatty acid 0 15
Cholesteryl 
esters

2 2

Cholesterol 1 1
Hair follicles About 10–100 follicles/cm2 [6, 7]

150–900 sebaceous glands/cm2

Follicular diameters: 200–2,000 µm
Sebaceous glands 50–100 µm below the surface of the skin [8, 9]

Excess of 450 sebaceous glands per cm2 in facial skin
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ecule and formulation approaches are utilized one has to become familiar with the 
structure and physiology of the PSU.

12.2  Recent Development and Commercialization  
of PSU-Targeted Dermal Products

12.2.1  Particulate Carrier-Based Formulations

Topical formulation development strategies of passive delivery systems have ex-
panded beyond dissolving or suspending a drug (or drugs) into a gel, cream, or oint-
ment formulation to now include particulate/encapsulation technologies [25–29]. 
Several technology platforms, some yielding commercial formulations, have been 
developed utilizing an encapsulation technology. These formulations have been in-
vestigated for applications such as: cosmetic dermatology, medical dermatology, 
targeting PSU, and systemic delivery (see Table 12.2). Regardless of the applica-
tions, these formulations have a specific dispersed phase (particulate or emulsion), 
physicochemical properties, and formulation compositions that may leverage the 
hair follicle as a shunt route or target site.

Table 12.2 lists examples of products that utilize dermal formulations with the 
potential of follicular delivery. However, there are no prescription dermal products 
with claims of targeting the hair follicles because it is challenging to clinically dif-
ferentiate follicular delivery from transepidermal delivery. In the examples listed 
in Table 12.2, the encapsulation technology is not specifically noted as follicle tar-
geting, but the particle size is consistent with delivery via this route. Rationale for 
developing particulate or drug-encapsulated carriers may include improved formu-
lation aesthetics, reduced local irritation, improved product stability, and reduced 
drug exposure to nontargeted tissues (i.e., tissues associated with the transepidermal 
penetration pathway) while enhancing local exposure at the target site.

12.2.2  Recent Innovations in Follicular Drug Delivery

As summarized in Table 12.3, recent inventions in follicular delivery have concen-
trated in the areas of delivering large molecular weight compounds into or through 
the skin, enabling medical diagnostics, and increasing the efficiency of topical 
preparations and local tolerability. Encapsulation strategies employing polymeric 
micro/nanoparticles, novel excipients, solid lipid nanoparticles, and liposomes, re-
spectively have been most actively studied [30–37]. In addition, nanoemulsions and 
biodegradable lipids are becoming more popular as a topical dosage form in part 
due to their potential in increasing drug solubility, stabilizing active pharmaceuti-
cal ingredients (APIs), improving local skin tolerance, and improving aesthetics 
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Product Technology description Indication Company
Nanosomal ampho-
tericin B gel
Nanosomal tacroli-
mus topical

Proprietary lipid-based 
(e.g., a phospholipid) 
nanotechnology for-
mulated in an aqueous 
medium giving homog-
enous nanoparticle-sized 
products

Topical fungal 
infections

Jina Pharmaceuticals

Eczema

Tropazone lotion
Tropazone cream

Encapsulation of hydro-
philic and lipophilic 
ingredients utilizing a 
liposomal technology 
called Lyphazome

Relief from burning 
and itching associ-
ated with various 
types of dermatoses

ECR 
Pharmaceuticals

AcneWorx Nonphospholipid sys-
tem comprising a multi-
lamellar bilayer vesicle. 
Proprietary technology 
called Novasome®

Acne Novavax, Inc.
Dermworx

SalSphereTM

HydroSal®

MultiSalTM

Microparticles or 
nanoparticles compris-
ing a biodegradable 
solid hydrophobic core 
containing the drug, and 
a positively charged 
bioadhesive/mucoadhe-
sive surface

Technology applied 
to dermal indications 
such as acne, aging 
skin, hair loss

Salvona

Phase 3—cold sore 
product

NanoStat™ technology 
comprises an oil-in-
water emulsion stabi-
lized by surfactants

Herpes labialis NanoBio

Ameluz A nanoemulsion in gel 
formulation. Formula-
tion specific to the 
active agent 5-aminolev-
ulinic acid

Mild to moderate 
actinic keratosis on 
face and scalp

Biofrontera

CeraVe hydrating 
cleanser
CeraVe moisturizing 
cream
CeraVe moisturizing 
lotion
Salex cream
Salex lotion

Multivesicular emul-
sion formed from a 
quaternary amine salt 
emulsifier

Moisturizers, facial 
cleansers and sun-
screen applications

Valeant

Table 12.2  Examples of encapsulation based formulations in development or that are commer-
cially available
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Patent # Technology Technology 
application

Assignee

US8168600 Compositions to enhance the deliv-
ery of nucleic acids and other nucleo-
sidic moieties via topical routes of 
administration. Describe two-step 
process: (1) Use of an aqueous solu-
tion to preferentially deliver nucleic 
acids preferentially to hair follicles. 
(2) Apply enhancer solution to 
facilitate delivery from hair follicle 
to other areas of skin

Inhibiting hair 
growth

Isis 
Pharma-
ceuticals, 
Inc.

US 7524505 Topically applied formulations com-
prising hair graying treatment and 
hair regrowth agents on or through 
the scalp. Formulations are com-
prised of liposomes and penetration 
enhancers to deliver several active 
ingredients (hair stem cell factor, 
amino acids, minoxidil, vitamins) 
into the dermis primarily via follicu-
lar pathway

Alopecia and 
natural hair pigment 
restoration

Sch-
weitzer 
Biotech 
Comp

US 6979440 Nanosphere delivery system with an 
average sphere diameter from about 
0.01 to about 10 µm. Encapsula-
tion technology is comprised of 
hydrophobic materials, cationic 
conditioning agent, or cationic con-
ditioning agent in conjunction with 
a quaternary ammonium compound 
to assist in adhering the spheres onto 
hair, skin, and fabric

Application to 
sundry cosmetic 
agents to prolong 
relase rate

Salvona

US 6080127 Technology employs a specific 
vibrational frequency and amplitude 
to the skin to enable targeted delivery 
to the hair follicle. The substances 
delivered range from small mole-
cules to particles compatible with the 
mechanical shifts of the hair shaft

Hair growth 
simulators, hair 
growth inhibitors, 
natural hair pigment 
restoration

AntiCan-
cer, Inc.

US 5753263 Cationic phospholipid based 
liposomes encapsulating macromol-
ecules, including dyes, proteins, and 
nucleic acids for gene therapy. These 
liposomes are claimed to target the 
hair follicle

Prevent chemothera-
peutic agent-induced 
hair loss

AntiCan-
cer, Inc.

US20090110731 Particles of specific sizes comprising 
poly[bis(trifluoroethoxy)phospha-
zene], which include a core having 
a hydrogel formed from an acrylic-
based polymer, and an active ingredi-
ent. These particles provide localized 
delivery of the active into the hair 
follicle for treatment of alopecia.

Alopecia Celonova 
Biosci-
ences, Inc

Table 12.3  Examples of innovations in follicular delivery
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[31, 35]. Other technologies include use of physical enhancement means (i.e., vibra-
tional frequency applied to skin) to enable delivery into follicles [38, 39].

12.3  Research in Developing PSU-Targeted Formulations

Designing a molecule that is appropriate for follicular delivery is no simple task. In 
addition to the criteria that must be satisfied in the conventional selection of drug 
candidates (i.e., desirable physiochemical properties, local efficacy, minimal or ac-
ceptable dermal and systemic adverse effects, and pharmacokinetics/pharmacody-
namics (PK/PD) profiles), follicular accumulation is an additional parameter that 
has to be added into what is already a complicated equation. There is the chance that 
changes in molecular structure to improve follicular deliverability could adversely 
affect other properties of the drug candidate. For example, changes in molecular 
structure could alter follicle accumulations that would change the pharmacological 

Patent # Technology Technology 
application

Assignee

WO2013158278 Topical application of light-absorb-
ing submicrometer particles (silica 
core with gold shell). Particles are 
delivered into the hair follicle via 
acoustic vibration or massage of 
application area followed by energy 
activation (light) to elicit the thera-
peutic response

Treating or alleviat-
ing diseases of the 
hair follicle

The 
General 
Hospital 
Corp.

WO2012027728 Utilization of plasmonic nanopar-
ticles of specific size, shape, and 
composition that will preferentially 
deposit into hair follicle. These 
plasmonic nanoparticles are then 
activated by laser- or light-based 
systems to treat skin conditions

Cosmetic and thera-
peutic treatment 
of dermatological 
diseases

Sienna 
Labs

WO2011095970A1 Topical emulsion composition com-
prising oil-in-polyol dispersion with 
a mean particle size below 1 µm to 
enable preferential accumulation in 
the hair follicle

Treating or alleviat-
ing diseases of the 
hair follicle

JPMed

WO2006109936 Phospholipid-based liposome tech-
nology processed to produce small 
unilamelar vesicles for encapsulating 
proteins and delivery into follicle

Encapsulation of 
human growth hor-
mone (hGH) to treat 
skin diseases

Regeron, 
Inc

Patent search was conducted on November 4, 2013 and involved searching entire patent utilizing 
the following keyword searches: “follicular delivery,” “sebaceous gland delivery,” “follicle drug 
delivery”

Table 12.3 (continued)
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or toxicological aspects of the medicine. Therefore, enhancing or targeting follicu-
lar drug delivery remains a complicated yet important challenge to researchers in 
the discovery phases of new drug design.

12.3.1  Development of an Artificial Sebum Model

12.3.1.1  Hypothesis for Application of Artificial Sebum Model

The application of an artificial sebum model in the drug discovery for pilosebaceous 
unit targeted molecules can be expressed by the following equations. Assuming 
drug transport through the skin primarily by independent, parallel transepidermal 
and transfollicular pathways [40, 41] where the primary barrier for the transport is 
the SC and the sebum respectively, the total steady-state flux is expressed by:

 (1)

where Jtotal is the total flux and Jsebum and Jsc are flux through the sebum and SC, 
respectively. Since J = AKDC/h, the equation can be expressed as:

 

(2)
where A is the total area of application and C is the concentration of drug in the 
formulation, fsebum and fsc are the fractional areas of the transfollicular route (pri-
mary sebum) and transepidermal route (primary SC), Asebum and Asc are the actual 
areas of the sebum and SC routes, Dsebum and Dsc are the functional diffusion coef-
ficients for the drug through sebum and the SC, Ksebum and Ksc are the partition 
coefficients for drug in sebum and SC. The terms, hsebum and hsc, are the functional 
thicknesses of the sebum and SC. In these equations the partition coefficients ex-
hibit the greatest variability between compounds within a family and thus are the 
parameters that most likely define the transport pathways (transepidermal or trans-
follicular) [40]. Therefore, when Ksebum > > Ksc, drug molecules will be preferably 
transported through sebaceous gland and hair follicles. When the reverse is true, 
that is, when Ksebum < < Ksc, the principal pathway for diffusion and accumulation 
will be that through the SC (the transepidermal pathway). The ratios of Ksebum/Ksc 
and Dsebum/Dsc reflect the potential for follicular drug delivery.

12.3.1.2  Experimental Methods

Preparation of Artificial Sebum Artificial sebum is a mixture of 15 % squalene, 
10 % paraffin wax, 15 % spermaceti wax, 10 % olive oil, 25 % cotton seed oil, 

J J Jtotal sebum sc= +

     
= + = +     

     
sebum sebum sc sc sebum sebum sc sc

total sebum sc sebum sc
sebum sc sebum sc

D K D K D K C D K C
J A f f C A A

h h h h
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10 % coconut oil, 1.4 % oleic acid, 5 % palmitic acid, 5 % palmitoleic acid, 1.25 % 
cholesterol, and 2.4 % cholesterol oleate by weight. These ingredients are weighed 
out in a glass container. The solid mixture in the container is heated to 60 °C with 
stirring until it becomes a clear liquid. After mixing for approximately 10 min at 
60 °C to ensure that all the ingredients are melted or dissolved to form an uniform 
lipid phase, the mixture is allowed to cool down at room temperature to be solidified 
for lab use [42].

Determination of the Artificial Sebum and Water Partition Coefficient Artifi-
cial sebum (1–20 mg, depending on the partition coefficient of the drug) is weighed 
in a glass vial containing 1 mL of aqueous drug solution (2–20 µg/mL). The vials 
are kept at 37 °C in a shaker for approximately 15 h to reach equilibrium. After 
centrifugation at 8000 rpm for 15 min, the clear aqueous solution in the vials is 
withdrawn and analyzed using a HPLC method. The amount of drug partitioned 
into the artificial sebum is estimated by the difference in the drug concentration in 
the aqueous phase before and after reaching equilibrium. The partition coefficient 
is expressed as the drug concentration in 1 g of artificial sebum divided by the drug 
concentration in 1 g of aqueous solution at the equilibrium condition [43].

Determination of Drug Flux Through Artificial Sebum Drug transport through 
the artificial sebum is carried out in a 24-well format (Transwell®, Corning Incor-
porated, NY). The supporting membrane (polycarbonate membrane, 0.45 µm thick-
ness) of each insert is coated with 2.1 ± 0.2 mg of the artificial sebum (previously 
heated at 50–55 °C). A 150 µL aliquot of aqueous suspension of model drug (10 mg/
mL in citrate-phosphate buffer (CPB, pH 5.5) is loaded onto the insert and 1 mL 
of preheated (37 °C) 10 % HP-β-cyclodextrin in the CPB is used as the receiver 
solution. The samples and apparatus are placed in an incubator at 37 °C and rotated 
at 125 rpm. A sample is taken every 10 min for 2 h. At each sampling time, the 
entire receiver solution is replaced with the fresh buffer. The withdrawn samples 
are analyzed for drug content by HPLC. The cumulative quantity of drug collected 
in the receiver compartment is plotted as a function of time. The flux value for a 
given experiment is obtained from the slope (steady-state portion) of the cumulative 
amount of drug permeated vs. time plot. The aqueous solubility of each compound 
is determined by the centrifugation of the suspension used for the donor phase and 
analysis of the supernatant with HPLC. The permeability coefficients are calculated 
from the steady state flux and the drug concentration (solubility) in the vehicle. The 
diffusion coefficients are calculated using permeability coefficients, thickness of 
sebum layer, and sebum partition coefficient [44].

12.3.2  In Vitro Methods for Quantifying Follicular Penetration

Research in appropriate experimental models that quantify follicular drug pen-
etration into the PSU has met with varied success. Initial development using in 
vitro models provided insight into transfollicular penetration [9, 45, 46]. Subse-
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quent in vitro models were developed aimed at quantifying drug deposition into 
the PSU [47–52]. Table 12.4 outlines in vitro methodologies used to quantify drug 
deposition into the PSU. Further discussion of these methods as well as the utility of 
these models has been reviewed previously and the reader is referred to this article 
for additional discussion [47].

12.3.3  In Vivo Efficacy Models

The methodologies outlined in Table 12.4 provide important insight into the trans-
port behavior of PSU-targeted formulations. However, these models do not pro-
vide proof of principle efficacy data that provide insight into whether a particular 
formulation delivers sufficient quantity of bioavailable drug to the PSU to elicit a 
pharmcodynamic/efficacy response. Efficacy models for various PSU diseases are 
outlined in Table 12.5. No single animal model reflects the complete pathology 
of PSU diseases; however, various animal models are reported to simulate critical 
elements that enable proof of principle studies to guide formulation development.

A typical example in designing and developing a sebaceous gland targeted mol-
ecule for reducing sebum production was published where the authors applied an 
artificial sebum model to a multi-discipline early development project to screen for 
new topical androgen receptor antagonists [11]. A hamster ear model was used for 
the in vivo efficacy evaluation based on the correlation between the reduction of 
total sebum production and the reduction of wax ester in sebum. Drug substance 
candidates (Compound 1 and Compound 4) were studied for lead selection. For 
comparison, the artificial sebum/water partition coefficient is 3.92 for Compound 
1 and 3.03 for Compound 4 while the skin flux through hamster ear is 0.060 µg/
cm²/h for Compound 1 and 0.878 µg/cm²/h for Compound 4, respectively. These 
data suggested that Compound 1 was relatively favorable for follicular delivery. In 
the in vivo hamster model, Compound 1 had comparable efficacy to Compound 4 
even though the skin flux of Compound 1 was much lower than that of Compound 

Table 12.4  In vitro experimental approaches for quantifying PSU delivery of drugs
Model Description References
Tape stripping model Method comprises tape stripping technique to 

remove SC layer, followed by application of a 
cyanoacryalate adhesive to follicle opening, a 
second tape strip application to remove adhesive 
and quantify drug amount in adhesive

[48, 53]

Imaging techniques Utilization of confocal laser light microscopy to 
show visual localization in PSU

[49–51]

Permeability models Rodent (mice, hamster) skin, pig and rabbit ear 
skin, and human cadaver skin have been utilized 
for assessing permeability, and follicle deposition

[47, 54–56]
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4, indicating that Compound 1 reached the site of action: sebaceous gland, primarily 
by follicular route of delivery.

12.3.4  Dosage Forms for Follicular Drug Delivery

Example formulations that can be used for hair follicle delivery, as shown in 
Table 12.6 and Fig 12.2, include drug suspension formulations, lipid-based formu-
lations, polymer-based formulations, and surfactant-based formulations. Formula-
tions that contain drug crystals with or without a carrier were developed to enhance 
drug delivery into hair follicles [64, 65]. Liposomes are spherical vesicles com-
posed of amphipathic phospholipids with an aqueous compartment inside. Despite 
excellent biocompatibility, drug loading, and physical stability are limited due to 
the small internal volume, drug leakage, and instability in the vascular system [66]. 

Model Description Indications References
Hamster flank organ 
model

The Syrian golden hamster flank 
organ is comprised of clusters of large 
sebaceous glands. As a result this 
animal has been used to investigate 
effects of topically applied hormones, 
antiandrogens, and retinoids. Mea-
surement of the flank organ sebaceous 
gland volume is an indication of drug 
substance efficacy.

Acne [57, 58]

Stumptailed macaque As macaques age, they lose most 
of their hair. The bald scalps of 
stumptailed macaques are studied to 
determine the extent of regrowth of 
terminal hair.

Alopecia [59]

Hamster ear model The inner side of the earlobes of Syr-
ian hamsters have a dense concen-
tration of sebaceous glands. These 
glands are similar to human sebaceous 
follicles. Measurement of the seba-
ceous gland volume in the earlobe 
is an indication of drug substance 
efficacy.

Acne [60]

Dundee experimental 
bald rat and C3H/HeJ 
mouse models

These two rodent strains develop 
adult onset alopecia areata. This 
model is used to study presence, rate 
and density of hair regrowth.

Alopecia [61–63]

Wax ester reduction in 
hamsters

Use wax ester reduction in sebum 
samples as a biomarker based on the 
correlation between sebum wax esters 
and sebaceous gland size.

Excess 
sebum 
production 
and acne

[11]

Table 12.5  In vivo animal efficacy models
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Lipid-based formulations such as solid lipid nanoparticles (SLN) or nanostructured 
lipid carrier (NLC) have gained attention as promising colloidal drug carriers, par-
ticularly for drugs with limited solubility. Advantages of lipid-based formulations 
include the potential of high biocompatibility [67], protection of drugs against 
chemical and photo degradation, avoiding organic solvents in the manufacturing 
process, easy modulation of drug release rate, 10–100 fold less cytotoxicity than 
their polymeric counterparts, wide selection of lipid/surfactant combinations, and 
large scale production by high pressure homogenization [68, 69]. Different methods 
have been developed to prepare either SLN or NLC systems [69]. Lower drug load-
ing may be one of the major disadvantages of lipid carrier systems, especially for 
SLN [69]. NLC systems can address low drug loading exhibited by SLN systems by 
incorporating liquid lipids into solid lipids which lead to a less ordered lipid struc-
ture. The increased disorder in the lipid structure allows for increased drug loading 
without impairing subsequent physical stability [69]. Polymeric particles have been 
shown to penetrate into hair follicles when the particles are below 5 µm [20]. Wide 
selection of polymer types and compositions has enabled high drug loading, espe-
cially when lipophilic drugs are encapsulated into microparticles. However, more 
studies are needed to understand the distribution/elimination and safety of particles 
once delivered into hair follicles [70–73]. Compared to non-biodegradable poly-
mers, biodegradable polymers are safer to use, but the polymer itself or its degrada-
tion products may cause adverse events in the skin. For emulsion based formula-
tions, the use of appropriate surfactants and oil phase may enhance the permeability 
of the drug formulations into skin [25], in addition to improving deposition into 
hair follicles. However, limitations occur, including the toxicity of the surfactants, 
limited prevention of drug cytotoxicity to the skin, and physical instability of the 
dosage forms due to agglomeration, drug expulsion and breaking of the emulsion.

The selection of appropriate carriers in a formulation to facilitate follicle deliv-
ery is dependent on many factors, such as drug properties, required drug concentra-
tion at the target site to achieve a therapeutic outcome, commercially viable process, 
regulatory requirements, and physical and chemical stability of the drug substance 

Fig 12.2  Colloidal based topical dosage forms for targeted follicular delivery
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in the formulation. For example, a comparative study of lipid-based versus poly-
mer-based nanocarriers has been conducted [88] that illustrates the impact of car-
riers on follicle delivery. Compared to drug solutions, lipid nanocapsules (LNC), 
SLN NLC all increased drug flux into the skin 4–5 fold, while polymeric nanopar-
ticles had a lower permeation enhancing effect. Polymeric nanoparticles were found 
to have four fold higher accumulation in the skin compared to LNC and twice the 
accumulation of SLN and NLC. All these nanocarriers were found to accumuale in 
the hair follicle space. Lipid particles seemed to be efficient transdermal drug deliv-
ery vehicles, while polymeric nanoparticles are more suitable for localized dermal 
delivery. Even though the authors did not discuss the effect of follicular delivery on 
drug permeation and retention, it might be possible that accumulation in the skin of 
polymeric nanoparticles was due to follicular delivery.

In addition to chemical enhancement technology, physical enhancement tech-
nologies are also applied to improve skin and follicular drug delivery. For example, 
particulate carriers can be combined with iontophoresis [89, 90], or microneedle 
systems [91, 92] to improve delivery efficiency. To date there are no prescription 
products available which target the PSU primarily because of the challenges to clin-
ically differentiate follicular delivery from transepidermal delivery.

12.3.5  Particulate Systems for Follicular Delivery

Polymeric materials have been used as targeted follicular drug delivery systems 
to effectively protect drug degradation, decrease side effects, and enhance drug 
cutaneous penetration across the skin barrier by increasing the concentration gra-
dient and directly delivering drugs to the site of action. Selection of appropriate 
polymers and compositions can effectively enhance drug payload and regulate drug 
release rate in formulations. Synthetic polymers such as poly(lactide-co-glycolide) 
(PLGA), poly(ε-caprolactone), polyalkylcyanoacrylates, polystyrene, polyacry-
lates, and natural polymers such as gelatin, chitosan, albumin, alginate have been 
used in topical formulations [93].

Hair follicles with its complex vascularization and deep invagination with a 
thinning SC has enabled hair follicles to be an important penetration pathway for 
particles (in spite of covering approximately 0.1 % of skin surface area) as well as 
an important long-term drug reservoir [95]. The physicochemical characteristics 
of particles such as size, surface charge, and hydrophobicity can influence deposi-
tion and/or penetration into hair follicles, as demonsrated in Table 12.7. In par-
ticular, particle size plays a crucial role in the delivery of particulate systems into 
hair follicles. Reports have shown that particles > 10 nm in diameter are unlikely 
to penetrate through SC into viable human skin but will accumulate in the hair 
follicle openings, especially after massage [72]. Landemann et al. recommended 
the optimal size for penetration into hair follicles to be approximately 300–600 nm 
[70]. It is debateable what is the optimal particle size and whether nanoparticles are 
better than  microparticles in terms of penetration profiles, or more importantly, in 
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terms of overall treatment efficacy. Further investigation is needed to clarify these 
discrepancies.

Targeted follicular delivery of microparticles or nanoparticles have shown 
improved efficacy compared to conventional solution formulations [75]. The ef-
ficiency of artocarpin (AR), an extract of heartwood of artocarpus incises possess-
ing potent 5a reductase inhibitory effect, at a dose of 0.1 mg in alginate/chitosan 
microparticles was comparable to a dose of 1 mg AR solution in suppressing the 
growth of hamster flank organs without causing significant systemic action [75]. 
Delivery of hair growing ingredients to hair follicles using PLGA 75:25 nanopar-
ticles enhanced scalp-pore permeability (> 2–2.5 fold), altered hair growth activity 
from resting phase to growing phase, and improved the degree of hair growth [103]. 
Use of noninvasive nanoparticles into hair follicles for transcutaneous immuniza-
tion improved the delivery efficiency of ovalbumin (OVA) into hair follicles on the 
excised skin by a factor of 2–3 compared to OVA solution [77]. Particle suspensions 
in an appropriate vehicle are promising in enhancing the transfollicular delivery of 
therapeutic drugs into humans.

12.3.6  Characterization of Particulate Drug Delivery Systems

Particle-based formulations have been evaluated for follicular delivery of drugs 
into skin and enabled enhanced therapeutic effects [20]. The properties of par-
ticles need to be evaluated and understood when developing a formulation. En-
hanced transfollicular delivery is highly dependent on the particle size and size 
distribution, which is associated with the penetration depth and distribution in 
the skin [74]. Also, drug loading of particles and drug release rate affect the 
overall therapeutic outcome of drug particles in the treatment of diseases [102]. 
It is essential to quickly release the drug from the particles into the hair follicles 
to produce the desired efficacy before the particles are removed from the se-
bum [115]. Zeta potential is an important parameter when the stability of particle 
formulations is concerned. A higher absolute value of zeta potential (preferably 
|ξ| > 30 mv) is beneficial to the prevention of aggregation of particles during stor-
age [116]. In a formulation composed of a continuous phase and a suspension 
phase, drug partition between the particles and vehicle is critical in terms of ef-
ficacy and side effects. Nanoparticles or microparticles provide a sustained and 
controlled drug release into the hair follicles, while the existence of free drug 
crystals outside of the nano/micro particles may cause cytotoxicities to the skin. 
The formation of free drug crystals, which can be measured by the polarized mi-
croscope, may be affected by the crystallinity of carrier and drugs, which can be 
measured by XRD and DSC [117]. Examination of the morphologies of particles 
by SEM, TEM or light microscope is important because the shape of particles 
plays an important role in transport or penetration [118], and drug release rate is 
associated with the surface morphology of particles. Commonly applied methods 
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for the characterization of the particulate drug delivery formulations or systems 
are summarized in Table 12.8.

12.3.7  Stability Assessment

The stability assessments for various research formulations and delivery systems 
are summarized in Table 12.9.

At an early development stage (i.e., pre-phase 1 study), formulation proper-
ties need to be measured within defined range for certain periods of time (e.g., > 3 
months) before Good Laboratory Practice (GLP) and initial clinical studies are 
performed. Stability study design is highly dependent on the formulation, e.g., drug 
used, type of particles, type of carrier, as well as vehicles used to deliver the parti-
cles. Some critical parameters for particles that could be considered include: visual 
appearance, clarity, particle size, particle size distribution, zeta potential, chemical 
stability of the drug, melting point or transition temperature of the carrier, and drug 
release rate. Particle agglomeration may increase the particle size and broaden the 
particle size distribution. A continuous measurement of the particle size and zeta 
potential can be used to detect stability of the particles as a function of time. For 
solid lipid particles, DSC and XRD can be used to detect the crystallinity of the lip-
ids during storage. An increase of lipid crystallinity may facilitate the instability of 
nanoparticles, resulting in drug leakage from the carriers. For gelled formulations 
containing particles, the viscosity of the gel formulations and phase separation of 
compositions should be evaluated [124].

Particle size, zeta potential, drug or carrier crystallinity, and viscosity were 
most frequently analyzed in early stage stability studies. However, most of the 
reported stability studies target a fit-for-use approach. A more comprehensive 
stability study is required to support PSU-targeted formulations for clinical and 
commercial development. Example formulation development approaches are dis-
cussed in Section 12.4

12.3.8  Safety and Tolerability

Proper understanding of dermal pharmacokinetics, irritation, and toxicity is im-
portant to establish the safety of a topical drug product. Determination of dermal 
formulation safety is a systematic process involving pre-clinical animal studies 
to characterize performance and potential adverse events that could occur in a 
clinical study. Typical non-clinical program to support clinical trials for a topical 
formulation (supporting new molecular entities (NME) and excipients) could in-
clude studies to address potential safety risks associated with the drug product in 
the following areas: acute and repeat dose toxicology, localized skin irritation, 
allergic skin sensitization, genotoxicity, carcinogenicity, reproductive toxicity, 



20312 Development of Pilosebaceous Unit-Targeted Drug Products

Ta
bl

e 
12

.9
  E

xa
m

pl
es

 o
f P

SU
-ta

rg
et

ed
 fo

rm
ul

at
io

n 
st

ab
ili

ty
 st

ud
ie

s
D

os
ag

e 
fo

rm
M

et
ho

ds
R

es
ul

ts
R

ef
er

en
ce

s
N

an
op

ar
tic

le
 

su
sp

en
si

on
s

Pa
rti

cl
e 

si
ze

 m
ea

su
re

d 
by

 d
yn

am
ic

 la
se

r s
ca

t-
te

rin
g,

 a
nd

 p
er

ce
nt

ag
e 

of
 a

gg
re

ga
tio

n 
pa

rti
cl

es
 

m
ea

su
re

d 
by

 d
ru

g 
po

te
nc

y 
te

st
 a

fte
r f

ilt
ra

tio
n 

us
in

g 
a 

0.
2 

µm
 sy

rin
ge

 fi
lte

r.

N
o 

si
gn

ifi
ca

nt
 d

ru
g 

lo
ss

 a
nd

 a
gg

re
ga

tio
n 

w
as

 fo
un

d 
fo

r 3
 m

on
th

s a
t r

oo
m

 
te

m
pe

ra
tu

re
.

[7
6]

Th
e 

in
te

gr
ity

 a
nd

 a
ct

iv
ity

 o
f O

VA
 a

fte
r e

nc
ap

su
-

la
tio

n 
in

to
 P

LG
A

 n
an

op
ar

tic
le

s d
et

er
m

in
ed

 b
y 

SD
S 

PA
G

E 
an

d 
EL

IS
A

, r
es

pe
ct

iv
el

y.

N
o 

de
gr

ad
at

io
n 

of
 O

VA
 w

as
 o

bs
er

ve
d,

 b
ut

 d
im

er
s a

nd
 tr

im
er

s o
f O

VA
 

w
er

e 
fo

rm
ed

 d
ur

in
g 

th
e 

pr
ep

ar
at

io
n 

pr
oc

es
s. 

A
ls

o 
th

e 
ac

tiv
ity

 o
f t

he
 

en
ca

ps
ul

at
ed

 O
VA

 w
as

 re
du

ce
d.

[7
7]

SL
N

/N
LC

Pa
rti

cl
e 

si
ze

 a
nd

 z
et

a 
po

te
nt

ia
l m

ea
su

re
d 

at
 

da
y 

0 
an

d 
da

y 
30

 a
fte

r s
to

ra
ge

, D
SC

 a
nd

 d
ru

g 
en

tra
pm

en
t e

ffi
ci

en
cy

 u
se

d 
to

 e
va

lu
at

e 
ph

ys
ic

al
 

st
ab

ili
ty

.

Su
sp

en
si

on
s w

er
e 

st
ab

le
, w

ith
 z

et
a 

po
te

nt
ia

l v
al

ue
s i

n 
th

e 
ra

ng
e 

of
 −

15
 to

 
−1

7 
m

V.
 T

he
re

 w
as

 n
o 

ch
an

ge
 in

 p
ar

tic
le

 si
ze

 3
0 

da
ys

 a
fte

r p
re

pa
ra

tio
n.

 
D

SC
 th

er
m

og
ra

m
s a

nd
 U

V
 a

na
ly

si
s i

nd
ic

at
ed

 th
e 

st
ab

ili
ty

 o
f n

an
op

ar
-

tic
le

s w
ith

 n
eg

lig
ib

le
 d

ru
g 

le
ak

ag
e.

[1
19

]

Ze
ta

 p
ot

en
tia

l, 
D

SC
, p

ar
tic

le
 si

ze
 m

ea
su

re
d 

af
te

r 
pa

rti
cl

es
 w

er
e 

st
or

ed
 u

nd
er

 d
if f

er
en

t c
on

di
tio

ns
: 

e.
g.

, e
xp

os
ur

e 
to

 li
gh

t, 
va

ria
bl

e 
st

or
ag

e 
te

m
pe

ra
-

tu
re

s, 
pa

ck
in

g 
m

at
er

ia
ls

, a
nd

 sh
ea

r f
or

ce
s.

Sa
m

pl
es

 st
or

ed
 in

 th
e 

da
rk

, a
t l

ow
er

 te
m

pe
ra

tu
re

 (8
 °C

) a
nd

 in
 si

lic
on

-
iz

ed
 g

la
ss

 v
ia

ls
 sh

ow
ed

 b
et

te
r s

ta
bi

lit
y,

 w
hi

le
 e

xp
os

ur
e 

to
 li

gh
t (

da
yl

ig
ht

, 
or

 a
rti

fic
ia

l l
ig

ht
), 

hi
gh

 te
m

pe
ra

tu
re

 (2
0 

an
d 

50
 °C

) a
nd

 n
on

tre
at

ed
 g

la
ss

 
vi

al
s r

ed
uc

ed
 z

et
a 

po
te

nt
ia

l, 
in

cr
ea

se
d 

pa
rti

cl
e 

si
ze

, a
nd

 c
au

se
d 

re
cr

ys
ta

l-
liz

at
io

n 
of

 li
pi

ds
.

[1
20

, 1
21

]

Ph
ys

io
ch

em
ic

al
 st

ab
ili

ty
 o

f t
he

 N
LC

 e
va

lu
at

ed
 

by
 u

si
ng

 z
et

a 
po

te
nt

ia
l, 

pa
rti

cl
e 

si
ze

, X
R

D
, a

nd
 

H
PL

C
.

It 
w

as
 d

em
on

st
ra

te
d 

th
at

 lo
w

 st
or

ag
e 

te
m

pe
ra

tu
re

, h
ig

h 
dr

ug
 lo

ad
in

g,
 

an
tio

xi
da

nt
s, 

ni
tro

ge
n 

ga
s f

lu
sh

in
g,

 a
nd

 u
se

 o
f s

ui
ta

bl
e 

su
rf

ac
ta

nt
s a

nd
 

so
lid

 li
pi

ds
 im

pr
ov

ed
 st

ab
ili

ty
.

[1
22

]

Ph
ys

ic
al

 st
ab

ili
ty

 o
f c

hi
to

sa
n-

co
at

ed
 n

an
op

ar
-

tic
le

 d
is

pe
rs

io
n 

at
 4

 °C
 st

or
ag

e 
te

m
pe

ra
tu

re
 

ev
al

ua
te

d 
by

 e
xa

m
in

in
g 

m
ea

n 
pa

rti
cl

e 
si

ze
 a

nd
 

ze
ta

 p
ot

en
tia

l.

Th
e 

po
si

tiv
e 

ch
ar

ge
 o

f c
hi

to
sa

n 
pr

ov
id

ed
 a

 h
ig

h 
ze

ta
 p

ot
en

tia
l, 

an
d 

th
e 

m
ea

n 
di

am
et

er
 o

f t
he

 p
ar

tic
le

s r
em

ai
ne

d 
ne

ar
ly

 u
nc

ha
ng

ed
 a

fte
r 1

 y
ea

r 
st

or
ag

e 
at

 4
 °C

, i
nd

ic
at

in
g 

a 
hi

gh
 p

hy
si

ca
l s

ta
bi

lit
y.

 C
el

l c
yt

ot
ox

ic
ity

 d
at

a 
di

d 
no

t s
ho

w
 a

dv
er

se
 e

ffe
ct

s (
i.e

., 
irr

ita
tio

n)
.

[1
23

]

W
at

er
-in

-o
il 

na
no

em
ul

si
on

s
Is

ot
ro

pi
c 

ph
as

e 
st

ab
ili

ty
 d

et
er

m
in

ed
 b

y 
ce

nt
rif

u-
ga

tio
n 

(5
00

0 
rp

m
 ×

 15
 m

in
) a

nd
 d

ilu
tio

n 
m

et
ho

d.
 

A
 c

le
ar

 is
ot

ro
pi

c 
so

lu
tio

n 
w

ith
 a

 p
ar

tic
le

 si
ze

 o
f 2

5 
nm

 w
as

 o
bt

ai
ne

d 
in

di
ca

tin
g 

th
at

 a
 st

ab
le

 fo
rm

ul
at

io
n 

at
 ro

om
 te

m
pe

ra
tu

re
 w

as
 p

re
pa

re
d.

[8
5]



204 G. W. Lu et al.

Ta
bl

e 
12

.9
  E

xa
m

pl
es

 o
f P

SU
-ta

rg
et

ed
 fo

rm
ul

at
io

n 
st

ab
ili

ty
 st

ud
ie

s
D

os
ag

e 
fo

rm
M

et
ho

ds
R

es
ul

ts
R

ef
er

en
ce

s
N

an
og

el
 c

om
-

po
se

d 
of

 p
ol

y-
m

er
ic

 P
LG

A
 

na
no

pa
rti

cl
es

A
pp

ea
ra

nc
e 

vi
su

al
ly

 in
sp

ec
te

d 
fo

r c
la

rit
y,

 
pa

rti
cl

e 
si

ze
 a

na
ly

ze
d 

w
ith

 ti
m

e 
af

te
r g

el
s w

er
e 

fil
le

d 
in

 sc
in

til
la

tio
n 

gl
as

s v
ia

ls
 a

nd
 in

cu
ba

te
d 

at
 

2–
8 °

C
 a

nd
 4

0 °
C

/6
5 %

R
H

 fo
r 3

 m
on

th
s.

PL
G

A
/c

hi
to

sa
n 

na
no

pa
rti

cl
es

 w
er

e 
em

be
dd

ed
 in

to
 C

ar
bo

po
l a

nd
 H

PM
C

 
na

no
ge

ls
. T

he
re

 w
as

 n
o 

ch
an

ge
 in

 th
e 

ap
pe

ar
an

ce
 a

nd
 c

la
rit

y.
 T

he
 p

ar
-

tic
le

 si
ze

 o
f f

or
m

ul
at

io
ns

 st
or

ed
 a

t 4
 °C

 re
m

ai
ne

d 
un

ch
an

ge
d,

 w
hi

le
 th

at
 

of
 fo

rm
ul

at
io

ns
 st

or
ed

 a
t 4

0 °
C

 in
cr

ea
se

d 
w

ith
 ti

m
e.

 V
is

co
si

ty
 c

ha
ng

ed
 

w
ith

 st
or

ag
e 

co
nd

iti
on

s a
nd

 ti
m

e.

[1
24

]

G
el

s c
on

ta
in

in
g 

SL
N

/N
LC

Pa
rti

cl
e 

si
ze

 a
nd

 z
et

a 
po

te
nt

ia
l o

f t
he

 g
el

 fo
rm

u-
la

tio
ns

 m
ea

su
re

d 
at

 d
ay

 0
 a

nd
 d

ay
 9

0 
at

 ro
om

 
te

m
pe

ra
tu

re
, d

ru
g 

en
tra

pm
en

t e
ffi

ci
en

cy
 e

va
lu

-
at

ed
 fo

r p
ar

tic
le

 st
ab

ili
ty

 p
ur

po
se

.

N
o 

se
di

m
en

ta
tio

n 
w

as
 o

bs
er

ve
d 

af
te

r c
en

tri
fu

ga
tio

n 
of

 fo
rm

ul
at

io
ns

. 
A

fte
r 9

0 
da

ys
 o

f s
to

ra
ge

 a
t d

iff
er

en
t t

em
pe

ra
tu

re
s t

he
 m

ea
n 

di
am

et
er

s o
f 

SL
N

 a
nd

 N
LC

 re
m

ai
ne

d 
th

e 
sa

m
e 

(<
 1 

μm
). 

Ze
ta

 p
ot

en
tia

l o
f t

he
 fo

rm
u-

la
tio

n 
ha

d 
no

 c
ha

ng
e 

or
 sl

ig
ht

ly
 d

ec
re

as
ed

.

[1
25

]

Ze
ta

 p
ot

en
tia

l, 
pa

rti
cl

e 
si

ze
, v

is
co

si
ty

 a
nd

 
ch

em
ic

al
 st

ab
ili

ty
 o

f g
el

 fo
rm

ul
at

io
ns

 m
ea

su
re

d 
fr

om
 d

ay
 1

, m
on

th
 3

 a
nd

 y
ea

r 1
 a

t 4
, 2

5 
an

d 
40

 °C
, r

es
pe

ct
iv

el
y.

Ph
ys

ic
al

 st
ab

ili
ty

 o
f d

is
pe

rs
io

n 
w

as
 h

ig
hl

y 
de

pe
nd

en
t o

n 
dr

ug
 a

nd
 st

or
-

ag
e 

te
m

pe
ra

tu
re

, w
hi

le
 h

yd
ro

ge
l f

or
m

ul
at

io
ns

 y
ie

ld
ed

 in
cr

ea
se

d 
ze

ta
 

po
te

nt
ia

l a
nd

 h
ig

he
r s

ta
bi

lit
y 

in
 p

ar
tic

le
 si

ze
. T

he
 c

he
m

ic
al

 st
ab

ili
ty

 o
f 

en
tra

pp
ed

 d
ru

g 
in

to
 th

e 
ca

rr
ie

rs
 w

as
 h

ig
hl

y 
de

pe
nd

en
t o

n 
st

or
ag

e 
te

m
-

pe
ra

tu
re

 a
nd

 c
ar

rie
r s

ys
te

m
s, 

w
ith

 th
e 

4 °
C

 a
nd

 N
LC

 sy
st

em
s p

ro
vi

di
ng

 
th

e 
be

st
 p

ro
te

ct
io

n.

[1
26

]

H
yd

ro
ge

l-
th

ic
ke

ne
d 

m
ic

ro
em

ul
si

on
 

sy
st

em
 c

on
ta

in
-

in
g 

st
ab

le
 li

pi
d 

na
no

pa
rti

cl
es

Th
e 

lo
ng

 te
rm

 st
ab

ili
ty

 o
f t

he
 n

an
op

ar
tic

le
s 

an
d 

si
lic

a-
co

at
ed

 n
an

op
ar

tic
le

s a
ss

es
se

d 
vi

a 
th

e 
ob

se
rv

at
io

n 
of

 c
la

rit
y 

an
d 

ph
as

e 
se

pa
ra

tio
n 

fo
r 

up
 to

 6
 m

on
th

s, 
ce

nt
rif

ug
at

io
n 

us
ed

 (3
0 

m
in

 a
t 

13
00

0 
rp

m
) f

or
 p

hy
si

ca
l s

ta
bi

lit
y.

N
o 

ph
as

e 
se

pa
ra

tio
n 

or
 a

gg
re

ga
tio

n 
of

 so
lid

 o
il 

dr
op

le
ts

 w
as

 o
bs

er
ve

d 
up

 
to

 6
 m

on
th

s. 
Th

e 
na

no
pa

rti
cl

e 
sy

st
em

s s
ho

w
ed

 n
o 

ph
as

e 
se

pa
ra

tio
n 

af
te

r 
ce

nt
rif

ug
at

io
n.

[1
07

]

O
VA

 o
va

lb
um

in
, P

LG
A 

po
ly

(la
ct

id
e-

co
-g

ly
co

lid
e)

, S
LN

 li
pi

d 
na

no
pa

rti
cl

es
, N

LC
 n

an
os

tru
ct

ur
ed

 li
pi

d 
ca

rr
ie

rs
, H

PM
C

 h
yd

ro
xy

pr
op

yl
 m

et
hy

lc
el

lu
lo

se



20512 Development of Pilosebaceous Unit-Targeted Drug Products

local toxicity, pharmacology, and pharmacokinetics. Non-clinical safety study 
guidelines required for human clinical trials can be found in ICH M3(R2) [127].

12.4  Discovery and Development Process for Topical 
Products Targeting Pilosebaceous Unit

Discovery and development of a novel drug product is an expensive and time-con-
suming process. Due to its complexity, a project management strategy is dependent 
on development stages. Pharmaceutical companies traditionally divide the whole 
process into three stages: (1) discovery research, preclinical development and clini-
cal development, or discovery, (2) early development (preclinical and phase 1/2) 
and (3) late development. Although development programs vary among therapeutic 
areas, indications, and complexity of drug substance and drug products, Paul and 
coworkers developed an analytical model to illustrate the timeline, cost, and success 
rate from discovery to launching a new drug product (see Table 12.10). The average 
cost for large pharmaceutical companies to launch a new molecular entity (NME) 
is now estimated up to $1.8 billion, and the average time from discovery to market 
is about 14 years [128]. One typical example is the discovery and development of 
topical retinoids for dermal indications. After the first discovery that vitamin A was 
effective in treating acne in 1943, tretinoin was developed for dermal indications in 
1959 as the first generation of retinoids [129]. Since then, several new retinoid drug 
products have been developed and marketed for treating skin conditions including 
acne, psoriasis, and photodamaged skin. Figure 12.3 shows the generations of reti-
noid family which are primarily for dermal indications.

12.4.1  Discovery and Early Stage Development Process

The objective of formulation support at the discovery stage focuses on enabling 
potential active compounds for early development, rather than developing com-
mercializable products. Considering the nature of the drug discovery stage, which 

Table 12.10  Cost and time for discovering and developing a new drug. (Adapted from reference 
[128])
Parameter Target-

to-hit
Hit-
to-
lead

Lead 
opti-
miza-
tion

Preclin-
ical

Phase 1 Phase 
2

Phase 
3

Sub-
mis-
sion to 
launch

Total

Cycle time 
(year)

1.0 1.5 2.0 1.0 1.5 2.5 2.5 1.5 13.5

Cost 
(million)

$ 94 $ 166 $ 414 $ 150 $ 273 $ 319 $ 314 $ 48 $1778
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usually involves high throughput screening and high attrition rate, a simple and 
fit-for-purpose formulation or a simplified delivery system requiring limited formu-
lation development supporting a quick turnaround time is highly preferable. This 
staged approach is illustrated in Fig. 12.4a. As an alternative approach, a systematic 
formulation development could start earlier if the estimated probability of success is 
high. Figure 12.4b outlines the activities and timeline for the non-staged approach.

The formulation activity starts with collecting the relevant information through 
internal and external reference search to understand: (1) the biological properties 
including indications, target site, skin integrity at application site, potential dose, 
duration of treatment, systemic effect (efficacy and side effect), PK, local irritation, 
skin permeability, etc., (2) physicochemical properties of the NME including chem-
ical structure, molecular weight (MW) log P (D), solubility, pKa, melting point, 
stability, excipient and packaging compatibility, etc., (3) quantity and quality of 
drug substance(s), (4) information about marketed products or competitor products, 
patent status or  intellectual property (IP) potential. In terms of project management 
and process at the discovery stage, a multi-functional team formed by the represen-
tatives from chemistry, pharmacology or biology, pharmaceutics, safety, adsorption, 
distribution, metabolism and excretion (ADME), or PK leads project management 
and process. Clinical, commercial, legal, and regulatory representatives play an in-
creasing role when the project advances into early development stage. The primary 
responsibility and activities of each functional line at the discovery and early devel-
opment stages are summarized in Table 12.11.

12.4.2  Late Stage Development or Reformulation Process

Late stage drug product development strategy should employ a quality by design 
(QbD) approach to develop a formulation and manufacturing process that will reli-

Fig. 12.3  Discovery and development of retinoids
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Fig. 12.4  a Staged development flow chart. b Non-staged development flow chart. API active 
pharmaceutical ingredient, DP drug product, IND investigational new drug, POC proof of concept, 
MIF market image formulation
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ably and consistently meet critical quality attributes (CQA) upon release and during 
shelf-life [130]. The initial step in a development strategy utilizing a QbD approach 
is to define a quality target product profile (QTPP). QTPP provides guidance on key 
formulation attributes that must be met during development. The QTPP should ad-
dress product attributes such as: dosage form and route of administration, container 
closure, aesthetic attributes of formulation, dosage strength(s), storage condition.

Once the QTPP is defined, the next step in the development strategy is to identify 
CQA of the drug product. Compiling of drug product CQAs will highlight specific 
product characteristics that need to be studied to ensure product quality. Drug prod-
uct CQA of topical formulations usually cover aspects of physical stability, chemical 
stability, and permeability. For example, studies to define and show control of drug 
product CQAs for topical products include in vitro permeability studies, in vivo effi-
cacy studies, and vehicle wear studies to evaluate aesthetics and drug product stability. 
In vitro and/or in vivo studies can provide insight into formulation deposition into the 
hair follicle and subsequent release of drug from encapsulated systems into sebum. For 
additional detail regarding the conduct of in vitro and in vivo studies see Tables 12.4 
and 12.5. Aesthetic studies to determine cosmetic acceptability can be conducted with a 
consumer focus group study. Additional CQAs are defined based on QTPP, risk assess-
ment, and formulation team knowledge. As experience and data are obtained from ex-
periments and from early stage formulation development, CQAs should be modified.

Formulation(s) selected for clinical studies (which have been vetted through the 
above development process) now require an appropriate GMP manufacturing pro-
cess. Process development activities important to developing an appropriate process 
include knowing the impact that unit operations in the manufacturing process may 
have on drug product CQA. As process understanding increases, the significance of 
raw material and/or drug product controls can be refined and a control strategy can 
be defined to ensure process performance and product quality.

Stability Protocol Stability protocol for late stage formulation is based on ensuring 
that the drug product CQA are within defined specifications at release and during 
shelf-life. Formulations are typically placed on long-term (25 °C/60 % RH), acceler-
ated (40 °C/75 % RH), and if needed, intermediate storage conditions (30 °C/65 % 
RH) as outlined in ICH Q1 A(R2) [131]. Stability studies may cover a period of at 
least 2 years for long-term conditions and 6 months for accelerated conditions. Typ-
ical time points for long-term storage conditions may include: t = 0, 1, 3, 6, 9, 12, 18, 
and 24 months. At accelerated storage conditions, at least three time points includ-
ing the initial and final time points are recommended (e.g., for a 6 month study time 
points would be initial, 1, 3, and 6 months). At each timepoint formulation testing 
may include: container closure intregity, assay, impurities of drug substance, total 
impurities, physical appearance, microbiology testing, and specific testing to evalu-
ate drug release rate from encapsulated systems [132]. Additional testing may be 
required for micro-/nanoparticulate systems.
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12.5  Conclusion

The anatomic structure of pilosebaceous unit provides the possible pathway for 
targeted drug delivery into hair follicles and sebaceous glands. Although signifi-
cant progress has been made in the area of PSU-targeted drug delivery over past 
20 years, it is still challenging to develop commercial products based on the PSU-
targeted mechanisms. With the discovery of new active molecules which can selec-
tively partition in and diffuse through the sebum-filled follicles, it remains an area 
with great potential. Development of targeted formulations using existing drugs is a 
more cost-effective and quicker approach to launch a commercial product. Among 
the emerging technologies, micro-/nanoparticulate systems appear to be the most 
promising.
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13.1  Introduction

Percutaneous delivery of drugs into deeper tissues for the treatment of inflamma-
tory muscle, joint, and tendon diseases is a much discussed, but not fully educated 
topic. With many now living past the 70s, the age when the risk levels for inflamma-
tory diseases, such as osteoarthritis (OA) and rheumatoid arthritis (RA), increase, 
the need for an efficient and transdermaly delivered medication is substantial [1]. 
Since oral nonsteroidal anti-inflammatory drugs (NSAIDs) pose a risk of adverse 
effects such as renal, hepatic, cardiac, and gastrointestinal toxicity, topical use of 
NSAIDs is necessary. The benefit of a transdermal therapeutic system (TTS) results 
in a bypass of the gastrointestinal tract and associated side effects. Steps the topi-
cal compounds take to reach the joints and underlying muscular tissue are parti-
tion and diffusion, primarily through the outermost skin layer, stratum corneum 
(SC), epidermis, dermis, and subcutaneous fat. The challenge remains to overcome 
the resistance of SC and of course, to reach the deeper tissue without losing much 
of the compound’s concentration to cutaneous microcirculation. However, earlier 
work showed that local subcutaneous drug delivery is viable and can be effective 
[2]. Novel approaches to enhance the penetration of the SC and transdermal drug 
delivery are now available [3]. Penetration mechanisms and efficacy of absorption 
of topically applied drugs have reached new heights. Pharmokinetic properties of 
topical NSAIDS have been studied in length as they are the main focus for the 
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local treatment of several inflammatory diseases of joints and muscles [2]. Some 
common NSAIDS are salicylic acid (SA), diclofenac, ketoprofen, and naproxen. 
Diclofenac is the only drug in the group of NSAIDS approved for use in the USA. 
Available formulations include diclofenac epolamine topical patch 1.3 %, diclof-
enac sodium topical gel 1 %, and diclofenac sodium topical solution 1.5 % w/w in 
45.5 % dimethyl sulfoxide (DMSO). The latter two are specifically approved by the 
US Food and Drug Administration (FDA) for osteoarthritis treatment [4].

Following from a previously published review of percutaneous penetration, new 
advances in skin barrier function, physicochemical, pharmokinetic, and physiolog-
ical factors that ground the transdermal administration have been made and are 
discussed in detail here [5]. The groundwork for determining bioequivalence via 
kinetics has not been laid.

13.2  Drug Properties Affecting Distribution

As the drug transports through the first barrier, SC, passive diffusion serves as the 
main mode. Whether it is via intercellular or transcellular pathway, factors mostly 
involved are lipophilicity and permeability [6]. Other important factors affecting 
absorption include drug molecular size, water solubility, vehicle, and skin integrity, 
which mainly is affected by the disease, body site, and age.

13.2.1  Lipophilicity

Lipophilicity is defined by log P, the logarithmic octanol-water coefficient [7]. 
High lipophilicty is needed to overcome SC barrier and to penetrate the deeper tis-
sues. The higher the lipophilicty, the deeper the solute will be transported. It is also 
directly proportional to increase in log P [8]. For example, the lipophilic salt of SA, 
triethanolamine salicylate (TEA), penetrated more efficiently into muscle compared 
to ionized SA [9]. Another study performed in vivo on male rats demonstrated al-
most twofold greater penetration of a lipophilic derivative of SA (10 % TEA) com-
pared to the less lipophilic derivative than TEA, 10 % methyl salicytate, with the 
topical application of the two compounds on the abdomen of male rats.

If the solution is not sufficiently lipophilic to penetrate the SC enhancers such 
as propylene glycol, alcohol, dimethyl must be utilized. Diclofenac sodium 1 % gel 
uses isopropyl alcohol, propylene glycol, and water to accelerate drug penetration 
of the skin. The alcohols typically promote drug solubility and also aid in perme-
ation of the SC. However, higher concentration of alcohol may cause SC dehydra-
tion, which will in return impact drug permeability [10].
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13.2.2  Permeability

Another drug property contributing to the penetration ability to the underlying mus-
cles and joints is permeability [11], which can be measured by the permeability 
coefficient, kp. Permeability coefficient increases with an increase in the fraction of 
unionized drug [12], and has a parabolic relationship with log P, the lipophilicity 
of a compound [2] for several NSAIDs, as reported in an in vitro study of human 
cadaveric skin from the mid abdomen following delivery of the drug via a donor 
compartment. An optimal log P value will yield a peak permeability coefficient. 
This observation suggests that a hydrophilic–lipophilic balance is required for deep 
penetration of drugs [2]. By taking the product of kp and the solubility of the drug in 
a given vehicle, the maximum flux, Jmax, through the skin can be calculated. How-
ever, a study showed that molecular weight (MW) is a more significant determinant 
of maximal flux than kp [13].

13.2.3  Molecular Weight

Previously, MW was not believed to be a significant determinant of transdermal 
drug delivery. Even though earlier studies showed that with increasing MW, clear-
ance of the drug from viable skin into the muscle decreases; results were not sta-
tistically significant [14]. A review of Jmax versus several parameters of the drug 
including MW, solubility in octanol, octanol/water partition coefficient, ultimately 
showed that MW was the dominant determinant of Jmax, with the following regres-
sion relationship: log Jmax = − 3.90 − 0.0190 MW ( r2 = 0.847, p < 0.001) [13]. Data 
were gathered from several experiments performed on human skin in vitro. The 
results changed previous views on which factors affect the maximal flux and trans-
dermal drug distribution.

13.2.4  Fraction Unbound Drug in Viable Skin

Interestingly, unbound fraction of drug in viable skin (fuvs) had statistically signifi-
cant positive correlation ( p < 0.005, R2 = −0.63) with the drug clearance from viable 
skin to the muscle (Table 13.1) [14]. As fuvs increased, an increase in clearance from 
the viable skin into the muscular layer was observed. The study was performed on 
stripped-skin rats in vivo after application of drug to the rat’s abdomen via a donor 
cell for 0.5, 1, 2, 3, 4, and 7 h. In viable skin, drugs may bind to the cytosolic com-
ponents, influencing direct penetration [15]. When a drug is not bound to proteins 
or lipids, the molecule diffuses more easily into deeper tissues including the muscle. 
However, it is not known why the increase in fraction of unbound drug in viable 
skin is not an important factor for systemic absorption. Perhaps, the equilibrium 
between the unbound fraction among the viable skin, muscular layer, and plasma 
may play a role [14].
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13.2.5  Relative Importance of the Physicochemical Factors

Among the factors presented above, it seems that the fraction unbound in viable 
skin is important for the direct penetration of a compound. Penetration rate was 
characterized by a kinetic parameter, kdirect, which was found to correlate with the 
clearance from the viable skin to muscle [14]. Multiple linear regression analysis 
was then used to determine the relative contribution of MW, log P, and fuvs on the 
penetration rate. The results were 0.1588 for MW, 0.2686 for log P, and 0.5726 for 
fuvs [14]. This analysis showed that fuvs had the greatest contribution to the penetra-
tion rate, as measured by kdirect.

13.3  Pharmacokinetic Models

One of the first pharmacokinetic models was developed in 1982, which was a four-
compartment model with the epidermis, dermis, capillaries, and urine using first-
order kinetics. Two fixed rate constants were used to characterize absorption and 
elimination, while two variable rate constants helped define the penetration through 
the viable skin and the competition for the drug between the viable skin and the 
stratum corneum. Guy et al. found that topical delivery produces high local subcu-
taneous levels of drug despite reduced blood concentrations [16]. Direct deep pen-
etration is thus the mechanism implicated. The blood flow in skin, particularly in 
dermis, is a crucial factor in deciding the direct penetration of drugs into muscle. On 
the one hand, blood vessels in the dermis absorb and dilute most compounds pass-
ing the epidermis, keeping a “sink” condition and promoting percutaneous absorp-
tion [17]. On the other hand, blood flow prevents drugs from directly penetrating 
into deeper tissues by removing them to the systemic circulation. Absorption can 
also be modified by vasoconstrictors. A recent vivo study on rats by Higaki et al. 

Table 13.1  Effect of physiochemical parameters on CLvs·m and peak muscle concentration. (Data 
from Higaki et al. [14])
Drug MW (g/mol) fuvs CLvs·m (mL/h) Peak muscle concen-

tration (nmol/g)a

Diclofenac 295.1 0.592 0.008 ± 0.000 6.0 ± 0.5
Salicylic acid 138.1 0.870 0.085 ± 0.004 40 ± 5
Ketoprofen 254.3 0.701 0.133 ± 0.069 15 ± 2
Felbinac 212.2 0.667 0.043 ± 0.000 19 ± 2
Flurbiprofen 244.3 0.401 0.032 ± 0.000 33 ± 5

The clearance of a drug from the viable skin into the muscle, CLvs·m, and peak muscle concen-
tration are examined in relation to the molecular weight, MW, and the fraction of unbound drug 
found in viable skin, fuvs. The study was performed on stripped-skin rats in vivo after application 
of the drug to the rat’s abdomen via a donor cell. The rats were sacrificed at 0.5, 1, 2, 3, 4, and 7 h
a Peak muscle concentration estimated from Higaki et al., Fig. 3 [14]
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showed that topical application of a vasoconstrictor, phenylephrine, enhanced the 
direct penetration of the drugs into viable skin and muscle [18]. Phenylephrine was 
coadministered with several drugs via a donor cell, and the drugs’ concentrations 
measured after 2 h of application time on the rat’s abdomen. Distribution of antipy-
rine ( p < 0.001), SA ( p < 0.001), and diclofenac ( p < 0.01) into viable skin yielded 
statistically significant increase in penetration when phenylephrine was coadminis-
tered versus control. Similar results were seen for distribution into the muscle layer: 
antipyrine ( p < 0.001), SA ( p < 0.01), and diclofenac ( p < 0.05) [18].

Multiple groups have analyzed drug distribution kinetics following percutane-
ous delivery. Singh et al. developed a pharmacokinetic model using multiple dif-
ferential equations to estimate the drug concentrations found below the epidermis 
after topical application of a drug [19]. Importance of the pharmacokinetic model 
is that it can predict the amount of drug that eventually will reach the deep tissue 
compartments, providing useful information for the development of the controlled 
dosing methods.

Distribution to underlying tissues was modeled as multiple compartments in se-
ries, with the dermis and deep muscle in contact with the systemic circulation. Sepa-
rate differential equations were developed to characterize drug concentration in four 
or more compartments: the application cell, the dermis, the underlying tissue, and 
the systemic circulation [19].

13.3.1  Experimental Methods

Drug solutions were applied to rats and subsequently the underlying tissue concen-
trations and clearance values were taken. The rat was chosen as an experimental 
model for these studies since it has been shown to have similar permeability charac-
teristics to human in some studies [20]. However, other studies are not as conclusive 
and these are discussed in detail in Chap. 2. Solutions were applied to exposed rat 
epidermis in the absence of SC. A glass cell containing the drug solution was at-
tached to the exposed dermis, and was removed at predetermined times to measure 
solute concentration. Blood samples were taken from the tail vein. Afterward, the 
animals were sacrificed and tissues below the treated site were dissected to analyze 
drug concentrations [7].

13.3.2  Model Predictions

The model predicted tissue concentrations of different NSAIDs, in some cases 
within 90 % of the actual value. With indomethacin, however, there was a higher 
observed value than predicted, suggesting that indomethacin has poor diffusiblity 
and accumulates in the dermis [7]. Inaccuracies in the predictions may be due to 
inherent differences in tissue affinities for different solutes, nonlinearities in tis-
sue binding (although trace concentrations of all solutes were used to avoid the 
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nonlinearities in plasma and tissue binding), variations in plasma protein binding, 
dermis water partitioning, tissue-plasma partitioning, and possible drug effects on 
membrane or blood flow. The apparent tissue–tissue clearances may also vary for 
different compounds [7].

Higaki et al. also developed a pharmacokinetic model, this time with six com-
partments including contralateral skin and contralateral muscle, which were not 
included in the Singh et al. model [14]. Inclusion of the contralateral side allows the 
contribution of the absorption from the systemic circulation to the muscular disposi-
tion to be evaluated more precisely. In vivo rat transdermal studies were performed 
by comparing model predictions to experimental results.

Unlike Singh et al., linear differential equations were used to plot standard 
curves (drug concentration over time) rather than estimate deep tissue concentra-
tions. For each standard curve, coefficient of variations ranged from 0.1 to 13.0 %, 
and the squared correlation coefficient was over 0.994 for all the model drugs used 
[14]. The standard curves fit the lines well, and correlate significantly with the ob-
served values for all six drugs. Having the standard curves enable the calculation 
of the relative contribution of direct penetration of the drug based on the area under 
the curve values. Thus, the two models appear useful for analyzing and describing 
the transdermal disposition of drugs after topical application, though there may be 
slight variations in the way the differential equations are utilized (Table 13.2).

13.3.3  New Physiological Models

Earlier pharmokinetic models created by Singh and Roberts and Higaki et al. as-
sumed that solute is transported to deeper layers by molecular diffusion only. Kret-
sos et al. reanalyzed the data and confirmed the consistency with their own similar 
distributed diffusion-clearance model [21]. Following the previous research, Kret-
sos and Kasting created a new model to explain the dermal capillary clearance pro-
cess based on the assumed periodic microscopic distribution of dermal capillaries 
in three-dimensional space. The downfall of this model is that it only applies to the 
steady-state scenario and explains localized concentration in dermis [22]. Bound by 
the inability to recreate in vivo conditions using in vitro experiments and invasive-
ness associated with the collection of such data via biopsy, the contributory research 
is difficult to carry out. However, a breakthrough came when Anissimov and Rob-
erts determined that the deep percutaneous transport of drug cannot be attributed 
to diffusion alone and offered a new two-compartment model that considers blood 
and/or lymphatics, in addition to molecular diffusion to be involved in the transport 
to deeper tissues. More specifically, they focused on the effect of blood flow, blood 
protein binding, and dermal binding exert on the rate and depth of percutaneous 
penetration of topical drugs. Unlike Singh and Roberts, Higaki et al. used the com-
bination of human biopsy data collected by Schaefer et al. [23–27] in applying their 
model and their own human in vitro dermis penetration experiments to obtain der-
mal diffusion/dispersion coefficient, and dermal blood clearance rate of six solutes. 
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Schaefer et al. collected human tissue concentration-depth profile of drugs in vivo 
after topical application.

The term dispersion implies transport of solute by both blood and diffusion in 
the dermis. They recognized that in order for convective blood flow transport to 
significantly impact the transport to deeper tissues, there must be sufficient bind-
ing to plasma proteins and blood flow, as the surface area of blood vessels is much 
less than that of the dermal matrix through which diffusion transport will occur. 
Therefore, the contribution of dermal blood-flow transport is likely to be noticeably 
decreased when there is vasoconstriction [28]. They analyzed human dermal distri-
bution data from previous microdialysis experiments and recorded similar findings. 
One limitation of their analysis was the assumption of no contribution of topically 
absorbed drug into the systemic circulation contributing to the underlying tissue 
concentration on recirculation. It is considered to occur at long times and most 
considerable contribution to tissue concentrations deep below the treated site [28].

Dancik et al. further expanded on the findings by Anissimov and Roberts’ 
physiological pharmokinetic model in that it recognized the interstitial convection 
associated with capillary flow and draining of the interstitial space. Their new com-
prehensive model described drug diffusion in the extravascular tissue space and vas-
cular binding, axial (into the tissue) vascular, lymphatic, and interstitial convection 
transport and constant radial (clearance) vascular transport, with the assumption of 
high-capillary permeability. This was done by comparing the in vitro penetration lag 

Table 13.2  Comparison of two different pharmacokinetic models
Singh and Roberts [7] Higaki et al. [14]

No. of compartments 9 6
Model arrangement Donor cell and deep tissue com-

partments in series arranged in 
parallel to plasma

Donor cell, viable skin, and muscle 
in series arranged in parallel to 
both plasma nad contralateral skin, 
muscle

Experimental studies In vitro human study on epider-
mal penetration

In vitro human study on epidermal 
penetration

In vivo rat study on transdermal 
absorption

In vivo rat study on transdermal 
absorption

Parameters from in 
vitro studies

kp (epidermal permeability 
coefficient)
Log p (lipophilicity)

kdirect (penetration rate constant from 
viable skin to muscular layer)
fuvs

Application To predict deep tissue concentra-
tions and compare with observed 
values

To formulate standard curves to 
approximate the decreasing concen-
trations in deep tissues

Statistical 
significance

N/A CV ranges from 0.1 to 13 %, R2 
greater than 0.994 for standard 
curves

Two of the pharmacokinetic models are used to approximate deep tissue drug concentrations with 
differential equations and nonlinear regression analysis. The experimental methods, applications, 
and statistical significance of the results are examined
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times of diclofenac and nicotine gathered from their in vitro experiments to those 
reported in vivo penetration lag times in the dermis and deeper tissues [29].

They concluded that the transport of highly plasma protein-bound drugs into 
deeper tissues increases by several orders of magnitude faster than predicted by 
passive dermal diffusion. Although considerable concentration-depth gradient is 
evident for poor protein-bound drugs, it is nonexistent for highly bound drugs in the 
papillary dermis and small in the reticular dermis [29]. High protein-bound drugs 
bind to collagen and albumin in the dermis. The convective transport of albumin 
into lymphatic vessels that run deeper in subcutaneous tissue encourage deeper 
transport.

13.4  Distribution in Deeper Tissues

13.4.1  Direct Versus Indirect Penetration

NSAIDs directly penetrate to a depth of 3–4 mm, with the systemic blood sup-
ply accounting for penetration into the deeper, underlying tissues [19]. Drug levels 
peaked between 2 and 4 h due to direct NSAID penetration. At around 10 h, drug 
levels peaked again, this time due to the systemic blood supply redistributing the 
drug [19].

Higaki et al. also examined drug penetration distribution after topical application 
[14]. Similar to Singh and Roberts’ findings, also performed in vivo on rats [19], 
they determined that direct penetration was the predominant mechanism during the 
early period after starting the absorption study. There is a variability between the 
drugs in regards to the concentration of the direct penetration into muscle after 
topical application. For instance, the muscular disposition of diclofenac was almost 
all attributed to the direct penetration (90.8 %), but felbinac was distributed to the 
muscle via the systemic circulation (a > 50 %; Table 13.2) [14].

Contrary to Singh and Roberts’ conclusions, Higaki et al. found that SA in the 
muscle layer was mainly from direct penetration (72.0 %) and less from systemic 
distribution (28 %) [14]. This is almost the reverse of Singh and Roberts’ observa-
tions in1993 (80 % due to systemic blood supply, 20 % due to direct penetration) 
[19]. Subsequent research confirmed that most of the drug in muscle is due to direct 
migration and not from the systemic circulation following topical application [30].

13.4.2  Penetration Efficacy

SA yielded the highest local tissue levels, followed by piroxicam, naproxen, indo-
methacin, and diclofenac (Table 13.3). Note that aqueous solutions were used for 
estimating tissue concentrations, but in clinical practice, NSAIDs may be admin-
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istered as partially nonaqueous creams, ointments, or gels. The observed differ-
ences may also reflect the differences in formulation, patches, application method 
(solution, ointment, or cream with or without rubbing), duration, application site, 
or species studied [7].

Table 13.4 examines the relative drug concentrations below the site of applica-
tion and in the plasma of different studies. In general, the results agreed with one 
another, though the relative concentration observed may be different. This may be 
attributed to variations in topical application methods and the tissue location where 
the sample was taken. Diclofenac, SA, ketoprofen, all have a greater concentration 
found in plasma than in muscle, whereas naproxen has a higher drug amount in the 
muscle than in plasma.

Table 13.3  Estimated concentrations of various NSAIDs found in muscle at maximal flux
Drug Fraction of initial concentrationa

Salicylic acid 10−6

Piroxicam 10−7

Naproxen 10−7.8

Indometacin 10−9.5

Diclofenac 10−9.7

Drug concentration found in muscle at maximal flux after topical, aqueous drug delivery. Singh 
and Roberts’ estimated concentrations were obtained using pharmokinetic equations and experi-
mental kp values
a Data from Singh and Roberts, Fig. 6 [7]

Table 13.4  Comparison of NSAID concentrations 2 h following topical applicationa

Reference Donor cell Viable skin Plasma Muscle
Diclofenac 13 1 0.50 ± 0.02 (1.70 ± 0.09)  × 10−3 (1.00 ± 0.05)  × 10−3

2 1 0.10 ± 0.01 (4.5 ± 0.2)  × 10−3 (1.00 ± 0.05)  × 10−3

Salicylic 
acid

13 1 0.22 ± 0.01 (2.3 ± 0.1)  × 10−2 (1.00 ± 0.08)  × 10−2

2 1 0.080 ± 0.004 (1.00 ± .05)  × 10−2 (2.50 ± 0.12)  × 10−3

Ketopro-
fen

13 1 0.20 ± 0.01 (5.7 ± 0.3)  × 10−3 (1.00 ± 0.15)  × 10−3

Naproxen 2 1 0.08 ± 0.004 (2.5 ± 0.1)  × 10−2 (4.00 ± 0.15)  × 10−3

26b 1 
(epidermis)

0.22 ± 0.01 
(dermis)

(1.3 ± 0.1)  × 10−3 (4.60 ± 0.23)  × 10−3

The drug concentration profiles from the donor cell to the deep tissues from several experimental 
findings are compared
a Results are expressed as a fraction of initial donor cell or epidermis concentration
b Concentration profile taken 3 h post application
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13.5  Distribution into Joints and Surrounding Soft 
Tissues

13.5.1  Diclofenac Controversy

In a human study of percutaneous penetration into the joints, diclofenac gel was ap-
plied to one knee and a placebo gel to the other knee of patients with bilateral knee 
joint effusions [31]. Drug distribution through synovial fluid was mainly through 
the systemic blood supply. Direct penetration, if at all, was minimal [31]. These 
results differ from other studies involving diclofenac, including the aforementioned 
study by Higaki et al., which found that 90.8 % of the diclofenac’s distribution to 
muscle was due to direct penetration [14].

However, Higaki et al. used a six-compartment model based on steady-state 
kinetics in collecting their data. Other literature supports direct penetration as 
the main delivery mechanism for diclofenac including the one which observed 
219.68 mg/mL of diclofenac in skeletal muscle allowing topical administration, 
whereas only 18.75 mg/mL of the drug was found in plasma where the study was 
also done in vivo on patients, but diclofenac was applied to the anterior thigh [32]. 
A recent study of diclofenac concentration in soft tissues after oral versus topical 
diclofenac administration in 14 patients prior to knee orthoplasty reported that the 
diclofenac concentration was significantly lower in synovial membrane and syno-
vial fluid in topically applied diclofenac than in oral administration ( p = 0.0181 for 
topical diclofenac group and p = 0.004 for oral diclofenac group). The authors could 
not identify the difference as the concentration time curves of plasma and synovial 
tissues or the peak values after administration were not determined [33]. On the 
contrary, using equivalent study methods and materials on 16 human subjects prior 
to ACL reconstruction surgery with the same study participation exclusion criteria, 
Kai et al. have found no significant difference in flurbiprofen concentration in sy-
novial tissue after oral and topical administration of NSAID. They postulated that 
the role of dermal vessels in the delivery of NSAID to the bone is reduced since the 
bone tissue is surrounded by a dense calcified matrix [33, 34].

The minimal concentration of NSAID formulation that has anti-inflammatory 
effects in the synovial tissue remains unknown. In addition, the question of whether 
injection site and/or injection needle serve as contaminants in the studies ought to 
be given special attention. Precision of measurement of diclofenac concentration 
inside the synovial tissue and plasma is imperative in drawing the appropriate con-
clusion of studies.

Further investigations into this apparent contradiction of results are required, 
including whether the topical application site would make a difference as this has 
not been assessed properly to date to the best of our knowledge. In addition, note 
that higher relative drug concentrations in the synovial fluid were measured in the 
smaller joints, such as finger and wrist joints, after topical delivery, which probably 
reflects the shorter diffusion distance that is needed to reach the deeper tissues.
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Difference in drug prescription, formulation, and measurement play a role in 
the outcomes of all studies. It is vital to collect more human data and develop more 
standardized animal/human models that will take into account not just one dimen-
sional kinetics but the blood flow and lymphatic distribution of the microcirculation 
in the dermal layers of skin.

13.5.2  Salicylic Acid

SA penetrates into the synovial fluid. Rabinowitz et al. found high levels of salicy-
late in local tissues after transdermal application of its triethanolamine salt to knees 
of dogs. After a 60 min administration period, 1.18 ± 0.84 mmol/g was found in the 
synovial fluid, significantly more than the 0.0094 mmol/g observed in serum [35]. 
The greater tissue penetration of salicylate (used as a triethanolamine salt) is prob-
ably the result of the more lipophilic nature of TEA compared with SA. Similarly, 
Mills et al. also demonstrated higher concentrations of SA and methyulsalicylate 
(MeSA), its commercial ester, in the synovial fluid after topical drug application 
to affected joints in greyhound dogs. They used combined experimental procedure 
of microdialysis and direct tissue concentrations to measure penetration of a com-
mercial SA ester. This technique allowed plasma drug concentration measurement 
from both systemic circulation and regional vascular drainage. Mills et al. credited 
direct diffusion and local blood redistribution to be responsible for the results [36].

13.6  Modes of Delivery

In recent years, the delivery of SA following intracutaneous (IC), subcutaneous 
(SC), intramuscular injections (IM), and also after topical application were ex-
amined in rats [37]. A pharmacokinetic model was employed to calculate the rate 
constants between the skin, muscle, central, and peripheral compartments of the 
systemic circulation. For calculations of intramuscular drug delivery, a two-muscle-
compartment model was used, with the skin compartment eliminated. The first-
order differential equations were also fitted to the concentration data of SA using 
the nonlinear least-square method. However, for the IC and SC injection data, the 
fitted lines were a little bit higher than observed for early period measurements in 
the skin [37]. From this observation, it appears that the first-order kinetics model for 
the drug migration may be too simple to express the complex migration process of 
SA. However, the model should be sufficient to illustrate the general differences in 
skin dispositions of SA following IC, SC, and IM, injections, as well as after topical 
application. The group concluded that IC injection was the best for localizing the 
drug to the muscle while maintaining an effective drug concentration (Table 13.5) 
[37]. Their results corresponded with previous studies where most of the SA in the 
muscle following cutaneous injections was due to direct delivery from the injection 
site, and not from systemic redistribution.
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13.7  Transdermal Drug Delivery Enhancements

Benefits of transdermal delivery of drugs include the following:

• Presystemic metabolism is eliminated, which allows for reduction in the daily 
dosage levels.

• Blood or plasma levels of the drug can be retained within the therapeutic window 
for prolonged periods of time.

• Patient’s compliance is improved and the drug administration can be aborted by 
removal of the patch.

On the other hand, the limitation is that the transdermal delivery only works for 
potent drugs with daily dose of the order of 10 mg or less. They must be “small” 
lipophilic molecules with molecular weight no greater than 500 Da. The drug must 
also be free of local irritation. Therefore, it comes as no surprise that noninvasive 
approaches to enhance and control the drug transport in transdermal manner has 
been a hot topic for some time now.

Those drug molecules that exceed the size of 500 Da need enhancements to aid 
in their passing through the main security gate, SC barrier. Most current tactics 
encompass: chemical penetration enhancers, iontophoresis, transporter carriers, ul-
trasound/microneedles/thermal poration.

13.7.1  Transporter Proteins

Transporter mechanisms have been implicated in affecting the drug absorption, dis-
position, and elimination. One such is a P-glycoprotein (P-gp), a member of the 
ABC transporter family, was recently found expressed in human skin in addition 
to already known expression in other human tissues (liver, blood–brain barrier). By 
comparing mRNA, protein expression, and localization of P-gp in several skin tis-
sues to human liver tissues, Skazik et al. determined strong P-gp protein expression 
within sweat ducts, vessels, nerve sheaths, and most importantly muscles of human 
skin [38]. P-gp appears capable of transporting itraconazole within dermal tissue. 

Table 13.5  Salicylic acid clearance into muscle for various delivery routes
Delivery rate % Injected dose Кs·m

IC injection 10 ± 1 8.24 × 10−3

SC injection 9 ± 1 7.58 × 10−3

IM injection 2.0 ± 0.1 2.94 × 10−3

Topical application 1.0 ± 0.1 4.95 × 10−3

The percent of the injected drug concentration found in the muscle 2 h following delivery for 
different delivery routes are compared. Кsm is the first-order rate constant from skin to muscle, 
obtained through curve fitting using values obtained from several experiments [37]
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This new knowledge can possibly play a role in drug development and increasing 
the efficiency of delivery to specific sites in deep layers of skin such as muscles and 
joints. Data on this mechanism and deep penetration are in its early stage.

13.7.1.1  Ultrasound Guided Percutaneous Drug Delivery

High-frequency sonophoresis, HFS, (≥ 0.7 MHz) has been used for five decades 
to aid percutaneous delivery of corticosteroids. With the discovery of the cavita-
tion effect within the skin that can impact skin permeability, thermal, and convec-
tive effects can also play a role in increasing solute partitioning into the SC. Most 
compounds delivered by HFS are small molecules, with only a handful of drugs 
having molecular weights greater than 1000 Da tested. As HFS is safe and FDA is 
approved, many studies that include treatment protocols have been done testing the 
use of various drugs including NSAIDs and the efficacy of transdermal delivery 
[39].

13.7.1.2  Combination of Iontophoresis, Terpene, and Hypothermia

Kigasawa et al. showed that using new iontophoresis device with terpene, like ge-
raniol, in rats the percutaneous penetration of diclofenac was amplified. Plasma 
concentration of diclofenac was increased 20-fold based on the time-dependent de-
livery. This new device uses an ion-exchange membrane that when combined with 
geraniol improves the penetration of diclofenac into the stratum corneum. Overall, 
there was no report of skin irritation [40]. Another study demonstrated the syner-
gistic effect of iontophoresis and regional cutaneous hypothermia on trandermal 
delivery of diclofenac and prednisone to synovial fluid in rats. The study showed 
three-fold increase in biovailability of both drugs by decreasing the dermal clear-
ance of the drug via vasoconstrictive effects of hypothermic reaction [41]. The re-
sults of both studies are promising and warrant further investigation to determine 
the mechanism and efficacy in human subjects.

13.7.2  Efficacy and Safety of Percutaneous Drug Delivery in 
Humans

While research in humans regarding percutaneous drug delivery to muscle, tendon, 
and joint is limited, more than a dozen studies assess the efficacy and safety of topi-
cal NSAIDs in several pain conditions. Two randomized double-blinded controlled 
studies by Tugwell et al. and Simon et al. assessed efficacy and safety of a topical 
diclofenac solutions compared to an oral diclofenac solution, as well as the ability to 
alleviate the primary osteoarthritis symptoms in the knee in a 12-week period. The 
first study by Tugwell et al. was performed on 622 female and male patients pre-
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sented with radiographic evidence of knee OA. Three efficacy measures were pain, 
physical function, and patient global assessment, which were measured on a nomi-
nal index scale. Results demonstrated no clinically significant difference between 
the two treatment arms in treating pain associated with osteoarthritis ( p = 0.10), 
asserting that a topical diclofenac solution is as effective as an oral diclofenac treat-
ment [42]. In the second study, Simon et al. assessed pain scale, physical function 
as well as patient overall health assessment on ordinal scale. The patient population 
consisted of 775 females and males also presented with radiographic evidence of 
knee OA. However, in addition to topical and oral diclofenac solutions, the subjects 
were blindly given either placebo solution or a diclofenac solution in DMSO ve-
hicle or a mixture of topical and oral diclofenac solutions. The results were similar 
to the first study in that the efficacy of topical diclofenac was comparable to that of 
oral diclofenac treatment ( p = 0.429) [43].

Overall both studies recommended that topical NSAIDs, specifically daclofenac, 
are indeed able to provide the therapeutic relief of osteoarthritis pain. Moreover, 
when comparing the safety of diclofenac in both studies, it is clear that topical 
diclofenac treatment demonstrated a lower incidence of GI side effects such as dys-
pepsia, diarrhea, abdominal distention, abdominal pain and nausea. Treatment with 
oral diclofenac showed an association with significantly greater increases in liver 
enzymes and creatinine, and greater decreases in creatinine clearance and hemo-
globin ( p < 0.001 for all). The most common adverse effect associated with topical 
diclofenac solution was dry skin. In fact, the dryness and irritation of the skin was 
similar in patients receiving the vehicle alone and topical solution with DMSO ve-
hicle. This finding might be possibly explained by the fact that vehicle dissolved 
lipids on the skin surface [44]. Typically, in clinical setting, the use of emollients 
parallel to the main treatment of topical NSAID is encouraged but was not allowed 
in the trials. Also, it was reported previously that DMSO can cause halitosis and 
body order in some patients as a result of its metabolite dimethyl sulfide producing 
a garlic-like order [45].

Elderly patients exhibit predisposition for topical NSAIDs based on the percep-
tion that a lower dose of the medication would result in less toxicity and provides 
quick effect without affecting the rest of the body based on localized application 
[46]. In order to elicit the best advice more longitudinal studies (> 12 weeks) are 
needed with participants that have nonlimited comorbid conditions and concomi-
tant medications [47].

13.8  New and Future Research Direction

13.8.1  Photoacoustic Spectroscopy

One limitation in human studies on topical penetration of anti-inflammatory drugs 
is the inability to quantitatively and noninvasively measure the formulation penetra-
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tion rate through the tissue where the topical compound is applied. Photo acoustic 
Spectroscopy (PAS) is one technique used in dermatological research to analyze 
the depth of penetration of a compound. It has been shown to measure accurately 
penetration and distribution of various compounds through skin in vitro, ex vivo, 
and in vivo [48]. PAS measures the effect of absorbed light through the skin layers 
with and without the applied compounds. Oliveira et al. demonstrated with PAS 
that deep percutaneous infiltration of Helicteresgardneriana (EEHg) crude extract 
reduced significantly the croton oil-induced auricle inflammation in mice. Doses of 
5.0 and 7.5 mg of the EEHg created 61 and 75 % decrease in edema of the auricle 
( p < 0.001). High resolution and the low cost and effectiveness of PAS might be the 
future of instrumentalization of human dermatological research studies [49].

13.8.2  Compound Transdermal Patch

Xi et al. explored the potential of compound transdermal patch containing teriflu-
nomide (TEF) and lornoxicam (LOX), both recommended for treatment of RA. 
TEF is an active metabolite of leflunomide, a disease modifying antirheumatic drug 
(DMARD) and lornoxicam is a NSAID. This is the first of its kind study examining 
compound topical agent for RA as it has not been investigated before in either ani-
mals or humans. The challenge is the delivery of drugs into the synovial tissues. Xi 
et al. first used in vitro permeation animal experiments to optimize the formulation 
of the compound patch and then delivered it to the inflammation-induced two knee 
joints of rabbits. The goal was to observe whether the drug released into the articu-
lar cavity via direct diffusion on the application or via systemic circulation. After 
applying the transdermal compound patch, authors noted the isochronous rates of 
penetration for TEF and LOX. Moreover, direct diffusion of transdermal applica-
tion of the patch with the medicine was more successful for the superficial joint 
tissues than for the deeper tissue synovial fluid as correlated to the drug concentra-
tion measured in the extracellular synovial fluid at 2 and 6 h. Additionally, drug 
concentrations were detected in the contralateral skin that did not receive the direct 
application of the transdermal patch. This signified that the systemic blood supply 
played part in it. As with any topical application of patches, there is a risk for the 
local area irritation. This experiment also showed that applying the compound patch 
at noninflammatory skin of the rats’ knee and abdominal skin was sufficient to have 
drug’s concentration detected in the inflamed bilateral hind paws of each rat [50]. 
These findings are important for future research as they continue to contribute to the 
next generation of researchers who like the idea of combining treatment methods 
to increase the efficacy for a given disease. The query of topical site application 
remains to be explored further with the next way of research studies.
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13.9  Improvements to Future Research

Unequivocally, all the studies presented above continue propelling forward the 
research on percutaneous drug penetration into deeper underlying tissues. Recent 
findings of involvement of dermal blood flow, lymphatic flow, and convective 
transport in the transdermal delivery mechanism of NSAIDs added another dimen-
sion to consider for researchers. It is possible that the newly formulated physio-
logical pharmokinetic model represents more sound explanation for variations of 
transdermal transport of NSAIDs to muscle, tendon, and joint in handful human 
studies that have been completed, so far. Perhaps, the questions of direct versus 
indirect drug penetration should be attributed to percutaneous drug penetration into 
muscles, tendon, and periosteal tissues rather than all the way to bone tissue. A new 
classification including the contribution of local blood flow system might be useful 
in applying to mechanism of delivery of NSAIDs into bone tissues.

Questions raised by the studies primarily focus on the need of standardization 
of study procedures and increase the number of human studies to reciprocate the 
findings from in vivo and in vitro animal studies. It cannot be emphasized properly 
the imperative nature of development not only for longitudinal studies in studying 
the safety and efficacy of topical NSAIDs, but also appropriate study protocols that 
will focus on standardization of anatomical sites and techniques used to collect the 
data. For instance, clinical techniques routinely used to clean or prepare skin can 
significantly affect the rate and extent of penetration of a topically applied drug. 
This may sway the results and affect our precise understanding of the percutaneous 
drug delivery into deeper tissues. Further investigations into the NSAIDs, diclof-
enac specifically, deep penetration needed in order to resolve the conflicting results 
concerning the drug distribution mechanisms.

13.10  Conclusion

The current focus in research of transdermal drug transport remains on finding ways 
to effectively control drug dosing, as well as targeting and retention into the site of 
interest. Taken together, topical therapy for deep tissues has demonstrated efficacy 
and safety advantage. Yet much remains to be done to clarify the mechanisms so as 
to permit further clinical development of treatments of various chronic local condi-
tions in muscles and joints. Confirmation of the clinical relevance of animals will 
be a major step forward.
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14.1  Introduction

The field of transdermal drug delivery has experienced significant innovative 
advancements [1]. Traditional modes of drug delivery include oral, parenteral, 
or cutaneous delivery via a hypodermic needle. Oral drug delivery is affected by 
the acidity of the stomach, poor intestinal absorption, and first-pass hepatic me-
tabolism, which all contribute to lower bioavailability [2]. Hypodermic needles are 
painful and associated with needle phobia and apprehension [3]. Transdermal drug 
delivery is an alternative delivery method that introduces drugs by bypassing the 
skin barrier to allow for either systemic or local drug delivery.

The major barrier in transdermal drug delivery is the stratum corneum, the out-
ermost layer of skin, ranging from 15 to 170 μm in thickness depending on the 
anatomical site [4, 5], and composed of keratinized dead cells. Transdermal drug 
delivery systems bypass the stratum corneum, which is usually the rate-limiting 
barrier. The stratum corneum is lipophilic in nature and is resistant to the passage 
of hydrophilic substances or the passage of molecules that are larger than a few 
hundred Daltons [6]. In general, multiple different approaches are taken to bypass 
the stratum corneum [1]. Microneedles enhance transdermal drug delivery through 
the creation of physical conduits or channels in the stratum corneum. Because mi-
croneedles typically penetrate over 200 μm, anatomical changes in the thickness 
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of stratum corneum are unlikely to alter the efficacy of microneedle penetration 
past the stratum corneum. This field is growing as evidenced by the number of 
microneedle-based patents (Table 14.1). Several marketed microneedle devices are 
outlined in Table 14.2.

14.2  Microneedle Fabrication

Microneedles are miniature needles created using the lithographic techniques and 
are designed to penetrate the stratum corneum to enter the epidermis without pierc-
ing the underlying dermis. By doing so, they avoid nerve endings in the dermis to 
render painless insertions [7–11]. However, longer microneedles are available when 
dermal remodeling is desired such that the needles enter the dermis and thus are 
painful with application. The main feature of microneedles that contributes to pain 
is their length [12]. Shorter microneedles do not reach the dermis and do not come 
into contact with nerves or blood vessels; they either elicit little to no pain, thereby 
making short microneedles highly desirable for drug delivery and they are the focus 
of this chapter.

Table 14.1  List of microneedle patents by company and year
Company Year
Regents of the University of California 2012
Industry-academic corporation foundation Yonsei University 2013
Therajet Inc. 2013
Clinical resolution laboratory Inc. 2008
Alza corporation 2005
Alza corporation 2006
Corium International Ltd. 2008
3M Innovative Properties company 2005
3M Innovative Properties company 2008
3M Innovative Properties company 2008
3M Innovative Properties company 2008
3M Innovative Properties company 2008
NanoBioSciences LLC 2007 and 2010
BD & Company 2009
Details about the microneedle designs can be found in [63]

Table 14.2  Current microneedle based devices on the market
Name Manufacturer Description
Skin microchannel 
system®

3M Solid medical grade polymer material. Solid 
microneedle array with 351 microneedles/cm

Dermaroller Dermaroller GMBH Solid microneedle roller
MTS-roller Clinical Resolution 

Laboratory, Inc.
Solid microneedle roller
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Microneedles have been developed in several different designs, including out-
of-plane and in-plane microneedles [13]. Out-of-plane needles are designed such 
that the microneedle is perpendicular to the surface (Fig. 14.1), whereas in-plane 
microneedles are parallel to the surface but are more difficult to place into arrays 
[14]. As most of the research and applications have focused on the out-of-plane 
microneedle, this chapter will review their use in transdermal drug delivery. Out-
of-plane microneedles are subdivided into solid and hollow microneedles. Solid 

Fig. 14.1  Schematic of microneedle penetration of solid and hollow microneedles. a During inser-
tion the microneedles penetrate to the epidermis. The partition coefficients k1 and k2 promote 
penetration into the epidermis and into the dermis, respectively. The penetration coefficient k3 
promotes retention within the stratum corneum. b The microneedles leave behind conduits into the 
epidermis after they are removed. The conduits allow topically applied substances to have direct 
access to the epidermis. The hollow microneedles allow for intraepidermal injection as depicted
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microneedles are used to create temporary physical holes in the stratum corneum or 
are coated such that the drug is delivered from the surface of the microneedle upon 
insertion (Fig. 14.1). Hollow microneedles consist of a conduit (Fig. 14.1) allowing 
for either bolus or continuous infusion after the microneedle is inserted (Fig. 14.1). 
A variety of materials have been used to make microneedles including metal [15], 
titanium [16, 17], glass [18–20], polymers [19, 21–25], and sugars [8, 21, 26].

There are many factors that can impact the efficacy of microneedles including 
its design: e.g., radius of the microneedles, microneedle shape, the quantity of mi-
croneedles used, and microneedle thickness [27].

14.3  Microneedle Strategies for Drug Delivery

The strategy for drug delivery depends on the design of the microneedle. Solid mi-
croneedles cannot infuse drugs through the needle. Instead, they are used in three 
different strategies. The first strategy is to create micropores in the stratum through 
insertion and removal of the microneedle array. These pores remain open for as little 
as a few hours before closure when left uncovered to a range of 48 h when covered 
with a drug-delivered patch [11, 28]. Drug solutions can then be applied topically to 
traverse these transiently open channels to bypass the stratum corneum, and some 
studies have utilized iontophoresis to accelerate movement through these channels 
[29–31]. Because solid microneedle pretreatment of the skin create transient pores 
with direct access past the stratum corneum, this can enhance the penetration of a 
topical formulation without necessitating changes to the formulation.

Another strategy is to coat microneedles with a drug prior to insertion. The third 
strategy is to create dissolving microneedles that dissolve upon insertion to deliver 
a drug payload. The latter two strategies are limited to drugs that are stable enough 
to be coated onto or encapsulated during the microneedle fabrication process [32]. 
Hollow microneedles can be used to infuse drugs as a bolus [33, 34] or as a continu-
ous infusion [35] after insertion.

Utilizing these various strategies, microneedles have been employed to deliver 
vaccines [36–38], insulin [15, 19, 35, 39, 40], erythropoietin [21], desmopressin 
[16], and methotrexate [41]. Testing in humans with in vivo studies have shown 
that microneedles can inject nicotinic acid derivatives through hollow silicon out-
of-plane microneedles [33, 34] and insulin through a hollow glass micropipette tip 
[42].

14.4  Transdermal Drug Delivery Applications

Microneedles are versatile and have numerous dermatologic applications. Short 
(70–80 µm) solid microneedle treatment has been shown to significantly increase 
the permeation of the small hydrophilic compound galathamine in vivo in mice 
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[43]. Hollow 500 µm microneedles delivering a 2 % dose of lidocaine, have been 
shown to provide anesthesia as quickly and effectively as a hypodermic needle [44]. 
Solid microneedle generated micropores have been demonstrated to accelerate the 
delivery of topical dyclonine [45] and topical aminolevulinic acid [46]. A study in 
mice evaluated the use of a polymer-based microneedle roller to enhance the topical 
delivery of l-ascorbic acid for hair growth. This study employed microneedle rollers 
to create microchannels before topically applying l-ascorbic acid in vivo in mice. 
Pretreatment with the microneedle rollers significantly reduced skin pigmentation 
in melasma patients compared to depigmentation serums alone [47].

The applications of microneedles expand to enhancing photodynamic therapy 
(PDT) for the treatment of actinic keratoses. PDT requires the local application of 
a photosensitive drug combined with incident light to selectively cause cell death, 
presumably through locally generated singlet oxygen [48]. In one study, silicon 
microneedle patches were used to improve the efficiency of administering topi-
cal photosensitive drugs by creating transient microchannels in nude mice before 
delivering one of two preformed photosensitizer, either 5-ALA [49] or meso-tetra 
(N-methyl-4-pyridyl) porphine tetra tosylate [50]. A transdermal patch was used to 
deliver the photosensitizing drug over the skin perforated by a microneedle. The 
results revealed that the photosensitizing drug was delivered in greater quantities 
and in a shorter time in comparison to sites that were not perforated with the mi-
croneedle patch. The greater depth of penetration is likely the result of faster pen-
etration past the stratum corneum, but this was not specifically studied. As such, one 
potential advantage of microneedle based therapy would be to reduce incubation 
times for PDT.

Indeed, clinical studies have demonstrated that channels produced by solid mi-
croneedles enhanced the delivery of both aminolevulinic acid (ALA) and methyl-
aminolevulinic acid (mALA) [51]. Solid microneedle pretreatment decreased the 
requisite incubation time of 5-ALA from 60 to 20 min without affecting the efficacy 
of PDT treatment on actinic keratoses as measured by complete response rate [46]. 
Furthermore, combining mALA with microneedle pretreatment resulted in the ef-
fective treatment of actinic keratosis while preventing most reoccurrences [52, 53]. 
One clinical study evaluated the role of short microneedles with PDT for photoreju-
venation and noted clinical improvement of photodamage [54]. Of note, this latter 
trial was limited by a lack of a control group.

14.4.1  Hollow Microneedles

Only a few animal [35, 55] and human [33, 34, 42] studies of hollow microneedles 
have been performed. In vivo human experiments revealed that hollow micronee-
dles significantly hastened penetration of methyl nicotinate compared to topical ad-
ministration [7]. Hollow microneedles were shown to deliver insulin either through 
a transdermal patch that can actively release insulin in vivo in mice [35] or deliver 
a bolus of insulin in humans without the pain associated with hypodermic needles 
[42].
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14.5  Safety of Microneedles

One of the initial concerns with microneedles was the biocompatibility of silicon or 
glass, since there are reports of silicon and glass related granulomas [56, 57]. Short 
microneedles are developed to only penetrate into the epidermis, and not into the 
dermis. Therefore, any remaining foreign body produced by fragments of the mi-
croneedle will likely be contained in the epidermis and discarded within the regular 
turnover time of 2–4 weeks. Silicon is expensive when considering mass production 
for commercialization, and manufacturing has moved away from silicon and toward 
polymer and sugar based synthesis. The polymers and sugars are biocompatible and 
many are designed to biodegrade. As microneedle technology continues to move 
toward biocompatibility, microneedle material related adverse events will likely be-
come less of a concern.

The stratum corneum is also a formidable barrier against infection. Microneedles 
physically breach this barrier, raising the possibility for cutaneous infections. Chan-
nels created by solid microneedles are open transiently for a few hours or less [11], 
and microneedles create a lower bacterial burden than injection with traditional 
hypodermic needles [58]. Furthermore, facial transepidermal water loss (TEWL) 
after treatment with short microneedles of 150 and 250 µm recovered to near base-
line levels after 8 h [59]. Considering that TEWL is a measurement of epidermal 
skin barrier function, this further suggests that the skin recovers quickly after a 
treatment to recover the protective skin barrier. Transient insertions of short solid 
microneedles of 70–80 µm did not affect the skin’s capability to resist Staphylo-
coccus aureus infection despite incubation with the bacteria in vivo in mice [43]. 
However, the use of longer microneedles that reach the dermis increased the infec-
tion rates compared to the untreated control [43]. In comparison, the use of hollow 
microneedles for extended infusions may elevate the risk for infection. There are no 
studies of the infectious risk of long-term infusions with hollow microneedles and 
the risk of cutaneous infections will need to be further studied.

14.6  Pharmacokinetics and Pharmacodynamics

Comparative studies between oral and transdermal drug delivery have shown some 
similarities and differences. Studies in estrogen delivery have shown that transder-
mal delivery may mimic physiological levels more closely [60]. However, another 
study in subjects with Turner syndrome showed no difference when evaluating the 
metabolic effects of oral and transdermal estrogen [61]. However, few articles have 
compared microneedle based transdermal drug delivery to oral or intravenous based 
drug delivery.

Microneedle based delivery of desmopressin was found to have similar elimi-
nation kinetics compared to intravenous delivery in guinea pigs [16]. Short mi-
croneedle based drug delivery will require drugs to traverse the interstitial fluid 
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of the epidermis and dermis prior to enter the blood stream but it is unknown how 
different or similar this may be in comparison to oral, intravenous, intramuscular, 
or subcutaneous delivery. Further studies in animals and in humans will be needed 
to better assess if microneedle-assisted delivery results in similar or different phar-
macokinetic and pharmacodynamic profiles. These studies will need to take into 
account the 15 factors of transcutaneous penetration [62].

14.7  Conclusion

Microneedle use in transdermal drug delivery is an innovative and practical tech-
nology with a bright future. Microneedles now make it possible to deliver agents 
through the stratum corneum that were previously impermeable. Microneedles en-
hance patient comfort by decreasing and often eliminating pain. The pharmacoki-
netics and pharmacodynamics will need to be further evaluated, especially when 
comparing one microneedle design against another. Collaboration between physi-
cians and engineers will continue to drive the evolution and growth of microneedles 
and their use for cutaneous drug delivery.
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15.1  Introduction

An understanding of the time course of solutes penetrating through the skin is cru-
cial in defining both the acute and chronic exposure an individual may have to a 
desirable topically applied medicine or undesirable absorption of a potentially toxic 
exogenous solute. The description of this time course is best achieved by express-
ing the process as a mathematical model. Those that have been used to describe 
drug penetration through and distribution in skin are based on either diffusion or 
compartmental equations. The object of any mathematical model is to (a) be able 
to represent the processes associated with absorption and distribution accurately, 
(b) be able to describe/summarise experimental data with parametric equations or 
moments and (c) predict processes under varying conditions. However, in describ-
ing the processes involved, some developed models often suffer from being too 
complex to be practically useful. In this chapter, we have attempted to update our 
previous work [1] in which we approached the issue of mathematical modelling in 
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percutaneous absorption and distribution from four perspectives. These are to (a) 
describe simple practical models, (b) provide an overview of the more complex 
models, (c) summarise some of the more important/useful models used to date and 
(d) examine some practical applications of the models. This chapter revises an ear-
lier one [1] incorporating some of the more recent findings and expanding discus-
sion of drug distribution in skin.

The range of processes involved in percutaneous absorption and considered in 
developing the mathematical models in this chapter are shown in Fig. 15.1. We ini-
tially address in vitro skin diffusion models and consider (a) constant donor concen-
tration and receptor conditions, (b) the corresponding flux, donor, skin and receptor 
amount-time profiles for solutions and (c) amount and flux-time profiles when the 
donor phase is removed. More complex issues such as finite volume donor phase, 
finite volume receptor phase, the presence of an efflux rate constant at the mem-
brane-receptor interface, two layer diffusion and drug transport and distribution in 
deeper skin layers are then considered. We then look at specific models and issues 
concerned with (a) release from topical products, (b) use of compartmental mod-
els as alternatives to diffusion models, (c) concentration-dependent absorption, (d) 
modelling of skin metabolism (e) role of solute-skin-vehicle interactions (f) effects 
of vehicle loss, (g) shunt transport and (h) in vivo diffusion, compartmental, physi-
ological and deconvolution models. We conclude by examining topics such as (a) 
deep tissue penetration, (b) pharmacodynamics, (c) iontophoresis, (d) sonophoresis 
and (e) pitfalls in modelling.

Each model is described in diagrammatic and equation form. Given that the ana-
lytical solution to most models is in the form of infinite series, often involving so-
lutions to transcendental equations, we have emphasised the Laplace domain and 
steady state solutions. Many nonlinear regression programs such as MULTI FILT, 
MINIM and SCIENTIST enable analysis of concentration-time data using numeri-
cal inversion of Laplace domain solutions and avoid some of the computational 
difficulties associated with series solutions especially those involving solving tran-
scendental equations. The steady state solutions describing the linear portion of a 
cumulative amount versus time profile for a constant donor concentration are of 
great practical use, being described by a linear equation with lag time and steady 
state flux as the intercept and the slope, respectively. In order to make equations in 
this chapter as useable as possible, each equation has been presented in a form which 
preserves dimensions of all variables. Simulations and nonlinear regressions pre-
sented in this review were undertaken using either SCIENTIST 2.01 or Python 2.7.

15.2  In Vitro Skin Diffusion Models in Percutaneous 
Absorption

We consider first mathematical models associated with solute penetration through 
excised skin. The simplest of these models is when a well-stirred vehicle of infinite 
volume is applied to the stratum corneum (SC) and the solute passes into a receptor 
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sink (Fig. 15.2a). Increasing complexity of the models arises when the vehicle vol-
ume is finite (Fig. 15.2b), when the receptor is no longer a sink (Fig. 15.2c) and 
when the vehicle cannot be considered well-stirred (Fig. 15.2d). We examine each 
of these models in terms of expressions for amount penetrating, flux and, where 
possible, summary parameters such as mean absorption time, normalised variance, 
peak time for flux and peak flux.
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Fig. 15.2  In vitro skin models of transport. a Well-stirred vehicle containing solute concentration 
Cv in volume Vv (where Vv = ∞) adjacent to assumed homogenous stratum corneum with solute 
concentration Cm at distance x from applied vehicle. Solute moves with a diffusion coefficient Dm 
over an effective path length hm and penetrates into a receptor sink to give an amount penetrated 
Q t( ) in time t  or flux J t( ). b As for A but with Vv finite. c As for B but the receptor is not a sink 
and d as for B but the vehicle is not well-stirred.
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15.2.1  In Vitro Skin Permeability Studies with a Constant Donor 
Concentration and Sink Receptor Conditions

Most in vitro skin permeability studies are carried out assuming that both (a) the 
concentration of solute in a vehicle applied to the skin and (b) the sink conditions 
provided by the receptor remain constant over the period of the study. Significant 
depletion of solute in the donor vehicle or an inadequate receptor sink requires more 
complex modelling as discussed later. When transport through the SC is rate limit-
ing, the most widely used steady-state approximation of amount of solute absorbed 
( Q( t)) at time t when a concentration of solute in vehicle ( Cv) is applied to an area 
of application ( A) for an exposure time ( T) is given by Eq. (15.1) [2]:

 (15.1)

where kp is the permeability coefficient (units: distance/time) of the SC. The lag 
time ( lag) reflects the delay taken for a solute to cross a membrane. The effect 
of this lag also is, as shown in Eq. (15.1), for absorption to continue at about the 
same rate after removal of the vehicle for an additional lag time, so that the overall 
absorption at t = T + lag equals kpACvT. This equation can be shown to have been 
derived from Fick’s first law of diffusion, which relates the steady state flux of a 
solute through a membrane ( Jss), which is achieved roughly after about two lag 
times, to the concentration gradient across that membrane ΔCm, the thickness of that 
membrane hm and the diffusivity of the solute in the membrane, Dm, i.e.

 
(15.2)

With sink conditions, ΔCm approximates to the membrane concentration at the sur-
face next to the vehicle Cm and can, in turn, be related to Cv by the dimensionless 
partition coefficient between the SC and vehicle ( )Km , defined as the ratio of solute 
concentrations in the SC ( Cm) and vehicle ( Cv) under equilibrium, i.e. K C Cm m v= / . 
Hence, the flux Jss can also be written as J K D Css m m v h= /  equilibrium. Hence, the 
flux Jss can also be 2 or

 
(15.3)

where the permeability coefficient term is normally defined as:
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In practice, the permeability coefficient kp is a composite parameter. When solute 
transport occurs via both a lipid pathway of permeability coefficient kp.lipid and a 
polar pathway of permeability coefficient kp.polar and an aqueous boundary layer of 
the epidermis provides a rate limiting permeability coefficient kp.aqueous, kp is more 
properly expressed as

 
(15.5)

As discussed by Roberts and Walters [2], for most solutes, kp ≈ kp.lipid. However, as 
Scheuplein [3] has recently pointed out Eq. (15.5) really describes the main resis-
tance barriers to transport rather than pathways for transport. For instance, he as-
serts that a key pathway for penetration for many solutes is via diffusion across the 
corneocytes as well as across the main lipid barrier, defined by kp.lipid.

Although the amount of solute absorbed is most often described by Eq. (15.1) 
in the skin literature, it is based on the permeability coefficient ( kp), which for the 
same solute is different for different vehicles. An alternative approach, pioneered 
by Higuchi, recognises that all saturated solutions are the same for various vehicles 
providing the vehicle does not affect the skin [4, 5]. Hence, the maximum flux is 
defined by Eq. (15.2), in which Cm is now the solubility of the solute in the stra-
tum corneum ( Sm) so that J D S hm m mmax /= . Provided Raoult’s law holds, the flux 
through the skin can be related to the fractional solubility of the solute in the skin:

 
(15.6)

which in turn equals the fractional solubility in the vehicle, so that Eq. (15.1) can 
also be written in the form:

 
(15.7)

where Jmax is the maximum flux of a solute through SC, realised when maximum 
possible concentration (= solubility in the vehicle, Sv) for a given vehicle is used. 
However, a number of deviations from Raoult’s law can occur [6] and high con-
centrations of certain solutes may also dehydrate the skin [7–9]. In general, fluxes 
derived using high solute concentrations should be based on mole fraction rather 
than molarity concentrations.

Equations (15.1), (15.3), and (15.7) are the simplified forms of a more complex 
expression based on the solution of the diffusion equation for transport of solute in 
the skin:
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the initial condition:

 (15.9)

and boundary conditions:

 (15.10)

 
(15.11)

Traditionally Eq. (15.8) is solved in terms of the amount of solute Q( t) exiting from 
the membrane in time t and expressed as a series solution [10]:

 

(15.12)

where the diffusion time is given by:

 
(15.13)

It should be noted that as the exponent of a very large negative number approach-
es zero, the summation term in Eq. (15.12) can be ignored at long times so that 
Eq. (15.12) reduces to the form of Eq. (15.1):

 
(15.14)

where lag is given by

 (15.15)

Given the advent of numerical Fast Inverse Laplace Transforms (FILT) [11–13], 
with non-linear regression modelling, it is convenient to analyse cumulative amount 
versus time data numerically inverting from the Laplace domain using Eq. (15.16) 
where s is the Laplace variable:

 
(15.16)

The mathematical steps required to derive Eq. (15.16), as well as an overview of the 
Laplace transform application in the skin literature is given in [14]. Figure 15.3 shows 
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and steady state (Eq. (15.14), curve 1) models versus time. Equations (15.12) or 
(15.16) can be used to analyse in vitro experimental data by nonlinear regression as 
shown in Fig. 15.4.

Figure 15.3 (curve 3) also shows the amount of solute taken up by the SC with 
time. These profiles are of interest for those solutes which may be targeted for reten-
tion in this tissue, e.g. sunscreens or which may be sequestered in this tissue, e.g. 
steroids. The time domain and Laplace domain solutions for the amount of solute 
M( t) taken up into an assumed homogeneous SC with time are:

 
(15.17)

 
(15.18)

where M∞ is the amount of solute in the skin at steady state and is given by  
KmCvhmA/2 when a linear concentration gradient is assumed.
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Fig. 15.3  Normalised cumulative amount of solute penetrating Q M/ °  (curve 2, Eq. (15.16)); 
taken up by the stratum corneum (curve 3, Eq. (15.18)); and leaving vehicle (curve 4, Eq. (15.21)) 
with normalised time. Curves 1–5 represent steady state approximations of the cumulative amount 
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The summation of Q( t) and M( t) yields the expression for the amount which 
leaves the vehicle Q tin ( ) (the profile shown in Fig. 15.3 curve 4):

 
(15.19)

When t → ∞ , Eq. (15.19) reduces to:

 
(15.20)

Hence, the linear portion of Q tin ( )  versus t  has a slope of k ACp v  and intercepts on 
the negative side of the time axis at a point of neglag = td /3 = hm

2/(3Dm) (Fig. 15.3 
curve 5).

The corresponding Laplace domain expression for Q tin ( )  is:
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The absorption rate or flux of solutes in the period before steady state is impor-
tant for many ointments applied topically for local effects and in the toxicology of 
ointments applied to the skin. The flux of solutes exiting membrane per unit area 
of membrane, J ts ( ), is defined by J t A Q ts ( ) ( / ) /= ∂ ∂1  or ˆˆ ( ) ( )sJ s sQ s A=  in the 
Laplace domain. Using Eqs. (15.12) and (15.16) we find therefore

 
(15.22)

 
(15.23)

The corresponding equation for the flux of solute from the vehicle into the mem-
brane, J tin ( ), is given as

 
(15.24)

 (15.25)

Figure 15.5 shows the flux-profiles for solutes leaving the membrane and vehicle, 
respectively.

The concentration in the membrane in the Laplace domain is [14]:
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This equation may be important as illustrated in the use of in vivo ATR-FTIR to 
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in the concentration of solute at the surface. The amount absorbed into a systemic 
circulation across the skin from the time the dosage form is removed is given by

 

(15.27)

where M K C Ah k AC tm v m p v d∞ = =/ /2 2  is amount of solute present in the skin be-
fore removal of the vehicle. The Laplace domain equivalent of this expression is

 
(15.28)
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(15.30)

Figure 15.6 shows the amount and flux-time profiles associated with donor phase 
removal.

The mean time for absorption of solute from the skin in this case is given by:

 
(15.31)

and the amount absorbed after infinite time is the amount in the skin before the 
vehicle is removed, which is equal to M∞.

Frasch and Barbero [16] considered a case where exposure to the solute is not 
long enough for steady state concentration to form in the SC for volatile and non-
volatile solutes.
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15.2.3  In Vitro Permeability Studies with a Constant Donor 
Concentration and Finite Receptor Volume

In most in vitro studies, it is assumed that sink conditions apply in the receptor 
phase. However, the receptor phase is a finite volume and solute accumulation may 
be possible if there is an inadequate removal rate of the solute penetrating through. 
Siddiqui et al. [17] related the steady state flux of steroids through human epidermis 
to the differences in concentrations between donor ( )Cv

  and receptor ( )Css
  con-

centrations. In the present notation, this equation is:

 
(15.32)

where Kr is the partition coefficient between receptor and vehicle ( / )K C Cr r v=  and 
Km is the partition coefficient between the membrane and vehicle ( / )K C Cm m v= .  
Siddiqui et al. [17] assumed that Kr = 1.

Implicit in the underlying boundary conditions for the receptor phase is a con-
stant clearance of solute Clr, due to repeated sampling or use of a flow through cell. 
If such a clearance was absent, Css would continually increase and approach C Kv r.  
The value of Css is defined by the relative magnitudes of the clearance ( )Clr  and 
k A Kp r/ :

 
(15.33)

Siddiqui et al. [17] also applied this equation and the dermal clearance of solutes 
( )Clr  to predict the steady state epidermal concentrations of solutes Css. Roberts 
[18] considered the limits of large k Ap  as exists for phenols absorption and low 
k Ap  as exists for steroid absorption. He suggested that, when kpA >> KrClr, Css  
would eventually approach the donor concentrations used ( )C Kv r

. In contrast, 
when kpA << KrClr, Css

 approaches k AC Clp v r/ .
The derivation of the full equation, from which steady state Eqs. (15.32) and 

(15.33) arise, needs to take into account a finite receptor or epidermis volume. The 
boundary condition at x hm=  in this case is C h t K C t Km m m r r( , ) / ( ) /= , together 
with: [19]

 
(15.34)

where Clr  is the clearance (ml/min) of solution containing solute from the receptor 
phase, Vr  is the volume of the receptor and Cr  is the concentration in the receptor.

Using this boundary condition together with boundary condition (10) yields for 
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(15.35)

 
(15.36)

where dimensionless parameter Cl Cl K k ArN r r p= / ( ) is a measure of the magni-
tude of the removal rate from the receptor phase ( Clr) relative to transport through 
the membrane ( kpA) and V V K V KrN r R m m= / ( ) is the dimensionless receptor volume 
defined as the ratio of the amount of drug in the receptor phase and membrane 
( CrVr/[CmVm]) assuming equilibrium exists between phases.

Figure 15.7 shows the effect of receptor volume (as defined by VrN) and clear-
ance of solution from the receptor phase (as defined by ClrN) on J ts ( )-time profile.

The steady state approximation of Eq. (15.35) is

 (15.37)
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We note that if Eq. (15.33) is substituted into (15.32), the expression for Jss is iden-
tical to Eq. (15.38). We also note that when Clr →∞  (infinite sink), Jss and lag  
reduce to Eqs. (15.3) and (15.15), respectively.

The corresponding expression for the receptor/epidermal concentration with the 
above boundary conditions is
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and finite. Boundary conditions similar in form to that defined by Eqs. (15.34) and 
(15.46), but with Clr = 0, were used to describe the disappearance of solute from the 
donor chamber into the membrane and efflux of solute from the membrane into the 
receptor chamber. The resultant expression included a complex function requiring 
the solution of transcendental equations. It should be emphasised that this model 
differs from others described in this section in that it does not have a clearance term 
to account for sampling.

15.2.4  In Vitro Permeability Studies with a Constant Donor 
Concentration or Defined Input Flux and Finite 
Clearance of Solute from the Epidermis

The importance of receptor conditions on epidermal transport has been the subject 
of various studies over the last 30 years. Two models are widely used. In the first 
model, it is assumed that the viable epidermis or aqueous diffusion layer below 
the SC can exert a significant influence on skin penetration [21, 22]. The second 
model is one where there is a rate limited step in partitioning from the membrane to 
the next phase (eg epidermis → receptor solution, SC → epidermis, epidermis → 

d
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Fig. 15.7  Normalised flux ( / ( ))J k Cp v  versus normalised time ( / )t td  for a finite receptor volume 
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dermis). This rate constant of dimension time-1, which we will define as kc
, and the 

interfacial barrier rate constant are identical if the lag time for the interfacial barrier 
is negligible compared to the lag time in the SC. In the specific case of an aqueous 
diffusion layer being a barrier, k D lc aq aq= / 2  where laq is the thickness of the layer 
and Daq  is the diffusion coefficient in the layer [22].

Guy and Hadgraft [23] developed a pharmacokinetic model for skin absorption 
based on the diffusion model with the boundary conditions defined by (a) the influx 
into the membrane being related to an assumed exponential decline in vehicle donor 
concentration and (b) the efflux from the membrane being related to first order re-
moval at a rate constant kc. These authors went on to examine short and long-time 
approximations. Kubota and Ishizaki [24] presented a more generalised diffusion 
model for drug absorption through excised skin by using the boundary conditions 
of the fluxes (a) into the skin being defined by an arbitrary function f t( ) and (b) 
out of the skin being defined by ClC hm( ), where Cl  is the clearance from the skin 
and C hm( ) is the concentration of solute at the depth hm, that is the skin–system 
interface. They considered a boundary condition at the membrane–vehicle interface 
defined by an input rate into the membrane f t( ) together with a first order rate con-
stant kc

 determined efflux from the membrane. Accordingly, the amount of solute 
absorbed across the skin Q t( ) at various times t  is defined in the Laplace domain 
as:

 
(15.41)

Of particular interest in this overview is the case of a constant donor concentration 
(infinite donor) and sink receptor. ˆ ( )Q s  is then defined by:

 
(15.42)

Figure 15.8a shows the effect of kc (as defined by α=kctd) on Q( t) versus time pro-
file.

It is to be noted that, at long times, the linear portion of Q t( ) (defined by 
Eq. (15.42)) versus t  profile describes a steady state flux Jss   and lag time ( )lag :
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Thus, both the slope and lag of the steady state portion of a Q t( ) versus t  plot de-
pend on kc .

Jss in Eq. (15.43) can be re-expressed as:

 
(15.45)J C k
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which is identical to Eq. (15.38), if kctd is replaced with ClrN.
Elsewhere we have analysed a more general case with simultaneous rate limita-

tions due to clearance from receptor ( Clr), finite receptor volume ( Vr), finite per-
meability through viable epidermis kp

ve( ) and finite permeability through unstirred 
donor layer kp

d( )  [19]. Eqs. (15.35) and (15.42) for ˆ ( )Q s  are limiting cases of this 
more general solution.

15.2.5  In Vitro Skin Permeability Studies with Finite Donor 
Volume and Receptor Sink Conditions

In practice, the solute concentration applied to the skin does not remain constant but 
declines owing to the finite volumes of vehicles applied to the skin. We therefore 
need to examine solutions for Eq. (15.8) in which the boundary condition allows 
for a depletion in solute concentration. We assume, initially, the simplest bound-
ary conditions applying to the sorption of solutes into a membrane from the well-
stirred vehicle at x = 0  and from membrane into a systemic circulation at x hm=  
(Eqs. (15.10) and (15.11)) together with a condition of depletion of concentration 
in the vehicle: [10]

 
(15.46)

where V Ahv v=  is the volume of the vehicle applied to the skin. Solution of 
Eq. (15.8) with (15.10), (15.11) and (15.46) as boundary conditions gives: [25]

 

(15.47)

where M C V C Ahv v v v0 0 0= =  is the initial amount of solute in the vehicle, Cv0 is the 
initial concentration in the vehicle, hv  is the effective thickness of the vehicle, VvN 
is a dimensionless parameter defined by:
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The Laplace transform of Q t( ) is given by: [26]

 
(15.48)

The corresponding expressions for flux are given by Eqs. (15.49) and (15.50):

 

(15.49)

 
(15.50)

Equation identical to Eq. (15.49) was used by Kasting [27] for analysis of the in 
vitro absorption rates of varying finite doses of vanillylnonamide applied to excised 
human skin from propylene glycol.

Figure 15.9 shows the predicted profiles for the flux of solute (Eq. (15.50)) with 
varying VvN=Vv/( KmVm). It is apparent that both the peak time and area under the 
curve decrease with the decreasing VvN. The longer peak time with increasing Vv re-
flects the movement from a finite to an infinite donor source. The larger area under 
the curve reflects the higher dose associated with an increase in Vv.

Two summary parameters can be derived from Eq. (15.50):

1. Mean absorption time measuring from systemic side of the skin is

 
(15.51)

It needs to be emphasised that MATs differs from MTT , which is mean transit time 
through SC. MTT  can be calculated as

where MATv  is the mean absorption time from the vehicle:

where ˆ ( )vJ s  is the Laplace transform of the flux from the vehicle into the skin. It 
can be found that
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and MATv vN dV t= . We therefore have MTT = td / 2 .

2. CV 2 for absorption:

 
(15.52)

Another two summary parameters can be derived from Eq. (15.50) when VvN << 1 
( )V V Kv m m<< . This applies in a specific case of solvent deposited solids. Scheu-
plein and Ross [28] described the absorption of drugs when 25 lµ  of acetone is 
applied to 2 54 2. cm  of skin and allowed to evaporate, leaving a very thin layer of 
solid material. When VvN <<1 Eq. (15.50) reduces to:

and therefore J t( ) can be written as
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where / dt tτ = , ( )f τ  is a function independent of VvN and whose Laplace transform 
is ˆ ( ) 1/ coshf s s= . It can be shown by the numerical inversion of ˆ ( )f s  that the 
maximum of the function ( )f τ  occurs at 1/ 6τ =  with the value max( ) 1.850f τ = .  
The peak flux, J p , and for the time of peak flux, t p, for finite dose absorption sol-
vent deposited solutes are therefore described by the simple equations:

 
(15.53)

Hence, the peak time corresponds to the lag time observed after application of a 
constant donor solution (Eq. (15.15)). Scheuplein and Ross [28] provided experi-
mental data to show: (a) J p is proportional to Cv0

 for benzoic acid, (2) t p for differ-
ent solutes is inversely related to their Dm  values and (3) penetration was facilitated 
by hydrating the SC.

15.2.6  In Vitro Permeability Studies with a Finite Donor Volume 
and a Finite Clearance from the Epidermis into the 
Receptor

Another case of particular practical interest is when the donor phase is assumed to 
be well-stirred and finite in volume and there is limiting clearance from the epider-
mis to the receptor phase. Applying the boundary condition defined by Eq. (15.46), 
together with boundary condition for x hm= :

 
(15.54)

yields for ˆ ( )Q s :

 
(15.55)

The profiles for Q t( ) versus t  defined by Eq. (15.55) for different values of kc  
( )c dk tα =  and VvN = 1 are shown in Fig. 15.8b.

A case of finite volume of the vehicle with simultaneous rate limitations due 
to clearance from receptor ( Clr), finite receptor volume ( Vr), finite permeability 
through viable epidermis kp

ve  and finite permeability through unstirred donor layer 
kp

d( )  were analysed by Anissimov and Roberts [26]. Equations (48) and (55) pre-
sented here for ˆ ( )Q s  are limiting cases of their more general solution.
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15.2.7  In Vitro Skin Permeability Studies with Diffusion Limited 
Finite Donor, and Sink Receptor Conditions

One of the first attempts at modelling percutaneous absorption with diffusion limit-
ing uptake from both the vehicle and the skin was made by Kakemi et al. [29]. The 
schematics of their one dimensional model is shown in Fig. 15.2d. Guy and Had-
graft [30] used a similar model with sink receptor conditions as shown in Fig. 15.10.

Partition 
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Fig. 15.10  Two layer diffusion model for in vitro percutaneous absorption kinetics as defined by 
Guy and Hadgraft [30]
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In the latter model, the solute has a diffusivity Dv
 in a finite vehicle of volume 

Vv  which is in contact with SC in which a solute has a diffusivity Dm  down a path-
length hm. The Laplace transform for the amount penetrating the epidermis ˆ ( )Q s  
into an absorbing “sink” is:

 

(15.56)

where as usual M C Vv v0 0=  and tdv  is the diffusion time in the vehicle, t h Ddv v v= 2 / .
When the transport across the epidermis is also dependent on a first order rate 

constant kc  for removal from the epidermis, the Laplace transform becomes:

 

(15.57)

Figure 15.11 shows profiles of Q t( ) versus t  as defined by Eq. (15.57) for different 
vehicle diffusivities ( / )dv dt tγ =  and ( )c c dk k tα =  for VvN=1.

In the particular cases, when dv dt t�  and 
d dvt t�  Eq. (15.56) reduces to 

Eqs. (15.69) and (15.48), respectively.

15.2.8  In Vitro Permeability Studies with Two Layer Diffusion 
Limitations in Transport

The complex cases of diffusion being a limitation in the transport through both 
the SC and epidermis have been considered by Hadgraft [31]. He considered the 
case when solute exists as a reservoir in the SC. In his approach, the solute initially 
present in the SC diffuses from it into and through the epidermis. The case of rate 
limiting removal from the epidermis ( )kc

 was considered.
Cleek and Bunge [32] considered similar two phase in series model for the 

amount of solute entering skin ( Qin( t)) and determined it both as an analytical so-
lution and simulations. This model was then extended to include solute properties 
as a determinant of uptake [33]. They suggested that steady state permeability will 
be under estimated if not corrected for the relative permeabilities of the SC and 
epidermis. The result of these considerations is a steady state Eq. (15.58) similar to 
Eqs. (15.43) and (15.44):
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(15.58)

where k K D h G t t B D h K D hp sv sc sc ds de sc e e e sc= = =/ , / , / ( )  and Ksv is the parti-
tion coefficient between SC and the vehicle K C Csv sc v= / .

Seko et al. [34] considered similar model with the solute metabolism in the sec-
ond phase (viable epidermis). The resulting equations for the amount exiting the 
epidermis for drug Qd and metabolite Qm are:

 

(15.59)
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Fig. 15.11  Cumulative amount penetrated Q  normalised for amount applied Mo versus time nor-
malised for diffusion time td  for the case of both vehicle and stratum corneum limited diffusion. 
The two parameters varied define the relative diffusion time in vehicle relative to that in stratum 
corneum ( / )dv dt tγ =  and the interfacial barrier rate constant effect on the exit of solutes from the 
stratum ( )c dk tα =  (Eq. (15.57))
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(15.60)

where km is the rate of metabolism in the viable epidermis, t h Ded e ed= 2 / ,   
tsd = hs

2 /Dsd ; tem = he
2 /Dem and first subscripts ( s and e) denote the SC and the viable 

epidermis, and second subscripts ( d and m) denote the drug and its metabolite, 
respectively. We note that boundary conditions used in this work excluded the me-
tabolite from diffusing back into SC and the donor. This simplifies the solution for 
the metabolite, but could in some cases slightly overestimate its amount penetrating 
into the receptor.

15.2.9  Desorption

Although penetration (absorption) experiments are most common in studying per-
cutaneous kinetics, desorption experiments have been used to study SC solute trans-
port [35, 36]. In these desorption experiments, the membrane is initially saturated 
with the solute so that it is at equilibrium with the donor phase with concentration 
Cd. The membrane is then immersed into the receptor phase with no solute present 
at time t = 0. Assuming sink conditions in the receptor, the initial and boundary 
conditions for this case are:

 (15.61)

 
(15.62)

 
(15.63)

Solving Eq. (15.8) with initial and boundary conditions (61–63) in the Laplace do-
main yields for the amount of solute desorbed into receptor phase:

 

(15.64)

Equation (64) could be inverted to time domain to yield infinite series solution:
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where M∞ (= CdKmAhm) is the total amount of solute absorbed by the membrane. 
Equation (65) was used by Roberts et al. [36] to fit experimental desorption profiles 
for some solutes to yield td and Km. These parameters could then be used to calculate 
permeability coefficient:

 
(15.66)

15.2.10  SC Heterogeneity

A homogeneous membrane model is assumed in this chapter and in most of the 
literature for the majority of the mathematical analysis of solute transport in SC. In 
this model, SC is represented as a membrane with constant diffusion and partition 
coefficients. However, the SC morphology is that of a heterogeneous multiphase 
tissue consisting of intracellular lipids and corneocytes hold together by desmo-
somes [37]. One way to model this is by applying finite-difference or finite-element 
schemes with an appropriate spatial mesh over spatially organised lipid (mortar) 
and corneocyte (bricks) domains. This in-silico modelling can yield important in-
sights to the solute transport in SC and has been recently reviewed in detail by 
Mitragotri et al. [38]. Nevertheless, even with the constant increase in the amount 
of available computational power, it is not feasible yet to fit experimental data us-
ing this in-silico approach, in part due to the fact that such models have very large 
number of parameters. A different approach has been proposed to address heteroge-
neity of the SC for modelling water transport in SC [39] in which slow equilibration 
between different phases of the SC is added to the diffusion equation. This slow 
equilibration model was successful in fitting water desorption and penetration data 
simultaneously [39].

Another potential source of discrepancy of SC transport from a homogeneous 
membrane model is the presence of two spatially distinct regions in SC: the stratum 
dysjunctum and stratum compactum. The applicability of the homogeneity assump-
tion to SC has therefore been questioned [40]. It has been experimentally shown 
that the partitioning coefficient of clobetasol propionate in SC is highly variable and 
decreases exponentially from outer SC layers (stratum dysjunctum) to the inner lay-
ers (stratum compactum) [41]. Solutions for variable diffusion and partition coef-
ficients in the SC have been presented [42] and based on this model analysis. It was 
found that penetration flux experiments are relatively insensitive even to extreme 
values of diffusion and partition coefficient heterogeneity, whereas for desorption 
experiments, using Eq. (15.66) may lead to a misinterpretation when the SC is het-
erogeneous [42]. It was also found that concentration–distance profiles are the most 
sensitive to SC heterogeneity and ignoring partition coefficient heterogeneity in 
using tape-stripping data to predict penetration flux-time profiles may result in a 
significant miscalculation of the steady state flux and lag time values [42].
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15.3  Release Profiles from Topical Products

A number of transdermal systems are now available for clinical use. Hadgraft [43] 
considered the solutions for release from patches for a range of boundary condi-
tions. When a drug is contained in both the contact adhesive (priming dose) and 
patch, the release rate Rs  approximates to [44]:

 (15.67)

where Ro
 is the zeroth order flux from the patch assuming no depletion, and H  and 

a  are constants defining the release kinetics of the priming dose. Lordanski et al. 
[45] simulated factors such as matrix diffusion, partition coefficient, and polymer 
membrane thickness in the modelling of drug delivery kinetics from the adhesive of 
transdermal delivery device into skin imitating membranes.

15.3.1  Diffusion Controlled Release

Of practical interest is a homogenous phase in which the drug is released by diffu-
sion. The expression for the drug release from slabs is well known to be that of the 
“burst” effect [10]:

 
(15.68)

where again M C Vv v0 0=  and t h Ddv v v= 2 / . The Laplace expression for Eq. (15.69) 
is:

 
(15.70)

At short times when the amount released is less than 30 %, Eq. (15.68) can be ap-
proximated to:

 
(15.71)

15.3.2  Release of a Suspended Drug by Diffusion

Another special case is that for a vehicle or patch containing a suspended drug. In 
this case, the amount of solute released into a perfect sink is given by [46]:

 (15.72)
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where Cv0  in this context have the meaning of the total amount of drug (soluble and 
suspended) in the vehicle per unit volume, and Cs  is the saturation concentration 
of the drug in the vehicle.

15.4  Compartmental Models as an Alternative  
to Diffusion Models in Percutaneous Absorption

Riegelman [47] analysed a range of in vivo skin absorption data using a unidi-
rectional absorption and simple compartment-based pharmacokinetic models 
(Fig. 15.12a). A more complex series of models (Fig. 15.12b, c, d) were used by 
Wallace and Barnett [48] to describe the in vitro methotrexate absorption across 
the skin. A discussion of the various models and their approximations is given in 
our earliest version of this chapter [49]. More recently, a comprehensive review of 
compartmental models has been presented by McCarley and Bunge [50].

The key models developed [51] match (a) steady state SC concentration and 
penetration rate with an assumption of equilibrium at the two boundaries of the 
membrane (equilibrium model); (b) steady state SC concentration, penetration rate, 
and lag time for all blood and vehicle concentration ratios, and for large blood con-
centrations (general time lag model); (c) as in (b) but for low blood concentrations 
(simplified time lag model); and (e) the traditional model. The real contribution of 
this work has been a systematic derivation of equations for coefficients of com-
partmental models, expressed in terms of physicochemical parameters, which are 
documented in the paper in a readily accessible form.

It could be argued that the model representing SC as five compartments 
(Fig. 15.12e) [52] corresponds best to the diffusion model and its rate constants can 
be easily related to the diffusion coefficient and the membrane thickness [53]. This 
model was developed to account for potential binding of solute to SC proteins for 
finite vehicle volume. A more general, n-compartmental model has been considered 
in detail and compared with the diffusion model in [53]. It has been argued that 
the exact number of compartments can be dictated by experimental conditions (e.g 
how many tape-strips are required to remove SC), but should normally not exceed 
20–25, the number of corneocyte layers in human SC [53].

15.5  Other Processes Affecting In Vitro Percutaneous 
Absorption

15.5.1  Concentration-Dependent Diffusive Transport 
Processes

It is well known that the permeability of solutes through the skin may be affected 
by their concentration-dependent interaction with the skin as shown for the alcohols 
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[21] and phenols [54]. At this time, relatively little work has been published on 
mathematical models for diffusion in a swelling or denaturing skin environment. 
Wu [55] has attempted to relate water diffusivity D C( ) as a function of its water 
concentration ( )C  in a keratinous membrane. The expression D C D ACo

B( ) = + , 
where D Ao , , and B  are constants, best described the results. Giengler et al. [56] 
have described the numerical solution of solute concentrations in a system consist-
ing of a polymer film, microporous membrane, adhesive, skin layer, and capillary 
sink and in which the diffusion coefficients were time dependent.

Higuchi and Higuchi [57] summarised the theory associated with diffusion 
through heterogeneous membranes and vehicles. They suggested that transport 
through a two phase system was a function of the volume fraction and permeability 
of each phase. They also derived an expression for lag time across a membrane 
when simultaneous diffusion and Langmuir adsorption has occurred. The lag time 
across the membrane is increased by binding of solute to membrane’s binding sites:
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(15.73)

where Dm is effective diffusion constant in heterogeneous membrane, A is amount 
of solute taken up by filler per unit volume of membrane material, K1 is the parti-
tion coefficient of the solute in vehicle and phase 1 in the membrane, V1  is volume 
fraction of phase 1, and Cv  is concentration of solute in the vehicle.

When the solute concentration in the vehicle increases, the second term in 
Eq. (15.72) decreases and the overall lag time is shorter.

Chandrasekaran et al. [44, 58] assumed that uptake of solutes by skin was de-
scribed by a dual-sorption model

 
(15.74)

where

However, these authors then assumed that Z was a constant. This model reduces to 
the conventional diffusion model in which the effective diffusivity is the diffusion 
coefficient of free solute modified by the instantaneous partitioning of solute into 
immobile sites in the diffusion path [6]. Expressions were presented for plasma 
concentrations and urinary excretion rate profiles after single and multiple patch 
applications of scopolamine to humans. Kubota et al. [59] applied the dual sorption 
model to account for the nonlinear percutaneous absorption of timolol. The model 
accounted for the prolongation in timolol lag time associated with the decrease in 
applied concentration.

15.5.2  Bioconversion/Metabolism of Solutes in the Skin

Roberts and Walters [2] related the in vitro (metabolically inactive) skin flux Js ,in vitro  
to that in vivo Js ,in vivo  by a first pass bioavailability Fs  and a fraction released from 
the product into the skin FR :

 (15.75)

The importance of recognising Fs
 is illustrated by methylsalicylate where Fs < 0 05.  

[2]. Caution must therefore be applied in extrapolating in vitro data into likely in 
vivo absorption.

The modelling of percutaneous absorption kinetics in the epidermis when dif-
fusion and metabolic processes occur simultaneously leads to relatively complex 
solutions. Ando et al. [60] examined the diffusive transport of a solute through a 
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metabolically inactive SC and hence through the epidermis, where it was assumed 
that there was homogeneous distribution of metabolising enzymes. Subsequent 
work developed this model to examine the bioconversion prodrug →  drug →  
metabolite [61, 62]. The work applied the diffusion equation and derived expres-
sions for the steady state fluxes and cutaneous concentration–distance relationships 
for each of the species. Yu et al. [63] then solved this model for nonuniform enzyme 
distribution in the skin. Fox et al. [64] considered Michaelis–Menten kinetics in 
their examination of prodrug, drug and metabolite concentrations in the epidermis 
and dermis. More recently Seko et al. [34] used a two-layer skin diffusion/metabo-
lism model to describe parabens cutaneous metabolism after topical application (see 
also Eqs. (15.59) and (15.60)). Analysis involved nonlinear regression of numerical 
inversion of Laplace transform solutions. Approximations to diffusion-based mod-
els were applied by Hadgraft [65], Guy and Hadgraft [66] and Kubota et al. [67] to 
describe the effect of linear and saturable (Michaelis–Menten) epidermal metabo-
lism on percutaneous absorption.

Guy and Hadgraft [68] adapted their compartmental pharmacokinetic model to 
include a metabolic conversion of the solute with consequent removal of the me-
tabolite. Linear kinetics was assumed to enable solution in the Laplace domain and 
inversion to give analytical solutions. A number of theoretical plasma concentration 
profiles were then constructed. In reality, Michaelis–Menten kinetics may be opera-
tive for a number of solutes.

15.5.3  Solute–Vehicle, Vehicle–Skin and Solute–Skin 
Interactions

The practical application of mathematical models in percutaneous absorption to 
therapeutics or risk assessment is dependent on an understanding of solute–skin, 
solute–vehicle and vehicle–skin interactions. Some aspects of each of these areas 
have been discussed by Roberts and Walters [2], Hadgraft and Wolff [69], Robinson 
[70] and Roberts et al. [6].

The present analysis has generally been limited to percutaneous absorption ki-
netics in which the underlying physicochemical parameters are time-independent. 
In practice, the application of a vehicle to the skin will lead to a time-dependent 
change in permeability due to either a solute–skin or a vehicle–skin interaction. The 
solutions of the resultant concentration-dependent diffusion processes also lead to a 
time- and space-dependent change in solute diffusivity, and are relatively complex 
and felt to be beyond the scope of this overview.

Of critical importance in both therapeutics and toxicology is the maximum flux 
of a solute Jmax. This flux is normally attained at the solubility of the solute in the 
given vehicle Sv , consistent with the solubility of the solute in the SC transport 
pathway Sm
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The importance of Jmax as a parameter describing penetration through the skin is in 
its invariance for a given solute transport from different vehicles, unlike kp, which is 
vehicle-dependant. This invariance holds unless the vehicle affects either Dm  or Sm 
[6]. Jmax (in mol/cm2 h) may be expressed in terms of their molecular weight (MW), 
melting point (Mpt) and hydrogen bonding acceptor ability (Ha) [4]:

 
(15.77)

where Jmax is in mol/cm2 h and the dependence on Mpt being described using the 
Mpt term: Mp*= ∆S Mpt T u Mpt T Tf ( ) ( ) /− − , from Yalkowsky’s solubility equa-
tion [71], where T is the temperature and S f is the entropy of fusion of a solute, 
u( x) is the unit step function (i.e. u(x)=1 for x > 0 and u(x)=0 for x < 0)). Most of the 
regression variance for Jmax is defined by MW, showing the dominance of size as a 
determinant of maximum flux [4]:

 (15.78)

15.5.4  Effect of Surface Loss Through Processes Such as 
Evaporation and Adsorption to Skin Surface

There is a potential change in solute concentration as a consequence of surface loss 
during percutaneous absorption. The loss may result in (a) an effective reduction 
in the volume of the vehicle alone due to evaporation and an increase in solute 
concentration as a consequence, (b) a reduction in both solute and vehicle due to a 
removal process and (c) a loss of solute only due to volatilisation or adsorption to 
skin surface. For instance, Reifenrath and Robinson [72] have shown that mosquito 
repellents may be lost due to evaporation at a rate comparable to their percutaneous 
absorption. Guy and Hadgraft [73, 74] examined the first and zero order loss of sol-
ute from the vehicle surface using diffusion and compartment models, respectively. 
More recently Saiyasombati and Kasting [75] examined disposition of benzyl al-
cohol after topical application to human skin in vitro and showed that evaporation 
plays a significant role. They found that two-compartment models were adequate to 
describe first order loss of benzyl alcohol from the vehicle surface.

Kasting and Miller [76] considered a case of solvent deposited solutes with si-
multaneous evaporation of the solute from the surface of the SC. Infinite series 
solutions for diffusion model for various limiting cases were presented and later 
applied to the experimental data for penetration of benzyl alcohol (BA) through 
split-thickness cadaver skin [77]. Similar modelling for volatile solutes was con-
sidered for finite volume vehicle and resulted in the amount absorbed expressed in 
Laplace domain as [53]:

 
(15.79)
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where 
evκ is the dimensionless parameter describing the ratio of the rate of evapora-

tion ( kev, volume time-1) to the rate of absorption / ( )ev ev pk Akκ = .

15.5.5  Shunt Transport

The importance of shunt transport by appendages has been well recognised. Scheu-
plein [78] and Wallace and Barnett [48] assumed a parallel pathway with a minimal 
lag time relative to transepidermal transport for diffusion and compartmental mod-
els, respectively. In our attempted modelling of epidermal and shunt diffusion, we 
assumed that the overall amount penetrating was the sum of the amounts penetrat-
ing through independent epidermal and shunt pathways [17]. The amount penetrat-
ing through each pathway was assumed to be defined by Eq. (15.12) in which Km

 
and Dm

 were defined in terms of the corresponding constants for the two pathways.
More recently, the presence of polar and nonpolar pathways through the intercel-

lular region of the SC has been recognised as described in Eq. (15.5). Mathematical 
models described include those for steady state conditions [79, 80], and an infinite 
dosing condition [81]. Yamashita et al. [82] have presented the Laplace solution 
for a well-stirred finite donor phase in contact with SC in which solutes can dif-
fuse through both polar and nonpolar routes. The solute can then diffuse through 
the epidermis into a sink. Numerical inversion of the Laplace transform with FILT 
was then undertaken to generate real time profiles. Edwards and Langer [83] have 
derived expressions for a range of conditions and suggested their theory confirmed 
the importance of shunt and intercellular transport for small ions and uncharged 
solutes, respectively.

15.5.6  Reservoir Effect

It is well recognised that significant amounts of solute can accumulate in the SC 
and be released into lower tissues on rapid skin hydration, the so called “reservoir” 
effect [84, 85]. Modelling of this process including the effects of desquamation 
has been undertaken using both diffusion [86] and compartmental models [87]. In 
the latter model, the kinetics of reservoir depletion was shown to be dependent on 
solute diffusivity in the SC solute clearance from the underlying tissue and the rate 
of epidermal turnover.

15.6  Simple In Vivo Models in Percutaneous Absorption

15.6.1  Compartmental Pharmacokinetic Models

One of the first evaluations of the pharmacokinetics of skin penetration was re-
ported by Riegelman [47]. Absorption of solutes through the skin was generally 
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assumed to follow first order kinetics with a rate constant ka   (units: time−1). Much 
of the data analysed appeared to be characterised by “flip-flop” kinetics where the 
absorption halftime is much longer than the elimination half-time, as illustrated 
later in Fig. 15.13. This modelling approach has been used by a number of au-
thors including the work of Rohatagi et al. [88]. This work described an integrated 
pharmacokinetic-metabolic model for selegiline after application of a transdermal 
system for 24 h. A series of differential equations and nonlinear regressions were 
then used to solve drug and metabolite concentrations.

Roberts and Walters [2] have suggested that four processes are commonly used 
to describe plasma concentrations Cplasma  with time after topical application when 
the body is assumed to be a single compartment, with an elimination rate constant 
kel  and apparent distribution volume VB

.

1. Depletion of the applied dose at a first order rate constant ka

 (15.80)

where lag  is the lag time for absorption through the skin and F  is the fraction that 
would be absorbed if the product were applied for an infinite time.

Figure 15.13 shows the nonlinear regression of norephedrine urinary excretion 
rate after topical application using Eq. (15.79). Also shown in Fig. 15.13 is the pro-
file for an equimolar dose given orally. It is apparent that the topical application is 
associated with a lag of 2 h and an absorption half-life (the terminal phase) of 8 h 
( . / )0 693 ka . A common elimination half-life ( . / )0 693 kel  of 3.3 h is found for both 
routes of administration.
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Fig. 15.13  Simultaneous nonlinear regression of urinary excretion rate-time data for norephedrine 
hydrochloride administered orally (○) and free base applied topically (●) using a weighting of 
1/ yobs

 and a common elimination half life for norephedrine. The regression yielded an absorption 
half-life of 0.09 h for oral administration. A lag of 2.2 h and an absorption half-life of 6.0 h for 
topical application and an elimination half-life of 2.5 h ( . )r2 0 999= . Data from Beckett et al [145].
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Cross et al. [89, 90] related the cumulative amount-eluted versus time profiles 
( ( ) )Q t t− , after dermal absorption of solutes into a perfused limb preparation, to 
Eq. (15.80)

 
(15.81)

where Mo
 is the initial amount applied to the dermis, ka

 is the absorption rate 
constant for solute absorption from the dermis, defined by fraction remaining in 
dermis with time ( exp( ))F k tadermis = − , and kel  is the elimination rate constant from 
the preparation. It can be shown, that after some rearrangement, Eq. (15.16) in Wil-
liams et al. [91] for the perfused porcine skin flap model simplifies to Eq. (15.80).

Reddy et al. [92] have described a one-compartment skin pharmacokinetic mod-
el to describe in vivo absorption. The model is identical to Model III in Wallace and 
Barnett [48] when the shunt transport in the latter is assumed to be negligible. They 
found that the general time lag model derived by McCarley and Bunge [51], and 
discussed earlier in Section 15.3, predicted best diffusion in a membrane for most 
situations.

Each of the above models may lead to erroneous estimates for the absorption 
rate constant if significant tissue distribution occurs in the body (as represented 
by the dotted lines in Fig. 15.12a). We have recently reported that estimates for 
ka

 based on a single exponential (one compartmental) disposition are often twice 
those for the more correct biexponential (two compartmental) disposition model 
[93]. Surprisingly, to date, most analyses of in vivo percutaneous absorption kinetics 
have assumed mono exponential disposition kinetics and have not considered this 
potential error.

2. Delivery at a constant rate Js
, for a time period T

 

(15.82)

Singh et al. [94] used Eq. (15.81) to describe the in vivo absorption kinetics of a 
number of solutes iontophoresed transdermally in vivo at a presumed constant flux 
for a time T . Good fits were obtained in the nonlinear regression of each of the 
data sets.

Imanidis et al. [95] used a similar approach to describe a constant total flux of 
acyclovir from a patch ( )/ 1/ 1/T s pm ppJ C k k = +   into the blood stream when acy-
clovir disposition is described by a biexponential elimination after iv administration 
( exp( ) exp( ))bC A t B tα β= − + − . The resulting blood concentration ( )Cb

-time ( t ) 
profile is:
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(15.83)

where Cs
 is the acyclovir concentration in the patch, kpm  is the permeability coef-

ficient of acyclovir in the skin, kpp  is the permeability coefficient of acyclovir in 
the rate controlling patch of the membrane, Vc

 is the apparent volume of distri-
bution of the central compartment and A, B, α  and β   are constants describing 
the disposition process. Tegeder et al. [96] described muscle microdialysate after 
topical application by a first order absorption process after a lag time ( tlag) with a 
two-compartment disposition model and a fraction of drug unbound to tissue ( fu):

 

(1584)

Hadgraft and Wolf [69] have examined the prediction of in vivo plasma data after 
topical application. Their modelling appeared to adequately describe the in vivo 
percutaneous absorption kinetics for a range of drugs.

3. Steady state conditions

 
(15.85)

This equation is a reduced form of Eq. (15.81) for t →∞  and t T< +lag . Eq. (15.84) 
has been used by Roberts and Walters [2] to define desired patch release rate for 
a number of drugs in vivo from a knowledge of the drug’s clearance and desired 
plasma concentration.

4. A time-dependent transdermal flux best analysed assuming a model deduced 
from in vivo absorption kinetics (Section 15.1.7) or deconvolution analysis 
(Section 15.5.4).

15.6.2  Diffusion Pharmacokinetic Models

In vivo absorption models usually represent the body as one or more compartments 
with input into the body via percutaneous absorption. Cooper [97] derived an ex-
pression for the total amount of solute excreted into the urine after topical absorp-
tion. Other models of Guy, Hadgraft, Kubota, and Chandresekaran (described ear-
lier) have adopted a similar approach in describing either plasma concentrations or 
urinary excretion rates from one- or two-compartment models. Cooper assumed 
diffusion through the skin according to Eq. (15.22) into the body, represented as 
a single compartment. When his model is modified to include a SC-vehicle parti-
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tion coefficient Km, the plasma concentration, C tp ( ) , and the amount excreted into 
urine, M t( ) , are defined by the equations:

 

(1586)

 

(15.87)
where kel  is the total effective elimination rate constant, ku  is the rate constant for 
excretion in the urine and Vc  is the total effective volume of the compartment.

The steady state portion of the M t( ) versus t  plot from Eq. (15.86) yields a 
slope of k k A k f k Au p el e p/ =  where kp  is the permeability coefficient = K D hm m m/ ,  
A  is the area of application, kel  is the elimination rate constant of the solute from 

the body and fe  is the fraction of the solute excreted in the urine. This plot is as-
sociated with a lag time tL  of:

 
(15.88)

where again t h Dd m= 2 / , D is the diffusivity of the solute in a SC and hm  is the 
distance of the pathway of diffusion. Even for multicompartmental disposition ki-
netics, the total lag time for elimination of a solute is uncoupled and is the sum of 
epidermal diffusion and pharmacokinetic lag times [98]. When only a finite dose 
of solute is applied to the skin, the urinary excretion rate is also a function of the 
vehicle thickness [25].

In practice, the direct application of Eq. (15.22) to in vivo absorption may be 
limited. Equation (15.36), which takes into account the effectiveness of blood flow 
in removal of solute from the epidermis and the accumulation of solute in the epi-
dermis in vivo, may be more appropriate. Accordingly, the actual steady state flux 
is less than k ACp v  due to this limitation in blood flow clearance as defined by 
Eq. (15.38).

15.6.3  Physiologically-Based Pharmacokinetic and 
Pharmacodynamic (PBPK/PD) Models

A number of authors have advocated the use of physiological rather than compart-
mental representations of the body. McDougal [99] has summarised the modelling 
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in this area. These models utilise the numerical integration of a series of differential 
equations representing each organ, to solve for blood concentration-time profiles 
after topical application. Individual organs or types of tissues are represented as 
the compartments with blood flow into and out of the organs defining the transport 
in the body system. Input into the skin, as a perfused organ, is assumed to follow 
Fick’s first law and may allow for evaporation. Jepson and McDougal [100] have 
used this model to estimate the permeability constants for halogenated methanes 
from an aqueous solution after topical application in a whole animal study.Tim-
chalk et al. [101] described an integrated PBPK/PD model for the organophosphate 
insecticide chlorpyrifos using the McDougal model. The percutaneous absorption 
of perchlorethylene from a soil matrix has been described using modification of 
this model in which solute could evaporate from soil, reversibly partition into SC 
and subsequently reversibly partition into dermis [102]. Poet et al. [103, 104] and 
Thrall et al. [105] used exhaled breath data with the McDougal model to assess 
the percutaneous absorption of methyl chloroform, trichloroethylene and toluene.
The dermal absorption, evaporation, distribution, metabolism, and excretion of a 
range of potential toxic solutes has been described using a multi-compartment “der-
matatoxicokinetic” model based on skin surface, SC dosing device, plasma, tissue 
and urine pharmacokinetics after topical and intravenous administration [106]. This 
modelling has been used to suggest that urinary p-nitrophenol may be used as a 
marker for organophosphate insecticide exposure. The perfused skin flap enables 
a simpler model description as illustrated by its application in the study of jet fuel 
topical absorption [107].

15.6.4  Deconvolution Analysis in Pharmacokinetic Modelling

Deconvolution analysis is based on the principle that the observed plasma or blood 
concentrations-time profiles, C tb ( ), are defined by the percutaneous absorption 
flux, J ts ( ), and the disposition kinetics in the body after a unit intravenous bolus 
(impulse) injection, C tiv ( ):

 (15.89)

Hence from the observed C tb ( ) and C tiv ( ) and inversion of the resulting Laplace 
domain expression for ˆ ( )sJ s  enables J ts ( )  to be defined. This technique is espe-
cially useful when the mathematical model for the percutaneous absorption process 
is not known. A comparison of the observed profile with theoretical profiles may 
define the underlying model for percutaneous absorption kinetics.

Examples of deconvolution analysis applied in this area include the evaluation 
of the absorption function from nicotine patches [108], the modelling of subcutane-
ous absorption kinetics [93] and modelling of a topically applied local anaesthetic 
agent [109].

ˆ ˆˆ( ) ( ) ( ).b s ivC s J s C s=
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15.6.5  Penetration into Tissues Underlying Topical Application 
Site

Recent reviews of models used for dermal transport are given in [110, 111]. An im-
portant model is the distributed elimination model which adds the elimination term 
to the diffusion equation:

 
(15.90)

where Cd is concentration in the dermis, Dd is the molecular diffusion coefficient 
in the dermis and ke is the elimination rate from the dermis due to blood clear-
ance. Similar models have been used in a number of publications [112–114]. Anis-
simov and Roberts [115] recently analysed human biopsy data of Schaefer’s group 
[116–120] with the distributed elimination model and established that for many sol-
utes molecular diffusion alone cannot explain the data. Dancik et al. [121] used the 
distributed elimination model to analyse published human microdialysis data and 
also concluded that Dd in Eq. (15.89) must include the contribution to the transport 
processes from blood and/or lymphatics transport.

In a simpler modelling, epidermal concentrations in vivo after topical applica-
tion, assuming De is sufficiently large to approximate well-stirred (i.e. compart-
mental representation), is defined by Eq. (15.40) and at long times ( )t →∞  by 
Eq. (15.33) via

 
(15.91)

where Clr is the in vivo epidermal clearance.
A similar expression can be defined for subsequent deeper tissues using a com-

partment in-series model in parallel with removal to the systemic circulation and 
recirculation to define deeper tissue concentrations after topical application [122]. 
Transport into deeper tissues could occur by either “convective” blood flow [123] 
or by diffusion. Nonlinear regressions of experimentally treated and contralateral 
tissue data with the model used simultaneous numerical integration of a series of 
differential equations [122, 124, 125]. The analysis showed that, whereas direct 
deep tissue penetration was apparent at early times, recirculation of drug from the 
systemic circulation accounted for tissue levels at longer times to define deep tissue 
penetration of dermally applied solutes. Roberts and Cross [126] have suggested 
that the half-life for elimination of a solute in such tissues is dependent not only on 
tissue blood flow ( Qp), but also on the fraction unbound of solute in the tissue ( fuT) 
and blood ( fuB) as well as the apparent unbound volume of distribution ( VT):
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A further set of studies has been reported using stripped skin and an integrated ap-
plication site—contralateral site model [127, 128]. This work extended earlier work 
[125, 126, 129–131] which showed significant direct penetration to deeper tissues 
underlining the topical application site in both rats and in humans. As discussed 
earlier, Tegeder et al. [96] have described muscle microdialysate pharmacokinetics 
(Eq. (15.83)) after topical application.

15.6.6  Pharmacodynamic Modelling

In principle, established pharmacodynamic models used in whole body pharmaco-
kinetic modelling can be directly used when solutes are delivered by skin. Com-
plexities can exist when the site of drug targeting is the skin itself. Imanidis et al 
[95] showed that the antiviral efficacy to HSV-1 skin infections of acyclovir was 
directly related to the logarithm of the flux from transdermal patches—consistent 
with classical log dose-response relationships. However, an equivalent systemic 
dose was relatively ineffective.

Beastall et al. [132] examined the onset of erythema ( )tE  as a function of solute 
concentration ( )Co . Applying Fick’s law of diffusion they obtained the expression:

 
(15.93)

where Dsc  is the diffusion coefficient of nicotinate in the SC, Km  is its partition 
coefficient between vehicle and skin, hm  is diffusion path length, p  is the ratio of 
the diffusion coefficients of the nicotinate in the vehicle and the skin and nE  is the 
concentration of nicotinate required to trigger erythema. This expression showed a 
linear relationship should and did exist between 2/3log( )v EC t  and 1/ tE. The gradi-
ent of the relationship D hsc m/ 2  was greatly affected by the co-administration of the 
enhancer urea.

The human skin blanching assay for evaluating the bioequivalence of topical 
corticosteroid products should follow standardised guidelines as developed by the 
US Food and Drug Administration (FDA) in 1995. Demana et al. [133] evaluated 
the area under the effect curve (AUEC), also called the effect ( )E , for both visual 
and chromameter derived data. The visual data was best described by a sigmoidal 
Emax model (Eq. (15.93)) whilst the chromameter data was described by a simple 
Emax model (Eq. (15.94)):
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where Emax
 is the maximal AUEC, D  is the dose duration, ED50  is the dose dura-

tion for half maximal E  and γ  is a sigmoidicity factor related to the shape of the 
curve. The parameter Eo, not explicitly stated in the modelling by Demana et al. 
[133], should be included in the model fitting to correct for baseline readings [134]. 
Smith et al. [135] have pointed out that they had corrected for Eo

 using unmed-
icated site values in their earlier work [133]. A key aspect in this mathematical 
modelling is varying the dose administered by varying the duration of application. 
Varying dose duration is then used to relate the vasoconstrictor response to a range 
of corticosteroid amounts. Demana et al. [133] used a weighting of 1/ AUEC  and 
a number of goodness of fit criteria in their analyses.

More recently, Cordero et al. [136] developed an index to predict topical ef-
ficiency of a series of nonsteroidal anti-inflammatory drugs. This index took into 
account both, the biopharmaceutic aspect, based on the maximal flux, and the phar-
macodynamic aspect, based on the ability to inhibit cyclooxygenase-2 in vitro.

15.7  Modelling-Facilitated Transdermal Delivery

15.7.1  Iontophoresis

There are a number of mathematical models used in iontophoresis. As described 
by Kasting [137], these are generally defined by the Nernst Planck and Poisson 
equations. Of particular practical usefulness is the iontophoretic flux of a solute 
through the epidermis. This flux can be incorporated into various pharmacokinetic 
models for the body to enable the description of plasma concentration and urinary 
excretion-time data. Singh et al. [94] examined in vivo plasma data after iontopho-
retic transport with simple pharmacokinetic models. In vivo blood concentrations 
for most solutes delivered by iontophoresis appear to be able to be described by zero 
order input into a one compartment model (Eqs. (15.81) and (15.84)) [94].

The iontophoretic flux depends on a number of factors, including: solute ionisa-
tion, interaction of solutes with pore walls, solute size, solute shape, solute charge, 
Debye layer thickness, solute concentration and presence of extraneous ions is ac-
counted for. We have proposed an integrating expression for the flux of the jth 
solute [138]:

 

(15.96)

where C j  is concentration of the jth solute, jµ  is its mobility, fi j  and fu j  are 
ionised and unionised fractions of the solute, z j  is its charge, PRTj  is partial re-
striction term, jσ  is the reflection coefficient term, vm is the velocity of water flow 
across the membrane due to electroosmosis, IT  is the total current across the mem-
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brane,   is the permselectivity for cations, ks a,  and ks c,  are conductivities of the 
anode and cathode solutions, juθ  and jiθ  are parameters describing interaction of 
unionised and ionised fractions of the solute with the pore, and F  is Faraday’s 
constant.

Dermal and subcutaneous concentrations of solutes after in vivo iontophoretic 
application can also be determined in terms of clearance by blood supply to the tis-
sue, clearance to deeper tissues and influx by iontophoresis [139].

15.7.2  Sonophoresis

The sonophoretic iontophoretic flux can also be included in pharmacokinetic mod-
els in a manner analogous to that described under Iontophoresis. Mitragotri et al. 
[140] have suggested that sonophoresis induces cavitation. They have suggested 
that the sonophoretic permeability kp sono  can be defined in terms of the passive 
permeability coefficient kp  (units: cm/hr) and solute octanol-water partition coef-
ficient ( )Kow

 as:

 (15.97)

Later work examined the threshold frequency dependency [141] and transport at 
low frequency [142].

15.8  Practical Issues in Applying Mathematical Models  
to Percutaneous Absorption Data

A major limitation in a number of reported percutaneous absorption studies, includ-
ing those from our laboratories, has been the assumption of a given mathematical 
model. Whether that model is strictly the most appropriate one is often difficult 
to confirm. Most studies appear to have used the simplest model, as defined by 
Eq. (15.1), in which the steady state flux and lag time is defined by the steady state 
portion of the curve. There are a number of limitations in using such a model as 
discussed by Robinson [70] and other authors.

Robinson [70] pointed out that errors can be made if (a) the burst influx and lag 
containing through flux are represented by a steady state approximation at early 
times, (b) an infinite vehicle is assumed when the concentration is actually declin-
ing due to the finite volume used, (c) penetration of a solute by passive diffusion 
also involves modification of the skin barrier properties (solute-skin interactions), 
(d) vehicle effects on solute concentration, e.g. evaporation or skin permeability 
(vehicle-skin interactions) exist, (e) skin reservoir effects exist, as illustrated by the 
extensive uptake of sunscreens into, but not necessarily through, the skin [143], (f) 
discrepancies exist between in vitro and in vivo absorption due to the role of capil-
laries in absorption in vivo and (g) the resistance barrier of the skin is compromised.

k k Kp sono p ow= + ⋅ −2 5 10 5 3 4. /
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The expressions for a number of the more complex models contain the neces-
sary correction factors to overcome some of the inherent limitations in the simplest 
model (Section 15.1.1) representation of data. For instance, the steady state flux 
may be affected by the sampling rate from the receptor compartment as defined by 
Eq. (15.38). The lag time will be dependent on both this clearance and the volume 
ratios of the membrane and receptor phases, corrected for partitioning effects, as 
defined by Eq. (15.39). A different set of correction factors apply if an interfacial 
barrier or desorption rate constant exists (Eqs. (15.43) and (15.44)). As Kubota et al. 
[144] point out, although a simple compartmental model may describe percutane-
ous penetration kinetics, the parameters obtained may not necessarily represent the 
membrane diffusion and partition coefficient.

Relating data to a specific model using nonlinear regression techniques also re-
quires an appropriate weighting of the data in accordance with the underlying errors 
associated with the data. In the absence of known error structures, a weighting of 
1/ yobs

 may be appropriate. This weighting assumes that the coefficient of variation 
(standard deviation/mean) of the data is relatively constant.

Some of the dilemmas in the mathematical modelling of percutaneous absorp-
tion are enunciated in the letters to Pharmaceutical Research written by Singh et al. 
[134] and Smith et al. [135], especially in relation to pharmacodynamic modelling 
of skin blanching after topical application. Issues raised include (a) reliability of 
visual and chromameter methods (b) analysis of ‘naive’ pool data by nonlinear re-
gression versus mixed effect modelling, (c) baseline correction, (d) consistency of 
parameter values, e.g. sigmoidicity with independent literature estimates, (e) preci-
sion of critical small and long dose duration data and (f) subject (skin) selection. 
Smith et al [135] suggested that the current methodology prepared by the FDA 
requires further evaluation.

Finally, there is probably a greater need for deconvolution techniques to be used 
with in vivo data. Such techniques do not make any assumption as to the underly-
ing mathematical model of the absorption kinetics. Indeed, such an approach is a 
powerful way of determining whether assumed models are indeed applicable [93].

15.9  Conclusion

This chapter has attempted to overview some of the more important mathematical 
models used in percutaneous absorption. Given the substantive number of reported 
models and the complexity in many of the models, the overview is limited in its 
ability to give each of the models the credit they may deserve. However, it is hoped 
that the emphasis on the more practical models has enabled this fairly complex area 
to be presented in a manner useful for ready reference.

Our analysis has considered a number of boundary conditions associated with 
solute transport across a membrane, including clearance from the receptor solution, 
clearance from the membrane and diffusion in an underlying layer (eg epidermis be-
low SC). Each situation is defined by a steady-state flux Jss

 and lag time of the forms:
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(15.96)

 (15.97)

where M  and N  are functions of the transport processes below the membrane. 
When the clearance of the solute is very high ( )pCl k>> , Jss

  approaches the usual 
k Cp v. Approximations for the lag time are less well-defined so that the use of lag 
time as an estimate for td  is much less justified. Consequently, there are dangers 
of parameter misspecification with obvious consequences when extensions such 
as structure–transport relationships are based on the uncorrected parameters. Ulti-
mately, therefore, mathematical modelling in this area is a balance between simplic-
ity and an accurate representation of the underlying processes.
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16.1  Introduction

For the treatment of several diseases, the controlled delivery of active substances 
from the dosage form into the human body is of great importance. This especially 
holds true when highly potent drugs with a small therapeutic window are to be ad-
ministered. Transdermal dosage forms are one option to allow for a constant drug 
release over a period of up to 7 days [1, 2] and may therefore represent a favorable 
formulation approach.

It needs to be considered that one of the skin’s primary functions is to protect 
the human body from loss of endogenous substances on the one hand, and from 
entry of xenobiotics, including drugs, on the other. For this reason, the skin has 
evolved to become a highly efficient barrier [3], which must be overcome to deliver 
therapeutically relevant amounts of drugs into the body [4]. Once a suitable com-
pound has been selected and successfully formulated within a transdermal patch, 
there are several advantages that make transdermal patches highly interesting drug 
delivery systems. First, with the ability to achieve constant plasma concentration 
levels, periods with noneffective plasma concentrations can be avoided as well as 
peak maxima which may be related to drug-induced side effects [5]. The dosing 
intervals may be reduced, especially when compared to conventional oral dosage 
forms, allowing the improvement of patient compliance. Also, the drug input can be 
easily interrupted by simply removing the patch from the skin and liver’s first-pass 
effect can be circumvented. These advantages contribute to the subsequently grow-
ing transdermal market which comprises worldwide a volume of about 6 billion US 
dollars for 2012 [6].

Up to now, transdermal patches have been approved for a variety of indications, 
including nausea, smoking cessation, pain management, women’s health (hor-
mone replacement), contraception as well as cardiovascular and neurodegenerative 
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disorders. Major therapeutic advantages may especially be achieved, for example, 
in the dopaminergic therapy of Parkinson’s disease. Here, the concept of continuous 
dopaminergic stimulation is considered to avoid, or at least to postpone, treatment-
related motor fluctuations as they occur under treatment with l-dopa or other short-
acting oral dopaminergic compounds bringing additional therapeutic benefit [7–11].

Generally, there are two different basic types of formulation designs established 
today: the reservoir-type patches and the matrix-type patches [12]. Reservoir patch-
es usually consist of a backing foil to protect the patch from the environment, a 
liquid or semisolid drug reservoir, a membrane to govern the drug release from the 
transdermal system, and an adhesive layer facing the skin that is protected with a 
release liner until time of application. These systems have mainly been displaced 
from the commercial market since they are connected with serious potential for drug 
bursts and leakage once the system is damaged. This situation especially holds true 
for the first generation of fentanyl patches [13]. Moreover, the industrial production 
process is more complex and therefore results in higher costs compared with the 
production of the more modern matrix-type patches [12]. Within the simplest design 
of matrix patches, the drug is directly incorporated within the adhesive layer, which 
is situated between a backing foil and a release liner. However, there are also more 
complex designs, for example, multilayered matrix patches, where the drug con-
taining polymeric matrix—offering a kind of reservoir function—is covered with 
an additional adhesive layer facing the skin. This allows more space during devel-
opment to achieve the desired performance of the drug product. Different dosage 
strengths of matrix-type patches, which today dominate the commercially available 
transdermal products, may be easily die-cut from the same kind of intermediate 
laminate. This product type does not bear the risk of drug leakage since the active 
substances are fully entrapped within the respective matrix layers of the product.

As extensively discussed in the scientific literature, there are several approach-
es to increase the transdermal permeation of a compound through the skin tissue. 
These approaches include, but are not limited to, passive strategies as supersatura-
tion [14, 15] and incorporation of chemical permeation enhancers [16, 17], or active 
strategies using an energy source as, for example, iontophoresis [18], sonophoresis 
[19, 20], electroporation [21], or shock waves [22]. Also, microneedles may be used 
to mechanically rupture the stratum corneum as the main barrier of the skin by 
puncturing the outer skin layers without inducing pain [23, 24].

16.2  Transdermal Drug Development: Skin Permeation 
Performance In Vitro and In Vivo

During drug development the scientists need appropriate in vitro tools to evaluate 
formulation approaches and to select promising formulations for first in vivo testing. 
Beside typical attributes that are considered to be critical to quality, as appearance 
of the patch, assay of active and functional ingredients, content uniformity, related 
substances (purity), drug release (dissolution), and microbial purity, there are some 
aspects that must be specifically focused on during development of transdermal 
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patches. These are the adhesive properties of the patch, which are described by ad-
hesive strength and tack force. Moreover, the separation force to remove the patch 
from its release liner and cold flow characteristics, describing the tendency of the 
matrix to change its dimension, for example, by creeping under constant load, are 
considered as specific attributes for transdermal patches that should be kept in mind 
during product development as also requested by the recently published EMA Draft 
Guideline on Quality of Transdermal Patches [25]. As it also holds true for other 
controlled release dosage forms, the drug release should be paid significant atten-
tion. For transdermal dosage forms, the scientists should not only consider the lib-
eration or release of the drug from the patch, but also the permeation of the drug 
through the skin tissue as a fundamental step to reaching the systemic circulation.

This can be investigated by in vitro skin permeation experiments. Here, it is the 
choice of the scientist, which skin model is to be used. Beside excised skin of ro-
dents (e.g., hairless mice, rats), also porcine ear skin and human skin tissue are well 
described and accepted within the scientific literature [26–28]. The skin of rodents, 
especially excised hairless mouse skin, offers the advantage of easy access and 
availability. Moreover, the skin tissue can be “standardized” by limiting the sourc-
ing to one single strain, animals of same sex and age, and raised under identical 
conditions. However, the skin’s outermost layer, the stratum corneum, of hairless 
mice is with 4–10 µm significantly thinner than human skin, and is, thus, usually 
more permeable to drugs [29–31]. By contrast, human skin, in most cases derived 
from plastic surgery, is more complex to receive, limited in quantity and shows 
significant variability, especially from donor to donor. But after preparation (heat 
separation of epidermis as already described by Kligman and Christophers in 1963 
[32] or dermatoming to a defined thickness, for example, 200 µm [33]), this tissue 
is closest to the in vivo barrier. In the last 15 years reconstructed skin tissues from 
human keratinocytes has gained more and more importance as model membrane for 
in vitro skin permeation experiments. These models already appear to be close to 
human skin regarding structure and composition [34, 35], but in most cases are still 
more permeable [36, 37]. Figure 16.1 illustrates the permeability of a model drug 
(buprenorphine) from a matrix patch formulation through different skin tissues in 
vitro. Information on the experimental set up for all skin permeation experiments 
described in this chapter is summarized in Table 16.1.

As might be expected, the hairless mouse skin is more permeable than dermat-
omised porcine ear skin (300 µm) and heat separated epidermis (HSE) derived from 
human skin. The reconstructed skin tissue (EpiDermTM model, Mattek Corporation) 
was the most permeable, with the high-barrier EpiDerm-FTTM model allowing less 
drug to permeate—but still being somewhat more permeable than hairless mouse skin.

The question concerning correlation of in vitro skin permeation data with in 
vivo results is one of the key questions the scientists are faced with throughout 
the development. It is pointed out that during early development, when different 
formulations are screened for their skin permeation performance, the main focus is 
to establish a ranking between the different test formulations and the formulation 
approaches they are based on. For that purpose, these experiments should be carried 
out under well-controlled conditions eliminating test variability as far as possible 
to allow comparison between the various formulations tested in different sets of 
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experiments. Therefore, excised rodent’s skin may be considered a suitable tool for 
this stage of development to identify the most promising formulations. In further 
confirmatory in vitro studies, it is often of benefit to compare the favorable formu-
lations also in in vitro permeation studies using human skin preparations. In many 
cases, the permeated amounts in those experiments are lower than through rodent’s 
skin and are, therefore, closer to what can be expected from the in vivo situation.

Table 16.1  Experimental set up for skin permeation experiments
Experimental set-up Buprenorphine Rivastigmine
Type of diffusion cells Static, vertical Static, vertical
Receptor volume 15 mL 15 mL
Receptor medium Ammonium acetate buffer, 

pH 5.2
HEPES buffer, pH 7.2

Sample media replacement Yes Yes
Diffusion area 1.05 cm2 1.05 cm2

Skin tissue As referenced in figures As referenced in figures
Sample Transdermal patch, diameter 

1.2 cm applied to stratum 
corneum of skin sample

Transdermal patch, diameter 
1.2 cm applied to stratum 
corneum of skin sample

Drug quantification in 
samples

Validated reversed phase 
HPLC with UV detection

Validated reversed phase 
HPLC with UV detection

HPLC high performance liquid chromatography, HEPES 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid

0 24 48 72 96 120 144 168
0

250

500

750

1000

1250

Porcine Ear Skin, n = 8

EpiDermTM, n = 4

EpiDerm-FTTM, n = 3
Hairless Mouse Skin, n = 15

HSE, n = 15

Time/h

P
er

m
ea

te
d 

A
m

ou
nt

 o
f B

up
re

no
rp

hi
ne

/µ
g/

cm
²

Fig. 16.1  In vitro skin permeation profiles of buprenorphine from a buprenorphine patch through 
different skin. A static diffusion cell system has been used and a validated analytical method to 
determine the amount of buprenorphine in the receptor fluid. Shown are the mean curves (mean ± 
standard deviation (SD)); number of replicates is given in the graphic
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In what follows, a scenario is presented with rivastigmine as model drug, an ace-
tyl choline esterase inhibitor to treat Alzheimer’s disease. On both, excised hairless 
mouse skin and heat separated human epidermis obtained from plastic surgery, the 
drug permeation profiles and fluxes in steady state calculated as slope from the lin-
ear part of the permeation profiles are similar for the reference drug product and the 
drug product under investigation (no statistically significant difference, unpaired 
t-Test, P > 0.05, Fig. 16.2). Also, the onset of transdermal permeation, described by 
the lag time, is comparable for both formulations. Based on these results, a reason-
able chance for bioequivalence could be concluded.
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Fig. 16.2  In vitro skin permeation profiles of reference and test formulation through excised hair-
less mouse skin ( top) and heat separated human epidermis ( bottom). A static diffusion cell system 
has been used and a validated analytical method to determine the amount of rivastigmine in the 
receptor fluid. Shown are mean curves (mean ± SD) of at least n = 7 replicates
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These two drug products have also been administered to human volunteers in 
the framework of a bioavailability study conducted under GCP requirements as per 
ICH E6 [38] (Table 16.2).

Within this study both drug products behaved very similarly regarding rate and 
extent of exposure (Fig. 16.3) so that formal bioequivalence criteria for cmax and 
AUC were fulfilled. Key pharmacokinetic data are presented in Table 16.3.

Table 16.2  Clinical trial information of bioavailability study carried out with two rivastigmine 
transdermal patch formulations
Study phase Phase I
Formulations 2 patch formulations with nominal release 

rates of 9.5 mg rivastigmine per 24 h
Dosing Single dosing
Design Open label, twofold crossover
Number of volunteers 36
Drop outs  5
Included in PK analysis 31

Table 16.3  Summary of pharmacokinetic data derived from bioavailability study with two riv-
astigmine transdermal patch formulations; shown are geometric mean values with coefficient of 
variance given in parentheses
Parameter Test Reference
cmax (pg/mL) 6938.9 (43 %) 7415.7 (41 %)

AUC0-t (pg∙h/mL) 121672.8 (38 %) 125833.2 (37 %)
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Fig. 16.3  Plasma concentration time profiles of two rivastigmine patch formulations in human 
volunteers. Shown are the mean curves (geometric mean) of n = 31 subjects
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This demonstrates that the qualitative results from the in vitro studies carried out 
on rodent’s skin and human skin could be well transferred to the in vivo situation 
and underlines the relevance and suitability of in vitro skin permeation experiments 
for successful drug development.

By contrast, if the focus is set only on drug release as determined in the frame-
work of dissolution testing, the situation may be different. When applying a vali-
dated paddle over disk dissolution test as described in USP < 724 > (apparatus 5), 
or Ph. Eur. 2.9.4-1 (disk assembly), both formulations can be distinguished in their 
drug release profile—whereas they perform equivalently in vivo [39, 40]. Espe-
cially during the initial hours of the drug release process, the rates are different until 
later on when the transdermal patches are (nearly) fully depleted (Fig. 16.4). This 
is also confirmed by a similarity factor f2 of 35 calculated according to relevant 
Guidances [41–44].

Therefore, simply relying on drug dissolution during product development is 
not sufficient to formulate transdermal dosage forms with the required in vivo per-
formance. For both formulations drug release in the dissolution test is rather quick 
and thus the permeation through the skin tissue appears to be the rate limiting step 
of absorption. These data also clearly highlight that in vitro dissolution shall be 
considered rather more as a quality control tool to demonstrate consistent drug re-
lease from the product during storage or from batch to batch [45]. As a formulation 
development tool for transdermal patches without considering the following step of 
skin tissue permeation it is limited in value.
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Fig. 16.4  Drug dissolution profile from reference and test formulation derived from a validated 
method using the compendial paddle over disk apparatus. Shown are the mean curves (Mean ± 
SD) of n = 12 replicates
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Whereas in the present case the data from in vitro permeation studies qualitative-
ly mirror what can be seen in man, this does not hold true for all active ingredients 
and/or all formulation approaches making transdermal drug product formulation a 
complex and difficult field. This can be seen from another comparable study based 
on the model drug buprenorphine, an opiod analgesic to treat severe pain.

In vitro and in vivo skin permeation data are compared from two buprenorphine 
transdermal patches for targeted dosing intervals of 7 days, a reference drug and a 
drug under investigation. Again, comparable skin permeation data were recorded 
using excised hairless mouse skin and heat separated human epidermis in a static 
diffusion cell system (Fig. 16.5).

The permeation data derived from excised mouse skin show a slightly more pro-
nounced lag-phase for the test product, but after the initial phase the transdermal 
fluxes in steady state are concurrent during the distinctive stage of steady state for 
both formulations (no statistically significant difference, unpaired t-Test, P > 0.05). 
When heat separated human epidermis is used as the model membrane, the per-
meation of buprenorphine is more retarded due to the higher number of cell lay-
ers within the stratum corneum. However, the qualitative picture is comparable 
to the situation with excised hairless mouse skin. The lag time is somewhat more 
pronounced for the test formulation and the transdermal fluxes in steady state are 
comparable for the reference drug and the drug under investigation (no statistically 
significant difference, unpaired t-Test, P > 0.05). Also, the steady-state phases are 
maintained throughout the complete duration of the experiment. Therefore, the in 
vitro skin permeation data consistently indicate comparable drug permeation rates 
of the test and reference product over a prolonged steady-state phase, albeit the test 
product exhibits a somewhat longer lag phase.

These two drug products have also been introduced into a phase 1 pharmacoki-
netic study to characterize the plasma concentration time profiles. This study was 
designed as a crossover trial in 24 subjects (Table 16.4).

As can be seen from Fig. 16.6 and Table 16.5 depicting the pharmacokinetic 
results, a discrepancy between the plasma concentration time profiles of the two 
formulations were recorded.

The onset of action of the two patch formulations was comparable with reach-
ing steady-state levels between 48 and 72 h. The prolonged constant drug release 
rate over the application period of 1 week can be observed for both formulations as 
predicted by the in vitro skin permeation data. The steady-state concentrations, by 
contrast, were strikingly different between reference and test formulation yielding 
also significantly lower AUC and cmax values for the test product. This, obviously, 
does not mimic the situation from the in vitro models, where steady-state perme-
ation was found to be similar. The two patches do not show equivalent cumulative 
extent of buprenorphine exposure (AUC). In this case, the predictive power of the 
in vitro models seems to be limited.

To achieve a constant and sufficient permeation of buprenorphine through 
the skin into the blood stream over such a long application period, both formu-
lations comprise complex excipient systems including different kind of chemical 
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permeation enhancers which directly act within the skin tissue. These enhancers 
migrate likewise to the active ingredient into the skin and may interact among them-
selves, with the active substance and predominantly also with components of the 
skin altering the skin barrier properties.
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Fig. 16.5  In vitro skin permeation profiles of reference and test formulation through excised hair-
less mouse skin ( top) and heat separated human epidermis ( bottom). A static diffusion cell system 
has been used and a validated analytical method to determine the amount of buprenorphine in the 
receptor fluid. Shown are the mean curves (mean ± SD) of at least n = 15 replicates
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Returning to the in vitro data and taking these considerations into account, there 
appears a lack of the in vitro models to properly illustrate those effects. Regarding 
excised hairless mouse skin, there are differences in skin histology compared to 
human skin, which probably do not fully reflect the interactions with the functional 
enhancers. Furthermore, in addition to the stratum corneum, which is the main dif-
fusion barrier to drugs, there are further layers of the skin with influence on drug 

Table 16.5  Summary of pharmacokinetic data derived from bioavailability study with two 
buprenorphine transdermal patch formulations; shown are geometric mean values with coefficient 
of variance given in parentheses
Parameter Test Reference
cmax (pg/mL) 100.3 (46 %) 261.2 (37 %)

AUC0-t (pg∙h/mL) 14985 (47 %) 35350 (37 %)
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Fig. 16.6  Plasma concentration time profiles of two buprenorphine patch formulations in human 
volunteers. Shown are the mean curves (geometric mean) of n = 24 subjects

 

Table 16.4  Clinical trial information of bioavailability study carried out with two buprenorphine 
transdermal patch formulations
Study phase Phase I
Formulations 2 patch formulations with nominal release 

rates of 20 µg buprenorphine per hour
Dosing Single dosing
Design Open label, twofold crossover
Number of volunteers 24
Drop outs 0
Included in PK analysis 24
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permeation. Lipophilic drugs are additionally controlled by deeper layers of the skin 
as the viable epidermis and dermis since these layers are essentially hydrophilic and 
may offer a relevant diffusion barrier to lipophilic drugs [46, 47]. Therefore, in vitro 
skin permeation experiments performed with HSE of human skin might not com-
pletely describe the complex permeation process and interactions of the enhancers, 
the drug, and the skin components as occurring in vivo. Although these explanations 
are somewhat speculative, this example for transdermal buprenorphine displays the 
limitation of in vitro models to properly predict what really happens in vivo. The 
in vitro data suggested comparable steady-state permeation of both formulations, 
but probably due to the complexity of the interactions especially with the various 
excipients in vivo and the lipophilic nature of the model drug, the in vivo situation 
could not be adequately predicted. This also underlines the need for in vivo data 
already during formulation development, when experience is not available from 
comparable formulation approaches with the respective drug.

However, in vitro permeation studies remain an important tool in patch develop-
ment, for example, to screen different formulations, to characterize different for-
mulation approaches, to establish a ranking regarding permeation behavior and to 
select first candidates for an in vivo testing. It may also be a beneficial tool to 
investigate different batches of a drug product for consistent permeation perfor-
mance—as long as the skin tissue is limited in variability. The skin tissue should 
be selected by the scientist considering the development stage of the drug product 
and with focus on the respective scope of the experiment. Meanwhile, different 
guidance documents have been issued by competent authorities that address that the 
drug loading, when developing generic transdermal patches should be challenged 
during product development [25, 48]. Based on the principal release mechanism of 
diffusion certain amounts of the drug remain within the patch at the end of the ap-
plication period. The scientists, therefore, should seek to minimize the drug loading 
of the patch, resulting in reduced residual drug content upon patch removal.

16.3  Transdermal Drug Development: Manufacturing 
Process Development

During development of transdermal drug products, batches on different scales are to 
be produced. Usually, starting within the galenical development laboratory, small-
sized batches of various formulations are prepared on scales in gram ranges refer-
ring to liquid coating masses. Subsequently, the manufacturing process needs to be 
transferred into a GMP environment for up scaling to deliver clinical trial material 
and finally, after formal process validation is completed, to manufacture commer-
cial supplies.

After the formulation of the transdermal patch is defined and the pilot meets its 
target product profile regarding any quality aspects, a thoroughly designed process 
development phase is mandatory to ensure that the final process is robust, stable, 
and efficient.
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A typical production process of transdermal matrix patches—depending on the 
final design of the drug product, as, for example, the number of matrix layers—can 
generally be divided into the following production steps:

• Preparation of the (liquid) coating mass containing the active pharmaceutical in-
gredient, the matrix forming polymer, excipients, if any, and the process solvents

• Coating of the coating mass onto a substrate (e.g., release liner) and drying the 
wet film to remove the process solvents yielding a thin matrix layer

• Lamination of the matrix layer with an additional substrate (e.g., backing foil) to 
yield laminate mother rolls

• Slitting of laminate mother rolls to smaller daughter rolls that can be further 
processed

• Die-cutting, converting, and pouch packaging to individually packed units.

Obviously, in the case of transdermal patches with a more complex design includ-
ing several matrix layers, a multitude of coating masses may be prepared and sub-
sequent production steps such as coating, drying, and lamination are carried out 
more than once. In Fig. 16.7, the manufacturing steps of the most basic type of 
transdermal patches—the single-layer matrix system—are illustrated which are also 
described in more detail. Additionally, potential complications which may occur 
and issues which should be considered during the process development are outlined.

Early development work and especially initial process development work on 
production-scale equipment with a small batch size can be considered as a part of 

Fig. 16.7  Schematic drawing of production process using the solvent evaporation technique for 
single-layer matrix systems. Left (beginning top left): Weigh in, mixing, coating, drying, and lami-
nation. Right (beginning top left): slitting of mother rolls to daughter rolls and die-cutting and 
pouch packaging
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the first stage—process design—of process validation according to the FDA Guid-
ance for Industry “Process Validation” [49]. Process development shall provide de-
tailed knowledge of the new drug product, shall reveal critical production steps, and 
shall deliver data regarding critical process parameters. This knowledge gained in 
line with the first process development batches shall finally lead to the exact defini-
tion of the manufacturing process.

For a standard manufacturing process of transdermal matrix patches, the prepa-
ration of the coating mass can be considered as the only discontinuous and there-
fore real scale-dependent step. It comprises the weighing, adding, and mixing of all 
components, including the active ingredient, matrix forming polymers, excipients 
as, for example, chemical permeation enhancers, crystallization inhibitors, tackifier, 
plasticizers, cross-linkers for the polymer or preservatives and the process solvents. 
Typically, the components including the active are separately weighed in and sub-
sequently added to the adhesive polymer mixture. Care should be taken when the 
order of excipient addition is defined to avoid temporary incompatibilities, as, for 
example, phase separation or cluster formation within the coating mass. In some 
cases, the preparation of a premixture of some components may be helpful, that 
is then added to the polymer mixture. The nature and amount of process solvents 
needs to be thoroughly determined during formulation development. First, process 
solvents have to be removed during further production; therefore, all process sol-
vents must be volatile enough, compatible with each other if more than one solvent 
is used, and toxicologically acceptable; class I solvents with (potential) carcino-
genic properties must, therefore, be avoided. Also, in most cases, the drug substance 
is dissolved within the patch matrix. As a consequence, care should be taken that 
the process solvents offer sufficient solubility to completely dissolve the required 
amount of drug. The amount of process solvents also governs the viscosity of the 
coating mass, which directly influences the coatability of the wet mass. Extremes, 
too-low or too-high viscosity ranges may significantly complicate the subsequent 
coating process and may require a change of the coating technique or an adjustment 
of the solvent system. The viscosity can be altered by reducing or increasing the 
solids content of the coating mass or by adding viscosity affecting excipients like 
povidone. However, the addition of excipients to influence the viscosity should 
have been considered at an earlier development stage as they are still present in 
the dried matrix where it may contribute to the quality characteristics of the drug 
product. If applicable, the mixing process should be carried out under adequate 
temperature control.

The critical parameters of coating mass preparation typically are the mixing tem-
perature, mixing time, and the applied shear forces of the mixing system. Since 
these parameters are scale dependent, they have to be evaluated accurately for dif-
ferent batch scales in different equipment systems in order to obtain a homogenous 
coating mass, which is one of the most important aspects for the quality of the drug 
product.

The stirring system within the mixing vessel also has to be scaled up, as the shear 
forces in a lab-scale mixing system usually differ from the mixing system of produc-
tion scale. The mixing time and agitation speed need to be thoroughly investigated 
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depending on the respective equipment, including mixing tank and stirring device 
as well as batch size to safeguard that the individual components of the coating 
mass are uniformly distributed. The critical properties of the coating mass, which 
have an impact on the product quality, are appearance, viscosity, drug content, and 
especially the homogeneity. For systems designed with completely dissolved drug, 
it is highly recommended to microscopically check the coating mass for the absence 
of undissolved drug particles. Drug that is not fully dissolved may remain in an un-
dissolved state within the matrix and trigger further drug crystallization, depending 
on the degree of matrix saturation. As a consequence, if significant amounts of drug 
crystals are present in a drug product that intentionally should contain the drug in 
a dissolved state, the product performance cannot be assured. Furthermore, if the 
drug is not homogenously distributed within the coating mass, the laminate which 
is subsequently produced will also lack homogenous drug distribution, which may 
lead to failure in uniformity of dosage units test as generally requested for trans-
dermal patches by pharmacopoeias (e.g., European Pharmacopeia, United States 
Pharmacopeia, and Japanese Pharmacopeia).

Subsequently, the coating mass is typically cast onto the siliconized or fluor-
polymer-coated side of a release liner made of polyethylene therephthalate or other 
plastic material, but also a coating onto the backing foil is possible and in some 
cases even advantageous based on formulation or the further manufacturing steps. 
Care must be taken that the coating mass is compatible with the substrate to ensure a 
homogeneous picture of the final laminate. There are different techniques of coating 
onto the carrier and the coating method is preferably selected with regards to, for 
example, the viscosity of the coating mass and/or the required dried matrix weight.

After the coating mass is spread evenly onto the web, the laminate is guided 
through a series of drying ovens, where the solvents are evaporated by heated air 
and the dried matrix is directly laminated with a further substrate, for example, the 
backing foil or a release liner foil. The complete process is conducted in a continu-
ous manner and can therefore be considered as independent from the batch scale. 
The amount of coating mass that is to be coated impacts only on the process time. 
During the coating and drying process, a homogeneous laminate should be pro-
duced. Once the homogeneity of the coating mass has been confirmed, the thickness 
or the area weight of the matrix layer is directly correlated with the assay of the drug 
and should therefore be homogeneous in the cross machine direction as well as in 
the machine direction, that is, throughout the complete coating process.

The drying parameters have a major impact on relevant critical quality attri-
butes and primarily define the quality of the drug product. Therefore, high attention 
should be paid to this process step. A transfer from a development laboratory to a 
production line requires proper planning and evaluation of the experiments. The 
drying performance of a continuous coating line is mainly governed by the drying 
time (dwell time), which is a result of the length of the drying compartments of the 
machine and the speed with which the web is driven through the ovens, as well as 
by the drying temperatures and the air circulation. Furthermore, the thickness of 
the coating is relevant. For a specified thickness of coating the drying performance 
(with respect to amount of evaporated solvent) is increased, when the web speed is 
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reduced and the temperatures and the air circulation are increased [50]. Although 
first process trials can be carried out with a placebo mass, additional trials with a 
coating mass containing the active are mandatory. Table 16.6 presents an example 
where two coating masses only differing by the presence of the active drug were 
coated in the same coating line by applying comparable drying conditions. Here, 
the extent of residual 2-propanol in the dried matrix was strikingly increased when 
the active drug was present—even when the drying conditions can be considered as 
somewhat more powerful.

The concentration of the drug within the formulation may influence the extent 
of those effects.

A high web speed connected with high temperatures may enable a quick and eco-
nomic drying process, however, the process solvents need to be properly removed 
and complications such as bubble formation in the laminate should be avoided. 
Thus, the drying parameters are often a compromise of preferably somewhat lower 
temperatures to avoid inhomogeneities within the laminate, degradation of com-
ponents or evaporation of the active or excipients and a high web speed to mini-
mize the process time. An almost complete drying of the laminate is particularly 
important, if not only class III solvents (solvents with low toxic potential) but also 
solvents of class II (solvents that need to be limited) according to the ICH guideline 
Q3 C “Impurities: Guideline for Residual Solvents” [51] are employed. The use of 
class II solvents should ideally be avoided or if not possible at least be limited with 
narrow specification ranges to ensure the patient safety.

A preferred effect is that also potential residual monomers derived from polymer-
ic material may be quantitatively evaporated. However, also other excipients—or 
the drug itself—that should be kept within the formulation may be partly evaporated 
during this process step. Substances with high volatility can evaporate to significant 
extent during the drying step ( >20 %), thus altering the ratios of the components 
and in case of the evaporation of the active or permeation enhancing agents even 
the permeation characteristics of the drug product are disturbed. Therefore, it is es-
sential to analyze the key components within the formulation such as the drug itself 
and relevant functional excipients as, for example, permeation enhancers as far as 
those can be considered as at least partly volatile. Consequently, analytical meth-
ods for quantification of the functional excipients have to be developed at an early 
formulation development stage and the final formulation has to be characterized 

Table 16.6  Example of residual solvents present in dried matrix of an active laminate and the 
corresponding placebo laminate
Formulation Placebo Verum
Web speed (m/min) 1.5 1.2
Drying temperatures of four 
ovens (°C)

40/50/60/60 40/50/65/65

Residual 2-propanol (ppm) 536 4453
Placebo: Formulation not containing the active pharmaceutical ingredient
Verum: Formulation containing the active pharmaceutical ingredient
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adequately. If components evaporate in a significant extent and it is not possible 
to adapt the drying parameters to quantitatively keep them within the formulation, 
it might become necessary to introduce a production overage to meet the targeted 
concentration in the drug product afterwards. A proper justification should be avail-
able for any overage. It is not advisable to assume that the components evaporate in 
the same extent in lab scale as in production scale manufacturing, since the process 
performance is usually not transferable on a 1:1 basis. Furthermore, in the frame-
work of upcoming process optimization the drying parameters may be altered or 
the process is to be transferred to another coating and drying line. Then, those data 
may become of utmost importance to allow for proper comparison of the product 
manufactured under the different conditions.

As already mentioned, the drying process has a major impact on the quality of 
the drug product. The following attributes of the final transdermal patch that are 
usually considered as critical to quality may be influenced: appearance, assay, con-
tent uniformity, drug release, related substances, residual solvents and monomers, 
as well as potentially the adhesive properties.

In the context of the evaluation and establishment of drying parameters, the 
implementation of Design of Experiments (DoE) may be beneficial to assess the 
relationship of the critical parameters and to gain comprehensive knowledge of the 
process to establish ranges for the various process parameters. A deep understand-
ing is an essential objective of the process development to define the critical process 
parameters and an appropriate design space within which the process operates in a 
robust manner to manufacture a drug product meeting its specification.

Having passed the drying ovens, the dried drug-containing matrix is covered 
with a backing film or release liner, respectively, wound up to a roll and stored for 
further processing. If the drug product tends to show cold flow, it is advisable to 
roll up the laminate with as little tension as possible. Once the homogeneity of the 
coating mass has been demonstrated, the area weight of the dried laminate can be 
considered to correlate with assay of the drug. It can be accepted that intermediate 
controls focus on appearance of the laminate and area weight, as far as other critical 
quality attributes are controlled on the final drug product.

The next process step usually comprises a downsizing of the mother roll to 
daughter rolls often dependent of size of the final drug product that is to be manu-
factured to optimize the yield. Different dosage strengths are usually produced from 
the same intermediate laminate; the dosage strength is then only defined by the 
surface area of the patch. This process step is connected with rather low risks.

The final process step of the manufacturing of the patch itself are the die-cutting, 
converting and pouch packaging steps which can often be performed within one 
single piece of equipment. Depending on the final patch design, for example, peel-
off aids are slit into the release liner to allow convenient handling and an imprint for 
identification purposes of the drug product is printed onto the patch backing. Other 
features may be introduced to the drug product in parallel.

To a certain extent and depending on the composition almost all transdermal 
patch formulations exhibit cold flow. Depending on the degree the formulation 
tends to cold flow, sophisticated packaging designs may become necessary. Cold 
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flow describes a change of dimension without applying relevant stress to the for-
mulation resulting in creeping of the polymeric matrix. This, in the worst case, may 
result in the patch sticking to the primary container making it inconvenient to use. 
Therefore, different approaches have been introduced into marketed formulations.

One option is the use of segregation sheets, basically impregnated (e.g., silicon-
ized) foils put on top of the patch and which are removed prior to application. Also, 
features have been developed to increase the distance between the inner sachet layer 
and the patch so that potential cold flow of the matrix cannot get into contact with 
the packaging foil. For example, patches situated on an oversized release liner may 
be encircled with dimples that act as a mechanical spacer for the packaging foil. 
Alternatively, the packaging foil itself may offer an embossment positioned over the 
backing of the patch so that the packaging material is hindered to contact the patch 
border, where cold flow of the matrix may be present.

Summing up, a manufacturing process for transdermal matrix patches comprises 
multiple steps. Some of them are scale dependent and some of them are scale inde-
pendent. Depending on the specific design of each single process step, critical pro-
cess parameters can be defined whose variability have potential impact on critical 
quality attributes and therefore needs appropriate monitoring or control. Table 16.7 
gives an exemplary overview in how far critical process parameters may be con-
nected with critical quality attributes of the drug product. It is pointed out that these 
correlations need to be established individually for each drug product manufactured 
with its specific production process.

16.4  Conclusion

In conclusion, the development of effective and attractive transdermal dosage forms 
remains challenging. In vitro skin permeation studies are a useful and essential de-
velopment tool for screening of various formulations to establish a ranking and add 
relevant information to select those formulations with satisfactorily performance. 
Moreover, for comparative analysis of, for example, a formulation under develop-
ment and a reference listed drug or after implementation of changes to the formula-
tion, skin permeation studies are of high value. However, during data evaluation 
it should be kept in mind that these data are derived from in vitro experiments 
that may not completely reflect the conditions of the in vivo situation. These data 
should, therefore, be interpreted with certain caution. In vitro dissolution should be 
considered solely as a quality control tool to demonstrate consistent quality of the 
transdermal patch during shelf life as well as from batch to batch. Most likely, the 
in vitro dissolution cannot be correlated with the performance of the product in vivo.

Already during early development, efforts should be made to establish a suitable 
manufacturing process. The process itself, its critical process parameters and its 
impact on critical quality attributes need to be well understood to allow the design 
of a robust and stable process and to assess changes to the process that may become 
necessary during scale up or life cycle management.
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17.1  Introduction

The first transdermal drug delivery system (TDS) appeared in the USA in 1979. 
It contained scopolamine and was approved for treatment of motion sickness. 
Since that time, a small number of TDS drug products have reached the US market 
(Table 17.1). The primary clinical argument for a TDS is that it provides clinical 
advantages compared to other routes of administration. Overall, the TDS has been a 
step forward, with significance both for the pharmaceutical industry and for medical 
practice and with many opportunities based on current research efforts.

Although applied topically, drug molecules in a TDS undergo percutaneous penetra-
tion/absorption and are taken up by the microcirculation in the dermal papillary layer 
for transport to target tissue via the systemic circulation. As a practical matter, a TDS 
is thus no different from administration of a drug via oral, inhalation, buccal, nasal, or 
other routes that lead to entry of a drug substance into the systemic circulation. During 
development, the general objective for a TDS is to optimize therapeutic efficacy and 
minimize side effects. Applied to the skin, a TDS is relatively noninvasive and has 
significant advantages compared with other routes of administration. These include:

•	 Possible	improved	therapeutic	outcomes	with	greater	safety	compared	to	drugs	
delivered by other routes

•	 Improved	patient	compliance	and	practitioner	acceptance
•	 Ease	of	removal	of	the	dosage	form	in	the	event	of	an	adverse	drug	reaction
•	 Availability	of	sophisticated	formulation	technology	to	create	a	reliable,	pharma-

ceutically elegant TDS
•	 Avoidance	of	 loss	of	drug	substance	 in	 the	gastrointestinal	 tract,	e.g.,	 through	

acid degradation in the stomach and first-pass elimination in liver
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• Zero rather than first-order drug delivery with approximation of steady state 
drug concentrations in the systemic circulation and potential reduction in vari-
ability in blood levels compared to orally administered drugs

• Extension of market protection for off-patent drugs or drugs that are losing pat-
ent or exclusivity protection

The greatest challenge for TDS development is that only a small number of drugs 
are amenable for consideration. To allow transdermal penetration, a TDS drug sub-
stance generally should be a molecule of low molecular weight with high lipophilic-
ity. Research is underway to increase the number of drug molecules that can be ad-
ministered transdermally. With the advent of new technologies and advancement of 
science, second- and third-generation TDS formulations are approaching the market 
place. While there are many aspects of TDS medicines that merit consideration, this 
chapter focuses on regulatory considerations for a TDS submitted either as a New 
Drug Application (NDA) or as an Abbreviated New Drug Application (ANDA), 
with emphasis on bioavailability (BA) and bioequivalence (BE) documentation. For 
purposes of discussion a TDS also includes films and patches.

Table 17.1  Transdermal systems (TDS, patches, films) marketed in the USA
Drug name Dosage form Year Therapeutic activity
Buprenorphine Film, TDS 2001 Analgesic, chronic pain
Clonidine Transdermal 1984 Hypertension
Diclofenac epolamine Topical patch 2007 Analgesic
Estradiol (0.014 mg/24 h) Transdermal 1986 Menopausal symptoms
Estradiol + norethidrone Transdermal 1988 Menopausal symptoms
Ethinyl estradiol + 
noreigestromin

Transdermal 2001 Contraception

Fentanyl Transdermal 1990 Chronic pain
Granisetron Transdermal 2008 Antiemetic
Lidocaine Topical patch 1995 Analgesic
Menthol/methyl salicylate Topical patch 2008 Analgesica

Methylphenidate Transdermal 2006 ADHDb

Nicotine Transdermal 1991 Smoking cessation
Nitroglycerin Transdermal 1981 Angina pectoris
Oxybutynin Transdermal 2003 Overactive bladder
Rivastigmine Transdermal 2007 Dementia
Rotigotine Transdermal 2007 Parkinson’s disease
Scopolamine Transdermal 1979 Motion sickness
Selegiline Transdermal 2006 Depression
Testosterone Transdermal 1993 Testosterone deficiency
a Introduced in Japan as Salonpas in 1934
b Attention deficit hyperactivity disorder
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17.2  New Drug Applications

A TDS intended for the treatment or prevention of a systemic disease is considered 
a new drug under the US Food, Drug and Cosmetic Act and as such requires a full 
NDA for review by the Food and Drug Administration (FDA) for consideration of 
marketing approval [1, 2]. Because a TDS delivers drug over an extended period 
of time, it therefore must demonstrate controlled/extended release characteristics to 
support drug labeling. For all currently available TDS in the US market, approval 
for administration via other routes has preceded approval of a TDS formulation. In 
this setting, the NDA submission requirements may be substantially reduced, given 
that both safety and efficacy of the drug substance have been previously estab-
lished. Thus, the main challenge in developing a TDS may lie in demonstrating that 
a changed exposure pattern, as reflected in BA measures, may result in improved 
efficacy and/or safety compared to administration of the drug substance by another 
route of administration. Typically, the predicate route has been oral.

17.2.1  Biopharmaceutics: General Issues

Knowledge of the biopharmaceutic properties of the drug intended for a TDS formu-
lation is important. This is especially true for the pharmacokinetic and pharmacody-
namic relationships that support the therapeutic activity of the drug, as reflected in 
expected clinical outcomes. A transdermal formulation delivers drug at a relatively 
constant rate to a relatively small circumscribed area of the skin. While the patient-
controlled application of a TDS may offer significant clinical and marketing advan-
tages, such a system also brings substantial clinical and regulatory questions, which 
should be addressed during the development process. Many of these questions arise 
because of the fundamental differences in BA exposure patterns that arise following 
application of a TDS in comparison to other routes of delivery. Biopharmaceutical 
issues specific to a transdermal formulation relate to (1) influence of the site of 
application on bioavailability; (2) effect of repeated application of the transdermal 
formulation at the same application site, including change in drug absorption asso-
ciated with local irritation, inflammatory, or hypersensitivity reactions; (3) appro-
priate contact of the TDS as applied by the patient to the skin; (4) barrier properties 
of the skin, including whether the skin contributes to the control of the rate of entry 
of the drug into the systemic circulation; and (5) effects of occlusion of the site of 
application relative to both BA and irritancy/hypersensitivity.

Intimate contact with skin is essential to ensure drug absorption from a transder-
mal formulation and is facilitated by use of adhesives. Thermodynamic consider-
ations are important as well and allow the possibility of formulation optimization 
to maximize transfer to drug across a localized area of the epidermis. Addition of 
an absorption enhancer to a transdermal formulation is possible but often brings ad-
ditional concerns about the systemic effects of the enhancer itself.
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17.2.2  Pharmacokinetics: General Issues

A drug can enter the body typically through five main routes or administration: oral, 
parenteral, topical, mucosal, and through inhalation [3]. The oral route is typically 
considered to facilitate entry of a drug into the systemic circulation, while the skin, 
primarily because of the barrier properties of the stratum corneum, is generally 
thought to impede drug access to the body. Gastrointestinal and epidermal/dermal 
membranes, however, have intrinsic permeability characteristics that impede entry 
of a drug to varying degrees depending on physicochemical characteristics of the 
drug and barrier properties of the respective membranes. If sufficiently important, 
these characteristics can preclude administration of a drug via either the oral or the 
transdermal route. For either an orally or transdermally administered drug, other, 
and at times formidable, barriers may exist to prevent access to the systemic cir-
culation. Drugs administered orally are exposed to numerous digestive processes, 
including extremes of pH, mucosal, circulatory, and hepatic metabolic enzymes, 
and mechanical and mucous barriers, all designed to degrade and render absorbable 
dietary constituents. For a drug administered transdermally, equally formidable but 
at times substantially different barriers can block drug entry. The first of these is 
the highly keratinized layer of the stratum corneum, followed by the viable epi-
dermis and dermis, and finally by the microcirculatory vasculature of the skin. As 
with an orally administered drug, a transdermally administered drug may encounter 
metabolic processes in the epidermis, dermis, and vasculature, but these degrading 
systems are likely to be less extensive compared to those that exist in the gastro-
intestinal tract. For this reason, the primary barrier to systemic drug access for a 
transdermally administered drug appears to be the stratum corneum.

Pharmacokinetic/BA studies recommended by the FDA for a transdermal drug 
formulation are designed to assess rate and extent of absorption of drug in the body 
across epidermal/dermal barriers compared to a suitable reference standard, typi-
cally given orally. These studies should delineate important pharmacokinetic pa-
rameters (clearance, volume, half-life, protein binding, blood/plasma concentration 
ratio, nonlinearity in parameters of drug absorption and elimination), assuming 
these have not previously been defined. Drug metabolism and chiral effects should 
be defined and compared to those observed following delivery of the drug via other 
routes of administration. Because most drugs now developed for transdermal deliv-
ery were previously developed for other routes of administration, changes in drug 
metabolism and chiral effects that might occur with transition to transdermal deliv-
ery should be understood. The skin is a viable organ that is capable of metaboliz-
ing certain drugs, and this capability, when present, may pose special regulatory 
requirements. As has been noted for nitroglycerin, which possesses two potentially 
active metabolites (1,2- and 1,3-dinitroglycerin), metabolite-to-parent ratios change 
depending on whether the drug is administered intravenously, orally, or transder-
mally [4]. Under these circumstances, the pharmacodynamics of a drug may change 
depending on the route of administration. Similarly, change in enantiomer ratios 
might occur depending on the route of administration and saturation of metaboliz-
ing enantiomer enzymes. Change in enantiomer ratio depending on rate and route 
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of administration might also lead to a change in the pharmacodynamic profile of a 
drug. Additional pharmacokinetic and BA studies defining demographic (e.g., age, 
gender, and race) and special population (e.g., renal and hepatic) effects may be re-
quired. Finally, study of drug absorption from the transdermal system when applied 
to diseased, irritated, or sensitized skin may be necessary.

17.2.2.1  In Vivo Studies

Despite differences between the presystemic barriers that a drug encounters in 
the epidermis and dermis and those that it encounters in the gastrointestinal tract, 
general regulatory pharmacokinetic and BA studies required for a TDS should be 
comparable to those required for an extended release formulation. Although spe-
cific requirements should be reviewed withthe FDA, some general statements are 
possible. As noted in an FDA guidance entitled Format and Content of the Human 
Pharmacokinetics and Bioavailability Section of an Application [5], five general 
types of studies are recommended to define the pharmacokinetics and BA of a TDS: 
(i) pilot studies to assess drug absorption and elimination after transdermal delivery; 
(ii) BA studies; (iii) pharmacokinetic studies; (iv) other in vivo studies as necessary; 
and (v) in vitro dissolution/drug release studies.

In vivo BA and pharmacokinetic parameters of a TDS should be fully character-
ized in comparison to those for an intravenous dose. When intravenous administra-
tion is not possible, oral and/or intramuscular administration may be employed. An 
initial step in the development of a transdermal formulation will be the determina-
tion of likely sites of application and the intended size of the transdermal system. 
The site and area of application should be optimized to the extent possible. Because 
percutaneous penetration and absorption of a drug from a transdermal formulation 
is area-dependent and may be site-dependent, pivotal pharmacokinetic and BA 
studies should be carried out at the proposed sites of application, with evaluation of 
each site for pharmacokinetics/BA. Assessment of the active drug delivery surface 
area of a transdermal formulation relative to target blood or plasma concentrations 
is an important determination and is a point at which many drugs become defined 
as unsuitable for transdermal delivery. Associated with this primary determination 
should be dose proportionality studies (active surface area of the formulation versus 
attained blood/plasma concentrations) and an estimate as to whether the skin or the 
transdermal system is rate-limiting relative to drug absorption. Lag time in attain-
ing systemic drug delivery and depot effects following removal of a transdermal 
formulation should also be investigated.

17.2.2.2  In Vitro Studies

Two types of in vitro tests, product quality tests, and product performance tests, 
should be performed for all TDS [6]. Product quality tests specific to a TDS for-
mulation include adhesion test, peel adhesion test, peel test, release liner test, tack 



324 V. P. Shah and R. L. Williams

test, and leak test. The product performance test may include a drug release test. An 
in vitro drug release method for a dosage form provides a quality control method 
to assure batch-to-batch uniformity in drug release. USP general chapter <724> de-
scribes three procedures for determining drug release of a TDS. Apparatus 5 pro-
cedure developed by FDA is the simplest system applicable to all types, sizes, and 
strengths of marketed TDS. Apparatus 6 and 7 are product specific. Correlations 
between in vitro release characteristics and in vivo performance for a transdermal 
product may be useful to the pharmaceutical scientist but, at this time, are unlikely 
to supplant in vivo requirements for assessment of BA and bioequivalence.

17.2.3  Clinical Pharmacology: Considerations

Clinical pharmacology requirements for an NDA were determined in the 1985 In-
vestigational New Drug (IND) /NDA rewrite and have been described in the 1988 
CDER guideline Format and Content of the Clinical and Statistical Sections of an 
NDA. Clinical pharmacological studies for an NDA can be divided into two general 
classes: pharmacokinetic and pharmacodynamic. Pharmacokinetic study designs 
should assess drug–drug, drug–disease, and drug–demographic interactions. Spe-
cific applications of these recommendations to a transdermal formulation might 
include, for example, study of the influence of coadministration of other derma-
tological products on the drug absorption from the transdermal system, evaluation 
of the effect of dermatological disease states on drug absorption, and assessment 
of transdermal absorption in different age groups, in males versus females, and in 
individuals with different degrees of skin pigmentation. Pharmacodynamic clinical 
pharmacological studies should be designed to characterize the primary dose–re-
sponse relationship (starting dose, duration of activity, maximum dose, require-
ments for dose titration), effects of enzymatic induction, and tolerance. Additional 
studies of drug–disease, drug–demographic, drug–drug, and other systemic phar-
macodynamic effects (cardiovascular, renal, gastrointestinal, neurological, hemato-
logical, endocrinological, of the immune system) may be required. Careful attention 
to clinical pharmacological study designs and review of these designs with the ap-
propriate FDA office can substantially reduce drug development time and costs [7].

17.2.4  Efficacy and Safety Requirements

The safety, efficacy, and pharmacological/toxicological requirements for a TDS are 
generally the same as for drugs intended for other routes of administration. Sci-
entific data from adequate, well-controlled clinical trials are required to support 
clinical safety and efficacy claims for a transdermal drug formulation. The efficacy 
requirements may be reduced if the active ingredient is already approved for the 
same use by another route or administration. Intended label claims of superior ef-
ficacy or other advantages that accrue through transdermal administration must be 
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substantiated with acceptable data. Drugs with a narrow therapeutic index may need 
additional specialized studies. If systemic toxicity data for the active ingredient are 
already established, animal toxicity testing may be reduced or eliminated. Safety 
data must be investigated in relation to local and systemic toxicity of the drug sub-
stance.

Intimate contact with skin is essential to ensure drug absorption from a transder-
mal formulation. This is facilitated by use of adhesives. These adhesives may cause 
contact dermatitis or hypersensitivity. Irritation and perhaps hypersensitivity from 
a TDS may also be a function of the occlusive nature of the preparation, leading to 
accumulation of sweat and increase in subpatch microbial growth [8]. Individual 
ingredients at times may not show local irritation/contact dermatitis but when ap-
plied as a transdermal patch for a longer duration may show significant irritation. 
For these reasons, safety studies specific to a transdermal drug formulation should 
investigate propensities for local irritation, contact dermatitis, and hypersensitivity. 
When the blood level profiles generated by a transdermal formulation are compa-
rable to those generated by a previously established nontransdermal route of admin-
istration, systemic safety issues may be ruled out, provided there is no differential 
cutaneous metabolism.

17.2.5  Studies Required for Transdermal Drug Formulations 
Approved for Other Routes of Administration

If the toxicity and efficacy data for the drug entity are already well established, 
blood level comparisons between a transdermal drug formulation and the approved 
marketed formulation, together with efficacy and local dermatotoxicity study data, 
may be sufficient to result in approval of the transdermal drug formulation via an 
NDA. The types of studies required will be determined on a case-by case basis de-
pending on several factors, including (a) the clinical pharmacology of the drug sub-
stance, (b) availability of previously marketed dosage form(s) of the drug, (c) the 
medical and biopharmaceutics rationale for transdermal drug delivery, (d) presence 
or absence of skin-specific routes of metabolism and chiral effects, (e) literature 
data on the drug entity, and (f) prior experience with the drug and/or drug delivery 
system.

As an example, a marketed scopolamine transdermal formulation was evaluated 
in comparison with oral and parenteral routes of administration of the drug [9, 10]. 
After a lag of several hours, the transdermal dosage form delivered scopolamine at 
a rate comparable to that obtained with the drug administered intravenously over a 
three-day period. The rate of scopolamine drug delivery was designed to maintain 
plasma concentrations sufficiently low to achieve an antiemetic effect and mini-
mize drowsiness and tachycardia. Similarly, currently available estrogen and cloni-
dine transdermal systems were approved based on clinical trials and comparative 
equivalence in blood level profiles between the patches and oral administration. In 
contrast to these examples, special clinical safety/efficacy studies were required of a 
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testosterone transdermal patch despite acceptable comparative blood level data be-
cause of enhanced cutaneous metabolism, resulting in high hydrotestosterone lev-
els. Similarly, the absence of acceptable clinical data for transdermal nitroglycerin 
led to efficacy studies. These studies documented the development of tolerance to 
nitroglycerin with continued transdermal dosing and led to the current label recom-
mendation to remove the system for 12 out of a 24-hour dosing cycle [11].

17.3  Abbreviated New Drug Applications

According to the current FDA policy, pharmaceutical equivalence between a ge-
neric is defined in the ‘Orange Book’ [12]. Mechanism of release, transdermal 
formulation drug content, and active surface area of the TDS are not considered 
necessary to define pharmaceutical equivalence, although the pertinence of each 
factor for a specific transdermal drug formulation will be determined on a case-by-
case basis. Transdermal formulations containing chemical penetration enhancement 
methods can be judged pharmaceutically equivalent to transdermal formulations 
without enhancers. At this time, the presence or absence of a chemical enhancer 
is not pertinent to a determination of pharmaceutical equivalence of a transdermal 
formulation, provided that clinical safety and efficacy data for a specific enhancer 
have been previously reviewed and approved in FDA’s new drug approval process 
for a transdermal dosage form.

Documentation of BE between the generic and innovator-listed products is nec-
essary to achieve an AB rating in FDA’s Approved Drug Products with Therapeutic 
Equivalence Ratings (Orange Book) [12]. When previously unapproved adhesives, 
patch materials, and/or inactive ingredients are used in a generic transdermal for-
mulation, skin irritation and other safety data may be required. In vitro documenta-
tion of reproducible drug release characteristics for a generic transdermal system 
will also be required. Specific requirements for a generic transdermal formulation 
should be reviewed with the FDA, which has provided several draft guidances on 
the topic [13]. The following types of studies are required:

• Pharmacokinetic
• Bioequivalence
• Irritation and sensitization
• Adhesion performance, including a pharmacokinetic or irritation/skin sensitiza-

tion study

A TDS typically contains a large amount of drug compared to the amount delivered 
to the patient. This large amount is needed as a driving force for the drug. Due to 
several mishaps associated with a discarded TDS, the amount of residual drug sub-
stance at the end of the labeled use period should be minimized [14].
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17.4  Looking into the Future

Scientific and technological advances have raised the level of transdermal drug 
delivery to a new level of impact in the field of medicine. Prausnitz and Langer 
have classified the advances into three generations: (1) the first generation pro-
duced many TDS formulations using relatively low molecular weight drug sub-
stances with high lipophilicity that allows small content of drug in the system; (2) 
the second generation added chemical enhancers and iontophoresis, expanding op-
portunities for other molecules; and (3) third generation patches that include novel 
chemical enhancers and physical enhancers such as ultrasound, thermal ablation, 
and microneedles, which increase stratum corneum permeability and might enable 
transdermal delivery of macromolecules and vaccines [15]. Most enhancement ap-
proaches in the third generation result in stronger disruption of the stratum corneum 
and increase skin permeability.

17.5  Conclusions

TDSs containing a previously approved drug or a previously unapproved, new 
chemical entity may offer numerous clinical and commercial advantages. They 
also require careful evaluation in order to meet current regulatory approval criteria. 
Over the years, the FDA has provided general instructions and recommendations 
via regulations, guidances, and other publications. Applicants intending to submit 
an NDA or ANDA for transdermal formulations are encouraged to work with the 
reviewing staff at FDA to develop the necessary database for their proposed trans-
dermal product.
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18.1  Introduction

Transdermal hormone application allows delivery of a clinically relevant hormone 
dose with less systemic exposure as compared to oral administration, thus decreas-
ing many of the side effects associated with first-pass metabolism, gastrointestinal 
absorption, and peak plasma drug concentrations. The positive clinical benefits of 
transdermal estradiol [1–10] and testosterone [11–15] have been validated. Addi-
tionally, transdermal delivery may be a good option for older individuals who are 
often polymedicated [16]. Transdermal dosing is often available through different 
vehicles including patch, gel, emulsion, and spray preparations. While hormone 
patches may provide a protective covering to the dosed chemical, other formula-
tions are applied directly to the skin and may increase the risk of transfer to another 
person via interpersonal contact.

Topical chemical transfer between a dosed individual and his or her interpersonal 
contacts including family members, children, partners, and friends is documented 
[17–20]. While transdermal delivery of estradiol and testosterone may be clinically 
relevant for the treated individual, unintentional transfer to a close contact can cause 
hormone imbalance and adverse effects. These imbalances may increase the risk of 
adverse cardiac events in men; cause hyperandrogenism, hirsutism, acne, coarsen-
ing of the voice, clitoris hypertrophy, and male-pattern baldness in women; and can 
lead to early puberty changes, virilization, and premature epiphyseal closure of the 
bones in children [21–28]. Cases of skin-to-skin transfer of transdermal testoster-
one products from father to son have caused precocious puberty and/or pronounced 
virilization [29–35]. In most instances, clothing barriers have shown to block trans-
fer of testosterone by way of direct skin contact. Washing of the testosterone gel 
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application site after use has been shown to significantly reduce the risk of trans-
dermal transfer in direct skin-to-skin contact [36]. It is important to consider the 
potential for estradiol or testosterone transfer prior to utilizing transdermal hormone 
products.

18.2  Human Experiment Transfer Data: In Vivo

In vivo human transdermal transfer studies of topical estradiol products have been 
performed (Table 18.1). Wester et al. [37] conducted an in vivo bioavailability study 
to determine the transfer between six healthy, postmenopausal women dosed with a 
0.16-g [14C]-estradiol gel formulation (5-mg [14C]-estradiol radioactivity per 8.5 g 
of gel) and a group of six healthy men or women. Attempted transfer was by ventral 
forearm contact by ten rubbing strokes and 15 min of direct skin-to-skin contact 
occurring 1 h after transdermal application. A protective sleeve was then placed 
over the dosed site. A 14C-assay was performed on skin washings recovered 24 h 
after dosing to determine the amount of estradiol transfer. Transfer occurred be-
tween dosed subjects and naïve recipients as indicated by a 2.3 ± 2.0 % (of applied 
estradiol dose) wash recovery and a 4.1 ± 3.6 % sleeve recovery from the nondosed 
participants [37]. Additionally, the majority of the topically applied dose remained 
on the skin surface during the full 24 h dosing period and was, therefore, available 
for transfer. This observation has previously been attributed to a mass balance effect 
of the topically applied dose, allowing excess chemical to remain on the skin during 
a typical application period of 24 h [38].

In another gel study, ZumBrunnen et al. [39] conducted a single-center, random-
ized, open-label, crossover, multiple-dose trial to determine the amount of trans-
fer between 48 healthy, postmenopausal women dosed with a 1.25 g estradiol gel 
0.06 % formulation (EstroGel©) and a group of nontreated postmenopausal women. 
Attempted transfer was by posterior arm contact by 3 min of rubbing in an up-down 
and side-to-side motion and an additional 12 min of direct skin-to-skin contact, oc-
curring 1 h after transdermal application. Transfer was measured by the difference 
from baseline in the area under the serum concentration–time curve from time 0 
through 24 h (AUC0–24), observed maximum serum concentration (C-max), and 
time averaged concentration over the dose administration interval ( Cavg) of estra-
diol, estrone, and estrone sulfate for the nontreated group. The AUC0–24 data in-
dicated that postcontact serum concentrations (estradiol 127.52 ± 66.60, estrone 
529.00 ± 225.27, and estrone sulfate 11.44 ± 4.29) did not significantly increase 
from baseline hormone concentrations (estradiol 126.57 ± 61.79, p = 0.898; estrone 
510.46 ± 262.69, p = 0.541; and estrone sulfate 11.45 ± 4.01, p = 0.996), thus indi-
cating that significant interpersonal transfer did not occur [38]. The same conclu-
sion was observed for C-max [39].

With estradiol emulsions, Taylor and Gutierrez [40] performed an open-label, 
nonrandomized clinical trial to investigate the amount of transfer between 14 
postmenopausal women dosed with 1.74 g transdermal estradiol emulsion (Estra-
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sorb© containing 2.5 mg of estradiol/g) to each leg and a group of 14 male part-
ners. Attempted transfer was by vigorous skin-to-skin rubbing of 2 min, occurring 
2 and 8 h after transdermal application, and was measured by serum concentration 
changes of estradiol, estrone, and estrone sulfate in female participants and their 
male partners. The average serum estradiol concentration in adult men increased 
from 17.0 ± 4.3 pg/ml before contact to 21.0 ± 4.4 pg/ml on day 2 after attempted 
transfer; signifying a 25 % increase from baseline. The mean AUC0–24 from day 
2 to baseline was 1.25 (p< 0.0001) for estradiol, 1.35 (p< 0.018) for estrone, and 
1.16 (p< 0.021) for estrone sulfate, indicating that significant transfer did occur by 
means of vigorous skin-to-skin contact at the application site [40, 41].

While clinical in vivo human trials of a transdermal estradiol gel and emulsion 
formulation have reported measurable transfer of the applied hormone dose, a spray 
formulation study yielded opposite results. Schumacher et al. [42] conducted a 
single-center, open-label study to evaluate the amount of transfer between 20 post-
menopausal women dosed with a 4.59 mg transdermal estradiol spray (Evamist) 
and a group of 20 untreated, healthy men. Attempted transfer was by forearm con-
tact of 5 min without movement, occurring 1 h after estradiol application, and was 
measured by precontact and postcontact serum estradiol levels in the healthy men. 
The AUC0–24 was calculated to evaluate serum estradiol concentration of the men 
at 4, 8, 12, 16, 20, and 24 h after the attempted transfer. In this trial, significant 
transfer did not occur as determined by a 90 % CI for the ratio of postcontact mean 
AUC0–24 (556.5) to precontact mean AUC0–24 (538.0) of 1.00–1.07, which was 
entirely contained within a predetermined 90 % CI equivalence range of 0.80–1.25 
[42].

Other trials focused on identifying the amount of hormone that remains on the 
skin after a transdermal application, and have, thus, considered the amount of hor-
mone available for transfer. Rolf et al. [43] conducted a single-center, open, ran-
domized study involving 12 healthy male volunteers (aged 22–27 years) to deter-
mine what percentage of a mean 11.0 ± 1.7 mg dose of a newly developed 2.5 % 
testosterone gel applied to the abdomen and ventral forearm would remain on the 
skin after 10 and 30 min and after 1, 2, 4, and 8 h. After 10 min, approximately 
60.2 % of the applied testosterone dose could be recovered from the skin and 8 h lat-
er, approximately 50 %. Notably, washing the skin with water reduced the amount 
of testosterone recovered. The study also evaluated the potential for transdermal 
hormone transfer to a nondosed site by rubbing the dosed (11.7 ± 2.2 mg) left fore-
arm with the nondosed right forearm for 5 min after 30 min of application. Transfer 
did occur as 3.1 ± 1.8 % of the applied testosterone dose was recovered from the 
nondosed forearm [43].

Manufacturers have studied the potential for transdermal hormone application to 
increase estradiol and testosterone levels in untreated close contacts. Although not 
all results have been published in peer-reviewed journals, excerpts of selected in 
vivo transfer studies (i.e., EstroGel, Estrasorb, Evamist, AndroGel©, and Testim©) 
are on the FDA website [44–48].

FDA product-specific studies have been conducted to determine the potential 
for transdermal estradiol transfer (Table 18.2) [44–48]. In a 14-day EstroGel [44] 
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study, 24 healthy, postmenopausal women were dosed with 1.25 g of estradiol gel 
once daily on the posterior arm and permitted to engage in 15 min of direct skin-
to-skin contact with a cohort of 24 nondosed healthy, postmenopausal females. No 
changes in endogenous mean serum estradiol concentration in nondosed female 
cohorts occurred after direct contact [44]. In another study on Evamist [45] trans-
dermal spray, 20 healthy postmenopausal women were dosed with a 90 µl spray 
once daily on the ventral forearm and were permitted to engage in 5 min of direct 
continual contact with nondosed male partners. No significant transfer of estradiol 
to nondosed contacts occurred [45]. While initial transdermal estradiol experiments 
concluded that transfer did not occur, transdermal testosterone experiments yielded 
opposite results.

Two-brand-name testosterone gels, one for glandous skin and one for axilla, are 
available in the USA: AndroGel and Testim. Studies have been conducted with each 
to determine the potential for transdermal testosterone transfer. In a 7-day AndroGel 
[47] study, three groups of healthy men were dosed with 10 g of testosterone gel 
and permitted to engage in 15 min of daily vigorous skin-to-skin contact with their 
female partners starting at 2, 6, or 12 h after application. On day 1, the mean Cavg of 
testosterone in female partners revealed a threefold increase (18 ng/dl) and by day 
7, Cavg increased by fourfold to sevenfold and exceeded the normal female range 
of 10–55 ng/dl. Additionally, two women who were exposed to male partners after 
2 h of testosterone application had maximum testosterone levels of 250 and 350 ng/
dl [47]. In a study of Testim [46] (AUX-TG-206), 30 healthy men applied 100 mg 
of Testim to the abdomen and were permitted to engage in 15 min of skin rubbing 
with female partners occurring 1, 4, 8, or 12 h after application. Serum testosterone 
concentrations in female partners increased fourfold from baseline. In a second trial 
[45] (AUX-TG-209), 24 healthy men applied 100 mg of Testim to the arms and 
shoulders and were permitted to engage in 15 min of skin rubbing with female 
partners occurring 4 h after application. In this study, female participants showered 
immediately after exposure. However, serum testosterone concentrations in female 
partners still increased fourfold from baseline.

Transdermal hormone transfer from dosed individual to naïve interpersonal con-
tact can occur [37, 40, 43, 46–48] and may cause clinically significant hormone 
imbalance and adverse events [21–28]. Transfer from parent to young child, as has 
been previously described [29–35], is concerning. Wester et al. [49] reported that 
same-strength topical testosterone application to both an adult and newborn rhesus 
monkey increased systemic availability in the newborn by 2.7 times that of the 
adult. Not only do transdermal hormones demonstrate adequate penetration, but 
also, in vivo studies have indicated that interpersonal transfer via direct and vigor-
ous skin-to-skin contact does occur. Comparison among such studies can highlight 
the propensity for different transdermal hormone formulations to transfer to naïve 
contacts and can be used to optimize testing and develop an ideal transdermal de-
livery system.

Although FDA data may indicate increased potential for transdermal hormone 
transfer from dosed individuals to nondosed personal contacts for some formu-
lations, the studies are difficult to compare due to variations in contact time and 
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methods as well as different outcomes measured. Nonetheless, it is important to 
investigate methods to prevent unwanted transdermal hormonal transfer.

Stalhmen et al. used 24 healthy male and female couples in an open-label, ran-
domized, parallel group, crossover study to assess transdermal hormonal transfer 
with respect to application site on the body and clothing barrier. A 1.62 % testos-
terone gel was applied to three regions in male subjects: upper arms, shoulders, or 
abdomen. Group I received 2.5 g and group II 5.0 g of testosterone gel. After 2 h 
from initial gel application, male and female subjects had skin contact. Tests were 
done either with or without a cotton T-shirt. Contact was maintained for 15 min. In 
addition, subjects in group II were also tested based on washing or not washing the 
site on contact. Group III assessed the effects of 5 g of transdermal transfer without 
washing or T-shirt barrier [36].

Each examination was separated by a 1-week washout period. Testosterone ex-
posure ( Cav and Cmax) in females increased up to 27 % for the 2.5 g gel and up to 
280 % for the 5 g gel compared to baseline, 2 h after initial gel application. In both 
cases, the Cav remained within the normal female eugonadal range [36].

 There is a significant risk of testosterone transfer from male patients us-
ing a 1.62 % testosterone gel to their female partners with direct to skin contact 
(Table 18.3) [36]. After administration of the gel to the male’s abdomen, females 
in both the groups I and II, demonstrated significantly higher exposure relative to 
baseline ( p < 0.01 for AUC, Cav, and Cmax for group I and p < 0.002 in group II) after 
direct contact with their male partner. When the test was performed again with the 
male partner wearing a t-shirt, there were no statistical differences found in any 
parameter compared to baseline. In group II, washing of the gel application site in 
there was a reduced overall exposure which was comparable to baseline, with Cmax 
only 14 % higher than baseline (Table 18.4).

With no barrier or washing of the gel (group III), there were significant increases 
when testosterone gel was applied to upper arms/shoulders of male participants 
( P < 0.005 for AUC, Cav, and Cmax). Skin contact with upper arms/shoulders area 

Table 18.3  Group I, 2.5 g gel applied to abdominal area of male, data from [36]
Parameter Site of 

applica-
tion

Gel 
amount

Site 
washed

T-shirt Baseline 
least-squares 
mean

After 
application 
least-squares 
mean

After 
applica-
tion/
baseline

AUC 
0-24 (ng  
· h/dl)

Abdomen 2.5 g No No 485 615 127 %

Abdomen 2.5 g No Yes 485 469 97 %
Cav (ng/
dL)

Abdomen 2.5 g No No 20.2 25.6 127 %

Abdomen 2.5 g No Yes 20.2 19.5 97 %
Cmax (ng/
dL)

Abdomen 2.5 g No No 31.6 39.1 124 %

Abdomen 2.5 g No Yes 31.6 23.2 73 %
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resulted in higher testosterone exposure for female participants when compared to 
that of the abdomen, as shown in Table 18.3.

Either washing the application site before skin-to-skin contact, or wearing a t-
shirt, can prevent transfer of the testosterone gel. However, it should be noted that a 
t-shirt did not prevent total transmission of hormone, as seen with the 5 g testoster-
one gel and t-shirt barrier in Table 18.4 [36].

There are a number of limitations in this study that should be acknowledged. It 
should be noted that the time spent with direct skin-to-skin contact was exaggerat-
ed, and most likely does not reflect average real-world conditions. Participants were 
primarily of Hispanic descent and it is not clear how this affected the findings. An 

Table 18.4  Group II, 5 g gel applied to abdominal area of male, data from [36]
Parameter Site of 

applica-
tion

Gel 
amount

Site 
washed

T-shirt Baseline 
least-
squares 
mean

After appli-
cation least-
squares 
mean

After 
applica-
tion/
baseline

AUC 
0-24 (ng 
* h/dL)

Abdomen 5 g No No 380 575 152 %

Abdomen 5 g Yes No 380 413 109 %
Cav (ng/
dL)

Abdomen 5 g No No 15.8 24 152 %

Abdomen 5 g Yes No 15.8 17.2 109 %
Cmax (ng/
dL)

Abdomen 5 g No No 19.8 33.7 170 %

Abdomen 5 g Yes No 19.8 22.6 114 %

Table 18.5  Group III, no barrier or washing. 5 g of testosterone gel, data from [36]
Parameter Site of 

applica-
tion

Gel 
amount

Site 
washed

T-shirt Baseline 
least-squares 
mean

After 
application 
least-squares 
mean

After 
applica-
tion/
baseline

AUC 
0-24 (ng 
* h/dl)

Upper 
arms/
shoulders

5 g No No 369 1400 379 %

Abdomen 5 g No No 391 816 209 %
Cav (ng/
dL)

Upper 
Arms/
shoulder

5 g No No 15.4 58.4 380 %

Abdomen 5 g No No 16.3 34.0 209 %
Cmax (ng/
dL)

Upper 
Arms/
Shoulders

5 g No No 30.2 111 366 %

Abdomen 5 g No No 32.1 53.9 168 %
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acknowledged limitation of the study was that menstrual status was not accounted 
for in the testosterone levels of premenopausal women in the data set. This could be 
a potential source of error in the data, as endogenous testosterone levels can fluctu-
ate over the course of a menstrual cycle [36].

Emphasizing the risks of unwanted transdermal testosterone transfer to male pa-
tients being treated with gels is of high priority [36]. Physicians should suggest 
methods of transfer reduction, such as washing, along with limiting application sites 
to areas that are covered by clothing. In addition, a standardization of transfer meth-
ods would reduce risk of unwanted transfer.

18.3  Standardization of Transfer Methods

Clinical trials [37, 39, 40, 42, 43] and FDA data [41, 44–48] have examined the 
possibility of transdermal hormone transfer. However, the type of exposure, amount 
of transdermal hormone applied (i.e., total dose and active dose per applied area), 
number of exposures, applied area and transfer area, timing and frequency of 
contact, and specific transfer methods differ between studies. Standardization and 
quantification of such variables would permit better data comparison.

Accordingly, too little collective data exists to refine our knowledge about 
transdermal hormone formulations that may offer less transfer. Future experiments 
should consider standardization of skin-to-skin contact methods and duration of 
exposures based on realistic and exaggerated endpoints. It is difficult to compare 
clinical trial outcomes because some studies attempt transfer by vigorous contact 
and rubbing while others employ direct contact without movement. Taylor and 
Gutierrez [40] and Rolf et al. [43] attempted transfer by 2 min of vigorous skin 
rubbing and by 5 min of rubbing, respectively, and concluded that transfer did oc-
cur. Schumacher et al. [42] attempted transfer by 5 min of forearm contact without 
movement and concluded that transfer did not occur. In the real world, however, 
interpersonal contact may not be so straightforward.

In previously reported cases of transdermal hormone transfer from adult-to-adult 
or parent-to-child, it is unlikely that clinical effects were caused by one instance of 
2–5 min of rubbing or 5 min of direct contact without movement. Transfer more 
likely occurred through everyday interactions and contact required for hugging, 
playing, cuddling, or even sleeping next to each other. For this reason, transfer stud-
ies based on exaggerated contact times may be more capable of reflecting real-life 
exposures.

While these in vivo human trials have started to evaluate the potential for trans-
dermal hormone transfer, in vivo animal models as well as in vitro human and ani-
mal models are less studied.
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18.4  Human Experiment Transfer Data: In Vitro

To our knowledge, no in vitro human experiments have specifically determined 
transfer potential of transdermal estradiol or testosterone.

18.5  In Vitro Transfer Methodologies

Several of the 15 steps in percutaneous penetrations have in vitro model [66]. We 
believe based on the Ngo et al. data that an in vitro method for transfer can be de-
veloped.

18.6  Animal Experiment Transfer Data: In Vivo

To our knowledge, no in vivo animal experiments have specifically determined 
transfer potential of transdermal estradiol or testosterone.

18.7  Animal Experiment Transfer Data: In Vitro

To our knowledge, no in vitro animal experiments have specifically determined 
transfer potential of transdermal estradiol or testosterone.

18.8  Possible Excipient Effect and Quantification  
of Transdermal Transfer

The controlled in vivo experiments in humans may, however, require further quan-
tification. While overall conclusions indicate whether transfer “did” or “did not” 
occur, actual data comparisons are less straightforward. Different hormone formu-
lations likely affect absorption to different degrees based on excipient properties of 
the vehicle (i.e., gels, spray, or emulsions). However, two clinical trials enabling 
an estradiol gel formulation yielded different conclusions with similar attempted 
transfer methods. Despite different outcome measures, Wester et al. [37] observed a 
positive estradiol gel transfer to nondosed subjects via measurement of a 14C assay, 
while ZumBrunnen et al. [39], via measuring of changes in estradiol, estrone, and 
estrone sulfate concentrations from baseline, did not. We suspect that excipients 
will be crucial in determining transfer. Unfortunately, inadequate data exist to de-
velop a quantitative structure-activity relationship (QSAR) model.
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The chemical endpoints that appear most accurate would enable quantification 
of hormone change after attempted transfer through measurement of a radioisotope 
(14C) or stable isotope as would be measured by mass spectrometry. Transdermal 
transfer is difficult to measure by changes in serum hormone concentrations due to 
interference from endogenous hormones. This concept is in agreement with Wester 
and Maibach [50], suggesting that serum concentrations of an applied compound 
in vivo are extremely low following topical application and may not be detect-
able unless by tracer methodology. Accordingly, the most accurate detection assay 
would be one that does not interfere with endogenous hormone concentrations. Any 
changes from baseline may be too small to measure and may explain the negative 
studies. Furthermore, diurnal variations in serum testosterone [51–58] and estradiol 
[55–59] levels are well documented. Accordingly, it may be difficult to observe 
a transfer effect by measuring changes in endogenous hormones before and after 
transdermal hormone application. The methods by which transdermal hormones are 
applied (i.e., vehicle formulations) may also affect percutaneous penetration.

18.9  Intrinsic Properties of Transdermal Hormones

Chemical properties of applied hormones and frictional properties of skin may af-
fect transdermal transfer between individuals. For example, the friction coefficient 
can interpret skin differences on various anatomical locations and between indi-
viduals and can also monitor skin changes resulting from topical chemical appli-
cations [60, 61]. The friction coefficient of the skin may be increased by water or 
moisturizers that hydrate the skin; it may be decreased by alcohol or other drying 
agents [60]. By understanding the mechanical state of the skin, it may be possible 
to devise better transdermal application methods that focus on site of application, 
character of the vehicle, and differences in age, gender, race, and anatomical sites 
of the dosed individual. Understanding to what degree the friction coefficient af-
fects transdermal hormone transfer between individuals may help formulate better 
application vehicles.

18.10  Anatomic Effect

It is necessary to explore how different anatomic sites affect transdermal hormone 
penetration, and thus potential for interpersonal transfer. Regional variation of 
percutaneous absorption is described with the genitals as the anatomic site with 
greatest absorption, followed by the face, trunk, arms, and legs in decreasing or-
der [62, 63]. The potential for transfer is complicated by application site of the 
dosed individual and contact site of the naïve contact. For example, to what degree 
would transfer occur if a father applied topical testosterone to his trunk and held his 
son’s face against his skin? Would transfer occur if his dosed arms contacted his 
son’s legs? Furthermore, forearm percutaneous penetration data may underestimate 
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absorption at all body sites [62] which is significant because many clinical trials 
focus on attempted transfer via forearm contact or rubbing. Frictional studies have 
also reported differences based on anatomical site. Cua et al. [64] described the 
frictional coefficient difference from 0.12 on the abdomen to 0.34 on the forehead 
and postauricular skin, and Elsner et al. [65] described a difference from 0.66 on the 
vulvar surface to 0.48 on the forearm. As new technology is able to explore poten-
tial for percutaneous absorption based on intrinsic properties of the skin, studies on 
transfer of topically applied hormones may become more valuable.

18.11  Absorption Properties of the Skin

Percutaneous absorption depends on many variables. In theory, transdermal hor-
mone that is not absorbed may become available for interpersonal transfer. There-
fore, it is important to understand the details of percutaneous absorption and expand 
our knowledge regarding transfer potential. Wester and Maibach [50] defined the 
ten steps to percutaneous absorption in 1983 as functions of the following absorp-
tion parameters:

1. Vehicle release of applied hormone which may depend on the partition of the 
hormone between vehicle and skin, the solubility of the hormone in the vehicle, 
hormone concentration, and pH

2. Absorption kinetics of the hormone with attention to application site, individ-
ual variation, skin condition, occlusion, drug concentration, surface area, and 
multiple dose application, which may affect penetration and thus potential for 
transfer

3. Excretion kinetics and bioavailability of the hormone from percutaneous 
administration

4. Effective cellular and tissue distribution allowing part of the dosed hormone to 
remain on the skin surface

5. Substantivity, or the part of the applied dose which binds to the skin surface and 
is lost by exfoliation

6. Wash-and-rub resistance, referring to the ability to remove the hormone by 
washing or rubbing

7. Volatility, as the partition of the hormone between its vehicle on the skin sur-
face and the surrounding air

8. Binding of the hormone in the skin
9. Anatomic pathways at different body sites and in the cellular structure of the 

skin
10. Cutaneous metabolism of the viable epidermis and the ability of a transder-

mally applied hormone to penetrate through the stratum corneum. Examination 
of “other” steps of percutaneous absorption may be necessary to develop a 
transcutaneous product with low probability of interpersonal transfer including 
absorption and transfer from clothing and transfer from daily-use objects such 
as tables, desks, and even handlebars
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Addition details on the 15 steps to percutaneous penetration in man are detailed by 
Ngo [66].

18.12  Analytic Chemistry and Human Pharmocokinetics

Appropriate FDA package labeling is greatly aided by data from refined analytic 
chemistry. The radioisotope method utilizing urine and liquid scintillation counting 
permits greater analytic sensing compared to cold chemistry and blood sampling 
[67]. The latter may provide false-negative transfer results. The principles outlined 
here related to transfer of chemicals, other than dry, a field requiring elucidation 
[68].

18.13  Development and Optimization of Transfer Models

While in vivo human model experiments reflect transdermal transfer, less is known 
about transfer potential among in vivo animal models and in vitro human and ani-
mal models. Although not classically an in vitro model in the sense that it does not 
involve applying a hormone to one side of excised skin in a diffusion chamber and 
performing a radioactivity assay in the collection vessel on the opposite side [69], 
clothing transfer studies may serve as artificial membranes to detect the amount of 
topical hormone removed from the skin through direct contact. Initial clinical trials 
have reported that transfer from dosed individual to clothing can occur [37, 70, 71].

The development and validation of in vivo animal models and in vitro human and 
animal models to depict transdermal hormone transfer may be necessary. When de-
veloping animal models for transdermal transfer studies, attempts should be made 
to abide by the 3Rs (i.e., replacement, reduction, and refinement) principle for hu-
mane testing as originally described by Russell and Burch [71]. Animal models 
should additionally take into consideration the differences in percutaneous absorp-
tion of hormones from humans. Wester and Maibach [72] and Andersen et al. [73] 
examined the percutaneous absorption of a 4 µg/cm2 testosterone dose among ani-
mal models. The percutaneous absorption of testosterone was highest in the rabbit 
(69.6 % of dose absorbed), followed by the rat (47.4 %), guinea pig (34.9 %), pig 
(29.4 %), and rhesus monkey (18.4 %), which was closest to absorption observed in 
man (13.2 %; ratio rhesus monkey to man: 1.4) [50, 73, 74]. The Organization for 
Economic Co-Operation and Development (OCED) adopted guidelines for assess-
ing absorption by using human and animal skin ex vivo in order to standardize and 
regulate testing of chemical compounds [75–77]. New in vitro human skin models 
are in development based on OCED guidelines [77, 78]. Yet, the ideal animal mod-
el for determination of transdermal transfer potential has not yet been identified. 
Optimization of such models would permit further understanding of the potential 
for transdermal hormone transfer among interpersonal contacts and its relevance in 
clinical practice.
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18.14  Conclusion

In the age of rapidly developing medical advances, different delivery routes for 
medications are becoming a reality. Transdermal hormone application has prov-
en clinically significant, often with fewer side effects for the patient as compared 
to oral alternatives. Despite benefit to the dosed individual, transdermal hormone 
transfer to a naïve interpersonal contact can occur and may cause hormone imbal-
ance and adverse effects ranging from cardiovascular events and masculinization in 
adults to precocious puberty and virilization in children. Clinical trials have focused 
on in vivo transfer potential of topical estradiol and testosterone formulations in 
humans and have determined that transfer can occur. In order to more fully appreci-
ate the potential for transdermal hormone transfer, developments are necessary that 
focus on the possible excipient effect of transdermal transfer, appropriate quanti-
fication of hormone changes after attempted transfer (e.g., tracer methodology), 
standardization of skin-to-skin contact methods and duration of exposure based on 
real and exaggerated endpoints, a greater understanding of chemical properties of 
the applied hormone and frictional properties of the skin that affect percutaneous 
absorption, determination of which anatomical site offers the greatest clinical ben-
efit to the dosed individual and least potential for transfer, and development and 
optimization of in vivo animal models and in vitro human and animal models to 
enhance our understanding of percutaneous absorption in daily life.
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19.1  Introduction

Occlusion of the skin can occur from everyday use of gloves, stockings, and cloth-
ing. Research has shown that it can affect various physiological parameters such 
as pH balance, carbon dioxide (CO2) levels, transepidermal water loss (TEWL), 
and produces histological and microbiological changes in the skin. Recently, there 
has been a greater understanding of the properties of occlusion as an active agent, 
which can potentially be used to enhance epidermal drug delivery in healthy skin 
and to facilitate healing in diseased skin. A comprehensive overview of the current 
published research is provided in this chapter.

19.2  Effects of Occlusion on Skin Physiology  
and Chemistry

19.2.1  pH Changes

In experimental models of occlusion, dressings such as bandages or vinylidene 
polymer plastic film (Saran Wrap®) were used to trap moisture within the skin, 
thus preventing the evaporation of water from the skin surface. Many researchers 
have noted an increase in pH postocclusion. Aly et al. [1] performed an experiment 
using Saran Wrap® on human forearm skin. A statistically significant rise in pH 
was noted from a preocclusion value of 4.3 to a postocclusion value of 7.0 [1]. In 
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a similar study conducted by Hartmann [2] using impermeable and nonadhesive 
polyethylene foil, there was an increase in pH from an average baseline of 4.9–7.2. 
Interestingly, 24 h after removal of the occlusion, the pH fell to 5.2 [2]. Faergemann 
et al. [3] conducted a study using the same method of occlusion with Saran Wrap® 
for 8 days and noted that throughout the entire period of occlusion the pH remained 
elevated [3] (Table 19.1).

19.2.2  Carbon Dioxide Emission (pCO2 )

Aly et al. found a statistically significant increase in the pCO2 emission levels from a 
preocclusion value of 25 mg/cm2/h to a postocclusion level of 118 mg/cm2/h on human 
forearm skin [1]. The degree of occlusion seems to also play a role in the rate of pCO2 
emission. Studies conducted using occlusive Blenderm™ plastic tape vs. Micropore™ 
semiocclusive paper tape demonstrated that complete occlusion resulted in a statistically 
significant increase in the rate of pCO2 emissions, while semiocclusive paper tape did 
not induce a statistically significant change [4]. Faergemann et al. [3] used statistical 
analysis to confirm the increase in pCO2, and noted that a statistical significant increase 
was noted only after the first 24 h of occlusion [3].

19.2.3  Transepidermal Water Loss (TEWL)

TEWL measures the quantity of water that passes through the epidermal layer to the 
surrounding atmosphere using the process of diffusion and/or evaporation. Various 
researchers have demonstrated that occlusion of the skin impacts TEWL greatly. 
Friebe et al [5] examined the effect of occlusion using sodium lauryl sulfate (SLS), 
water, or nothing within an aluminum test chamber, and specifically looked at the 
impact on TEWL. They concluded that occlusion with water increased TEWL for 
180 min, while occlusion with an empty test chamber increased the TEWL for 
120 min [5]. These findings were attributed to a disruption of the stratum corneum 
(SC), which ultimately increased its permeability allowing for a greater movement 
of water. When skin was completely occluded with Saran Wrap® for 5 days, there 
was an increase in the TEWL from 0.56 to 1.87 mg/cm2/hr [1]. Faergemann et al. [3] 
occluded human skin with Saran Wrap® for 8 days and found that TEWL values do 
not stay constant throughout the entire period of occlusion; rather in this particular 
experiment there was a noted peak on day 3, followed by a decrease on day 8 [3].

19.2.4  Relative Skin Moisture, Hydration, and Skin Water 
Content (WC)

By utilizing an evaporimeter, relative skin moisture can be measured. In the study con-
ducted by Hartmann [2] the forearm of human subjects were occluded continuously 
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Parameter Study Results Reference
pH 5-day occlusion with Saran 

Wrap on forearm
-pH more basic from 
4.3 preocclusion to 7.0 
postocclusion

[1]

3-day continuous occlusion 
of the forearm of 26 subjects 
with impermeable nonadhe-
sive polyethylene foil

-pH increased after occlu-
sion from 4.9 to 7.2
-pH fell to 5.2 , 24 h 
postocclusion

[2]

8-day occlusion with Saran 
Wrap®

-pH remained elevated for 
the entire 8 days

[3]

CO2 5-day occlusion with Saran 
Wrap® on the forearm

-CO2 emissions increased 
from 25 to 118 nl/cm2/min

[1]

8-day occlusion with Saran 
Wrap®

-CO2 remained elevated for 
the entire 8 days
-A significant increase seen 
after 24 h

[3]

TEWL Comparing the effect of 
occlusion with sodium lauryl 
sulfate, water, or nothing

-Occluding with water in 
the test chamber or with 
an empty test chamber, 
increased TEWL, and lasted 
180 and 120 min after 
removal from test chamber
-A simple occlusion without 
an irritant can disturb the 
stratum corneum permeabil-
ity barrier

[5]

5-day occlusion with Saran 
Wrap® on forearm

-TEWL increased from 0.56 
to 1.87 mg/cm2/h

[1]

8-day occlusion with Saran 
Wrap®

-TEWL peaked at day 3 and 
then decreased
-TEWL was significantly 
lower after 8 days of occlu-
sion than the 3-day peak

[3]

Relative skin 
moisture

3-day continuous occlusion 
of the forearm of 26 subjects 
with impermeable nonadhe-
sive polyethylene foil

-The moisture contents as 
measured with an evapo-
rimeter increased from 20 
to 75%
-24-h postocclusion mois-
ture content dropped to 5% 
(15% below baseline)

[2]

Skin water 
content (WC)

8-day occlusion with Saran 
Wrap®

-WC remained elevated for 
the entire 8 days
-Significant increase seen 
after 24 h

[3]

Hydration Effects of occlusion of fore-
arm skin with wet occlusion 
patch and wet diaper for 3 
and 8 h

-Skin hydration was signifi-
cantly higher with a patch 
and diaper occlusion com-
pared to nonoccluded skin

[6]

Table 19.1  Overview of significant findings of past publications pertaining to the effects of occlu-
sion on skin
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for 3 days with impermeable nonadhesive polyethylene foil, and the moisture content 
increased from 20 to 75 %. However, 24 h postocclusion the moisture content dropped 
significantly from a baseline of 15 to –5 % [2]. Skin water content also appears to be 
affected by occlusion. Zhai et al. [6] occluded human forearm skin with a wet occlusion 
patch and a wet diaper for 3 and 8 h. They noted a statistically significant higher level of 
skin hydration in the wet patch and diaper-occluded skin compared to nonoccluded skin 
[6]. The skin WC has also been shown to increase after occlusion, with a statistically 
significant increase occurring after 24 h [3].

19.2.5  Histological Changes

With the use of an aluminum chamber and an electron microscope, morphologi-
cal changes can be observed after occlusion of human skin. Linderberge et al. 
[8] noted changes to the intracellular space within the basal layer. The changes 
were time dependent and demonstrated an increase in the size of the intracellu-
lar space with an increase in the number of mononuclear cells 3 h postocclusion. 
With a greater period of occlusion there was widening of the stratum spinosum 
noted after 6 h and the formation of keratinocytes within the cytoplasm and 
perinuclear zone after 24 h [7].

Histological The effect of occlusive 
treatment on human skin: an 
electron microscopic study 
on epidermal morphology 
as affected by occlusion and 
dansyl chloride.

-With a greater period of 
occlusion there was widen-
ing of the stratum spinosum 
noted after 6 h and the 
formation of keratinocytes 
within the cytoplasm and 
perinuclear zone after 24 h

[7]

Reactive changes in the 
Langerhans’ cells of human 
skin caused by occlusion 
with water and sodium lauryl 
sulfate

-If skin is left nonoccluded 
for 24 h, the LC population 
has shown the capacity for 
reactive proliferation within 
the dermal layer

[9]

Microbiological Occlusion, carbon dioxide, 
and fungal skin infections

-With a greater period of 
occlusion there was widen-
ing of the stratum spinosum 
noted after 6 h and the 
formation of keratinocytes 
within the cytoplasm and 
perinuclear zone after 24 h

[7]

Reactive changes in the 
Langerhans’ cells of human 
skin caused by occlusion 
with water and sodium lauryl 
sulfate

-If skin is left nonoccluded 
for 24 h, the LC population 
has shown the capacity for 
reactive proliferation within 
the dermal layer

[9]

Table 19.1 (continued)
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Langerhans cells (LC) are antigen-presenting cells present within all layers of 
the skin but are most prominent within the stratum spinosum. Research has shown 
that post occlusion there is a decrease in the number of organelles, with a more 
electron dense cytoplasm and an increased concentration of filaments [8]. However, 
if skin is left nonoccluded for 24 h, the LC population has shown the capacity for 
reactive proliferation within the dermal layer [9]. These findings demonstrate that 
occlusion has the potential to activate the epidermal immune system. Such findings 
may indicate that skin could be hypersensitive to stimulation, particularly from ir-
ritants post occlusion.

Microscopic changes within the SC are also visible after occlusion of forearm 
skin using an occlusive chamber. Postocclusion shave biopsy of the skin has re-
vealed water pools within the intercorneocyte lipid layers. There was also an in-
crease in thickness of the SC as a result of the water retention and swelling of the 
corneocytes [10].

19.2.6  Microbiological Changes

Research has shown that the balance of skin flora will shift if human skin is occlud-
ed for a significant duration of time. As stated above, occlusion causes an increase 
in CO2 levels, which has been linked to an activation of dermatophytes, forming 
infective arthrospores, leading to a potential for proliferation of microbiological 
organisms such as fungus [10].

Forty-eight hours post occlusion with sterile gauze moistened with sterile water 
and a Teflon® (DupontTM) sheet placed on top, Bible et al. [11] found a four-order 
increase in magnitude of the bacteria colonies. It was particularly interesting that 
Klebisella pneumonia, which was not present in significant numbers preocclusion, 
appeared in one of three subjects post occlusion [11].

Many researchers have observed the increase of bacterial colonies after a short 
period of occlusion. With as little as 24 h of occlusion, bacterial counts have been 
observed to increase from 1.8 × 102 organisms/cm2 to 1.4 × 106 organisms/cm2. A 
peak colony count was observed 4 days post occlusion to a value of 9.8 × 107 or-
ganisms/cm2. Interestingly, after 5 days of occlusion the colony count was noted 
to decrease to 7.5 × 106 organisms/cm2 [1]. No explanation was proposed for such 
findings.

Certain types of bacteria were observed to increase more so than others. Staphy-
lococci were noted to increase five logs and Cornynebacterium increased by four 
logs [2]. Examining the effect of occlusion on the Pityrosporum orbiculare popula-
tion, which is the main etiologic agent in tinea versicolor, it was noted that 10 days 
of occlusion increased the density of colonies by a factor of ten [3]. The effect of 
occlusion on Gram-negative bacteria has not been very conclusive. Aly et al. [1] 
observed an increase in Gram-negative rods. However, Hartman (1983) did not find 
such an increase in Gram-negative bacteria.
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19.3  The Effect of Occlusion on Topical Drug Delivery

Using in vivo and in vitro models, many researchers have looked at the impact of oc-
clusion on the topical absorption of pharmaceutical drugs such as opioid antagonists 
and steroidal and nonsteroidal anti-inflammatory agents (NSAIDs).

Moon-Kyoung et al. [12] used in vivo models with hairless mice to examine the 
cutaneous absorption of hydrocortisone-containing liposomes. They monitored the 
temporal profiles of drugs within occluded and nonoccluded skin. When examin-
ing the amount of drug found within the SC as a percentage of the initial dose, the 
authors observed an increase over time within occluded skin, while nonoccluded 
skin showed a maximum amount of drug at 1 h, then a rapid decrease afterwards, 
with the lowest concentration at 6 h. These findings were attributed in part to the 
gelation of liposomes, affecting the degree to which partitioning of the drug occurs 
in circumstances of dehydration, as is observed under nonoccluded conditions and 
in occluded skin, which has a higher degree of hydration [12].

The SC layer has been found to be hydrophobic, with the remainder of the epi-
dermis having hydrophilic properties. Bucks et al. [13] used this relationship as a 
possible explanation for why there are varying degrees of penetration of cortico-
steroids in occluded and nonoccluded skin [13]. As mentioned above, the SC layer 
in occluded skin has a higher WC and thus is more hydrated, making it and the 
surrounding epidermis more similar in hydrophilicity, which allows for a greater 
movement of hydrophobic molecules such as steroids into deeper layers of the 
epidermis.

Pharmacologically, another area of great interest has been NSAID drug delivery 
via transcutaneous routes rather than per os, which carries a risk of gastric ulcer 
formation. Oral NSAIDs are one of the most prescribed drugs globally, and have 
been reported as being the cause of 25 % of reported drug side effects. By deliver-
ing NSAIDs through the epidermis, unwanted side effects can be minimized [14]. 
Compared to oral NSAID delivery, topical applications penetrate through the skin 
slowly and in much smaller quantities before reaching the systemic circulation. The 
bioavailability is typically less than 5 % while the maximum plasma NSAID con-
centration can reach 15 % [14]. Occlusion can impact NSAID penetration into the 
epidermis as shown in ex vivo studies using human cadavers. Occlusion increased 
the penetration of NSAIDs twofolds. However, this finding should be cautiously 
interpreted since cadaver skin obviously lacks the necessary flow of blood and may 
be a poor model for living skin [14].

The product formulation and the vehicle used may have a dramatic impact on 
NSAID drug delivery, specifically absorption rates and the depth of penetration. 
Cevc et al. [15] have researched and developed formulation of Ketoprofen (propi-
onic acid class of NSAIDs) based on Transfersome technology, which is artificially 
created vesicles meant to act in a similar fashion as cell vesicles. These vesicles 
are ultradeformable and possess an aqueous core, with an outer bilayer made of 
complex lipids. Their research has shown that using this type of vehicle resulted in 



35719 Effects of Occlusion on Dermal Drug Delivery

a more effective delivery of the active compound to the muscle when compared to 
standard formulations of ketoprofen [15].

The pH of a drug may also impact topical drug delivery. Opioid antagonists such 
as naltrexone are particularly sensitive to such shifts in pH. Naltrexone’s active 
metabolite is naltrexol, with both possessing two ionizable groups. One that is an 
aliphatic nitrogen and the other a phenolic group. An ionized form of naltrexol at a 
pH of 4.5 was shown to be two orders of magnitude more soluble than the unionized 
donor solution at a pH of 8.5, with the topical solubility of naltrexone best at a low 
pH. Skin occlusion has shown to induce an increase in pH, and thus could hinder 
dermal penetration of opioid antagonists such as naltrexone [16].

19.4  Effect of Occlusion on Healthy and Diseased Skin

Occlusion has been found to be a risk factor for developing conditions such as ir-
ritant contact dermatitis [17]. However, occlusion has also been shown to benefit 
chronic dermatological conditions such as plaque psoriasis [18].

As described above, occlusion compromises the barrier function of skin, specifi-
cally altering the protein and lipid composition of the SC [19]. This change in com-
position seems to be related to an increase in the pH, thus deactivating many of the 
enzymes needed for lipid synthesis [20]. Jungerstead et al. [19] investigated the skin 
barrier response to occlusion in healthy skin, and in skin that had sustained damage 
from tape stripping or the application of SLS. They assessed skin barrier function 
by measuring the TEWL, observed for erythema, and examining the lipid composi-
tion. Their results showed that healthy skin barrier function was not significantly 
affected by occlusion. In skin that had undergone trauma with tape stripping, oc-
clusion resulted in a lower TEWL and facilitated the healing process. SLS irritation 
caused the TEWL to be higher than in the control arm of the study, and prolonged 
healing time. However, lipid analysis showed no statistically significant deference 
in the ceramide subspecies or the ceramide/cholesterol ratio after various intervals 
of occlusion [19].

Using occlusion as a noninvasive treatment for such chronic dermatological con-
ditions such as plaque psoriasis may have great value. Friedman [18] compared 
occlusion to steroid and Ultraviolet B (UVB) therapy. His findings were quite re-
markable. Using fluocinolone cream daily and occluding the skin showed a statis-
tically significant improvement of psoriatic plaque. Interestingly, after 10 weeks 
of treatment, occlusion was superior to steroid therapy alone. In plaque psoriasis 
that was treated solely with occlusion, there was complete remission in 40.9 % of 
plaques treated. The UVB light treatment showed no statistically significant differ-
ence when compared to occlusion [18].
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19.5  Conclusion

Occlusion has shown great promise, as clinicians increasingly look to noninvasive 
treatments for dermatological conditions such as mild psoriasis. The research also 
suggests that it may lead to an activation of the immune system and is a risk factor 
for developing irritant contact dermatitis. Occlusion alters various physiological 
parameters such as pH, CO2 emissions, TEWL, and induces histological and mi-
crobiological changes in the skin. Occluding the skin has also shown great promise 
in improving the delivery of certain formulations of NSAIDs and corticosteroids 
topically. The practical and clinical use of occlusion as a therapy will have to un-
dergo greater research. On bioequivalence evaluations much remains to be assessed 
regarding not only the effect of total but also partial occlusion, such as provided by 
certain vehicles.
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20.1  Introduction

In 1962, Europe and Canada were reeling from the devastating teratogenic effects 
of thalidomide, a new sedative that had been used to treat morning sickness. While 
the FDA had previously refused to approve the drug, citing insufficient safety data, 
the company had already distributed the drug to over 1200 physicians around the 
USA. The American people were concerned over the FDA’s inability to protect the 
public from dangerous drugs. Coincidentally, Senator Estes Kefauver was work-
ing on legislation to limit drug companies’ misleading and extravagant claims and 
used this opportunity to pass the Kefauver–Harris Amendments. These expanded 
the FDA’s authority and responsibility in ensuring not only drug safety but also its 
efficacy. For the first time, drug companies had to scientifically prove the safety and 
efficacy of their drugs to the FDA before selling in the USA [1].

Interest in clinical trials intensified in attempting to scientifically prove drugs’ 
effectiveness and safety. At first, the FDA did not have specific requirements on 
clinical trial design. However, as the FDA passed the Drug Efficacy Study Im-
plementation (DESI) Act that withdrew over a thousand ineffective drugs previ-
ously marketed, it published hundreds of critiques of clinical studies that had been 
previously submitted for drug approval before 1962. To be granted an administra-
tive hearing to dispute the FDA’s withdrawal of their drug, companies were required 
to have adequate and well-controlled clinical investigations and at least two clinical 
trials to prove safety and efficacy. Regulations stated non-controlled studies were 
not acceptable evidence to support claims of effectiveness. These helped shape the 



362 G. Coman et al.

FDA’s continued role into the 1970s as they developed drug class clinical guide-
lines outlining study designs and expected data required for approval of almost 30 
drug classes. The FDA’s increasing role in defining required data helped elevate the 
double blind placebo controlled trial’s role in proving safety and efficacy. This, in 
addition to the organization of the Society for Clinical Trials in 1978, helped bring 
attention to clinical trial design and the analysis of clinical trials in government as 
well as industry sponsored clinical trial research [2].

Bioequivalence is the property wherein two drugs with identical active ingre-
dients or two different dosage forms of the same drug possess similar bioavail-
ability and produce the same effect at the site of physiological activity. When the 
drug acts on its target, the two drugs should deliver the same amount of active 
ingredient to the target site. After patents and FDA exclusivity expired, companies 
were free to make generic drugs. This has influenced the landscape of topical drug 
products, with the majority of topical drugs eventually having generic equivalents. 
When two drugs have been proven to be bioequivalent, the FDA then considers 
them therapeutically equivalent, and allows the new formulation to be sold based 
on previous safety and efficacy data from the therapeutically equivalent drug. Be-
ing able to measure bioequivalence is helpful for getting similar or slightly al-
tered drugs approved through the FDA. The goal in creating a generic topical drug 
product is Q1: quantitative sameness (same components as the reference-listed 
drug) and Q2: qualitative sameness (same excipients as the reference-listed drug). 
Additionally, Q3: physical and chemical similarity in microstructure needs to be 
given careful thought. While oral bioequivalence has been more straightforward, 
many times just needing blood samples to check drug levels or in vitro dissolution 
testing, proving topical bioequivalence is more challenging. Since the target site is 
the skin, often very little of the active drug is delivered into systemic circulation, 
making systemic blood levels irrelevant to the drug levels in the skin. Finding a 
universally standard method of measuring topical bioequivalence has eluded der-
matology to date [3].

The following are selected examples of advances and creative insights into clini-
cal endpoints and attempts at topical bioequivalence, giving a historical understand-
ing of the current state of bioequivalence with a view towards the future:

20.2  Corticosteroid Vasoconstriction

An early success in topical bioequivalence came from McKenzie and Stoughton in 
1962, when a simple method for assessing the percutaneous absorption of corticoste-
roid preparations was suggested. Taking advantage of the vasoconstriction activity 
of steroids, the skin was inspected for signs of pallor, blanching, or vasoconstriction 
after topical application of a steroid. While varying the concentration of steroid, 
the presence or absence of pallor was used as an indication of activity. Their results 
suggested that the method could be of use in determining penetrability and activity 
of new compounds, as well as determining bioequivalence [4].
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20.3  Photography—Acne

In dermatology, there was an effort to standardize visual observation to allow 
clinicians to compare results from different trials. An engineer, Cyril Cook, at 
P&G in 1979 published a standard for observational studies in dermatology with 
inter- and intratrial consistency, proposing a 0–8 grading scale of acne sever-
ity using a set of photographs as reference standards. Photos including both 
sides of the patient’s face were captured on a single exposure by positioning 
the face parallel to a front-surface mirror with a strobe light source above the 
camera. When trained clinicians were asked to rate the severity of a patient’s 
acne based on these reference photos, there was a higher rate of reproducibility 
among physicians than previous efforts at quantifying individual lesions and 
inflammation of the skin [5]. Since its introduction, the Cook method has been 
tested and expanded upon, including combining fluorescence, polarized pho-
tography, computer alignment, imaging segmentation, and three-dimensional 
analysis in an effort to improve accuracy of diagnosis. Chiang et al. provides a 
comprehensive review of the subject [6]. The method still stands as an objective 
and usable method to assess acne severity in clinical practice, and there remains 
strong evidence promoting the use of the photographic method in clinical trials 
for good inter- and intrasubject reliability while efficiently reducing the patients 
needed in a study [6].

20.4  Hair Weight—Hair Growth

Price et al. used hair weight to measure the change in hair growth after starting 
finasteride 1 mg daily for 48 and 96 weeks. An area was marked with a permanent 
tattoo on the chosen scalp site and all hair in the square template was clipped 
to 1 mm in length. Every 6 weeks the hair was clipped to 1 mm again, with the 
clipped hairs collected for weighing at the end of the 48 weeks. Not only did hair 
weight increase in those treated with finasteride versus placebo (an average of 
20.4 % increase in finasteride and a 5.2 % decline in placebo), but hair weight 
increased to a larger extent than hair count did, implying that other factors such 
as increased thickness and length play a role in increasing hair growth in men 
with androgenic alopecia [7]. This insight could not have been made with hair 
counting alone.
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20.5  Hair Photography

Another method for measuring finasteride’s (1 mg daily) affect on hair growth is 
global photographic assessment. Olsen et al. described using 35 mm photographs 
of 4 areas of the scalp (vertex, anterior/mid, frontal, and temporal scalp) at months 
6, 12, 18, and 24. These photographs were sent to three dermatologists at a central 
site who were blinded to the study center, patient, and treatment. These dermatolo-
gists rated each photo on a seven-point scale from greatly decreased to greatly 
increased. There was increased hair growth and decreased hair loss in all four 
regions of the scalp, with the greatest affect on the vertex and anterior-/mid-scalp 
regions [8].

20.6  Paired Comparison Assay

In 1945, Marion Sulzberger had concerns over the divergent opinions of clinicians 
and investigators in the treatment of fungal infections. He believed the difference 
in opinions could be attributed to the low incidence of active cases in studies of 
prophylaxis, dissimilar course of disease, lack of in vivo correlation with in vitro 
data, and the cultural demonstration of the presence or absence of fungus as not 
being a reliable criterion for relative effectiveness. He proposed a novel method to 
examine relative effectiveness of treatment for foot fungal infections. Since most 
fungal infections of the feet are symmetrical, using both feet of one patient in a 
paired comparison would constitute a rapid screening method for determining the 
relative effectiveness of two therapies [9]. This demonstrated the power of a paired 
comparison method.

20.7  Psoriasis Plaque Assay

Another application of the paired comparison was Katz et al.’s analysis of Dumas 
and Scholtz’s unpublished psoriasis small plaque assay data of 1965–1983. Using 
psoriasis patients’ stable psoriatic lesions, several compounds, concentrations, 
and formulations were tested simultaneously on the same subject with positive 
and negative controls. Small test sites and minute amounts of drug minimized 
systemic side effects. Suppression of acanthotic, hyperplastic epithelium and 
square test sites made “all or none” endpoints easily observable. Katz’s analysis 
concluded small plaque bioassay was able to successfully differentiate between 
corticoids, concentrations, and vehicles; and suggested that it has been an un-
derutilized therapeutic bioequivalent standard for topical dermatologic dosage 
forms [10].
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20.8  Armitage Statistics

P. Armitage published a book in 1975 as a clinician’s guide to sequential medical 
analysis. The method does not have a fixed study patient size ( n) in advance of 
starting the trial. Using statistics, the researchers determine a “stopping rule” based 
on number of patients and outcomes. Patients are enrolled into the trial and data is 
collected and analyzed until significance is reached, then the trial is ended. In some 
instances, this allows a trial to be stopped earlier than with more classical methods 
of trial design, saving time and resources [11].

20.9  Placebo Response

The placebo response is an interesting aspect of the clinical trial, and still incom-
pletely understood. It has long been known that patients within placebo arms of 
randomized controlled trials routinely endorse and exhibit considerable improve-
ment [12]. This placebo response has extended in some studies to actual physi-
ologic changes, such as increasing dopamine in Parkinson’s patients [13]. Chiou 
investigated the percent contribution of the vehicle to drug effect in topical drugs. 
and found it large, in some cases up to 90 %, with the average being 55 % over eight 
commonly prescribed topical tetracyclines on reduction of inflammatory and nonin-
flammatory lesions [14] (Fig. 20.1). This has caused concern and increased interest 
in the real efficacy of the active ingredients in some topical drugs.

However, there is hope, as psoriasis biologics have shown remarkably low place-
bo response rates. Lamel extensively reviewed randomized controlled trials for bio-
logics’ efficacy in psoriasis treatment. Rates of placebo responses were significantly 
lower (4.14 %) than active drug responders (48.4 %), with an overall odds ratio of 
23.94 [15]. Factors associated with placebo response included treatment indication, 

Fig. 20.1  Mean percent reduction in total lesion counts from baseline at the end of study. (Com-
piled from data in [14])
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randomization fraction, a Psoriasis Area and Severity Index (PASI) score inclusion 
requirement, and the time period of outcomes measure documentation. This lends 
more confidence to the effectiveness and understanding of therapies.

The Product Quality and Research Institute organized a workshop in 2013 to 
evaluate challenges in bioequivalence, quality, and novel assessment technologies 
for topical drug products. They published an overview of the discussion, examining 
the current topical bioequivalence assessment studies including clinical endpoints, 
pharmacokinetic trials, pharmacodynamics, dermatopharmacokinetics, microdialy-
sis, open flow microperfusion, confocal raman spectroscopy, in vitro skin permeation 
studies, in vitro release testing, and modeling/pharmacometric approaches. While 
there are merits to each method, it is clear there is still no ideal “one size fits all” 
model for topical bioequivalence. The paper includes a decision tree to assist in find-
ing the best method to test for topical bioequivalence for each scenario (Fig. 20.2). 
The report concludes with a plea for creative new approaches to optimize the existing 
methods and explore alternative methodologies, while adding that the clinical trail re-
mains the “standard” for establishing clinical bioequivalence for topical products [3].

20.10  Percutaneous Penetration

A thorough understanding of percutaneous penetration is a good starting point for 
creative methods to determine bioequivalence. Ngo and Maibach’s 15 Factors of Per-
cutaneous Penetration is a thorough review of the current understanding, identifying 
factors associated with penetration. Only one of these deals with the physiochemical 
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properties of the penetrant; the others are: dose, duration, surface area, frequency, 
sub anatomical pathways, regional variability, population variability, surface condi-
tions, health and integrity, substantivity and binding, distribution, exfoliation, wash 
effect, metabolic and photochemical transformation, excretion kinetics, and method 
of determination [16] (Fig. 20.3). With an increased understanding of the basic sci-
ence behind penetration, the ability to compare topical bioequivalence increases.

Care must be taken when choosing a skin model for in vitro models, as research 
has shown significant differences. When comparing two skin models: synthetic 
hydrophobic membrane and neonatal porcine skin, significant differences in per-
meation of a wide range of small hydrophilic molecules released from dissolving 
microneedle arrays was found, with the porcine skin being closer to in vivo data 
[17]. Care should be taken when synthetic membranes are used, and further research 
is necessary to determine an ideal standard for testing.

20.11  Skin Variability

Most believe oral and topical absorption of drugs to be widely variable; however, 
recent research has shown the overall mean and median coefficient of variation for 
topical and oral absorption for ten commonly used drugs were comparable (within 
10 % of each other). While interindividual variation may not be as divergent as 
previously assumed, in a drug-to-drug comparison certain medications demon-
strated considerably more variation when absorbed orally versus topically. These 

Fig. 20.3  Factors determining percutaneous penetration. (Compiled from data in Ngo 2012)
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differences were unable to be explained by molecular weight and octanol partition 
coefficient alone [18]. As topical drug delivery results in decreased dose-related 
side effects, more stable systemic circulation levels, and decreased dosing frequen-
cy for patients, further investigation into topical dosing is warranted.

20.12  Comparative Effectiveness

Comparative effectiveness research aims to produce actionable evidence on the 
safety and effectiveness of medical products and interventions as they are used out-
side of the controlled research setting. There are many problems with early com-
parative effectiveness data immediately following a new medication release—in-
creased patient channeling due to patient-, physician-, and system-related factors, 
changes in the characteristics of patient population during early marketing, and the 
small number of users in the first few months of marketing [19]. Schneeweiss et al. 
proposed sequential cohort monitoring with secondary health care data and propen-
sity score balancing, extended follow-up of phase III and phase IV trials, indirect 
comparisons of placebo-controlled trials, and modeling and simulation of virtual 
trials. While establishing comparative effectiveness for newly marketed drugs is 
challenging, being able to adjust and correct use patterns early in the drug’s life will 
be easier before utilization patterns have been set.

Insights into questions that have puzzled dermatologists give hope for an promis-
ing future in topical bioequivalence. Shaw and Maibach [20] recently investigated the 
unanswered differences in patch testing and repeat open application testing (ROAT) 
rates with hydrocortisone creams versus ointments. While topical corticosteroid oint-
ments generally induce more vasoconstriction than corticosteroid creams, in vitro 
assays of excised human skin have shown statistically significant greater hydrocorti-
sone penetration from creams than ointments [21]. Shaw and Maibach found 15 of 20 
patients (75 %) had a positive ROAT test with hydrocortisone cream versus 6 of 16 
(38 %) with hydrocortisone ointment. Patch testing was positive with hydrocortisone 
cream in 23 of 27 patients (85 %) versus 1 of 14 (7 %) with hydrocortisone ointment, 
which the authors attribute to differences in transepidermal penetration with different 
vehicles. This suggests a lack of bioequivalence between hydrocortisone creams and 
ointments as well as different formulations, which is troublesome for our currently 
used vasoconstrictor assay “bioequivalence standard.” Further in vitro and in vivo 
studies are needed to fully understand these clinically significant issues.

20.13  Conclusions

As the focus continues to be on evidence-based medicine, subsequent generations 
of physicians need training and experience in understanding the literature, easily ac-
cessible institutional memory, experimental design, grading, and designing creative 
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new ways to generate reliable data. Perhaps certification, as is more common in Eu-
rope, would provide more structure and standardized learning. The FDA’s role will 
continue to evolve, reflecting the ever-globalization of medicine development and 
its role as a generator of public data. Emphasis on understanding bioequivalence 
through a combination of continued support from government, industry, and philan-
thropy will be a key contributor to providing evidence for topical drug effectiveness 
and the field of dermatology.
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21.1  Introduction

Bioequivalence (BE) is used to compare the rate and extent to which different drugs 
are released from their vehicles and cross the stratum corneum to exert their local 
skin or systemic effect. A central concept of BE is that drugs with the same mecha-
nism of action and equivalent efficacy will have equivalent effects if presented in 
the same concentration at the site of action. If two drugs can be shown to have the 
same efficacy and the same pharmacokinetics, or two formulations of the same 
drug can be shown to have the same pharmacokinetics, they can be considered 
bioequivalent.

Many well-tested methods of determining BE, such as in vitro dissolution testing, 
are limited to solid oral drugs, and cannot be applied to the vast array of semisolid 
topical products used in dermatology [22]. An alternative method for determining 
BE between topical drugs includes visual assessment, but this provides the chal-
lenge of defining reproducible clinical endpoints for these drugs. In this chapter, 
clinical endpoints that have been used successfully to determine BE are outlined. 
These endpoints may provide guidance for the development of a more general-
ized, cost-efficient, and effective method to determine topical BE across other drug 
classes.
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21.2  Suction Blister Technique, Dermal Microdialysis, 
Skin Stripping, and In Vitro Release to Determine 
Bioequivalence

Techniques have been developed to measure the effect or pharmacokinetics of 
transdermally applied drugs to demonstrate BE.

An example is the suction blister technique. A skin blister is created and aspi-
rated fluid is collected for analysis. This technique has been used successfully to 
compare the efficacy of tanning products, citropten and bergapten, to deliver eight-
methoxypsoralen in PUVA bath therapy, and also to compare the pharmacokinetics 
of bergapten in different vehicles [4]. In the latter case, blister fluid analysis showed 
that bergapten was more effectively delivered in an ethanolic solution than in an oil 
solution.

Dermal microdialysis (DMD) uses a probe, consisting of a semipermeable mem-
brane, which is introduced into the dermis and the use of the technique is described 
in detail in chapters chapter 10. The probe is connected to a precision pump, which 
pumps a tissue-compatible fluid through the probe. Small molecules in the dermis, 
such as the nonprotein bound fraction of a drug, can diffuse across the membrane 
of the probe into the perfusate [3]. The drug concentration in the perfusate can be 
measured and is determined by the concentration in the interstitial fluid, the parti-
tion coefficient between the interstitial fluid and the perfusate, and the flow rate. 
Many studies have reported an accurate use of DMD to assess BE [3, 5, 7, 14, 
16, 17]. As DMD can simultaneously monitor test and reference formulations on 
a single subject using separate probes, DMD reduces intersubject variability and 
reduces the number of subjects required for a statistically significant BE evaluation. 
In one study using DMD to assess for BE, 27 subjects were required when using 
two probes, whereas only 18 subjects were needed when using three probes [16]. 
With DMD, a subject number of 20 can be used to determine BE with 80 % power 
and within 80–125 % confidence limits [19]. DMD allows for continuous monitor-
ing of drugs and is less invasive than skin biopsy.

Other methods to evaluate BE include skin stripping and in vitro release [21]. In 
vitro release is discussed in detail in chapter 4. In skin stripping, layers of the stra-
tum corneum are removed via tape stripping and tested for drug concentrations [21]. 
Although there have been varying results from this technique, it is used to evaluate 
BE among topical products [11, 24]. Although the current methods to determine BE 
have been described, these methods can be tedious, time consuming, and painful. 
Reaching an endpoint to determine BE between two topical formulations via a cost-
effective, timely, patient-conscientious method has yet to be created.
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21.3  Reaching Clinical Endpoints in the Vasoconstrictor 
Assay with Chromametry, Digital Image Analysis, 
and Visual Inspection

The vasoconstrictor assay is one of the most widely studied and successful clini-
cal methods to determine BE for steroids [4, 12, 13, 20, 26, 28]. This assay uses 
the dose-dependent local vasoconstriction and blanching effect of corticosteroids to 
compare potency between them. Three methods are used to measure skin blanch-
ing: chromametry, digital image analysis, and visual inspection alone. Although 
chromametry and digital image analysis have been somewhat successful, the third 
method of visual inspection can be carried out across other drug classes beyond 
steroids. In addition to the previously mentioned methods of determining BE, the 
concept of using visual inspection as seen in the vasoconstrictor assay could be 
utilized when developing a more standardized method of determining BE amongst 
other classes of drugs.

Chromameters have an added potential benefit of recording vasoconstriction re-
sults; however, questions of its efficacy have been raised [12]. The chromameter 
measures skin blanching by quantifying the reflectance of a xenon light pulse with 
three parameters: red-green, yellow-blue, and light-dark [4]. These three parameters 
are used to specify a point in three-dimensional space that records the color or ex-
tent of blanching [4]. Limitations of chromameter use include color changes that are 
not directly related to the steroid effect, such as blanching produced by the pressure 
exerted by the head of the chromameter, existing variables in skin color due to nevi 
and hair, and even the angle of application of the chromameter [4].

The second and most recent method to assess blanching in the vasoconstriction 
assay is the image analysis of digital photographs. The data is obtained in high reso-
lution which allows a greater data size to analyze from the image [4]. Furthermore, 
this method is not that sensitive to visual irregularities due to blemishes or nevi, 
as seen in chromametry. In a preliminary study comparing this method with chro-
mametry, the digital image analysis was shown to be superior to the chromameter 
method in detecting levels of vasoconstriction with predetermined concentrations 
of steroids [4]. The digital image analysis accurately detected various blanching 
effects depending on preidentified strength, whereas the chromameter detected no 
statistically significant difference between the treatments.

The third method to estimate blanching is visual inspection, which may be used 
with the most ease and efficacy. Moreover, visual inspection can be used to compare 
the efficacy of two steroids in the same class and/or composition, such as creams or 
gels [26]. Visual inspection requires less subjects and has shown to be as accurate, 
if not more, than chromametry [2, 19]. Thus, it may be the best method to explore 
when developing an accurate, efficient, and inexpensive standardized method to 
assess BE in topical drugs that goes beyond comparison of vasoconstriction in ste-
roids. One limitation of this method is the subjective nature of clinical inspection. 
However, with proper training, visual inspection has proven to be a reliable method 
in determining BE [2, 26].
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21.4  Other Trials Using Visual Inspection to Reach 
Clinical Endpoints

In addition to the vasoconstrictor assay, visual inspection has been utilized to deter-
mine clinical endpoints in other studies to compare tretinoin and adapalene, psoria-
sis severity, acne severity, and in the treatment of androgenetic alopecia with finas-
teride. When determining a method to estimate BE, these trials and their methods 
can be of use.

21.4.1  Tretinoin and Adapalene

Topical medications for acne have been successfully compared using methods 
largely relying on visual inspection. Visual inspection was used to record two of 
the three clinical endpoints to differentiate between tretinoin concentrations, differ-
ent tretinoin vehicles including gel versus cream, and two different drugs: tretinoin 
and adapalene [18]. Tretinoin or adapalene were applied on the forearms of differ-
ent subjects for 21 days to compare the pharmacologic activity of each drug, but 
not for acne treatment. Pharmacologic activity was analyzed using three clinical 
endpoints: erythema, exfoliation (scaling/peeling), and increased transepidermal 
water loss (TEWL). The extent of exfoliation was recorded using a number scheme 
(0–3) for severity [18]; TEWL was measured with an evaporimeter, and erythema 
was assessed between a severity range of 0–4. With two of the three endpoints de-
termined via visual inspection (excluding TEWL), this pharmacodynamics model 
could serve as a template to assess BE between two different retinoids.

21.4.2  Psoriasis Small Plaque Bioassay

Visual assessment has also been successful when used with the psoriasis small 
plaque bioassay. Twelve test medications in the form of cream, ointment, or gel 
vehicles were applied to assigned psoriatic plaques on each subject [15]. A 4-point 
visual scale was applied for the scoring of improved plaques with each treatment. 
The data shows the accurate assay reflected dose-response curves and differentiates 
potency between varying corticosteroid concentrations and vehicles [15].

21.4.3  Assessing Acne Severity

Many scales for assessing acne severity incorporate visualization to reach clini-
cal endpoints in their standards as well [6, 10, 27]. For example, the acne-grading 
method by Cook uses a severity scale ranging from 0 to 8, and incorporates photo-
graphic examples of patients at levels 0, 2, 4, 6, and 8 [10]. This method can also 
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be used to standardize graders by comparing these photographic examples with the 
current patients. Different acne grading systems use either lesion counting or photo-
graphic assessment, as in the Cook method, to assess acne severity [27]. Advancing 
technology in photographic methods continues to be a promising technique to as-
sess clinical endpoints. This approach can be applied to determine BE using visual 
inspection amongst other drugs.

21.4.4  Androgenetic Alopecia and Finasteride

Similarly, visual inspection using photography is a well-documented endpoint in 
clinical trials when comparing finasteride to placebo for hair loss treatment [23]. 
In a multicenter, double-blind, randomized study of men with vertex hair loss, the 
global photographic assessment of clinical photographs was successfully used to 
contrast results between finasteride and the placebo. Furthermore, the results were 
consistent with those obtained from more objective measurements of hair weight 
[25]. Based on these previous studies, it may be possible to develop a method of BE 
based on visual observation. The success in these areas of research can be used to 
develop similar methods in determining BE.

21.5  Clinical Endpoints in BE

The challenges of using clinical endpoints to determine BE include the large num-
ber of sample subjects required and the subjective nature of evaluation. A possible 
solution to this problem is the Cochran–Armitage design, which can be used in 
clinical trials to assess a dose-response relationship by using a smaller sample size. 
One subset of this design, called the exact permutation Cochran–Armitage trend 
test, can be used for smaller sample sizes in dose-response studies [1, 8]. With this 
test, the experiment is complete once statistical significance has been found, so a 
larger sample size is not needed. Thus, a smaller number of subjects may be used 
in trials assessing BE. Furthermore, Corcoran et al. have also developed computa-
tional tools to estimate the power of tests with a smaller sample size [9]. Therefore, 
using this test could allow for a smaller sample size in future BE assays and lead to 
a more cost-effective method.

In addition to visual assessment, attempts to assess BE by percutaneous penetra-
tion have been investigated, largely by comparisons of total penetration into the res-
ervoir, but, to a lesser extent, drugs in the skin layers. Percutaneous penetration of a 
compound consists of at least 15 steps, including absorption and excretion kinetics, 
characteristics of the vehicle, and tissue deposition [29]. It has been shown with per-
cutaneous penetration that some compounds have similar diffusion coefficients in 
the stratum corneum [29]. With adequate replicates, and including some of the other 
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clinically relevant 15 steps of penetration, a viable BE algorithm could be devel-
oped [29]. These methods are further reviewed and discussed throughout this book.

21.6  Conclusion

Taken together, there is much room to improve the assessment of topical BE using 
clinical endpoints. Many current methods to determine BE at this point are costly, 
invasive, or inefficient. The vasoconstrictor assay in BE and other methods in other 
areas of research use visual inspection to reach clinical endpoints. Together, these 
methods can be further developed into future BE parameters that are cost effective. 
Activities endeavoring to refine BE for topicals is unevenly spread—with few ef-
forts focused on a long-term approach. Hopefully, this overview provides a stimu-
lus for additional funding and founding efforts to provide reliable topical generic 
formulations.
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22.1  Introduction

The goal of measuring percutaneous absorption is to predict the amount of chemi-
cal penetrant that will be absorbed over a period of time following application to, 
or contamination of the skin. It would seem intuitively obvious that the best way 
to do this would be to measure the percutaneous absorption of the penetrant in a 
group of humans, which is not always possible, particularly if the penetrant is toxic. 
Moreover, estimation of penetration rates in vivo can be difficult and sometimes less 
precise than in vitro measurement. The attraction of in vitro methods is that they 
measure only a limited number of the variables involved in a biological system un-
der precisely controlled conditions. For instance, an in vitro system can estimate the 
flux of a chemical across the skin directly, whereas measurement of urinary or blood 
concentration can be done only if the influence of other processes such as redis-
tribution to other body compartments, elimination and excretion can be excluded. 
Paradoxically, this advantage is also a disadvantage in that having removed a large 
number of the effects of redistribution, elimination and excretion on percutaneous 
absorption; these must then be accounted for when interpreting the results to predict 
bioavailability in vivo.

Our need to adopt similar or identical methods to carry out experimental re-
search is driven by the requirement to show that the experiments can be reproduced 
by other scientists. It is only by the experiments of different scientists showing 
the same results that experimental research can become established as a scientific 
fact. In some areas of science, the accurate recording of the experimental method 
is sufficient to enable precise reproducibility of an experimental result. In biology 
and medicine, however, researchers must contend with the inherent variability of 
biological organisms that are the subjects of their experiments. Reproducibility is 
very important if the results of experimental investigations are to be used to support 
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conclusions about the safety of substances to be administered to humans or to which 
humans may become exposed in their everyday lives.

Although the principles of measuring the diffusion of molecules across the skin 
in vitro were published in the middle years of the twentieth century [1], some 20 
years passed before the publication of a definitive description of the measurement 
method [2, 3] started a debate within the scientific community about how such 
experiments should be best performed. The method had been adopted by the phar-
maceutical industry to determine if their products might be hazardous by percuta-
neous absorption and later to test formulations to deliver drugs by this route. This 
debate is described in the reports of several workshops [4, 5] where the various 
methods and limitations on those methods were discussed. The recommendation of 
this workshop—that standardisation of methods for measuring skin absorption were 
required—was instrumental in the publication of a series of guidance documents by 
various reviewing groups [6–8], as well as Test Guideline 428 “Skin absorption: 
in vitro method” by the Organisation for Economic Cooperation and Development 
(OECD) in 2004 [9]. These documents are being continually updated and, though 
in themselves not a thorough review of the scientific literature, they are an excellent 
starting point for scientists new to the area.

Taken together, the clear message from these documents is that in vitro dermal 
absorption studies should not be used in isolation but as a part of a hierarchical 
decision-making process in safety testing and with in vivo and clinical studies to 
define or predict percutaneous absorption in man.

22.2  The Contents of Guideline 428

An OECD Guideline is not intended to be a definitive method. Instead, it sets out 
the best method to use, leaving the option to adopt other methods if those can be 
justified. The justification usually comes from the reason for undertaking the test. 
For instance, if measurement of the rate of skin diffusion is being carried out as a 
part of toxicological risk assessment, the conditions may be set to maximise the 
measured diffusion rate, on the basis that this will build a safety factor into the test 
result. This approach retains flexibility in experimental design, enabling the widest 
range of scientists to follow the good practice described in the guideline. The fol-
lowing is a summary of the key methodological aspects covered by Guideline 428 
with some comments on the implementation of each.

22.2.1  Diffusion Cell Design

Test Guideline 428 does not identify a specific horizontal diffusion cell design, 
simply describing the cell as two chambers separated by a skin membrane with 
a suitable facility for taking samples from the receptor chamber. The important 
characteristics of a diffusion cell are mandated as described in Chap. 5 (e.g. there 
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should be a good seal between the skin and the chambers). Occlusion or non-oc-
clusion is permitted to enable the conditions of the test to be adapted to the user’s 
requirements. Although not specified in the guideline, the material used to make 
the diffusion cells should be chosen such that the penetrants being tested are not 
absorbed into them. If this occurs continually across tests, cross contamination is 
possible and the penetration rates within an individual test can be compromised.

22.2.2  Choice of Receptor Fluid

The type of receptor fluid is not mandated, though a physiologically compatible one 
is preferred and it should not damage the membrane. Over the years, there has been 
much debate on which receptor fluid gives the most representative measure of an in 
vivo absorption rate. The most important attributes of the receptor fluid are that the 
solubility of the penetrant in the receptor fluid should not be rate limiting and that 
it should not damage the membrane so that a falsely high rate is measured. Many 
workers strongly support the use of a physiological buffer as a receptor fluid, but the 
limited solubility of some penetrants with established dermal absorption has led to 
the use of various additives such as bovine serum albumin to increase solubility or 
include some protein binding. There is also some concern that for highly lipophilic 
compounds, the solubility of the penetrant in the receptor does become rate limiting 
and a falsely low rate can be measured. Conversely, others recommend the use of a 
mixture of ethanol and water to maximise the penetration rates of the widest range 
of chemical possible, though concerns have been raised about the possible extraction 
of skin lipids artificially increasing penetration. This may work well for risk assess-
ment, but may give a falsely high rate that would not work well for predicting release 
from transdermal delivery devices of topical drug formulations. The choice of recep-
tor fluid must be carefully considered and justified on the basis of the purpose for 
which the penetration data is to be used. Definitive studies that link penetration rates 
measured in vivo with in vivo pharmacokinetics across a range of penetrant types 
remain to be performed and represent a considerable technical challenge.

22.2.3  Skin

The guideline makes recommendations about the types of skin that should be used 
whilst recognising the limitations on individual scientists by national legislation 
and ethical requirements. Although human skin is preferred for predicting human 
absorption, animal skin can be used when human skin is not available. Indeed, ani-
mal skin may be preferred if the aim of the work is to perform experimental work in 
animals. Skin can be viable or non-viable, but viable is preferred, and prepared by 
any suitable means such as enzymic digestion, heat, chemical separation and cut-
ting with a dermatome to prepare membranes 200–400 µm thick. Thicker skin slices 
may be used as long as excessive thickness is avoided (ca < 1 mm).
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22.2.4  Integrity Testing

Although it is possible to damage the skin during preparation, the need for integ-
rity testing has been the subject of some debate because the setting of a pass/fail 
criterion could exclude some pieces of skin at the extreme of the normal range. Al-
though damaged membranes will be obvious when the penetration data is analysed 
as an immediate and rapid increase in receptor penetrant concentration to a constant 
value, this will only be known when the experiment is complete and damaged cells 
cannot contribute to the results. An early indication of damaged cells may allow 
them to be replaced and more complete data sets can be obtained. Guideline 428 
mandates the testing of integrity but does not make any recommendation as to the 
method to be used.

A number of techniques have been utilised to test the physical integrity of the 
skin mounted in a diffusion cell [10]. The diffusion of tritiated water across the skin 
is regarded as a good test of the permeability of the preparation, but this can take 
several hours to perform, requiring equilibration before and after [11]. The possi-
bility that the skin might be damaged when the tritiated water is removed and this 
damage not detected until after the test should also be considered. Alternatively, the 
measure of the resistance of the skin preparation to electrical current (resistivity) 
can be performed more rapidly but is only suitable for receptor solutions contain-
ing salts that can conduct current [12]. The natural loss of water from the diffusion 
cell can also be measured using a transepidermal water loss (TEWL) monitor [13]. 
Though there is some evidence that TEWL may not be completely determined by 
barrier function in vitro [14], the method is quick and reliant on only the presence of 
water in the receptor and an intact membrane to prevent its free evaporation.

22.2.5  Application of the Test Substance

The guideline recommends that the test penetrant should be radiolabelled. This 
certainly aids sample analysis but has the disadvantage that parent compound and 
breakdown products cannot be distinguished. If the analysis of metabolism is a part 
of the study, another method of chemical analysis is required even if radiolabelling 
is used. Equally, for many chemicals the preparation of radiolabelled material may 
be prohibitively expensive, if technically possible. Liquid chromatography (LC) is 
a good alternative if suitable methods can be identified. LC has the advantage that 
it will quantify parent compound and may quantify breakdown products simulta-
neously. It does, however, take longer to perform on the large number of samples 
analysed during an in vitro diffusion test, so LC may not be less expensive.

How the application of test penetrant to the surface of the skin is critical to the 
characteristics of penetration measured (i.e. lag time and maximum rate) because 
it can affect the area of skin covered by the penetrant and the concentration of the 
chemical in the donor chamber. Guideline 428 does not prescribe specific methods 
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for chemical application, allowing investigators to use the method that is appli-
cable to the exposure scenario they are investigating. Nonetheless, the way in which 
the penetrant is applied to the skin should be given very careful consideration to 
minimise artefactual measures of penetration. When making measurements of the 
steady-state flux, the amount of penetrant applied should be sufficient so that not 
more than 10 % of the chemical is absorbed during the experiment and the whole of 
the available area for diffusion should be covered, or the area should be accurately 
measured to enable calculations of flux rates per unit area. When finite doses as 
small droplets are used, the area of spread should be confirmed in some way so that 
this can be used in flux rate calculations. If a volatile solvent is used to apply the 
penetrant and subsequently evaporates to leave the penetrant on the surface in a thin 
layer, the solvent should be chosen to minimise any effects on the lipids in the skin, 
and hence, perturbation of penetration. In summary, the method of applying the 
penetrant to the surface of the skin in an in vitro experiment should be determined 
by the exposure scenario being investigated, but the effect of the method of applica-
tion on the calculation of penetration rates should be carefully considered.

22.2.6  Conditions During the Test

During an experiment in vitro diffusion cells should be kept at a constant tem-
perature equivalent to the skin surface temperature (32 ± 1 °C). Even in hot or cold 
conditions, the skin will be kept at this temperature by homeostasis, and since tem-
perature can significantly change rates of diffusion, measurements made outside of 
this range have little physiological relevance. There are various methods by which 
this temperature control can be achieved using water jackets integrated into the 
diffusion cell, heated plates or water baths. Whatever method is used, it is a good 
practice to confirm the temperature at the surface of the skin by some means (e.g. 
thermocouple or thermal imaging).

When investigating the penetration of volatile chemicals and the experiments are 
not carried out under occluded conditions, the effect of airflow should be taken into 
account when interpreting the results. If possible, airflow should be measured and 
steps taken to ensure that it is uniform across all the diffusion cells used to minimise 
experimental variation. Some workers capture the evaporated chemical on an acti-
vated charcoal cap, as described in Chap. 5. If this is used, the effect that it has on 
free evaporation should be carefully considered.

During the test, the receptor fluid should be constantly stirred to ensure that high 
concentrations of penetrant do not accumulate in a layer just below the skin and 
reduce the diffusion rate across the skin resulting in a falsely low penetration being 
measured.

Over the period of the test, the receptor fluid is sampled at regular intervals and 
replaced with fresh receptor fluid to maintain the volume of the fluid in the receptor 
chamber.
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22.2.7  After the Test

A critical part of an in vitro diffusion test is the mass balance at the end of the test. 
The method for doing this is summarised in Chap. 5 but this may be complicated if 
the penetrant is not radiolabelled. In this case suitable methods for extracting and 
quantifying the penetrant remaining in the skin need to be developed and validated.

The guideline makes several recommendations about reporting of in vitro diffu-
sion measurement results, which are generally good practice. Though the precise 
format of any reporting will be determined by national regulatory requirements, 
what the customer for the work wants and any requirements for publication, a graph 
of amount penetrated against time to allow assessment of the nature of the pen-
etration, maximum flux rates, lag times and a mass balance are the minimum re-
quired to adequately describe the experimental results. The amount of penetrant in 
the samples taken throughout the test needs to be accounted for the calculation of 
amount penetrated. If maximum flux rates are calculated, the method of the calcula-
tion should be described.

22.2.8  Summary

The method recommended by OECD Guideline 428 can be summarised as follows.
Transcutaneous diffusion should be measured in vitro using a diffusion cell com-

prised of a donor chamber and receptor chamber which can be clamped together 
either side of a skin membrane to achieve an effective seal. The receptor chamber 
should be filled with a receptor solution in which the penetrant is soluble and which 
is compatible with the integrity of the membrane (structural and/or biochemical) 
with a suitable facility for sampling the receptor solution and its structural integrity 
checked before the test. Candidate penetrant should be applied to the surface in a 
way consistent with the exposure scenario being investigated and the diffusion cell 
held at skin surface temperature with the receptor solution being constantly stirred 
for the duration of the measurement period. Samples of the receptor fluid should be 
taken at suitable time intervals during the period of the experiment and analysed for 
penetrant content using the most appropriate method. At the end of the experiment, 
the amount of the penetrant in each of the diffusion cell compartments should be 
measured to express a mass balance.

22.3  Conclusion

The scientific debate that resulted in the publication of OECD Guideline 428 and 
its associated guidance notes highlighted the need for some flexibility in the meth-
ods used to measure percutaneous absorption in vitro. Though the wide variety of 
exposure scenarios that in vitro percutaneous absorption measurement is used to 
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define, requires this flexibility; there are many aspects which can be defined as a 
good experimental practice. The guideline is a very good starting point for the defi-
nition of methods used in any new study and as guidance for those new to the field. 
It should not, however, be read in isolation from the guidance notes on the subject 
published, and referenced above, or the extensive scientific literature on the subject 
described elsewhere in this book. In short, when combined with in vivo animal 
studies and clinical investigations, in vitro diffusion measurements can provide a 
good description of percutaneous absorption which can be used to predict topical 
bioavailability in man, define bioequivalence of similar products and aid safety and 
efficacy testing.
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23.1  Introduction

This chapter provides a critical review of current methodologies used to develop, 
evaluate, and maintain quality of semisolid products. The review relies on presenta-
tions and discussions at the workshop, “Evaluation of Topical Drug Products—Cur-
rent Challenges in Bioequivalence, Quality, and Novel Assessment Technologies.” 
This workshop was organized by the Product Quality Research Institute (PQRI) 
and was cosponsored by the American Association of Pharmaceutical Scientists 
(AAPS), the European Federation for Pharmaceutical Scientists (EUFEPS), the In-
ternational Pharmaceutical Federation (FIP), and the United States Pharmacopoeia 
(USP), held on March 12–14, 2013, Rockville, Maryland, USA. The in depth dis-
cussions of various issues in evaluation of semisolid products was very useful in 
further development of methods for assessment of bioequivalence (BE) of topical 
dosage forms. Therefore, it was deemed useful to provide a review of the important 
discussions in this chapter.

For details, please see Expert Review article in Pharmaceutical Research, 31(4): 
837–846, 2014.

Topical dermatological drug products are semisolid preparations such as creams, 
ointments, and gels. They deliver drugs to the skin to prevent or treat skin diseases. 
The onset, duration, and magnitude of therapeutic response for any topical drug 
product depend on the relative efficiency of three sequential processes: (1) release 
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of the drug substance from the product; (2) penetration/diffusion of the drug through 
the stratum corneum (SC); and (3) activation of the desired pharmacological effect 
at the site of action. Determining BE of topical dermatologic products has been a 
challenge for the regulatory authorities as well as the pharmaceutical industry.

In the US, the generic product is required to be pharmaceutically equivalent (PE) 
and BE so that when approved it is considered therapeutically equivalent and in-
terchangeable with the brand name product [1]. BE may be documented by perfor-
mance of different types of studies [2] comparing the test and reference product, in 
declining order of preference: (1) pharmacokinetic (PK) measurements (2) pharma-
codynamic (PD) measurements (3) comparative clinical trials and (4) in vitro tests.

As the target site of dermatological formulations is the skin, most topical prod-
ucts produce very low measurable amounts of drug in blood or plasma. Currently, 
comparative clinical endpoint trials are used to establish BE for most dermatologi-
cal formulations except in the case of topical corticosteroids, which are tested for 
BE by PD measurements. The Food and Drug Administration (FDA) has recently 
issued a draft guidance for generic acyclovir ointment utilizing in vitro characteriza-
tion to establish BE [3].

23.2  Characteristics of Topical Products

A topical dermatologic product such as a cream, ointment, gel, and lotion, is de-
signed to deliver drug into the various layers of skin for treating dermal disorders 
with skin as the target organ. More recently, a number of patches have been devel-
oped which contain the active in a suitable adhesive matrix for topical vs. systemic 
delivery. For all topical products delivery of most of the active ingredient is locally 
to the skin, rather than through the skin. Depending on the disease, the target site for 
the topical drug product will vary. Fungal infections require treatment of the stratum 
corneum (SC); eczema and psoriasis require drug action in the viable epidermis; 
amelioration of muscle strains and sprains requires drug penetration to the deeper 
tissues.

23.3  Topical Generic Products and Reference Product

The generic product is expected to be Q1 and Q2 with respect to the reference 
listed drug (RLD), where Q1 means qualitative similarity and Q2 means quantita-
tive similarity (+ 5 %) in composition of the individual ingredients (as defined in 21 
CFR 314.94 (a)(9)(v)). Q3 represents the microstructure of the formulation that is 
the arrangement of matter and state of aggregation of the topical drug product. For 
most topical formulations, their Q3 depends on the manufacturing processes and the 
conditions of storage. Differences in Q3 could manifest themselves as differences in 
physical properties such as rheology or in vitro release (dissolution) rate.
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23.4  Assessment of BE

23.4.1  Clinical Endpoint Studies

For the majority of topical drug products comparative clinical endpoint studies are 
used to demonstrate BE to the RLD. Clinical endpoints are associated with high 
variability and low sensitivity that make such studies less reliable and inefficient. 
In general, a clinical response to a drug is known to be quite variable largely due to 
pathophysiological and environmental factors, which influence the pharmacologi-
cal performance of a given agent. In these studies, formulation differences may not 
be detected efficiently and the number of patients enrolled can be quite large mak-
ing the studies tedious, expensive, and sometimes impossible.

23.4.2  PK Studies

The use of PK studies to demonstrate BE for topical products is limited to some spe-
cial cases where significant systemic absorption of the drug occurs [4]. PK studies 
are largely used to determine the safety of topical products.

23.4.3  PD (Vasoconstriction Assay)

When applied topically, corticosteroids produce skin blanching. This blanching re-
sponse is caused by vasoconstriction, and has been correlated with clinical efficacy 
of the drug product. Blanching is used to measure bioequivalence of topical formu-
lations in healthy volunteers, but not in patients. The original skin blanching meth-
odology, commonly referred to as the Stoughton–McKenzie vasoconstriction assay, 
employed visual evaluation of the degree of blanching by trained observers [5]. To 
address the highly subjective nature of the assessment, instrumentation such as the 
chromometer has subsequently been recommended and used to evaluate the blanch-
ing response. Guidance developed by the FDA suggests the use of a chromometer to 
quantify the blanching response and to allow measurement of dose-response, onset, 
duration, and decline of response [6]. Demonstration of BE is based on statistical 
analysis showing that the 90 % confidence interval on the test/reference ratio is 
within 0.80–1.25.

While this method works well with semisolid formulations, a number of practi-
cal problems have been reported with the vasoconstriction assay (VCA) using gels 
and sometimes collapsible foams with difficulty in determining the correct ED50. 
One of the most commonly reported issues is that of high inter- and intra-subject 
variability which may be > 50 % in some studies. With some products, large num-
bers of subjects have to be enrolled (e.g., over 100) in the study to achieve the 
required number of evaluable subjects for BE assessment.
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23.5  Alternative/Novel Methods to Assess BE

23.5.1  Dermatopharmacokinetics (DPK)

Since the target organ of topical products is the skin, it would seem logical that 
determining drug concentration in skin should provide an indication of topical BE 
between products. This is the underlying principle of the DPK technique. Using 
this approach, only the SC and not the deeper epidermal and dermal skin layer is 
evaluated for drug content. In a draft guidance, FDA had proposed a DPK test as an 
universal method for demonstrating BE of all topical drug products in June 1998 
[7]. The draft guidance was withdrawn when evaluation of the DPK method with 
commercially available tretinoin gel products in two different laboratories showed 
contradictory results ([8–10]). The studies were conducted with different protocols, 
rendering any comparison improper. Efforts to refine the DPK approach continued 
post 2002 with FDA initiated studies [11, 12] to identify and evaluate sources of 
variability in the method and to optimize the protocol procedure(s). A number of 
other limitations associated with the DPK approach were addressed in these studies. 
The drug concentration at the site of action is not measured for drugs whose target is 
not the SC and thus bioavailability is not assessed. Even where the target site of the 
drug is the SC, the DPK approach will not distinguish between the amount of drug 
which is therapeutically available and that which may have crystallized out or been 
“stranded” in the skin. In addition, DPK evaluation is conducted on healthy skin 
which is a poor model of diseased skin. The application area must be standardized 
as this contributed to the variability observed in the earlier DPK studies. Attention 
must also be focused on the tape employed to remove the SC. A need for assuring 
“tape equivalence” from batch-to-batch, and manufacturer-to-manufacturer is evi-
dent but has not been addressed to date.

23.5.2  Microdialysis

Microdialysis consists of placing a probe, an ultrathin, semipermeable hollow fi-
ber, in the dermis and perfusing it with a sterile buffer at a very low rate (between 
0.1 and 5 μl/min) by means of a microdialysis pump [13]. The technique permits 
direct and continuous measurement of unbound drug. Recently, dermal microdialy-
sis (DMD) has been used to assess drug permeation in both healthy and damaged 
skin and to determine the BE of certain topical formulations [14–16]. In DMD, the 
perfusate is most often an isotonic saline solution or Ringer’s solution. Depending 
on the lipophilicity of the drug, the perfusate medium may have to be modified to 
allow more lipophilic substances to enter the probe. Calibration is necessary for 
quantitative DMD.

DMD is comparatively more invasive than DPK. On the other hand, for most 
drugs, DPK data may not correlate with the amount of drug at the site of action 
whereas DMD can provide detailed chronological PK data. More importantly, these 
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observations can be obtained in subjects with the disease itself, without relying on 
extrapolations from normal skin, as is the case for DPK. In addition, for DMD, 
several sampling sites can be studied simultaneously in the same volunteer as with 
DPK. The DMD method can be challenging when used for sampling very lipophilic 
or highly protein-bound drugs because of low recovery of these molecules. One op-
tion for the measurement of lipophilic molecules is the use of a lipid emulsion as the 
perfusate instead of conventional aqueous buffers. Training of laboratory personnel 
is necessary to ensure low variability. The FDA has actively sought information, pre-
sentation, and cooperation with DMD researchers and submission of DMD studies.

23.5.3  Open Flow Microperfusion

The probe design for open flow microperfusion (OFM) in dermal studies has an 
open exchange area and can sample interstitial fluid directly [17]. For this reason, 
OFM does not have the same limitations as DMD, specifically, with reference to 
molecular size, drug protein-binding, and drug lipophilicity. The OFM probes re-
quire active push-pull pumps in order to avoid the loss of perfusate to the tissue and 
the risk of edema formation. While OFM may offer advantages in relation to the 
range of sampled substances possible, OFM samples are generally more complex 
than DMD samples and require pretreatment before analysis.

23.5.4  Confocal Raman Spectroscopy

Confocal Raman Spectroscopy (CRS) combines the principles of confocal micros-
copy and Raman spectroscopy. The device comprises a high-performance disper-
sive spectrometer with laser excitation and a confocal measurement stage. This 
technique is capable of providing detailed information concerning the molecular 
composition of the SC and specifically the water gradient across the SC [18]. CRS 
has been used to profile endogenous skin components and to probe the influence of 
formulations on the SC. It was used to examine the disposition of ibuprofen after 
application from simple formulations which were previously investigated using the 
DPK approach [19]. The results confirmed that ibuprofen distribution profiles in the 
SC were comparable to previously published data from tape stripping experiments. 
CRS is a noninvasive alternative to DPK for evaluation of topical pharmaceutical 
formulations.

23.5.5  In Vitro Skin Permeation Studies

In vitro skin permeation studies are routinely carried out in topical formulation de-
velopment and to evaluate how a generic product compares with the RLD. These 
skin permeation studies have been evaluated and compared with the relevant clinical 
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data from BE trials for a number of drugs [20, 21]. However, the variabilities in the 
quality and performance of the skin may compound the issues governing any in 
vitro testing and render the test unreliable. Although there was an interest in the 
use of cadaver skin for evaluation of topical products, this approach has never been 
considered a viable avenue to determine BE of products.

23.5.6  In Vitro Release Testing

An in vitro release test (IVRT) for semisolid preparations using in vitro diffusion 
cell (VDC) has been recognized in the FDA’s SUPAC-SS guidance as a test for 
product sameness after certain manufacturing related changes [22]. Recently, this 
IVRT has also been recognized as a reasonable and useful test to be considered as 
a product release and stability test [23]. When the active and inactive ingredients 
in a topical dosage form between the test and reference product are the same (Q1 
and Q2), the only possible difference between the two is the method of manufacture 
and the micro structure of the formulation (Q3). Q3 can be assessed using IVRT. 
The draft guidance for BE of acyclovir ointment 0.5 % indicates that if the generic 
product is Q1, Q2, and Q3 to RLD, a biowaiver can be granted. The issue going 
forward is whether this principle can be extended to other semisolid drug products 
when Q1, Q2, and Q3 are the same. Just as lower strengths of oral dosage forms are 
eligible for biowaiver when they are dose-proportional to higher strengths and meet 
dissolution profile similarity (f2) criteria, can the same principles be applied for 
lower strengths of topical dosage forms using IVRT? These are important points 
which need to be explored.

23.6  Assessment of Quality and Performance of Topical 
Drug Products

Product development should use the principles of quality-by-design (QbD) and 
should try to build quality into the product. Testing of the quality and performance 
of semisolid products provides assurance of batch-to-batch quality, reproducibility, 
reliability, and performance throughout the shelf-life. To determine physical integ-
rity, the following assessments are recommended: determination of visual separa-
tion and/or chemical separation; colour change; pH; presence of crystals; general 
appearance (lumps, air, smell, etc.); viscosity and spreadability for semisolid prod-
ucts. For chemical stability the following should be conducted: assays of the active 
content or potency; tube/container uniformity, assay of the preservative content or 
potency; determination of the presence of degradation products; evaluation of any 
impurities of the active, inactive ingredients, or product. Product performance eval-
uation for semisolid dosage forms may be conducted using an IVRT.
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23.7  Proposed Decision Tree for Assessment  
of Bioequivalence

It is evident that a “one size fits all” approach is not suitable for assessment of BE 
of all topical dosage forms. Various methods need to be explored for BE determina-
tion. The method will need a rational linkage to the clinical endpoint and/or site of 
action. The process of decision making should start with the Q1, Q2, Q3 evaluation 
of the generic and RLD products. For further details of the suggested approach, 
please see the workshop report in pharmaceutical research [24].

Under this rubric (1) if the generic product is Q1 and Q2 with the RLD, in vitro 
characterization and performance testing showing Q3 equivalence may be conduct-
ed and in vivo testing may be waived depending on the in vitro results; (2) if the 
generic is Q1 equivalent but not Q2 then in vivo tests are required; (3) if the product 
is not Q1 and Q2, in vitro and in vivo tests will be required to demonstrate no for-
mulation effect on absorption.

The VCA method is available where the product is a corticosteroid. Pharmacoki-
netic measurements can be an option if the product results in significant plasma or 
tissue levels. Where the target site of action of the drug is the SC, clinical endpoint 
evaluation, or methodologies based on DPK and confocal Raman spectroscopy may 
be appropriate. For products intended to act in the dermis or epidermis, clinical end-
point evaluation, or microdialysis, or confocal Raman spectroscopy methods can 
be appropriate. Determination of topical BE will require a multifaceted approach, 
tailored to the drug, disease, product interface. This is evident from the following 
examples.

23.8  BE of Topical Dermatology Drug Products:  
Case-By-Case Solutions

Due to the complexities of demonstrating BE for topical dermatologic drug prod-
ucts, the FDA has allowed different approaches on a case-by-case basis as evident 
from the following examples:

• Application of PK approach: Lidocaine topical patch 5 %: Lidocaine concentra-
tion in plasma can be easily measured. Lidocaine plasma concentration is pro-
portional to its presence in dermal tissue, at the site of action.

• Application of pharmacodynamics approach: Fluocinolone acetonide 0.01 % 
topical oil: The vasoconstrictor assay can accurately detect the rate and extent of 
availability in skin. If a generic product is Q1 and Q2, then a biowaiver can be 
granted.

• Application of clinical approach: 5-flourouracil (5-FU) cream 5 %: A clinical 
endpoint BE study in AK lesions patients is recommended.

• Application of in vitro approach: Acyclovir ointment 5 %: If the generic product 
is Q1 and Q2 with the brand name product, approval can be granted based on 
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Q3, that is similar in vitro release rate, and similarity in particle size, viscosity, 
morphic form, PEG molecular weight distribution.

• Application of PK endpoint study and a clinical endpoint study: Diclofenac so-
dium gel 1 %: Two BE studies are required. Topically applied diclofenac is well 
absorbed, and it acts locally also. A PK study and a BE study with clinical end-
point is recommended.

23.9  Looking Toward the Future

It is clear that a “one size fits all” approach will not work for BE determination of 
all types of topical dosage forms, it will require a multifaceted approach, tailored to 
the drug, disease, and dosage form. It is possible that more than one approach may 
be needed for BE determination. In the future, more regulatory applications of in 
vitro drug release tests, a standardized protocol for DPK, use of DMD and Confocal 
Raman microscopy may be expected.

23.10  Conclusions

At the outset, the main goals of the workshop were to: (1) develop a science based 
regulatory approach for development and evaluation of topical dermatologic prod-
ucts—product quality, performance, and BE determination (2) identify and suggest 
the methodologies that may be used by the regulatory agencies to assess BE as 
part of registration dossiers, and (3) determine the value of in vitro drug release in 
semisolid dosage form development and in assessment of product quality and BE. 
The scientific presentations and discussions at this workshop clearly underlined the 
need to reevaluate the present methods and approaches to determine BE of topical 
dermatologic products. The need for new creative approaches to optimize the exist-
ing available methodologies and the possibility of exploring alternative methodolo-
gies which may facilitate the development, registration, and ultimately approval of 
semisolid products was also evident. The tools discussed, and others that may be 
developed in the future, should not be viewed in isolation, but as part of a larger 
“complimentary toolkit of methods.”
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