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Topical products, widely used to manage skin conditions, have evolved from simple potions to sophisti-
cated delivery systems. Their development has been facilitated by advances in percutaneous absorption
and product design based on an increasingly mechanistic understanding of drug-product-skin interac-
tions, associated experiments, and a quality-by-design framework. Topical drug delivery involves drug
transport from a product on the skin to a local target site and then clearance by diffusion, metabolism,
and the dermal circulation to the rest of the body and deeper tissues. Insights have been provided by
Quantitative Structure Permeability Relationships (QSPR), molecular dynamics simulations, and dermal
Physiologically Based PharmacoKinetics (PBPK). Currently, generic product equivalents of reference-
listed products dominate the topical delivery market. There is an increasing regulatory interest in under-
standing topical product delivery behavior under ‘in use’ conditions and predicting in vivo response for
population variations in skin barrier function and response using in silico and in vitro findings.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The effectiveness and toxicity of topical products are influenced
by at least four factors. These are (1) percutaneous absorption of
drugs or other chemicals from a product; (2) the application condi-
tions used; (3) the skin physiology in the person using the product;
and (4) product perception by the patient and in the consumer
marketplace. Each factor can be further broken down into associ-
ated interactions between the drug, skin, product, and person that
capture a plethora of morphological, physiological, permeation
enhancing, sensorial, pharmacological, and adverse effects. These,
in turn, ultimately dictate if, how, and when they may apply a topi-
cal drug product.

In this paper, we focus on these attributes as they apply to topi-
cal products, in which the main site of action is the skin itself.
Accordingly, the focus of this paper is very different from our ear-
lier one on transdermal patch delivery into the systemic circulation
[1]. In doing so, we recognize that a key challenge in addressing
topical delivery is in quantifying and modelling localized skin
absorption in humans and efficacy at the putative local site of
action. However, considerable advances have been made in under-
standing opportunities for topical products, developing a mecha-
nistic understanding of percutaneous absorption, creating
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regulatory guidelines for product development, and in translating
these findings into products that best suit an individual’s needs.
The latter may include body site, skin condition, and response. A
key consequence is that much of our learning in topical drug deliv-
ery is based on in silico and ex vivo human skin study projections
using in vivo skin physiology and known pharmacokinetics.

2. Historical overview on topical product development

We begin our review with a brief historical overview of the use
of topical products and the development of the range of dosage
forms that are used in practice today (Fig. 1). Topical products
are amongst the earliest of the ‘‘medical” technologies and treat-
ments used by humans, as demonstrated by archaeological evi-
dence that human skin has been used as a canvas for self-
expression in the forms of body painting, cosmetics, and tattoos
since prehistoric times [2–4]. These practices also protected the
skin from the sun and a dry climate. Other skin care products were
also used to meet other skin care needs (Fig. 1A). Interestingly, the
therapeutic tattoos on the 5300-year-old ice mummy, Ötzi, coin-
cide with many Chinese pressure points [4]. Ointments and potions
made of animal, mineral, or plant extracts were in common use in
ancient Egyptian and Babylonian medicine by 3000 BCE [5] and
there are early examples of prescriptions for the local treatment
of skin conditions on a Sumerian clay tablet (from 2100 BCE) [6]
and in the Ebers Papyrus (from 1550 BCE) [7] (Fig. 1B). Medicated
plasters containing multiple drugs and herbs were also evident in
China around 2000 BCE [8]. These topical remedies were anointed,
bandaged, rubbed, or applied to the skin for the treatment of a
range of skin conditions. The resulting products contained ingredi-
ents to manage specific needs, such as moringa, sesame seed, and
castor oil as skin protectants; yarrow as an astringent and dia-
phoretic; clays for cuts and wounds; clay and olive oil for a skin
cleansing soap paste; yogurt as a skin peel; milk and honey for skin
moisturization and anti-ageing; sea salt for exfoliation; pomegra-
nate and other herbal juices as a skin astringent. In Ancient Greece,
olives and olive oil were used for exfoliation and moisturization,
with berries and milk being used in face masks, and medicinal
plants, honey, tar, pig and goose fat used to treat skin conditions,
which Hippocrates (460-370 BC) had recognised may be either
local, e.g. acne, or systemic in origin. He also promoted the drying
of moist lesions and the use of emollients for dry lesions.

Later topical products used multiple ingredients, with some
products, such as Cold Cream by Claudius Galenus (Galen, 129–
199 CE) (Fig. 1D) and skin cleansing agents, combining plant
extracts such as aloe vera, cucumber or dried flowers with per-
fumes, thickening agents and coloring agents that are much in
use today (Fig. 1C). Indeed, current topical product formulation
strategies actively embrace Avicenna’s (980–1037 CE) philosophy,
outlined in his Canon of Medicine (Fig. 1E) that topical drugs pos-
sess two spirits or states: the soft part (i.e. active drug) penetrates
the skin whereas the hard part (residual product) does not [9,10].
Avicenna also recognized that topical drug products have several
target sites, including local action, in the muscles and joints below
the skin and systemically. Further, he advocated the use of system-
ically acting topical drug products when oral dosing was not pos-
sible, with one product being plaster-like with paper as a backing
material, i.e. perhaps our first topical patch? As medicinal and sci-
entific knowledge evolved, there was a transition from empirical
treatments to more targeted topical treatments. The earliest of
these treatments were various topical plaster products described
in the 1872 German Pharmacopoeia for topical swellings and infec-
tions [1] and, later in the United States Pharmacopoeia, containing
belladonna as a local analgesic, mustard as a local irritant, and sal-
icylic acid as a keratolytic agent [1]. Publication of The Histopathol-
ogy of the Diseases of the Skin by Paul Gerson Unna in 1896 is
2

credited with founding the modern approach to dermatology by
focusing on the skin as an organ and defining the requirements
for topical treatments of skin diseases [11].

Many of the dyes, minerals and herbal extracts present in the
topical products used in Ancient times and in the Middle Ages
exerted both therapeutic and toxic effects, in some instances not
being recognized at the time. Examples include the antimicrobial
blue-grey lead sulfide (Kohl) from Egyptian times, the decorative
orange to red mercuric chloride (cinnabar), and silver metallic
mercury (quicksilver). Rhazes of Persia (865 to 925 CE) proposed
the use of mercurial ointments [10], after recording mercury poi-
soning in animal studies, with Avicenna (Ibn Sina) later recom-
mending it only be used externally. Quicksilver ointments for
skin disease were first used by the Arabs and later, along with oint-
ments containing sublimate (HgCl2), calomel (Hg2Cl2), and other
metallic salts or oxides, in the European Renaissance for syphilis
fostered by Paracelsus. Paracelsus (a Swiss physician and alche-
mist, 1493 – 1541, often seen as the founder of modern toxicology)
formulated a mercury ointment (Fig. 1 F) in response to his obser-
vations of toxicity from oral mercury treatments [12]. Mercury
ointment was widely used to treat syphilis in renaissance Europe
and into the 20th century until it was overtaken by penicillin
[13]. However, other forms of mercury have continued with phenyl
mercuric acetate and phenyl mercuric nitrate salts being used as
preservatives in topical products, especially those for the eye, until
relatively recently. Further, merbromin (organomercuric disodium
salt compound often known as MercurochromeR) has been used
widely as a topical antiseptic until of late when other agents have
taken over.

However, it is not just the heavy metals that may be toxic after
topical application. There are many reports of adverse systemic
effects, including poisoning from belladonna applied as a plaster,
liniment, and lotion, headaches after occupational skin exposure
to nitroglycerin in explosive factories [14], and hexachlorophene
toxicity after topical application to babies [15]. Even today, vigi-
lance is required to prevent systemic steroid suppression and
related effects after topical glucocorticosteroid use, especially to
an impaired skin barrier, in young children and in prolonged usage
[16]. Further to the observation of systemic adverse effects after
topical exposure to nitroglycerin, estrone, scopolamine, and nico-
tine, each drug has now been appropriately formulated, developed,
and marketed as transdermal patches [1]. In addition, certain topi-
cally applied drugs, e.g. corticosteroids, and xenobiotics may lead
to cutaneous adverse effects and some of these may become most
evident on prolonged use, including atrophy, striae, rosacea, perio-
ral dermatitis, acne, and purpura. The incidence and severity of
these side effects has been related to the chemical nature of the
steroid, the vehicle in which it is applied, and the site of application
[16]. The principles of cutaneous toxicology in relation to irritation,
phototoxicity, allergic contact dermatitis, and skin metabolism
were well developed by the mid-1970s [17]. The major develop-
ment in this field over the last 50 years has been the move away
from animal testing to risk assessment by alternative methods,
as mandated by regulatory oversight by the European Registration,
Evaluation, Authorisation, and Restriction of Chemicals (REACH)
and with updated chemical registration requirements applying
from 2022 [18]. These methods involve a combination of in silico
quantitative structure–activity relationships, in vitro, cell culture
(including reconstituted human skin equivalents), and human vol-
unteer testing [19].

Technological advances over time have paved the way for both
an understanding of percutaneous absorption and the develop-
ment of quality-assured topical products. The beginning of our
understanding of the skin barrier morphology began with the
imaging of stratum corneum ‘‘scales” (squamae) in the in vitro
magnified glass studies by Antony van Leeuwenhoek in the late



Fig. 1. Some key historical events in the topical product development from earliest times to the last century. A. Topical products used and ingredients to meet skin needs in
pre-historic times and in Ancient Egypt, Greece, Persia, and China, with formulations described in B. Papyrus text ~ 1500 BCE (From [10]); C. Pictures of the ancient ingredients
and some products in use today and the evolution to more sophisticated products as illustrated in D. by Galen (129 to ~200 CE) and his cold cream (From [10]). The two
Middle Ages examples: E. Avicenna’s Canon of Medicine (From [10]); F. Mercurial Ointment from ~1400 CE; G. Separation of epidermal membranes for in vitro permeation
from human skin; H. Franz diffusion cell; I. In vivo skin microdialysis of author MR by Chris Anderson, Linköping, 1995; and J. Summary of topical formulations in 1971 [50].
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1600s [20,21]. Through the 20th and 21st centuries, an explosion
of research has enhanced our understanding of skin morphology,
physiology, pharmacology, toxicology, and pharmaceutical science.
One key advance in topical drug product development was the
quantification of drug permeation through human stratum cor-
neum, epidermis, and dermatomed skin under topical drug pro-
duct ‘‘in use” application conditions. The work of Kligman and
Christophers [22], in describing how human epidermal and stra-
tum corneum may be separated from human skin in vitro, as illus-
trated in Fig. 1G, was a major step forward. Tom Franz took the
complementary step of applying topical products to excised
human skin in upright diffusion cells, as illustrated in Fig. 1H
[23]. He found a comparable in vitro rate and extent of absorption
for each of 12 compounds to that reported in vivo by Feldmann and
Maibach [24] after mimicking their application protocol. Later, his
team reported an excellent correlation between the extent of
in vitro and in vivo absorption (mean ratio 0.96) in 11 data sets
from 2 studies where the protocols had been harmonized and a
less than 3-fold difference in 85% of 92 records from 30 published
reports [25]. The second major advance was in vivo skin pharma-
cokinetic studies, initially based on urinary excretion kinetics for
drugs [26–28] and pesticides [29], but later measured in the skin
by a range of techniques including skin blisters, imaging of dyes,
biopsies [30], dermal perfusion and, most recently, non-invasive
multiphoton [31] and Raman imaging of skin in vivo [32]. Fox
and Hilton first used in vivo skin perfusion to study the physiology
of sweating [33]. It was then used for skin pharmacology studies
[34], using cutaneous microdialysis probes (Fig. 1I), to assess the
absorption and bioequivalence of drugs applied from topical dose
3

forms [35], as well as the extent to which non-steroidal and other
drugs penetrate into deeper tissues [36,37]. The latest form of this
technique, dermal open-flow microperfusion, involves perfusion
without a microdialysis membrane and has been used in topical
drug dose form bioavailability assessment [38].

A key determinant of a successful topical drug dose is whether
the drug will permeate across the skin to a putative therapeutic tar-
get site. As pointed out by Scheuplein and Blank, early studies found
that skin was relatively permeable to lipid-soluble substances but
not to water and electrolytes [30]. Later, in vivo studies found sys-
temic drug effects after topical administration of the sex hormones
[16], including topically applied follicle stimulating hormone for
amenorrhoea in 1938 [39]. Urogenital infections were managed
by a topical ointment containing the disinfectant chloroxylenol in
the early 1940s [40]. The development and evolution of highly sen-
sitive and specific analytical techniques, such as flame ionization,
chromatography, spectrometry, and combinations led to detectable
concentrations of various compounds being found in the blood,
urine, and feces over the early 20th century. These methods (with
developments such as GC-MS/MS and LC-MS/MS in widespread
use today), along with pioneering theoretical, in vitro skin perme-
ation and in vivo studies in the 1960s and 1970s [41], have allowed
important determinants of topical bioavailability and skin perme-
ability to be characterized, including drug solubility [42], partition
coefficient and thermodynamic activity [43], barriers/mechanisms
[44] and quantitative skin permeation - solute structure relation-
ships for a range of mechanistic models [30,45–47].

In the mid to late 19th century, pharmaceutical companies with
their roots in community pharmacy fostered a historic transition
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from the ‘‘hit-and-miss” traditional remedies and skin products
made by apothecaries and pharmacies to quality assured products
in efficacy, safety, and stability, with associated regulatory over-
sight [10]. A key next step was the mandating of product safety
and banning of false claims through the FDA’s 1906 Pure Food
and Drug Act, its later 1938 update, which specifically included
cosmetics, and related legislation. In the years that followed, vari-
ous pharmaceutical and cosmetic companies launched branded
products and targeted their sales to health professionals and con-
sumers via afluent druggist, department and brand exclusive stores
and by brokers. A new generation of active ingredients, excipients
and associated topical products emerged for both systemic [1] and
topical use. These included antiseptics, local anaesthetics, corticos-
teroids, antibiotics, antifungals, retinoids, photosensitisers, skin
whiteners, tanning agents, sunscreens, emollients and skin care
products specific for certain body sites, such as the face. Perhaps,
it is significant that one of the best overviews written in the mid
1970s on skin physiology, mechanisms of percutaneous absorp-
tion, topical drug formulation studies, products (Fig. 1J), and
related methodology had an industrial perspective [50]. Many of
the concepts they describe have been incorporated into the
‘‘quality-by-design” concept that now drives current topical drug
product development and its regulatory oversight. This is dis-
cussed later in this review.

A key paper that underpins the academic aspects in this review
is the work published by Tak Higuchi in 1960 [43]. In this work,
Higuchi points out that the permeability coefficient and maximum
flux concept approaches to percutaneous absorption are useful but
equivalent in form. As we will see later, Irvin Blank and Bob Sche-
uplein [30,48,51] applied the first concept, and groups led by Alan
Michaels [49] and Gene Cooper [52,53] the second. One of the first
collations of a significant human skin permeability dataset was
reported by Gordon Flynn in 1990 [54]. His data, replotted in
Fig. 2, shows that this dataset’s drug aqueous epidermal perme-
ability coefficients are related to both the size and the log P of a
given drug. Russ Potts and Richard Guy then used this dataset to
define their current famous relationship [55], used widely in skin
permeability predictions. However, whilst our permeability coeffi-
cient data formed part of the Flynn dataset, we have since come to
the view that the skin maximum flux may be a better metric than
kp,aq [56] in that, firstly, it provides a direct measure of the maxi-
mum exposure possible for a given drug and this exposure, in turn,
defines both the efficacy and safety of a drug. This exposure is also
important in consumer, occupational and environmental toxicol-
ogy because along with an understanding of the likely systemic
Fig. 2. Physicochemical determinants of aqueous in vitro skin permeability
coefficients kp,aq include solute lipophilicity (as defined by the logarithm of solute
octanol-water partition coefficient, log P), solute size (with various symbol sizes
representing solute molecular weight in daltons) and study temperature in degrees
centigrade). Adapted from [54] and the references referred to in that chapter.
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effects of a xenobiotic, it defines the additional health risk associ-
ated with a topical application. Secondly, topical drug products
exist in a range of formulations involving different vehicle compo-
nents and overall drug solubility in the product. In theory, provid-
ing that product is not adversely affecting skin permeability, each
product should have the same maximum skin flux. Under ideal
conditions, the relative flux for a drug between any topical prod-
ucts should then be related to its fractional solubility in the pro-
duct as first alluded to by Higuchi [43]. Key confounders in
making any comparison are the impact of the product and local
environment on skin permeability because, as Higuchi points out,
variations in skin hydration can greatly affect the percutaneous
absorption of any drug [43].
3. Skin target sites and barriers in topical skin delivery

Fig. 3 shows some cross-sectional images of the skin, which
define the general target regions of the stratum corneum, viable
epidermis, dermis, and hair follicle. Also included in this Figure is
an expanded view of the stratum corneum (SC), generally regarded
as the main barrier for skin permeation, a furrow which may be a
potential skin reservoir site, and an imaging example showing reti-
nyl palmitate being mainly delivered to the outermost stratum dis-
junctum layer of the SC and the infundibulum of the hair follicle.

3.1. Target site

In general, the first consideration in formulating a topical drug
product is whether the drug to be used is sufficiently potent at a
local target site of action. As shown in Fig. 4A, there are a range
of epidermal, dermal, and appendageal target sites that include
the keratinocytes, Langerhans cells, melanocytes, Merkel cells,
and blood vessels, as well as deeper tissues such as muscle. A coun-
terbalancing consideration is the potential local and systemic
adverse effects for the potential drug. Whilst the skin barrier gen-
erally limits local and systemic exposure and usually defines a high
therapeutic margin, care must always be taken with any potent
drug applied topically. Examples of drugs used to target various
local skin sites with topical drug products include topical anesthet-
ics to reduce pain and itch perceived by the skin’s nervous system,
skin whitening agents targeted at melanocytes, retinoids, corticos-
teroids modifying keratinocyte and blood vessel behavior, vaccine
activation of Langerhans cells and anti-infective agents on the skin
surface, in the epidermis and in the appendages (Table 1).

3.2. Skin barrier morphology

Providing protection against the external environment and
maintaining internal homeostasis in water content and body tem-
perature is perhaps the main function of the skin. Of particular
interest in topical drug delivery is the physical barrier provided
by the skin, which mainly resides in the SC. Each of the skin struc-
tures, the SC layer, viable epidermis, dermis, and appendages,
shown in Figs. 3 and 4A have barrier properties that may impede
skin absorption from topical products. However, the most impor-
tant physical barrier is the non-viable (so-called outermost ‘‘dead”)
SC layer, the viable epidermis and the dermis as well as the appen-
dages. Also included in Fig. 4B is the original electron micrograph
of the SC by Brody in which he characterizes the SC as having three
zones: basal zone (b, 4–10 cells thick and densely packed keratin
fibril), intermediate (I, 8–12 cells, more dense keratin loosely
packed in a clearer milieu) and superficial (s, 2–3 cells, with low
keratin and intracellular space opacity), which together comprise
the stratum disjunctum [57]. All corneocytes have a flat hexagonal
shape parallel to the skin surface, are often irregular, interdigitate



Fig. 3. Cross-sectional MPM FLIM cryosection of human skin showing A. MPM FLIM images of acriflavine stained full-thickness human excised skin showing a range of
potential drug target sites (source Amy Holmes, UniSA); B. Stratum corneum and C. Hair follicle within cryosection of excised full-thickness rat skin stained with Nile red
(cyan) showing penetration of retinyl palmitate (red,MW = 524.9, log P = 13.6) from a commercial formulation into the outermost stratum disjunctum layer of the SC and the
infundibulum of the hair follicle (source: Sean Mangion, UniSA); D. Cryosection of full-thickness excised human skin stained with Nile red (applied in glycerol) with the SC
expanded using KOH (4% w/v) to show each layer of the SC and to determine the number of corneocytes within the SC that would pose a barrier to the ingress of solutes and
nanoparticles (source Amy Holmes, UniSA); E. Cryosection of full-thickness excised human skin stained with Nile red (applied in DMSO) with the SC expanded using KOH (4%
w/v). Does SC lipid organization inside yellow may facilitate shunting through SC?; F. Cryosection of excised full-thickness human skin showing hair follicle that was dosed
with 2% w/v aqueous zinc pyrithione particle suspension stained with ZinPyr-1 (two-photon excitation, cyan region kex = 800 nm, kem = 370–420 nm; single-photon
excitation, magenta region kex = 488 nm, kem = 520–560 nm); G, H. FLIM image pseudo-colored to average time-weighted lifetime, s[picoseconds] (two-photon excitation;
kex = 740 nm; emission detected using two bandpass filters 405/10 nm for the right and 520/60 nm for the left pane). Arrows mark ZnPT particle deposition (From [414] under
open access Creative Common CC BY license.); I. Excised human skin (optical section, 5 mm in the z-range) with SC stained with Nile red demonstrating ‘honeycomb’ network
of intercellular SC lipids, a potential route of permeation for some compounds (source: Amy Holmes, UniSA); I ZinPyr-1 stained (cyan) cryosection of full-thickness excised
human skin dosed with 2% w/v aqueous zinc pyrithione particle suspension showing accumulation of particles (pink) within the furrow of the skin potentially acting as a
reservoir. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and have a diameter of ~40 mm and a width of up to ~1 mm, with an
intercellular lipid region thickness of up to ~0.1 mm. Brody [58]
later suggested the intercellular lipid space contained a trilamellar
membrane, with an increased width towards the skin surface that,
from a minimum of 30 nm, were up to 1, 2, and 3 mm thick in each
of the b, i and s layers, respectively. Whilst Brody also suggested
that the basal and middle zones combined may correspond to
the stratum compactum, as defined by histology [58], others have
suggested that the middle zone may be more associated with the
histological stratum disjunctum [59].

The SC is a dynamic barrier, which may be modulated by its
interactions with topical drug delivery systems that may enable
or prevent drug delivery after topical delivery. It is a barrier that
is continuously formed and shed over a period of between one
week for the forehead, two weeks for back, and three weeks for
the back of hand [60] through a highly programmed epidermal cell
5

turnover and death process starting at the stratum basale, nour-
ished and supported by the dermis. Associated with the process
is the production of the SC barrier involving packed, flat dead cor-
neocytes with relatively impermeable envelopes meshed in an
extracellular lipid matrix with proteolysis of corneodesmosomes.
These inter-corneocyte ‘‘molecular rivets” take up about 30% of
the stratum compactum corneocyte surface, i.e. ~one per mm2 or
600 to 800 per corneocyte, and only take up ~7% of the stratum dis-
junctum surface in non-palmoplantar SC, but >50% in the palmo-
plantar SC [61]. Corneocytes in the lower stratum basale may
also be partly held together by tight junctions whereas hook-like
rims at the overlapping edges of corneocytes may retard the shed-
ding of corneocytes in the stratum disjunctum [62].

Of particular importance in SC barrier modulation is water as
not only is it the main component in most topical drug delivery
systems, but its egress from the skin can be modified using mois-



Fig. 4. A. Skin transport and effect after topical application, showing: I. Perception and adherence; II. Applying of a product to the skin; III. Crossing the SC barrier; IV.
Follicular delivery; V. Reaching epidermal, dermal, subcutis and deeper target sites and VI. Clearance via various mechanisms. Adapted from [403] with permission of Elsevier.
The subpicture from III shows a ‘‘brick-and-mortar” barrier model for the SC and the possible intercellular and transcellular pathways (and associated potential intra-
corneocyte binding) that may be taken in crossing the SC sub layers (stratum disjunctum and stratum compactum) into the stratum granulosum SG. The subpicture from IV
and those from V and VI show depictions of the SC, viable epidermal layers of SG, stratum spinosum SS, stratum basale SB, dermis D, subcutis SuC, sweat ducts, hair follicles,
and underlying vasculature and skin target sites: epidermal cells (keratinocytes Ke, Langerhans’ cells LC, melanin granules Mg, and melanocytes Me); appendages (sweat
ducts and hair follicles); and superficial dermis, including dermal papillae DP and also showing thin and thick SC, corneodesmosomes CD, desmosomes De and the avascular
dermis AD (From [402]); B. Transmission electron microscopy TEM of normal human SC, showing 3 sublayers: b, basal; i, intermediate and s, superficial. Uranyl acetate/lead
citrate staining X 14,000. Reprinted from [57], with permission of Elsevier.
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turizers, occlusion, and its retention in the skin. Of importance here
is the use of hygroscopic materials and those that may modify the
skin’s natural moisturizing factor. It has been long known that
water causes the SC to soften, thicken (towards the surface and
6

not laterally), reduce furrow depth and lessen the SC corneocyte
undulations seen in Fig. 4A, with the uptake of water to ~4 times
the weight of dry SC and, after prolonged hydration, water pools
in the intercellular regions [63,64]. Richter et al. has used osmotic



Table 1
Examples of local skin sites targeted by therapeutic agents by topical skin delivery.

Skin therapeutic target Skin disorders Examples of commonly used drug/chemical class

Skin surface Stratum corneum Bacterial, fungal, parasitic and fungal
infections

Anti-infectives (malathion)
Cosmetics (moisturizer, exfoliant),
Insect repellents (DEET)
‘Chemical’ sunscreens (PABA)
‘Physical’ sunscreens (ZnO, TiO2)

Viable epidermis Keratinocytes Psoriasis
Atopic dermatitis
Actinic keratosis
Skin cancer

Keratolytic (salicylic acid)
Corticosteroids (hydrocortisone)
Retinoids (tretinoin)
5-fluorouracil

Langerhans cells Antibodies (clinical trial phase)
Antimitotics (topical corticosteroids)
Immunosuppresant (tacrolimus)
Immunomodulator (imiquimod)
Methotrexate
Vaccines (DNA vaccine, inactivated virus – clinical trial phase)

Melanocytes Hyperpigmentaion
Vitiligo

Whitening agents (melanostatin)
Repigmentation agents (psoralen)

Dermis Nerve endings Anaesthetics (lidocaine)
Hypodermis

and underlying
muscle

Cyclooxygenase
enzymes

Trauma NSAIDs (ketoprofen)

Skin appendages Hair follicles Acne vulgaris
Seborrheic dermatitis
Folliculitis
Alopecia areata

Antiacne (erythromycin)
Anti-dandruff (zinc pyrithione)
Anti-infectives (fusidic acid)
Hair restorers (minoxidil)

Eccrine glands Antiperspirants (aluminium)
Nail Onychomycosis Antifungal (amorolfine)

Abbreviations: CNS, Central nervous system; DEET, N,N-diethyl-m-toluamide; NSAIDs, Nonsteroidal anti-inflammatory drugs; PABA, Para-aminobenzoic acid.
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induced changes in SC regional thickness to characterize three
hydration zones [65]. Zone 1 has a rapid decline in corneocyte
thickness over 1 to 3 layers and corresponds to the steep water
gradient at the stratum granulosum - SC interface of from ~65%
water to ~40% in the first corneocyte [66]. The middle zone 2 of
about 5 to 10 corneocyte layers was relatively unaffected by osmo-
tic effects whereas such effects greatly changed the thickness of
zone 1 as well as (to a lesser extent) zone 3. Richter et al attribute
the increase in zone 3 to water being easily taken up into this zone
[65]. More recent studies have shown that topical formulations
mainly alter SC hydration by modulating water content in the stra-
tum disjunctum; there is minimal change in water content within
the stratum compactum [67,68].

The other key SC barrier, the insoluble and protective corneo-
cyte envelope, is also affected by SC hydration and its impact on
protease activity. This envelope exists in two forms: an irregular
shaped, deformable and fragile envelope from the lower SC layers
and, in ~80% of the SC corneocytes from the superficial layers, a
polygon shaped and resilient envelope [69]. Impairment in SC cor-
neocyte maturation associated with body site-related exposure to
the environment and dry skin decreases the proportion of resilient
envelopes [69].

It is to be noted that the SC lipids must be crossed to either go
through or around the ‘‘brick” corneocytes embedded in the mortar
of SC intercellular lipids (Fig. 4A). It is also observed that, should
the drugs not be able to enter the corneocytes, the pathway for a
drug through highly structured SC intercellular lipid lamellae
may also involve, in principle, binding to corneodesmosomes and
tight junction remnants at the corneocyte edges. However, these
are generally only found in the deeper SC layers, interfacing the
stratum granulosum [70]. As a consequence, the overall SC lipid
transport pathway will be hindered and tortuous. On the other
hand, an artificial shunt route is created when a drug can cross into
the corneocytes. However, this may also be associated with hin-
dered movement due to diffusional limitations in the corneocytes
and may involve drug binding to the keratin, etc. within the cor-
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neocytes, as illustrated in Fig. 4A. The description and modeling
of these processes, discussed in more detail later in this article,
are also impacted by the heterogeneity of the skin, manifested by
the undulating and furrow-containing surface, shown in Fig. 3,
and by skin turnover and desquamation [71]. The initial tight junc-
tion barrier that exists at the SC - viable epidermis interface,
evolves into a formidable stratum compactum barrier and then
into a looser stratum disjunctum layer with, at the end of the
desquamation process, the outer corneocytes shedding off like
scales. Also shown in Figs. 3 and 4 are the potential shunt path-
ways provided by the follicles and sweat ducts. Artefactual skin
transport routes and retention sites can also be caused by hydra-
tion, solvent, and vehicle effects on the skin, including delipidiza-
tion and the formation of SC lacunae replacing degrading
desmosomes, the formation of water, and lipid pools, denaturing
of keratin, and changes in skin polarity [72].

The impact of this skin morphology, which is heterogeneous
across body sites and individuals, is to define which and how fast
drug candidates can penetrate the skin and, if sufficiently potent,
be useful in topical products. As also shown in Fig. 2, in ‘‘broad
brush” terms, unless some form of skin penetration enhancement
technology is employed such as including one or more chemical
enhancers in a formulation, only small (molecular weight MW
<~500 Da), soluble (generally low melting point MP) and moder-
ately lipophilic (logarithm of candidate octanol–water partition
coefficient log P in range 0 to 5) compounds with few hydrogen
bonds will readily cross the SC. However, as shown in Fig. 3, a lar-
ger and more lipophilic drug like retinyl palmitate (MW = 524.9,
log P = 13.6), present in several topical retinoid products, has more
difficulty passing into the more aqueous viable epidermis because
of its poor water solubility. As a result, it is mainly found within
the upper SC stratum disjunctum layer after 3 hr and is well dis-
tributed in the infundibulum of the hair follicle. In contrast, as also
shown in Fig. 3, zinc pyrithione (present in many medicated sham-
poos as microparticles) accumulates in the skin furrows and
follicles.



Table 2
Physicochemical propertiesy of topical drugs in currently marketed dermal products approved by FDA from Orange book [1], data updated from [37] on 25th June 2021.

Drug name MW (Da) MP (�C) Log P Saq (mg/mL) at 25 �C Hd Ha

Acyclovir 225.2 255 �1.56 1.62, 2.50 (37 �C) 3 5
Adapalene 412.5 319–322 8.60 0.000004 1 3
Alclometasone dipropionate 520.2 212–216 3.94 0.14 1 7
Amcinonide 502.6 250–252 2.30 0.0077 1 8
Aminolevulinic acid hydrochloride 167.6 144–151 �2.80 173 3 4
Amlexanox 298.3 300 4.10 0.15 2 6
Ammonium lactate 107.1 91–94 �0.59 866 2 3
Amphotericin B 924.1 170 0.80 0.082 12 18
Avobenzone 310.4 84 4.51 0.0022 0 3
Azelaic acid 188.2 107 1.57 2.40 2 4
Bacitracin zinc 1422.7 250 �2.90 0.025 15 21
Benzoyl peroxide 242.2 103–106 3.46 0.0091 0 4
Benzyl alcohol 108.1 205 1.10 42.90 1 1
Benzyl benzoate 212.2 21, liquid 3.97 0.025 0 2
Betamethasone dipropionate 504.2 178 4.07 0.0046 1 5
Betamethasone valerate 476.6 184 3.60 0.0067 2 7
Bexarotene 348.5 230–231 6.90 0.00015 1 2
Bimatoprost 415.6 63–67 3.20 0.019 4 4
Brimonidine tartrate 442.2 207–208 1.27 0.15 6 9
Butenafine hydrochloride 353.9 208–210 5.67 0.00008 0 1
Calcipotriene 412.6 166–168 4.63 0.014 3 3
Capsaicin 305.4 65 3.04 0.029 2 3
Chlorhexidine gluconate 897.8 Liquid at 25 �C 2.71 0.026 18 16
Ciclopirox 207.3 144 2.30 1.41 1 2
Clindamycin phosphate 504.1 114 0.93 3.12 5 10
Clobetasol propionate 466.2 196 3.50 0.0039 1 6
Clocortolone pivalate 495.0 231–233 4.36 0.0010 1 6
Clotrimazole 344.1 148 0.50 0.00049 0 1
Crisaborole 251.1 129–135 3.24 0.023 1 4
Crotamiton 203.3 Liquid at 25 �C 2.16 0.018 0 1
Dapsone 248.3 175–177 0.97 0.28, 0.38 (37 �C) 2 4
Desonide 416.5 257–260 1.40 0.059 2 6
Desoximetasone 376.2 217 2.35 0.042 2 5
Diclofenac sodium 316.9 284 0.70 0.0048 1 3
Diflorasone diacetate 494.5 221–223 2.10 0.085 1 9
Docosanol 326.6 65–72 9.00 0.000000075 1 1
Doxepin hydrochloride 315.8 187–189 4.29 0.032 1 2
Dyclonine hydrochloride (Dyclopro) 325.9 175–176 4.66 0.049 1 3
Econazole nitrate 443.0 162 4.67 0.0015 1 5
Efinaconazole 348.4 86–89 3.70 0.32 1 6
Eflornithine hydrochloride 218.6 181–184 �2.19 50 4 6
Erythromycin 733.5 191 3.06 0.46 5 14
Fluocinolone acetonide 452.2 266–268 2.48 0.055 2 8
Fluocinonide 494.5 309 3.19 0.0047 1 9
Fluorouracil 130.0 280–282 �0.89 11.10 (22 �C) 2 3
Flurandrenolide 436.5 247–255 2.88 0.0011 2 7
Fluticasone propionate 500.6 261–273 3.38 0.011 1 9
Gentamicin sulfate 516.6 218–237 �3.10 100 8 14
Halcinonide 455.0 276–277 3.30 0.011 1 6
Halobetasol propionate 484.2 213–215 3.73 0.022 1 5
Hexachlorophene 405.8 164–165 7.54 0.14 2 2
Hydrocortisone 362.2 220 1.61 0.32 3 5
Hydrocortisone Butyrate 432.6 210–214 3.21 0.014 2 6
Hydrocortisone Valerate 446.6 217–220 3.62 0.0076 2 6
Hydroquinone 110.1 172.3 0.59 72 2 2
Imiquimod 240.3 292–294 2.70 6.25 1 3
Ingenol mebutate 430.5 153.5 3.12 0.0043 3 6
Ivermectin 875.1 155 5.83 0.0040 3 14
Ketoconazole 530.1 146 4.35 0.00029 (20 �C) 0 6
Lidocaine 234.2 69 2.44 4.10 (30 �C) 1 2
Luliconazole 354.3 149–154 2.59 0.066 0 4
Mafenide acetate 246.3 177 �0.37 5.18 3 6
Mechlorethamine hydrochloride 192.5 108–110 0.91 33.40 1 1
Metronidazole 171.1 158–160 �0.02 11 1 4
Miconazole nitrate 479.1 159–163 3.26 0.026 1 5
Minoxidil 209.3 248 1.24 2.20 3 3
Mitomycin 334.3 360 �0.40 8.43 3 8
Mometasone furoate 521.4 218–220 3.90 0.011 1 6
Mupirocin 500.2 77–78 3.44 0.027 4 9
Naftifine hydrochloride 323.9 172–175 3.59 0.00023 1 1
Neomycin sulfate 712.7 187 �7.80 50 15 23
Nystatin 926.1 160 0.50 0.36 12 18
Octinoxate 290.4 Liquid at 25 �C 5.80 0.00045 0 3
Oxiconazole nitrate 492.1 137 3.80 0.0019 1 6
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Table 2 (continued)

Drug name MW (Da) MP (�C) Log P Saq (mg/mL) at 25 �C Hd Ha

Oxybenzone 228.2 65.5 3.79 0.0037 1 3
Oxymetazoline hydrochloride 296.2 181–183 4.87 0.0014 3 2
Penciclovir 253.3 275–277 �1.10 7.45 4 5
Permethrin 391.3 34 6.50 cis isomer-0.00020,

trans isomer-0.00013
0 3

Pimecrolimus 810.4 135–136 4.40 0.0015 2 11
Podofilox (Condylox) 414.4 228 2.01 0.15 1 8
Polymyxin B sulfate 1301.6 217–220 �0.74 0.074 20 29
Prednicarbate 488.6 114–116 2.92 0.0056 1 8
Prilocaine 220.2 37–38 2.11 0.54 2 2
Retapamulin 517.8 125–127 5.00 0.00039 1 6
Sertaconazole nitrate 500.8 158–160 3.33 0.0064 1 6
Silver sulfadiazine 357.1 285 0.39 7.87 1 6
Spinosad 1287.7 112–123 4.00 0.0024 2 19
Sulconazole nitrate 460.8 130 3.21 0.0013 1 5
Sulfacetamide sodium 236.2 257 �0.96 50 1 5
Tacrolimus 804.0 126 3.30 0.000018 3 12
Tazarotene 351.5 103–105 3.38 0.00075 0 4
Terbinafine hydrochloride 327.9 204–208 3.30 0.00074 1 1
Tetracaine 264.4 41–45 3.51 0.56 1 4
Tretinoin 300.2 180–182 6.30 0.0048 1 2
Triamcinolone acetonide 434.2 293 2.53 0.08 2 7
Trifarotene 459.6 245 6.12 0.00095 2 5

yPhysicochemical properties are acquired from Pubchem (https://pubchem.ncbi.nlm.nih.gov/), Chemspider (https://www.chemspider.com/), Drugbank (https://www.drug-
bank.ca/), Pastore et al. 2015 [3], chemical book (https://www.chemicalbook.com/) and product information sheet from manufacturers.
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3.3. Drug candidates for topical delivery

Not all drugs are suitable for topical delivery. The key require-
ments for topical drugs are that they can penetrate through or into
the skin from a suitable topical product to be delivered to a skin
target site where they are sufficiently potent to exert a physiolog-
ical or pharmacological effect and they and their products meet
consumer perceptions and need [73]. Currently, at least 96 drugs
are being used in topical delivery that meet these criteria and are
applied in a range of dosage forms, including in patch, gel, oint-
ment, and solution (Table 2). In this section, we examine the drug
physicochemical properties that define their extent and rate of
delivery through the main barrier of the skin, the SC, from a phar-
macokinetic and mechanistic perspective.
3.4. Getting the drug to its site of delivery

A key requirement for any drug to be active at a target thera-
peutic or cosmetic skin site after topical application is it reaches
that site in sufficient local site drug concentrations Clocal. Under
ideal ‘‘sink” conditions, the steady-state concentration, Css,local, is
determined by the skin steady-state flux Jss (i.e. the steady-state
amount Q(t)ss permeating per unit area A over a steady-state time
period (tss), the local bioavailability Flocal (which may be less than 1
due epidermal metabolism and sequestration) and drug clearance
from that site per unit area CLskin/A [73,74] (Fig. 4B):

Css;local ¼ JssFlocalA
CLskin

¼ FlocalQ tð Þss=tss
CLskin

ð1Þ

In equation (1), Jss may refer to either transport across the SC to
deeper underlying viable tissues or, much less commonly, to direct
delivery into appendages. Drugs in products applied topically for a
local action may also lead to effects elsewhere in the body. Here, in
contrast to Css,local being independent of the area of application A
(Eq. (1)), the systemic steady-state blood concentration of a drug
Css,blood is directly related to both Jss and A (as this also determines
the total amount absorbed, Q(t)ss/tss = Jss.A), the systemic (dermal
first-pass) bioavailability Fsys and the drug’s systemic clearance
9

CLsys, i.e. Css,blood = FsysJss.A/CLsys. Fsys will only equal Flocal when there
is no further loss of drug due to metabolism, sequestration, car-
riage to deeper tissues etc before entering the systemic circulation.

A fuller, commonly used expression for the amount of solute
permeating across the skin Q(t) applies at all times t after applica-
tion for a drug from a product vehicle (v) at a constant donor con-
centration Co,v across an assumed homogenous SC barrier into
receptor sink conditions (Crank, 1975 p. 51). Here, Q(t) can be
expressed into the form:

Q tð Þ ¼ JssA t � h2
sc

6Dsc
� 2h2

sc

p2Dsc

X1
n¼1

�1ð Þn
n2 exp

�Dscn2p2t

hsc
2

 ! !
ð2Þ

where Jss is the steady-state flux and Dsc is the diffusion coefficients
for a drug diffusing across an SC of thickness hsc and t is time. At
very long times, where t?1, exp (-1) = 0 and the last term in
Eq. (2) drops out to leave a much simpler expression, that describes
a straight line after a delay, as shown in Eq. (3):

Q tð Þ ¼ JssA t � h2
sc

6Dsc

 !
ð3Þ

with a slope of JssA and an intercept on the x-axis defined by a lag
time lagsc:

lagsc ¼
h2
sc

6Dsc
ð4Þ

The steady-state flux is also generally expressed in terms of Co,v,
the SC-vehicle partition coefficient Ksc and the SC permeability
coefficient for a given vehicle, kp,v as shown in Eq. (5):

Jss ¼ Ksc;v
Dsc

hsc
Co;v ¼ kp;vCo;v ð5Þ

Under thermodynamically stable conditions, the maximum flux
of a drug Jmax,v is defined by its saturation solubility in the vehicle
applied. So that for an aqueous solution when v = aq, this satura-
tion solubility is Saq and Jmax,aq is given by:

Jmax;aq ¼ K
sc;aq

Dsc

hsc
Saq ¼ kp;aqSaq ð6Þ

https://pubchem.ncbi.nlm.nih.gov/
https://www.chemspider.com/
https://www.drugbank.ca/
https://www.drugbank.ca/
https://www.chemicalbook.com/
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Obvious larger fluxes may be observed under supersaturation
conditions as reported in several studies. The fuller form of Eq.
(1) also includes an extra term on the denominator to reflect
back-flux when sink conditions do not exist below the target site
possibly due to poor solubility in deeper tissues, such as in the der-
mis, reducing Css,local [74]. CLskin will also be defined by both diffu-
sion away from the site, associated metabolism/active transport
processes (which is often heterogeneous in distribution, e.g.
CYP1A1 mainly found in stratum basale whereas CYP1B1 is found
elsewhere; both are in the dermis [75]), local blood and lymphatic
flow, and potential recirculation from the systemic circulation back
into the skin (Fig. 4).

4. Modeling drug permeation through the stratum corneum
(SC).

We now consider each of these aspects in more detail and begin
with drug permeation across the main barrier for skin permeation,
the stratum corneum (SC), and the in-silico prediction of drug
transport across the SC.

4.1. In silico prediction of permeability

Most of the studies on topical drug delivery have focused on
epidermal permeation and, as shown in Table 2, the drugs are quite
variable in size (as defined by molecular weight, MW, or molecular
volume, MV), melting point (MP), lipophilicity as defined by the
logarithm of their octanol–water partition coefficient (log P), sol-
vent solubility and the number of hydrogen bond donor (Hd) and
acceptor (Ha) bonds they will form. In principle, the maximal skin
permeation flux (Jmax,v) for any drug is given by the product of its
solubility in the stratum corneum (Ssc) and diffusivity in the stratum
corneum (Dsc), divided by the pathlength for diffusion in the stra-
tum corneum (hsc), where Jmax,v = Ssc,v Dsc/ hsc [41] and these can
be estimated using these physicochemical properties for the drug
and the skin. It was Gene Cooper’s group that first showed that
the maximum steady-state flux of drugs across the skin was
defined by the drug’s molecular volume and octanol solubility
[52,53]. An important observation made by Kasting in 2013 [53],
and not often appreciated by those of us who have used his data
from that time, is that, regrettably, his experiments as he described
them in 1987 [52] were flawed because both their vehicle (propy-
lene glycol) and receptor phase (1: 1 ethanol: water) enhanced skin
permeability.

Using a large dataset derived from solutes delivered from aque-
ous vehicles, we used a step-wise regression to explore the under-

lying Quantitative drug Structure skin Permeation Relationships
(QSPR) and confirmed that the dominant determinant of a drug’s
maximum skin flux for aqueous solutions (simply represented here
as Jmax) was the drug’s MW [56], which had previously been shown
to be mainly governed by the free volume for diffusivity of the
solutes in the stratum corneum [52]:

log Jmax = � 3.90 � 0.019 MW (n = 87, R2 = 0.85) ð7Þ

Interestingly, the physicochemical properties of melting
point (MP), log P and estimated solute solubility in octanol
(Soct) did not greatly improve the regression (R2 increased to
0.86 for Soct and to 0.88 for MP). These were potentially signif-
icant predictors as log Ssc should be related to Soct [52] and log
Ssc to log P and MP [56] based on log Km being directly related
to log P [76] and log Saq related to log P and MP [77]. How-
ever, adding a third covariate of hydrogen bonding acceptor
(Ha) with a melting point term (MP*) did improve the regres-
sion to:
10
log Jmax = � 4.35 � 0.0154 MW � 0.293 MP* + 0.371 Ha

(n = 87, R2 = 0.92)
ð8Þ

Fig. 5A shows that these latter terms have removed the 5 out-
liers seen in the regression for MW only (Eq.7).

Bouwman et al. [78] investigated the applicability of 33 QSAR
models in regulatory risk assessment on their test dataset and fil-
tered these models that satisfy the five OECD principles for QSAR
models: (1) a defined endpoint, 2) an unambiguous algorithm, 3)
a defined domain of applicability, 4) appropriate measures of
goodness-of-fit, robustness, and predictivity and 5) a mechanistic
interpretation, if possible. They found that the Magnusson et al.
MW only model (Eq. 7) gave better predictions than the other suit-
able/selected models they considered, such as McKone and Howd
[79], Moss and Cronin [80], and SKINPERM [81] models. Further,
the Magnusson et al. [56] model is widely applicable and had
passed external evaluation/validation because the model was
developed using solutes with a wide range of physicochemical
properties. Milewski & Stinchcomb (2012) [82] analyzed this same
Magnusson et al. dataset [56] for Jmax with a more common, but
indirect method, based on the highly cited Potts and Guy equation
(Equation (2)) [55]. Here, the SC epidermal permeability coefficient
from aqueous solutions (kp,aq) expressed in cm/hr from the Flynn
dataset [54] (Fig. 2) were related to log P and MW as shown in
Eq. 9. Here, kp,aq is estimated from the steady-state epidermal flux
for a drug at a given drug concentration in the aqueous solution
divided by that concentration or, for a saturated aqueous solution,
kp,aq = Jmax/ Saq. A key assumption made in this work and through-
out this review is that transport in the viable epidermis is generally
not rate-limiting. However, there are several studies [83,84],
including our own [85,86], which show that this is not always
the case.

log kp;aq = 0.71 log P � 0.0061 MW � 2.7 (n = 93; R2 = 0.67)

ð9Þ

where it also follows that kp,aq equals Ksc,aq Dsc/ hsc, where Ksc,aq is
the stratum corneum-water partition coefficient, which in a satu-
rated aqueous solution, is given by: Ksc,aq = Ssc/Saq. Many studies
have also reported that Ksc,aq has a dominant dependence on log P
[76,83,84,87,88] described most simply by [76,87]:

log Ksc;aq ¼ � 0:024 þ 0:59 log P n ¼ 45; R2 ¼ 0:84
� �

ð10Þ

A major step forward was made by Raykar et al. [89], who rec-
ognized that drugs could partition into both the protein and lipid
domains of the SC. This work was then applied in examining the
transport of a series of drugs across the SC [90]. The SC partition-
ing concept was then taken further forward by Nitsche et al. [88],
who concluded that a two-phase model is preferred to conven-
tional relationships as described in Eq. 10. Eq. 11 shows a recent
example of this two-phase model based on the available data
[91]:

Ksc;aq ¼ /pro

qpro

qaq
Kpro þ /lip

qlip

qaq
K lip þ /aq ¼ 0:0284 P0:69 þ 1:082 P0:31 þ 0:782

n ¼ 95; R2 ¼ 0:79
� �

ð11Þ

where qpro, qlip and qaq represent the bulk density of protein, lipid,
and water with values of 1.37, 0.9, and 1 g/cm3; /pro, /lip and /aq are
the average volume fractions of protein (0.187), lipid (0.0316) and
water (0.782) phase in fully hydrated SC respectively, with solute
partition coefficients for SC from water (Ksc,aq), SC protein-water
(Kpro) and SC lipid (Klip) being related to P, the octanol–water parti-
tion coefficient (=10log P).



Fig. 5. . Predicted versus observed relationships for solute epidermal Jmax with various QSPR models using the Magnusson et al. training dataset of 87 records in Fig. 5 A, C, and
E, and in Figs. B, D, and F, a model external validation using subsequently published aqueous solution data for 384 records from [107]. Also included in Figs B, D and F is a
model update using the combined dataset of 471 records. The individual panes are A) Predicted Magnusson et al. [56] Jmax models for MW alone and Eq. MW, MP* and Ha

versus experimental Jmax based on et al. aqueous training dataset, B) Validated Magnusson et al. Eq. MW, MP* and Ha using Cheruvu et al. [107] dataset showing the updated
overall regression equation, C) Predicted Jmax of Abbott (Eq. 8) and Milewski (Eq. (6) in [82] adjusted the units of Jmax to mol/cm2/h) models versus experimental Jmax based on
Magnusson et al. aqueous training dataset, D) Validated Milewski Eq. using Cheruvu et al. [107] dataset showing the updated overall regression equation, E) Predicted Jmax of
Roberts-Sloan Eqs. 15 and 16 published in Majumdar et al. [100] and Juntunen et al. [101] reports respectively versus experimental Jmax based on Magnusson et al. aqueous
training dataset, and F) Validated Juntunen Eq. 16 of Roberts-Sloan model using Cheruvu et al. [107] dataset, showing updated overall regression equation. The solid black line
indicates line of identity while black dashed lines enclose the region of an ideal correlation ± 1 log unit. The blue color plus symbols indicates the predicted values based on
the updated overall regression equations using the sum of the Magnusson et al. aqueous training and Cheruvu et al. validation data sets shown in B, D and F. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A large number of other relationships between kp,aq, and physic-
ochemical properties of solutes have been described, including the
solvatochromic [92–94], molecular group contribution [95], and
solubility parameter [96]. Kasting has pointed out that the product
of kp,aq, and Saq, in turn, also define Jmax per unit area prediction for
hydrated human skin that encompasses the full range of solutes,
i.e. from the very polar to the very lipophilic [53]. This relationship,
defined earlier by Higuchi [43], was formally tested by Milewski
11
and Stinchcomb [82], who used the general aqueous solubility
model for Saq (in mol L�1), where MP is in �C [97]:

log Saq ¼ � 0:012 MP � 25ð Þ � 1:031 log P þ 0:424

n ¼ 580; R2 ¼ 0:97
� �

ð12Þ

describing Jmax (here, in mol cm�2 h�1) in terms of kp,aq values in a
multiple linear regression of a training (n = 87) and validation
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(n = 121) (total 208) dataset, the same dataset used in Eq. 7 [56].
They obtained as a resulting expression for Jmax:

log Jmax ¼ log kp;aq þ log Saq

¼ �4:4� 0:219 log P � 0:0086 MW

� 0:0102 MP � 25ð Þ n ¼ 208; R2 ¼ 0:81
� �

ð13Þ

A more direct method, described by Steven Abbott [98], also
used the Magnusson et al. dataset [56] to estimate Ssc using 3D
Hansen solubility parameters and assume Dsc is inversely propor-
tional to drug size (MW or MV). This work takes advantage of the
prior Hansen dipole (Dd), polar (Dp), and hydrogen bonding (Dh)
parameter estimates for skin lipids of 8.0, 6.1, and 5.4 with a radius
of 2.45 from the skin permeability for the four solvents DMSO,
NMP, DMF and DMAC through human skin [99] and the ideal sol-
ubility of a drug in water (Xi), given by the first term in Eq. 12.
Abbott also used the Magnusson et al. [56] dataset from aqueous
vehicles and found by regression [98]:

log Jmax ¼ �3:00� 0:0093 MP � Texp
� �þ 2:06:e�5MV � HSPdis tan ce

� 0:071 MV0:748 n ¼ 284; R2 ¼ 0:87
� �

ð14Þ

where solutes withMP above the experimental temperature Texp are
solids at (i.e. MP > Texp), with this term dropping out to 0 for those
solutes which are liquid at Texp, HSPdistance2 = 4(Dd1-Dd2)

2 + (Dp1-
Dp2)

2 + (Dh1-Dh2)
2 and subscripts 1 & 2 represent the skin and drug,

respectively. Abbott’s results essentially confirmed the findings of
Magnusson et al. [56] that MP is a significant covariate to Jmax in
addition to MW but had a small impact on the overall dominant
dependency of Jmax on MW. Fig. 5C shows that, whilst the overall
regression is similar for the Milewski and Stinchcomb [82] and
Abbott [98] models, the pattern of residuals for individual solutes
from the line of identity differ.

Ken Sloan’s team developed an alternative QSPR strategy in
which they explicitly regressed Jmax against Soct and Saq of solutes
as well as MW. Their first (Roberts-Sloan) analysis yielded a QSPR
of [100]:

log Jmax = � 3.008 + 0.732 log Soc + 0.268 log Saq
�0:00481MWðn ¼ 62;R2 ¼ 0:93Þ ð15Þ

Their QSPR was then slightly different when tested using an
extended database [101]:

log Jmax = � 2.506 + 0.538 log Soc + 0.462 log Saq
�0:00402MWðn ¼ 185;R2 ¼ 0:84Þ ð16Þ

Here, we evaluated these regression equations using the same 87
solute Magnusson et al training data set and obtained the results
shown in Fig. 5E. It is apparent that whilst the overall regression
appeared to be similar to the earlier ones for Magnusson et al., Mile-
wski and Stinchcomb [82] and Abbott [98] models to the same their
extended model had similar regressions to the other models shown
in Fig. 5A and C and had removed the group of outliers below the
line of identity seen for their initial model (Fig. 5C). Given the sim-
ilarity of these quite different QSPR regression models, the advan-
tages that one method offers over another are not clear. This
question is important given that some authors have suggested that
the solubility parameter approach may be preferred over the Potts-
Guy approach, for example, in predicting NSAID skin permeability
[102].

Gramatica et al. [103] have pointed out that the value of QSPR
models in not so much in their ability to describe data (as defined
by R2) but in being able to predict the epidermal permeation for
unknown solutes. In their view, whilst internal validation is impor-
tant, the effective predictive capability of a model is better defined
through its generalisability, i.e. external validation. This is tradi-
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tionally done by splitting an original dataset, as was applied to
the Magnusson et al. dataset by Milewski and Stinchcomb [82] to
arrive at Eq. 13. Blind external validation involves analysis of
new samples from an independent dataset, desirably with an ade-
quate statistical power and different investigators to balance opti-
mism from model overfitting with (often) small sample size and to
maximize the model’s generalisability [104]. Such an approach has
been used in Quantitative Structure-Permeability Relationships
(QSPR) [105] and has been advocated in Quantitative Structure-
Activity Relationships (QSAR) for activity [106]. The subsequent
publication of many epidermal permeation studies has allowed
us to create a new external database, that we describe in our
accompanying paper [107], and that enables us to undertake a
blind test external evaluation of previously defined QSPR findings.
The accompanying database consists of the maximum fluxes and
epidermal permeability for 144 drugs, xenobiotics, and other
solutes from aqueous solutions, yielding 471 individual permeabil-
ity values. Here, we used this data to further develop and validate
the relationships discussed above and shown in Fig. 5A, C and E for
the Magnusson et al. [56] dataset. Here, we apply the new Cheruvu
et al. 384 dataset values [107] to provide external validation for
each model in Fig. 5A, C, and E.

Fig. 5B, D, and F show that the adjusted R2, RMSE, and AIC with
the new dataset [107], that define the predictive accuracy for each
model, is lower than had been forecasted by the full Magnusson,
Milewski, and Stinchcomb and updated Roberts-Sloan equations
using the Magnusson et al. training dataset [56]. The updated over-
all regression equations for the combined dataset (n = 471, based
on Magnusson et al. [56] aqueous training dataset (n = 87) plus
the Cheruvu et al. [107] new validation dataset (n = 384)) are
shown in Fig. 5B, D and F. Here the corresponding new regression
equations based on the best fit models of Magnusson et al. [56] (Eq.
8), Milewski & Stinchcomb [82] (Eq. 13) and Roberts-Sloan model
from Juntunen et al. [101] (Eq. 16) are shown in Eqs. 17, 18 and
19 respectively:

log Jmax = � 4.73 � 0.01364 MW � 0.2045 MP* + 0.3028 Ha

(n = 471, Radj
2 = 0.71, RMSE = 0.89, AIC = � 97) ð17Þ

log Jmax = � 4.80 � 0.29 log P � 0.0078 MW � 0.0079 (MP � 25)

(n = 471, Radj
2 = 0.73, RMSE = 0.87, AIC = � 118) ð18Þ

log Jmax = � 2.26 + 0.31 log Soc + 0.69 log Saq � 0.0017 MW

(n = 471, Radj
2 = 0.83, RMSE = 0.73, AIC = � 284) ð19Þ

Importantly, based on regression statistics and outlier distribu-
tion the Roberts-Sloan model appears to describe Cheruvu et al.
new data [107] better than the other models. A key challenge in
this area is that when the external validation suggests that the ini-
tial model’s predictions are not as robust as originally forecasted,
as is evident for the QSPR models in Fig. 5B and D, such differences
have invariably led to the original model being rejected. A common
approach is then to replace it by a new one based on the new data
only, but with the same aim [108]. A key consideration then is the
potential need for recalibration to adjust for potential data differ-
ences in, for instance, study temperatures as well as to understand-
ing temporal (later, new data from same laboratories as in original
study), geographical (data from other laboratories) and domain
(drug data with very different physicochemical properties to the
original database) variability. We have also included in Fig. 5B, D
and F updated predictor regression coefficients for each of the
models using the entire Cheruvu database (i.e. Magnusson et al.
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data [56] plus new data). It is evident that the updated regressions
don’t greatly improve the regression statistics, suggesting that the
original equations were appropriate for the physicochemical prop-
erties described.

Also identified in Fig. 5B, D and F are the significant outliers.
Interestingly, the same outliers are evident for each of the models
and include estradiol, oleic acid, and bis(2-ethylhexylphthalate)
above the line of identity with certain sugars below the line. Fur-
ther, the steroid outliers and ionized solutes evident as outliers
in Fig. 5B and D don’t appear as such in Fig. 5F. Accordingly, it could
be argued that an additional parameter should be added to Fig. 5B
and D to address this deficiency, recognizing that such models
would also need to be externally validated [108]. Other analyses
have also included log P and MW, MP [109], Ha and Hd [80,110],
MW2/3 [111,112], expressions for two pathways [78,81,113], and,
as discussed later, non-linear QSPR models [114]. Lian et al. [112]
have suggested that kp,aq predictions based on Abraham descriptors
[76,87,92,93] have collinearity and lack a mechanistic explanation.
However, it is only in the Roberts-Sloan model that Saq appears as a
parameter. In work using 114 compounds from the Fig. 2 dataset
and their prodrugs, Sloan et al. related log Jmax to the logarithm
of the drug octanol solubility log Soct, log Saq, and MW with an r2

of 0.887 [115]. This analysis suggests that Jmax for any potential
drug candidate for topical delivery is defined by its solubility in
the SC (and, in turn, mainly by its MP, Saq, and Soct) and diffusivity
in the SC (mainly defined by drug size, i.e., MW or MV).

Scheuplein and Blank [30] noted some 50 years ago that
‘‘hydrated stratum corneum has an affinity for both water-soluble
and lipid-soluble compounds. . ., its unique, encompassing solubility
characteristics cannot adequately be duplicated over the full range
of polarity by any lipophilic solvent. For this reason previous attempts
to predict permeability constants generally from limited correlations
found with olive oil: water or ether: water partition coefficients proved
unsuccessful.” The Roberts-Sloan model, in including both Saq and
Soct, meets these criteria. This model also suggests that the best
drug candidates for topical delivery are those which are small
(MW <500 Da), moderately lipid in nature (log P from 1 to 4) and
have reasonable Saq. However, the regressions found in the
Roberts-Sloan model are associated with a considerable scattering
of data around the line of identity and it is possible that other drug
physicochemical parameters not tested here but which have been
shown to affect skin flux, such as hydrogen bonding [76] and melt-
ing point (MP <200 �C) may also be important determinants of a
drug’s maximum skin flux.

The scatter plots shown in Cheruvu et al. [107] suggest that the
further update of the equations described here should also include
a log P2 term, consistent with the maximal parabolic relationship
with log P, as first shown by Lien and Tong [45,116] and later
shown to be the main determinant in Jmax variation for solutes of
similar size [117]. The practical application is that the likely
steady-state amount Q(t)ss of a drug penetrating per unit area of
skin in time (i.e., the steady-state flux Jss for that drug) is simply
the product of the Jmax and fractional solubility in the product,
where fractional solubility is given by the actual concentration of
drug in the product divided by its total concentration. Further,
the parabolic relationship with log P (Eq. 11, [117]) implies that
the optimal solubility of a drug in the SC will be for those drugs
that best dissolve in SC lipids at optimal log P. Then follows that
because Jmax is directly related to Ssc [117], an optimal Jmax will
be for those solutes most soluble in SC lipids.

Pecoraro et al. has recently presented an excellent overview of
the reliability and caveats that need to be applied in using the in
silico QSPR approach described above [114]. As they point out,
there is a danger in regarding drugs such as Scheuplein’s set of
steroids [118] as outliers when they differ from results from other
laboratories [119] but, as large hydrogen bonding drugs, are
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accommodated by global QSPR analyses of skin permeability data-
sets containing a more diverse group of chemicals [80]. Further,
even if the physicochemical determinants of molecular size and
acceptor hydrogen bonds [120], which both contribute to parame-
ters like log P, are theoretically decoupled, that does not avoid the
intercorrelation present in the ‘‘drug-like” database used to inter-
relate experimental data with these determinants. They also sug-
gest that QSPR analyses should also include robustness and
predictivity in assessing regression quality in addition to the good-
ness of fit measure shown above.

In general, most human skin QSPR studies have assumed that
steady-state SC transport can be described by a one dimensional,
homogenous diffusion model or approximation thereof when SC
transport is much more complex. However, in reality, there are a
number of barriers, transport pathways, binding sites, and milieu
a drug must cross, weave through obstacles in SC diffusion path-
ways, and transition into and out of in crossing the SC. Further,
as discussed in 3.2, the SC morphology varies with its depth. Peco-
raro et al have recently compared the outcomes from non-linear
and linear QSPR models describing SC permeability [114]. The
non-linear models included artificial neural networks, random for-
est, and Gaussian regression models. In one example, Sun et al.
[121] applied a range of non-linear methods to relate human skin
permeability coefficients to five molecular descriptors (MW, solu-
bility parameter, log P, and the number of hydrogen acceptor and
donor bonds) using the Flynn database (Fig. 2). The methods
included K-nearest-neighbour regression, single-layer networks,
the mixture of experts, and Gaussian processes. Of these, Gaussian
processes outperformed all other methods including the Potts-Guy
relationship [55] in describing the Flynn data [54], with a canonical
correlation analysis showing that the variables were not linearly
related [121]. Their observation that skin QSPRs are best described
by non-linear Gaussian processes is consistent with recent efforts
to recognize that there is a statistical variability in SC drug trans-
port mechanisms [122].

That being said, most non-linear QSPR models for skin perme-
ation have applied a ‘‘black box’ approach and don’t recognize,
for instance, the possible differing skin partitioning, retention,
and permeation behavior between lipid, polar and ionized drugs
and the impact of topical formulation on these processes. Further,
as noted by Cronin and Schultz, nonlinear QSPR models may be
prone to over-fitting and modelling data error [123]. Therefore,
as discussed by Pecoraro et al. [114], internal cross-validation,
now characterized using QLMO2 (leave-many-out) or bootstrap
methods, the root mean square errors (RMSE and RMSECV) and
external validation are also required. We would further suggest
that a Visual Predictive Check (VPC) and its associated outlier anal-
ysis, as used earlier in analysing the data in Fig. 5, is another impor-
tant validation step.

4.2. Physiologically Based – PharmacoKinetic (PBPK) modeling of drug
transport through the SC into and through deeper tissues

Essentially, three types of dermal PBPK models are commonly
used in modeling SC transport:

(1) Analytical one dimensional (1D) diffusion in each skin layer
and in the appendages, pioneered by Scheuplein [30,48,51], and
developed for a number of scenarios, as summarized by Anissimov
& Roberts [74];

(2) Stirred compartment representation of the skin (and later its
layers and appendages) and the body [28,74,124], evolving into a
series of compartments to represent various skin and deeper tissue
layers, linked to compartments representing the body and includ-
ing recirculation to the skin [125,126]. This approach is also used in
the modular compartment representation of skin layers, appen-
dages, and the body and its organs, that has been further developed
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and incorporated as the modules MechDermA� PBPK and Trans-
dermal Compartmental Absorption & Transit (TCATTM) in Certara’s
Simcyp [127,128] and Simulations Plus’s GastroPlus� [129] widely
available population PBPK software.

(3) More faithful representation of skin morphology and transport
processes with 2D and 3D modelling, supported by relatively com-
plex and computationally intensive, finite element simulations
[130–135] and summarised by Wen et al. [136].

Each of these model types has pluses and minuses. For instance,
diffusion models can simply and accurately describe the space and
time dependence of transport processes in the product, in all layers
of the skin, and in the appendages. The most commonly used form
of this model is a steady-state approximation in which the linear
portion of a plot of cumulative amount permeated through the skin
from a constant donor solution defines a steady-state flux, and the
lag time is determined by back extrapolation of the line to a zero
amount. Approximations to define the peak flux, time of peak flux,
terminal half-life, and amount absorbed, i.e., paralleling the com-
monly used pharmacokinetic parameters of Cmax, tmax, t1/2, and
AUC, have also been defined for the finite dose model [74].

Early PBPK model development. Traditionally, SC permeation
had been thought up to the mid-1970s as occurring by diffusion
through SC, viable epidermis, and dermis as homogenous barriers.
SC transport was postulated to have a polar and lipid pathway,
augmented by follicular permeation at early times [30], with suc-
cessive diffusion across intercellular lipid lamellae and corneocytes
in sequence [137]. Michaels et al. [49] introduced in 1975 an ideal-
ized representation of the SC as a staggered ‘‘brick and mortar”
structure, with no offset in brick staggering. Here, the corneocytes
are the bricks and the mortar was the intercellular lipids, similar to
as shown in Fig. 4B. They proposed that, as well as transcellular
transport, SC transport could also occur solely via diffusion through
the SC intercellular lipid phase, in a process dependent on the
effective pathlength through the tortuous lipid pathways around
the corneocytes. That, along with the very small area for lipid
transport between the cells compared to corneocyte surface area,
would require a SC lipid diffusivity about 600 fold more than for
bulk diffusion [51]. Albery and Hadgraft [138] appear to be the first
to propose permeation of solutes through the SC primarily via the
SC intercellular lipid route. Their work is based on a theoretical
analysis of their data for the in vivo percutaneous absorption of 3
nicotinic acid esters. They suggested that any drug with an inter-
cellular lipid to corneocyte ratio of more than 6 would permeate
via the intercellular lipid route. This finding was supported by
the experimental in situ precipitation electron microscopy butanol
data of Nemanic and Elias [139].

In parallel, diffusion-based models began to be derived for topi-
cal delivery [140] and transport of drugs through the skin
[138,139–143]. Most of these models described the transport of
solutes in the SC and viable epidermis (including metabolism)
[142] after topical application in the Laplace domain, with short
and long time analytical approximations. Bunge has also presented
analytical (series) solutions [83,84] while we have solved these
models using numerical inversion of the Laplace transforms to
characterize changes in the amount of solute transport through
excised human epidermal membranes [74]. In all cases, we have
recognized that Laplacian and analytical forms of the diffusion
models may be intractable when there is a multitude of processes
or non-linearities in concentration and time.

Given the complexities associated with the diffusion model, a
number of studies have sought to use compartmental models as
alternative representations of the diffusion process. Riegelman
(1974) [28] was one of the first to apply compartmental modeling
to interpret plasma concentrations and urinary excretion of drugs
after dermal absorption in terms of competing absorption and
elimination processes. Guy et al. (1982) [144] then developed a
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more sophisticated 3-compartment dermal PBPK model and we
linked a series of compartments, representing skin and deeper tis-
sue layers, to the body [125,126]. Bunge [145–147] then presented
a rational strategy for ‘‘converting” diffusion models to stirred
compartment models with clearly defined assumptions as well as
strategies for choosing the best fit-for-purpose PBPK compartment
model. A further modelling advance was the integration of modu-
lar ‘‘well stirred” dermal layer and appendage compartment ‘‘sub”
models into physiologically based pharmacokinetic models devel-
oped for other inputs into the body. These models, such as Certara’s
Simcyp MechDermA PBPK model, are growing in popularity
because of their ready availability and ease of use, with inclusion
of various known or estimated physiochemical and physiological
data, QSPR and dose form release equations, enable sensitivity
analyses of various parameters being used as necessary. This model
is discussed again later in this review.

More recently, a team led by Anissimov has proposed a
compartment-in-series approach as a simplified representation of
diffusion in each skin layer [148]. We have now used this model
for a range of applications such as demonstrating its equivalence
to a diffusion model to describe IVPT-in vivo relationships for uri-
nary excretion, plasma concentrations, and solvent deposited
solutes [86]. An advantage of this compartment approach is that
it can enable the concept of modularity and has the capacity of
adding further compartments (as shown by Anissimov & Roberts
for the liver [149]) to become a finite volume 2D and 3D represen-
tation of the SC and other skin layers.

Further considerations in the mechanistic transport by the SC
intercellular lipid pathway. When SC transport is assumed to
occur into and out of SC lipids with permeation into and out of
the corneocytes along the way with the transport through the SC
via lipids only (Fig. 4B), the permeability coefficient term in Eq.
(5) should be expressed in terms of the effective drug diffusion
coefficient in the SC intercellular lipids DL, the partition coefficient
of the drug between the product and the SC intercellular lipids KL,
the intercellular path length hl and the ratio of the area of lipids on
the SC surface to that of the SC, assuming it behaves as a homoge-
nous membrane [103]:

kp;aq ¼
Jsc;ss
Co

¼ KLDL

hL

AL

Asc
ð20Þ

Many authors have re-expressed Eq. 17 in terms of the SC thick-
ness hsc by defining a lipid pathway tortuosity s*= hl/hsc, so that the
effective lipid diffusion pathlength is given by s*hsc and the steady-
state permeability coefficient kp,aq for a solute permeating through
the SC by only the intercellular lipid pathway may be expressed as
[111]:

kp;aq ¼ KLDL

s�hsc
ð21Þ

A value of s*hsc ~ 3.6 cm has been reported for 15 layers of SC
with a thickness of 13.1 mm (i.e. s* ~2740 [150]). It has been sug-
gested that > 82% of s* comes from lateral diffusion in the layer
of SC lipids (~0.075 mm thick) above and below the longest corneo-
cyte (~40 mm) edges and the rest (<18%) from getting into, through
and from the vertical lipid paths (~0.075 mm wide) between the
shortest (~0.8 mm) edges of the corneocytes and when SC transport
has no resistance [111,150]. Talreja et al. estimated a lower geo-
metrical tortuosity of 12.7 ± 2.3 (SD), using alkali expanded stained
human SC microscopy and similar thicknesses for corneocytes and
lipid lamellae [151]. Frasch and Barbero [103] have estimated that
the SC lipid pathway associated with going around ~40 mm corneo-
cytes would be about 37.4 times that for hsc. The experimental
values of KL for lipid-water systems can be related to a drug’s
octanol–water partition coefficient (P) by KL ~ P0.7 [111] (with the
exponent reported to also range from 0.71 to 0.86 [150] and
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DL ~ 2 � 10-5.exp(-0.46. r2), where r is the drug radius [111]. John-
son et al. have noted that DL shows an approximate dependence on
molecular weight to about 350 Da with a lesser dependence there-
after. Thus, with a DL of ~ 10�7 cm2 sec�1 for a 150 Da drug, the lag
time for that drug to reach lateral diffusion equilibrium in a uni-
form staggered corneocyte and lipid structure (i.e. no offset yields
a half corneocyte width hc/2 of 20 mm, i.e. 0.002 cm) is (hc/2)2/(6.DL)
[152] ~ 6 sec, about 100 times less than the lag time of 10 to 15 min
for the transport of alcohols [30] and phenols [46] of this size
across the SC. Kasting and Nitsche [153] also point out that
experimentally determined drug lateral diffusivity in lipids [150]
underestimates observed SC lag times. Thus, there must be an
additional SC barrier to the lateral diffusion of solutes in the SC
lipids around corneocytes for solutes being transported solely by
this pathway.

Lars Norlen, in personal communication, has highlighted the
observed thin linker regions in the SC extracellular lipid space
[154], shown in Fig. 6A1 to 4. The SC extracellular lipid space varies
in thickness depending on how many repeat lipid bilayers are pre-
sent in any given cross-section. Each bilayer, illustrated in Fig. 7, is
about ~ 11 nm wide and consists of alternating narrow (~4.5 nm)
and broad (~6.5 nm) segments [155,156] that appear as parallel
electron-dense lines on cryoelectron microscopy imaging. The
number of repeats varies between one and ten parallel electron-
dense lines [154], giving SC intercellular region thicknesses of
9 nm (illustrated in Fig. 6A3) to 48 nm, with 2 repeats (4 lines,
~22 nm) and 4 repeats (8 lines, ~44 nm) (also illustrated in Fig. 6
A3) being the most common [155]. Fig. 6A1 and A2 also shows
examples where these thick lipid regions extend over 41 mm
between mid-SC corneocytes whereas the thinnest linker sections
have a length of ~ 250 nm [154]. The other structures that can
impede drug transport in the SC extracellular lipid space are tight
junctions and corneodesmosomes [157,158] mainly seen in the
lowermost cell layers of the stratum corneum and in the stratum
granulosum – stratum corneum transition zone, where a key role
of the tight junctions is to seal the interface between adjacent SG
keratinocytes and SC corneocytes (Lars Norlen, personal communi-
cation). In general, as illustrated earlier in Fig. 4A, corneodesmo-
some density thins out with proteolysis in normal skin so that
they a high density on the inner intercellular corneocyte surfaces
(i.e. in SC compactum), as shown in Figs. 6A5 and A6 but rather
sparse on the outer SC surfaces (i.e. SC disjunctum) (Fig. 6A7).
These observations are consistent with corneodesmosomes being
proteolyzed and lost in the desquamation process to become
absent above the fifth corneocyte layer [70]. The space occupied
by the corneodesmosome is then replaced by lipid structures that
migrate from the sides and are found as mature SC lipid bilayers
with 4 repeats (i.e. 4 � ~ 11 nm, ~44 nm) (Norlen, personal com-
munication). These bilayers, as Fartasch et al [159] has observed,
may appear within the remnants of a desmosomal plug and
desquamation induced widenening of the stratum disjunctum
space may be associated with an increased SC extracellular lipid
thickness. In one biopsy from the back, her team showed an exam-
ple of >100 lipid bilayers at one site [159]. However, SC cor-
neodesmosome distribution varies with body site, treatment
conditions and disease. As shown in Figs. 6A8 and A9, cor-
neodesmosomes are found on both the inner and outer SC corneo-
cyte surfaces in winter xerotic skin. A similar, more even
distribution of corneodesmosomes is also found in the outer SC
of palmo-plantar, soap-induced xerotic, ichthyotic and hyperkera-
totic skin [160]. Hyperkeratosis may arise from genetic mutations
affecting the corneodesmosome proteolysis machinery and, as
exemplified by posriasis, may be associated with scaly skin and
the survival of corneodesmosomes into the outer SC. On the other
hand, humidity, moisturisers (such as glycerol) and skin peels
(such as glycolic acid) promote corneodesmosome breakdown
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and desquamation [160]. Indeed, Mundstock et al noted that
applying a range of oil containing topical products to the SC pro-
moted detachment and, in some cases, loss of the stratum disjunc-
tum [161]. Hence, body site, skin condition and topical products
can all impact on corneodesmosome degradation and, in turn, on
SC thickness. That is not to say that inducing a thicker SC will nec-
essarily mean a less permeable SC. As noted long ago by Scheuplein
and Blank [30], water and other solutes can have a 10 times higher
permeability through the thick 400 to 600 lmplantar SC compared
to the thin 20–30 lm abdominal SC, with up to 150 times differ-
ence in SC diffusion coefficient. However, because of the thicker
skin, a solute’s lag time across plantar skin may be 10 fold that
through the abdominal skin. Our current knowledge of how vari-
ous solutes vary in their permeability across various body sites is
discussed later in Section 8.2.

A key conclusion from this work that impacts on PBPK mod-
elling is that drug transport in SC intercellular lipids will vary with
location, be it the SC depth or region (on corneocytes edges versus
on corneocyte faces) and the impact of environment, topically
applied products and skin disease on corneodesmosomes and on
SC lipid barrier properties (discussed earlier in this journal by Joke
Bouwstra [162]). This modelling will be further complicated by the
possible shunting of drugs through lipid pathways associated with
a columnar corneocyte arrangement as shown in Fig. 3E and the
possible decrease in SC lipid transport as a result of the transverse
lipid diffusivity at intersections of lipids being much lower than
transverse diffusion along lipid bilayers, as discussed by Nitsche
et al [134].

Overall, these observations raise questions of whether it is
really the tortuous pathway around the corneocytes that is con-
ventionally thought to limit SC intercellular lipid transport, or
whether it is the interconnections between the SC lipids at
the corneocyte edges that play a key role in rate-limiting trans-
port. Currently, the correlations between in vivo skin permeabil-
ity for benzoic acid and transepidermal water loss (TEWL) with
corneocyte surface area [154] have been attributed to an asso-
ciated reduction in intercellular lipid diffusion pathlength
around the corneocytes [163]. This modelling assumed corneo-
cytes were square-shaped so that for a corneocyte with area
Ac, the SC intercellular lipid diffusion pathlength required for
a drug to cross around the middle of an individual corneocyte

lc is given by lc ¼
ffiffiffiffi
Ac

p
2 , and the total pathlength l* to go around

n cells in crossing the SC, assuming a very small interstitial
space and a corneocyte thickness of ~ 1 mm (Fig. 4B) is
[163,164]:

l� ¼ nþ n� 1ð Þcc
ffiffiffiffiffi
Ac

p

2
ð22Þ

where cc is a shape factor and cc = 1 for a square shape. In reality,
the corneocyte is not square in shape but is better described as
interlinking tetrakaidecahedrons [165,166], with their geometric
features considered in some depth by Naegel et al. [167]. The short-
est pathlength for any drug to go between the centers on the two
sides of any regular n-sided polygon is defined by the twice the
apothem la, given by the distance from the center to the right angle

of any side, where la ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Ac
n tan p

nð Þ
r

[168], also yielding la ¼
ffiffiffiffi
Ac

p
2 for a

square with n = 4 and tan p
4 ¼ 1 and for a hexagon, which appears

to better describe the shapes of corneocytes found for different

body sites in Machado et al. [164], with n = 6 and tan p
6 ¼

ffiffi
3

p
3 ,

la ¼ 2
ffiffiffiffiffiffiffi
Ac
2
ffiffi
3

p
q

¼1.075
ffiffiffiffiffi
Ac

p
. Thus, providing the same regular n-sided

polygon shape is observed for all corneocytes, relationships like that
between TEWL and the reciprocal of pathlength for a number of
body sites based on the square root of the corneocyte area are to
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be expected. The analysis above also shows that the estimated la
depends on corneocyte geometry, so much so, that la for a hexagon
is more than twice that for a square with the same corneocyte area
and means that the effective intercellular lipid pathway length l* to
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SC thickness hsc ratio, discussed in Section 3.4 will also be twice as
long. Interestingly, the coefficient of variation in

ffiffiffiffiffi
Ac

p
of 30.7% is

very similar to that for TEWL of 22.3%, deduced from the data in
Machado et al. [164], suggesting that individual variation in corneo-
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cyte area also determines those individuals’ TEWL and likely skin
permeation of drugs. Importantly, Machado et al. (2010) [164], went
on to show a linear relationship between TEWL and the reciprocal
of path length for several body sites.

However, following on from the previous discussion on trans-
port pathways through SC lipids, it could also be argued that
increasing corneocyte surface area per unit area would also result
in an overall reduction in perimeter or corneocyte circumference
that defines SC lipid ‘‘slit” area per unit area. As the perimeter of
a corneocyte of different shapes (e.g. square, circle, and hexagon)
is directly related to

ffiffiffiffiffi
Ac

p
, the dependency of TEWL and SC drug

permeation on corneocyte area can therefore just as easily be
explained by corneocyte surface area related alterations in overall
intercellular lipid area at the corneocyte edges as can be by corneo-
cyte surface area related changes in SC intercellular lipid path-
length around the cells.

Some of these questions are not straightforward and complex,
finite element representation of skin transport in various layers,
including SC intercellular lipid transport, has been used by many
authors to find answers. The Wittum-Heisig-Naegel-Hansen team
has created what is perhaps the best 3D representation of skin
transport [165,166]. Alternative models have also been described
by Wang et al. [132,169], Johnson et al. [170], Chen et al. [171],
Kattou et al. [172], and Barbero and Frasch [130]. In their analysis
of these models, Barbero and Frasch [130] point out that there is
a conundrum in that: ‘‘the most recent models of Wang et al.
[132,169] and Johnson et al. [170] locate the main barrier in the
lipid phase, while Naegel-Hansen [166] and Chen et al. [171] con-
sider the corneocyte phase as the leading barrier”. We suggest that
this contradiction arises because of different views of transport in
the lipid bilayer. Johnson et al. differ from the others in that their
model assumes no diffusion through the corneocytes at all. The
others consider diffusion in both the lipids and corneocytes. The
key difference is whether diffusion in the lipid layers is (or is
not) isotropic. Wang et al. assume anisotropic diffusion in the
lipid layers and diffusion within the corneocytes, whereas Chen
et al. and Naegel-Hansen assume isotropic diffusion. To fit the
experimental data, Wang et al. derive parameters describing per-
pendicular transport across the lipid layers, whereas Chen et al.
derive parameters for diffusion within the corneocytes. The result
of the two approaches is that Wang et al. [132,169] predict per-
meation through the corneocytes whereas Chen et al. [171] gen-
erally do not. Both models predict the same steady-state values
of permeation because both have been fit to essentially the same
dataset but, because the two models represent different govern-
ing assumptions, they will predict different behaviour in some
cases, e.g., the lag time.
3

Fig. 6. A. Electron microscopy and other images of the stratum corneum. A1, A2. Cryose
extending over 41 mm (A2, open black arrows), interconnected by greater than 250 nm
asterisks defining an expanded extracellular space in a ~ 50 nm thick section. Scale bar
associated with an ~ 44 nm thick eight-line region (black square bracket). Scale bar f
microscopy of normal stratum compactum, with arrows pointing to corneodesmosom
replicas of the intercellular corneocyte surface of normal skin corneodesmosome aggrega
the outer SC (A5) whereas corneodesmosome aggregates are seen in both the inner SC (A
(A8) and outer SC (A9) in winter xerosis skin. Scale bar: 250 nm. From [160] with permiss
application. B: Electron microscopy of mercuric sulfide precipitated by ammonium sulfide
topically - mainly in SC disjunctum lipids, some in corneocytes; B2. After 10 hr topically -
After 10 hr to the dermal underside of 110 mm dermatomed skin - in SC compactum, ma
and then in SC disjunctum corneocytes. Reprinted from [180], with permission of Elsevie
treatment with C1: SC after 60% propylene glycol in water (control); C2: SC after the satu
after 60% propylene glycol in water (control); D2. Delipidized SC after the saturated soluti
shows 20 lm. C3, D3. 2-D plot of intensity (ratio of fluorescence) versus distance across
Reprinted from [404] with permission of Elsevier.
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Shunting of drugs and xenobiotics across the skin barrier
Drugs may be shunted through the SC by several mechanisms.

One, recognized many years ago by Bob Scheuplein, is the trans-
port at early times by hair follicles [173]. This transport has been
postulated to be most prominent in the early stages of skin absorp-
tion that is evident in vivo but, due to skin contraction, may be
minimal in vitro, as we have shown by modelling the transport of
caffeine through open and closed follicles [174]. Discussed later
in Section 6 are a number of studies evaluating the hair follicles
as a drug transport pathway.

Another is the possible shunting of drugs via a parallel porous
pathway, with an estimated pore radius of 15 Ao to 25 Ao [175],
which explains under-prediction by the Potts-Guy model of vari-
ous polar solutes, including sucrose. Drug transport by iontophore-
sis and low-frequency sonophoresis is associated with similar radii
restrictions, leading to a postulate that the polar pathway may be
across hydrated intercellular lipid polar head groups [176,177].

Integrating corneocyte permeation, diffusion, and binding
into dermal PBPK kinetics.

A further possible shunt pathway is transcellular across corneo-
cytes and interfacing SC intercellular lipids. Most studies to date,
including those of Scheuplein [51] and Michaels et al [49] have
ignored the potential impact of corneocyte wall permeability.
Indeed, Scheuplein [51] explicitly comments in his recent looking
back paper: ‘‘Higuchi and Yotsuyanagi included both the cell walls
and the intercellular lipid in the cell wall phase (the diffusivity of the
cell walls per se seems to have been neglected in recent models; they
may yet be shown to be important”. Instead, several studies assume
that drugs readily penetrate the corneocytes to make this a viable
pathway [49,49,130,130,169]. As we do not have good estimates of
the impact of corneocyte permeability (defined by influx and out-
flux rate constants kin and kout) at this time, we have not addressed
this PBPK aspect to any extent here. This task is made all the harder
by the realistic and known shunting possible via the appendageal
pathways of the follicular and sweat ducts, discussed in a most ele-
gant model comparing SC and shunt transport for polar and lipo-
philic drugs by Kasting et al. [178]. Suffice to say, however, that
drug binding to keratin and the associated slow binding desorption
kinetics, quantified in a range of studies led by Steffi Hansen
[165,165,179] will only be critical to the SC transport for those
drugs which have permeated into the corneocytes.

The available imaging data on the extent to which SC corneo-
cyte permeation contributes to overall SC transport is equivocal.
The stratum disjunctum and stratum compactum have been long
established by histology. Further, as discussed in 3.2, the available
evidence is that the stratum disjunctum is affected by changes in
hydration status whereas there is little or no change in the stratum
ction of mid-SC showing extracellular ~ 44 nm thick regions (B, open black arrows)
long, thinner linker regions at corneocyte edges (solid black arrows) and with black
: 200 nm. A3, A4 ~ 9 nm thick linker region containing one line (thin white arrow)
or A3: 50 nm. From [402] with permission of Elsevier. A5. Transmission electron
es, scale bar 500 nm. Reproduced (CC-BY 4.0) from [161]. A6–A9: Freeze fracture
tes (marked with asterix *) have a high density in the inner SC (A4) but are sparse in
6) and outer SC (A7). In contrast, corneodesmosomes are seen in both the inner SC
ion from Elsevier. [161]. B and C. Images of xenobiotic distribution in SC after topical
vapor after application of 5% mercuric chloride (MW 271.5; log P 0.1): B1. After 1 hr
more in SC disjunctum corneocytes and deeper, mainly in SC compactum lipids. B3:
inly in lipids in the intermediate region between SC compactum and SC disjunctum
r. C and D: Multiphoton images of b-naphthol (MW 144.2; log P 2.70) in SC after 4 hr
rated solution of b-naphthol in 60% propylene glycol in water and D1. Delipidized SC
on of b-naphthol in 60% propylene glycol in water applied to delipidized SC Scale bar
the same position as illustrated by a straight line in the MPM images, from Image J.
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compactum. The limited drug and xenobiotic data are also consis-
tent with variations in transport into and through these sublayers.
As shown in Fig. 6 B2, mercury distributes mainly into the intercel-
lular lipids in the deeper SC compactum after topical application.
However, in the superficial SC disjunctum, mercury also distributes
into both the corneocytes and intercellular lipids at short and long
times [180] (Fig. 6B1). Further, when mercuric chloride was
applied from underneath the SC, there was again a distribution of
mercury into both the SC disjunctum corneocytes and intercellular
lipids. Harry Bodde’s team then went on to obtain reflection con-
trast microscopy and electron microscopy autoradiographs of 3H-
estradiol (MW 272.4, log P 4.01) and 3H-norethindrone acetate
(MW 340.5, log P 3.66) in human SC after patch application over
quite long times. They found again that, in the deeper stratum
compactum layer, both estradiol and norethindrone acetate were
located mainly in the SC intercellular lipid regions whereas in
the superficial SC disjunctum they were found in both corneocytes
and intercellular lipids [181]. This finding supports our conclusion
that the biphasic steady-state SC distribution seen for clobetasol
propionate arises from an enhanced stratum disjunctum corneo-
cyte partitioning as a result of the increased permeabilization of
the corneocyte envelope during the desquamation process [182].
In contrast, the somewhat more lipophilic Nile red (MW 318.37,
log P 4.62) appears to only penetrate the SC intercellular regions
of the human native epidermis [183], a finding confirmed in
Fig. 3I. Our multiphoton imaging studies of the SC distribution of
the moderately lipophilic (log P 2.70) and small (MW 144.2) mole-
cule, b-naphthol [285] for relatively short times suggests that it
preferentially diffuses through the SC intercellular lipids with neg-
ligible permeation into the corneocytes (Fig. 6C2). However, as
shown in Fig. 6D2, high concentrations of b-naphthol are evident
in corneocytes after SC-delipidization [285], consistent with cor-
neocyte permeation and high keratin binding, as well as by corneo-
cyte uptake after application of aqueous ethanol and in isopropyl
myristate solutions [98]. These findings suggest that the transcor-
neocyte route, with potential intra-corneocyte binding en route,
may be facilitated by the use of appropriate skin penetration
enhancers. More recent imaging studies have concluded that
whereas lipophilic molecules are mainly located in the SC intercel-
lular lipids, polar dyes are found in both SC lipids and corneocytes
[184]. Overall, whilst the available imaging data remains limited,
the following trends appear to be emerging. Polar solutes with a
limited relative affinity for SC lipids can partition into the SC dis-
junctum corneocytes and possibly bind to intra-corneocyte keratin
and other proteins, whereas lipophilic solutes with a high affinity
for SC lipids are likely to remain in the intercellular lipid space.
However, the SC intercellular lipid route of SC penetration appears
to dominate for both groups of solutes in the SC compactum. This
imaging data reiterates that the SC is, at least, a biphasic heteroge-
nous barrier.

Further, the high solute SC Dsc [415] and the differing asymmet-
ric profiles for niacinamide (log P �0.37) and testosterone
(log P 3.32) [416] observed in SC desorption studies are consistent
with the stratum disjunctum being more permeable than the stra-
3

Fig. 7. Integration of (a) tissue-scale, (b) cellular-scale (c) cryo-EM observations of matur
and (e) a magnified view of c (marked by the yellow box), with (f) simulated EM-image de
splayed chain conformation shown in g and in (h) the corresponding MD model schemat
where atomic model color codes are: ceramide molecules (green carbon atoms), choles
water molecules (red [oxygen atoms] and white [hydrogen atoms]). EM, electron micros
Elsevier, distributed under a Creative Commons CC-BY license. (For interpretation of the
this article.)
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tum compactum [185]. Accordingly, PBPK models based on a SC
transport barrier associated with position related heterogeneity
in partition, binding, corneocyte permeability and diffusion
[185], including variations in lipid transbilayer diffusivity and
corneocyte - intercellular lipid partitioning with SC depth
[130], are more likely to better describe SC transport mechanis-
tically than an assumed homogeneous model. However, whether
that sophistication is justified given the impact of product
design, events beyond the SC, skin heterogeneity, known vari-
ability in data and desired outcomes (as discussed later) is yet
to be ascertained.

Kasting and Nitsche [153] also point out that SC transport will
be affected by transverse swelling of corneocytes and accompany-
ing minimal changes in lateral corneocyte and lipid dimensions.
Further, our understanding of ionized drug transport and the
impact of slow binding processes within the corneocyte is limited.
They concluded by observing that ‘‘appropriate meshing of the polar
and lipid pathways through the SC remains an unresolved problem..
(and) the impact of formulation components on SC permeability..
remains a difficult challenge for a priori prediction.” An important
contribution to this challenge is their recent observation that
transverse SC lipid bilayer hopping, especially at SC lamellae junc-
tions, is the rate-determining step in the SC transport for most
drugs [134].

Given these comments and because there are so many models
available, a key question, then, remains: which of the available
range of dermal PBPK models will be useful? The answer to this
question has been given, in part, by Box [186]: ‘‘All models are
wrong, but some are useful”, focusing on his later clarifying question:
‘‘All models are approximations. Assumptions, whether implied or
clearly stated, are never exactly true. All models are wrong, but some
models are useful. So, the question you need to ask is not ‘‘Is the model
true?” (it never is) but ‘‘Is the model good enough for this particular
application?” [187]. So that raises two points. Firstly, do any of the
minutiae of details in complex models matter? And, if so, when
and how do they impact a dermal PBPK model being ‘‘useful” in
meeting a specific need. An associated requirement of simplicity
has been strongly advocated by two leaders in dermal PBPK model-
ing, Gabriel Wittum and Richard Guy, who advocate Einstein’s phi-
losophy ‘‘Everything should be made as simple as possible, but no
simpler [188]” and Occam’s razor (also called Ockham’s razor, the
law of parsimony) which has as a problem-solving principle that
”entities should not be multiplied without necessity‘‘, respectively.
Brian Barry has gone a step further and commented: ‘‘It is better
to be approximately right than absolutely wrong!”

Box [186] has also advocated that the models should be: (1) an
iteration between theory and practice, flexible in seeking out, rec-
ognizing, and exploiting errors in the modeling, simple and evoca-
tive as possible, able to take particular care to address what is
importantly wrong, and aware of the danger of making false tenta-
tive assumptions about the real world that we believe to be useful.
Further, in our view, any dermal PBPK model used to describe local
skin absorption should also be physiologically based and have both
validity and identifiability.
e lamellae in stratum corneum and (d) of primitive lamellae in stratum granulosum
rived from the molecular dynamics model of stacked bilayers of ceramides in a fully
ic molecular arrangement. A similar set of images is shown in Figs (i), (j), (k), and (l),
terol molecules (yellow carbon atoms), FFA molecules (orange carbon atoms), and
copy; FFA, free fatty acid; MD, molecular dynamics. From [156] with permission of
references to color in this figure legend, the reader is referred to the web version of
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Scheuplein, in his reflections on our understanding of skin per-
meation over the last 50 years or more [51], concluded: ‘‘Most cur-
rent models of skin permeation emphasize intercellular diffusion,. . ... . .
are extremely detailed but are inconsistent with existing permeation
data and with one another, but virtually all claim a good fit with some
permeation data. Some go into extraordinary detail regarding the
architecture of the SC and its consequences for permeation. To me,
many of these complicated models seem unverifiable. A broad agree-
ment, within 1 or 2 orders of magnitude with collected data from sev-
eral different investigators is predictable and not compelling. Given the
inherent variability in most permeation data and the number of adjus-
table parameters in many of the newmodels, such a level of agreement
is almost assured. In the quantitative sciences, there is the notion of
‘significant figures’. In skin permeation modeling there should be
something analogous, like ‘unjustified complexity’ or ‘irrelevant
embellishment’. Only a minority of investigators have thoughtfully
considered transcellular permeation...”

4.3. Going to a more molecular level - molecular dynamics simulation

The prediction of the individual diffusivity of solutes through
the SC and associated permeability coefficients is generally exper-
imentally measured or estimated using a QSAR approach, as
described in 3.3. This is then combined with the continuous and
deterministic dermal PBPK approach described in 3.4 to estimate
local physiologically based concentrations and effects. However,
QSARs are based on training set data, and their applicability to
the prediction of the individual diffusivity of solutes through the
SC and associated permeability coefficients is very dependent not
just on the quality and range of molecules covered by that training
set used to generate the QSAR and the extent they can be validated
but also on the extent its physicochemical properties are suffi-
ciently consistent with those used in the QSAR.

In contrast, molecular dynamics simulations of drug transport
through SC lipids directly focus on the molecular jumps for a given
drug, taking into account local forces, molecular geometry, and
restrictions between drug and the SC lipids as orientated in the
SC diffusion pathway generating probabilistic outcomes of the
likely diffusivity in the lipids and when extended to the transport
across a large number of lipid bilayers, along with the SC partition
coefficient, an individual drug-based estimate of its SC permeabil-
ity coefficient. Hence, as an analogy, the QSAR approach may be
seen as somewhat akin to the macro general relativity approach
to physics whereas that of molecular dynamics is more akin to
quantum mechanics.

Molecular dynamics simulation of transport through SC lipids,
on the other hand, is based on validated biomolecular force fields
governing atomic interactions between drugs and lipids and being
molecular-based can directly simulate changes in drug diffusion
caused by changes in temperature, chemical penetration enhan-
cers, hydration, and skin disorders [189]. A key goal in molecular
dynamics or Monte Carlo simulations is to estimate the difference
in free energy between two relevant thermodynamic end states
[156]. One approach is to apply force fields derived from a set of
potential functions to describe the covalent interactions between
atoms, non-covalent interactions, and electrostatic forces between
(partially) charged atoms within a defined environment [190].
Molecular dynamics simulations of ceramide bilayers, the most
abundant SC lipid, were first reported in 2006 [191] and followed
by studies using realistic SC lipid bilayer configurations made with
cholesterol, fatty acids, and ceramides in 2009 [192] with the
impact of water reported in the next year [193] and analyzed by
cryo-EM and molecular dynamics simulation [194]. Others have
shown that the interaction of sebum with these SC intercellular
lipids can modify predicted SC permeability [195]. Gupta et al.
[196] used an SC lipidic matrix to study the permeation of water,
20
and eleven small molecules (oxygen, ethanol, acetic acid, urea,
butanol, benzene, dimethyl sulfoxide (DMSO), toluene, phenol,
styrene, and ethylbenzene) through a skin lipid bilayer using a con-
strained molecular dynamics simulations technique at 310 K. Their
permeability coefficients showed qualitative agreement with
experimental data, with their free energy profiles suggesting that
the main barrier for the permeation of polar solutes, such as water,
ethanol, DMSO, acetic acid and urea, was the lipid core whereas, for
hydrophobic solutes, the polar head-group region was their main
barrier to transport.

Molecular dynamics simulations have been used to suggest that
the SC penetration enhancer dimethyl sulfoxide may cause SC lipid
fluidization [197] as well as leading to pore formation [198,199].
Pore formation is a surrogate describing solvent extraction of SC
lipids as molecular dynamics simulations do not allow for such loss
[189]. Others have used molecular dynamics simulations to show
SC lipid - skin physical enhancer effects, such as electroporation
in the presence of external electric fields [200], chemical interac-
tions for oleic acid [201], menthol [202,203], ethanol [204], and
other chemical penetration enhancers [205], the latter for in-
silico screening. Mechanistically, molecular dynamics simulations
suggest that azone and oleic acid disrupt skin lipid packing, which
may result in SC lipid phase separation [189]. Whilst the impact of
water on the transport of drugs through the SC lipids has been
modeled using molecular dynamics simulations by associating
water with the SC lipid polar head groups, showing increases in
the permeability for codeine, ethanol, nicotine, testosterone
[189], consistent with experimental expectations, water also per-
meates through the corneocyte wall and accumulates in high
amounts in the corneocytes [206], doubling the thickness of the
SC [207] with likely additional impacts on SC fluidity.

An interesting molecular dynamics simulations outcome,
shown using both constrained and unconstrained coarse-grained
modeling is that 1–6 nm gold nanoparticles disrupt the lipid pack-
ing and enter the interior lipid bilayers rapidly [208] and, in doing
so, can facilitate the penetration of horseradish peroxidase (HRP)
protein [209], noting that both molecular dynamics simulations
and experimentation had shown HRP does not penetrate by itself.
In later work, Gupta and Rai [210] used molecular dynamics simu-
lations to forecast that nanoparticles with a 2:1 homogeneous ratio
for hydrophobic to hydrophilic regions had promise in the trans-
dermal delivery of proteins. At the same time, they showed that
gold nanoparticles complexed with interferon-alpha (INF) could
facilitate INF delivery [211]. Most recently, they have studied the
active translocation and permeation of ferulic acid encapsulated
into Gelucire 50/13 nanoparticles using molecular dynamics simu-
lations [212]. Another pithy example is the use of molecular
dynamics simulations in the multiscale modeling of transdermal
drug delivery of fentanyl [213], where the microscopic diffusion
coefficient of fentanyl was first calculated as a function of position
in the bilayer, then homogenized to an effective macroscopic diffu-
sion coefficient using an SC brick and mortar microstructure model
followed by finite element method simulations of its release pro-
file. The outcome was a somewhat estimated smaller peak fentanyl
flux than observed experimentally. This work was followed by
multiscale molecular dynamics modelling of fentanyl, caffeine,
and naphthol through the SC lipid layer [214]. Most recently,
Bozdaganyan et al. [215] used coarse-grained molecular dynamics
simulations of a fully hydrated SC model membrane to explain the
effects of ethanol and linoleic acid on lidocaine permeability using
changes in both SC structural properties and in free energy changes
associated with lidocaine ‘‘jumps” through the lipid bilayers in the
SC intercellular lipid pathway.

The current state-of-the-art in estimating the SC permeability
of drugs through the SC intercellular lipid pathway by a molecular
dynamics simulations approach is summarized in Figs. 7 and 8.



Fig. 8. Calculating the permeability through the skin barrier using molecular dynamics simulation. The top panel shows the location of the lipid barrier and an atomistic
representation, based on cryo-EM images. The middle panel illustrates the calculation of the free energy difference of a permeant in a solvent or formulation (testosterone in
water in this example) compared to being in the skin barrier system, as well the interactions of the permeant with its surroundings as it moves through the barrier system.
The bottom panel shows the calculated local diffusion coefficient and the potential of mean force (PMF), i.e. the relative free energy compared to water, throughout the barrier
system. The PMF profile is aligned with the lipid barrier system in the middle panel. The local diffusion coefficient and the PMF can be used to calculate the permeability
coefficient across the lipid barrier structure. All parts were supplied by Magnus Lundborg and Christian Wennberg of ERCO Pharma and, other than the top left schematic
drawn by Milad Ghanbari for ERCO Pharma, were drawn by them.
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Fig. 7 shows recent work by Lars Norlen and colleagues inter-
relating cryo-EM SC lipid morphology observations with molecular
dynamics simulations of SC lipid transport whereas Fig. 8 is a snap-
shot showing how this work is translated into the practical estima-

tion of SC permeability by his spin-off company, ercopharma.com.
21
Their general approach can be described as follows for a single
component system [216] (Fig. 8): (1) Calculate the permeant solva-
tion free energy in the desired solvent or formulation; (2) Calculate
the mean force potential and local diffusion coefficient across SC
lipids and (3) Estimate a drug’s permeability coefficient for trans-
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port through ~ 80 stacked lipid bilayers. In a more complex formu-
lation, involving chemical penetration enhancers, a similar
approach would be applied but, in the first step, applied to all com-
ponents in the formulation and across the lipid barrier system, tak-
ing into account the extent each excipient partitioned into and
equilibrated with the lipid barrier system. The estimation of mean
force, local diffusion coefficient, and permeability coefficient for
any permeant across 80 layers of lipids would then follow.

At present, the main focus in their molecular dynamics simula-
tions is the simplest representation to provide robust and verifi-
able estimates of SC permeability. Consequently, these
simulations are limited to axial homogeneous transport in the SC
lipid barrier using only one bilayer repetition to simplify the mod-
eling process and the requirement for computing time. However, it
is recognized that, in reality, there is large heterogeneity in the
actual SC lipids composition and hydration across the SC, especially
between the stratum disjunctum and compactum, that will modify
the predicted outcomes. Effectively addressing this issue across a
broad range of SC heterogeneity requires, however, defined SC lipid
and water composition at different depths along with distinct cryo-
EM images able to deduce differences in lipid packing and enable a
good atomistic representation of the SC lipids. Further, the trans-
port emphasis is on axial diffusion along with SC lipids although
it is recognized that radial diffusion may also play a role in trans-
port, especially in facilitating the transport of drugs into corneo-
cytes. Future work addressing the variation in SC lipid
composition for different body sites, other states, and diseases
requires high-quality cryo-EM images that characterize the skin
from these situations, desirably accompanied by an accurate SC
extracellular lipid composition. The likely effect of such changes
on skin permeability may be initially tested by modifying the SC
lipid compositions and evaluating the resulting effects.

Magnus Lundborg (personal communication) has advised that
their regression coefficient, derived from the comparison of molec-
ular dynamics predictions versus experimentally determined per-
meability coefficients, is R2 ~0.79, i.e., at the upper end of what is
usually achieved by QSPR estimations (Section 3.3). The strength
in a molecular dynamics simulation approach is not so much in
determining permeability coefficients for simple solutions, as these
are relatively easily obtained by experiment or by QSPR but to gain
a better detailed mechanistic understanding of the SC extracellular
lipid permeation process, its barriers, and the effect of chemical
enhancers [189].

A challenge in going forward for those in the dermal PBPK field
will be to integrate the concepts of QSPR, PBPK and the molecular
dynamics simulation approach, in much the same way as general
relativity and quantum mechanics have been brought together as
relativistic quantum mechanics (RQM) using relativistic quantum
field and other theories. In principle, this may be best achieved
by further developing the molecular dynamics simulations and
predictions of individual drug transport through SC intercellular
lipids and combining it with dermal PBPK and with QSARs to
describe SC-product partitioning, drug transport elsewhere in the
skin, and in the deeper underlying tissues.
5. Topical formulations

5.1. Topical product market

Topical products nowhave a globalmarket valued atUS$92.4 bil-
lion in 2020 (amid the COVID-19 crisis), which is expected to reach
US $129.9 billion by 2027 [217]. As shown in Fig. 9A, the generic pro-
duct market share has been increasing with time so that, now, the
bulk (about 74% of all approved topical products) are generic equiv-
alent forms of a reference listed drug (RLD). Fig. 9B shows the rela-
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tive market share of various formulations that make up today’s
topical drug products approved by the FDA and on the market. It is
readily apparent that creams, ointments, lotions, sprays, and solu-
tions dominate themarket for both topical reference listed and topi-
cal generic drug products. The various liquid, semi-solid, and solid
topical delivery products comprise combinations of water, water-
miscible, surfactants, oils, skin penetration enhancing, colloidal,
propellant, solid, and polymer ingredients in solutions or in disper-
sions. Products can range from comprising liquid ingredients with
low viscosity (solution, lotion, suspension), to more than 50% liquid
ingredients with a moderate viscosity (gel, cream) to products
with <50% liquid ingredients (often solids, waxes, hydrocarbons,
and polyethylene glycols), to those that are very viscous (ointments
and patches) and, lastly, to being a solid (patch) dose form.

Fig. 9C shows the icons that symbolize each of these products
and the key ‘‘change agents” that have brought about their devel-
opment as a transition from the products shown in Fig. 1 to those
approved and on the market today. The main consideration in the
development of each of these topical dosage forms has been the
patient need, as perhaps exemplified by the dictums that: (1)
raw wounds should be kept clean and moist and may involve
cleaning with water, moisturizing, and protecting [218]; (2) dry
skin and its associated conditions of atopic dermatitis, ichthyosis,
irritant contact dermatitis, psoriasis, and eczema craquelé require
emolliency where the ideal formulation contains combinations of
non-physiological and physiological lipids, humectants and com-
pounds with antipruritic, soothing and supporting epidermal dif-
ferentiation properties [219] and (3) specific skin needs, such as
relieving inflammation, hair loss, acne, sun protection, infections,
whitening, immune stimulation, pain relief, etc. (Table 1), will
require the appropriate delivery and targeting of drugs applied in
a suitable topical dose form (Fig. 4). For instance, an aerosol may
provide an immediate and short duration of action without touch-
ing the injury site whereas a patch may provide a prolonged and
controlled release ensuring adherence. Certain products may also
not be the most suitable for application to lacerated or hairy skin
areas, to mucous membranes, or around the eyes.

The second consideration in choosing a topical dosage form is the
drug’s physicochemical properties (Table 2). It is evident from
Table 2 that the drugs now approved range from very water-
soluble, polar drugs with a low log P, to drugs soluble in water and
oil with moderate log P to water-insoluble and oil-soluble drugs
with high log P. Here, the key adage in their dosage form design is
‘‘like dissolves like” and so it may be anticipated that the water-
soluble drugs may be formulated in aqueous topical delivery sys-
tems, such as solution, lotions, and creams whereas the water-
insoluble drugs may be dissolved in oily products or solubilized in
surfactant systems.

A key challenge in meeting the above two needs is the provision
of accessible, affordable, effective, and safe topical products. This
additional consumer need is exemplified by generic topical derma-
tologic medication prices increasing 10 fold more than inflation for
the period 2005 and 2016 [220]. In general, regulatory approvals of
generic topical products have lagged the market requirements as
clinical equivalence studies (clinical trials) have been the gold
standard. Such studies usually involve high subject numbers, time,
and costs to provide the sufficiently sensitive clinical end point
assessment needed to address variations in skin condition, body
site, product use, and placebo response as well as environmental,
genetic, ethnicity, and other biological differences. As discussed
later in 5.6, specific topical bioequivalence methodology is now
being invoked for those products which fail both the first step in
the ‘‘strawman” decision tree of ingredient, ingredient concentra-
tions, and product microstructure sameness, have a narrow thera-
peutic margin or safety issue, and cannot be analyzed by a
surrogate clinical method. Examples of the latter method are the



Fig. 9. A. Evolution of FDA-approved reference listed drug (RLD) and generic topical products on the market from before 1982 to June 2021; B. The current range of products
approved: Source: FDA Orange book [405]: C. Evolution of topical drug products from that described in 1971 (Fig. 1) to today and beyond. Also shown here are the facilitators
for those products now developed and, in future products, both products which have been of great academic interest as well as those who have not yet had the potential
realized. Shown on the bottom right is an illustration of the deformity test for flexible liposomes (elastic vesicles), in which liposomes can be extruded under pressure through
a membrane pore that is somewhat smaller in diameter than the liposome over a short time period. Elastic vesicles and micro-/nano-emulsions should pass through the pore
with high recoveries and with a return to their original size whereas non-flexible liposomes and solid lipid nanosomes are unlikely to [218,224]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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vasoconstrictor test used for corticosteroid product bioequivalence
and drug plasma/tissue concentrations when these are quantifiable
after topical application [221].

Also, shown in Fig. 9C are potential products of the future. These
include products that have been in development and in trials for a
considerable time but, generally due to technology or cost issues,
have not quite yet realized their potential. In our view, the contin-
uing growth of large biologicals which cannot be given orally cre-
ates an opportunity that may well be met through the ability of
low-frequency sonophoresis, microneedles, electroporation and
iontophoresis, and related techniques to increase SC permeability
for large drugs, vaccines, and protein delivery as also discussed
in detail elsewhere [222].

Two other groups of products, one based on nanotechnology
principles and the other on nano-and micro-emulsions, have been
discussed in recent reviews we have written [223,224]. We will not
elaborate to any extent on the nanotechnology concepts here,
other than to say that we believe flexible liposomes, such as trans-
fersomes, ethosomes, niosomes, secosomes, and related vesicular
systems offer great potential in enabling drug delivery to the dee-
per layers of the skin after topical application.

5.2. Product use

The delivery of a solute through the skin is dependent on sev-
eral factors which can be solute/formulation-related, skin-related,
and dosing-related [225]. Dosing-related factors include the dose
administered, the duration/frequency of the application, the sur-
face area in contact with the topical formulation, the thermody-
namic activity of the drug in the formulation (most easily
defined by the fractional solubility of the drug in the product),
and the extent vehicle-skin interactions promote skin permeation
[41]. Enhanced skin permeation may be further facilitated in finite
dose products containing volatile solvents by the processes of
supersaturation on the initial evaporation of the solvent and the
later concentration of topical ingredients, such as propylene glycol,
that may further enhance permeation [226]. Another consideration
is how thickly or thinly a topical product is applied as this thick-
ness, along with the product viscosity and fractional composition
of volatile components defines the nature of the residue after topi-
cal application. We have previously reported that increasing the
viscosity of a product decreases the skin permeation of a thickly
applied product, whereas such an effect is not seen for thin in-
use products. Indeed, our observation was that the thicker residue
from a highly viscous product may leave a more occlusive residue
and through hydration enhance skin permeation [227].

5.3. Product evaluation

In general, dosing effects for topical products are based on the
outcomes of in vitro skin permeation studies, which may be per-
formed under conditions of finite or infinite dosing. Infinite doses
require the application of doses greater than 10 mg/cm2 or
100 lL/cm2 [228]. In these cases, the effective donor concentration
remains constant and steady-state absorption can be achieved
after a lag time that varies according to the penetrant and the
experimental conditions. On the other hand, finite dosing, using
doses of 1–5 mg/cm2 or 10 lL/cm2 [228] is often recommended
to mimic conditions occurring in the in vivo situation. With finite
dosing, steady-state absorption may be achieved only for a short
time, or not at all, as the more limited amounts of penetrant pre-
sent in the donor material may become depleted over time.

Differences in the effects of formulation evaporation and occlu-
sion may also be seen between finite and infinite dosing. The loss
of volatile penetrants or excipients with evaporation during infi-
nite dosing can lead to changes in penetrant concentration and a
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deviation from a steady-state absorption pattern typically seen
with this form of dosing [229]. Covering or occlusion of the diffu-
sion cells can limit evaporation.

5.4. Product behavior under in-use conditions

Evaporation from the surface of thinly applied donor materials
in finite dosing experiments can also have significant effects on
skin absorption. An example of this is found in work [226] where
minoxidil was applied to excised human skin as a 2% solution in
three different mixtures of ethanol, propylene glycol, and water
in ratios of 60:20:20, 80:20:0, and 0:80:20 (formulations 1, 2,
and 3). At 32–35 �C, evaporation of ethanol, followed by water, is
rapid, whereas evaporation of propylene glycol is much slower,
and the authors hypothesized that by about 2 h, the material
remaining on the skin consisted of minoxidil dissolved in propy-
lene glycol. Furthermore, based on the initial proportions of sol-
vents in the three formulations, the concentration of minoxidil in
formulations 1 and 2 was anticipated to have risen from 2% to
10%, while in formulation 3, the increase would be more modest,
from 2% to 2.5%. The four-fold ratio of minoxidil concentrations
in formulations 1 and 2 over that in formulation 3 was expected
to be reflected in instantaneous minoxidil flux, which in turn
would be reflected in the amounts of minoxidil recovered from
the receptor fluid, skin, and appendages (hair follicles). The exper-
imental results confirmed this prediction. A similar mechanism
may explain the findings of Tata et al. [230], who showedminoxidil
deposition from binary ethanol: propylene glycol solutions applied
to excised mouse skin and the skin of in vivo mice increased with
increasing ethanol content. In addition, enhancement of skin and
hair follicle deposition by ethanol has also been explained as a
‘‘pull effect” [231], in which highly soluble solutes are carried along
with ethanol into lipid-rich skin compartments, including follicles.

Modelling drug permeation after product application to excised
human skin membranes after IVPT measurements is not straight-
forward as there may be changes in the product behavior as a
result of water and other volatile solvent evaporation as well as
percutaneous absorption occurring over a short time. One of the
simplest PBPK models is that for minimal evaporation of product.
We have derived Laplace solutions for various IVPT finite dose sce-
narios including situations where the viable epidermis, dermis, and
sampling rate are rate-limiting. In the specific case of SC limited

permeation, bQ sð Þ, the Laplace equivalent of Q(t) (Eq. (2)) can be
described in terms of the dose applied, a dimensionless number
parameter VdN (given by VdN ¼ Vd

Ksc;vVsc
, where Vd is the amount of

product applied, Ksc,v is the stratum corneum - vehicle partition
coefficient and Vsc is the volume fo stratum corneum), a diffusion
time td (=hsc

2 /Dsc) and s, the Laplace operator for time t [232]:

bQ sð Þ ¼ dose
s

1
cosh

ffiffiffiffiffiffi
std

p þ VdN
ffiffiffiffiffiffi
std

p
sinh

ffiffiffiffiffiffi
std

p ð23Þ

Eq. (23) has two asymptotic solutions. When the product vol-
ume (reflected in VdN) becomes very large, the cosh term drops
out and the analytical solution to the remaining equation is Eq.
(2). On the other hand, when the product volume is very small,
the VdN term drops out and we are left with a simple equation
describing effectively a vehicle deposited active on the SC surface.
The corresponding IVPT profile for a product applied to an area A is
characterized by a peak permeation flux of ~ 1.850 dose/(Atd)with a
peak time of ~ td/6 [232,233]. Lehman [234] used this model to
simulate and interpret the IVPTs for several topical products. There
are now many studies seeking to understand finite dose behavior
under various conditions applying appropriate modelling that
addresses evaporation, phase changes, supersaturation, skin pene-
tration enhancement, and so on.
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5.5. Skin permeation enhancement

In addition to ethanol, numerous natural and synthetic sub-
stances can act as penetration or permeation enhancers (PEs),
including DMSO, azones, alcohols and glycols, fatty acids such as
oleic acid, surfactants, and terpenes. Numerous mechanisms have
been proposed for their activity [235]. In order to be useful as a
PE, a substance must reduce the skin barrier resistance reversibly
[235] and it should not cause unacceptable levels of skin irritancy
or damage. For example, anionic surfactants can act as PEs but
have also been reported to damage human skin [236]. Propylene
glycol (PG), is a commonly used excipient in topical formulations
that has permeation enhancing properties. One of the proposed
mechanisms involves the partitioning of PG into the skin, where
it alters the properties of the SC to enhance the solubility of other
permeants and promote their partitioning into it [235]. In the
minoxidil studies discussed above [226], it was hypothesized that
the increase in minoxidil flux that occurred after about 12 h with
all formulations was due to the incorporation of PG in the stratum
corneum that promoted the absorption of minoxidil into the skin.

In a series of reports over recent years, Abd et al. [237-234]
investigated the effects of various formulation manipulations on
the delivery of permeants into and through human skin. The over-
all goal of this work was to cast light on the mechanisms of
enhancement and to investigate whether skin compartments could
be differentially targeted using tailored formulations. Nanoemul-
sions containing either the monoterpenoid eucalyptol (1,8-
cineole, EU) or oleic acid (OA) as the oil phase were used to deliver
the hydrophilic molecule caffeine (log P, �0.07) [238] or minoxidil
(log P, 1.24) [238] to excised human skin. The mechanism of per-
meation enhancement of both molecules due to both EU and OA
was found to be largely driven by increased diffusivity, rather than
increased partitioning into the stratum corneum, indicating that
these formulations are likely to cause increased fluidization and
disruption of the stratum corneum lipids. Results of delivery and
retention of the drugs in various skin compartments indicated that
these could be differentially targeted by appropriate formulation
manipulation. The EU and OA formulations caused similar reten-
tion of caffeine in the stratum corneum and deeper skin layers,
whereas, for minoxidil, it was greater with the EU formulation.
The effect of the PEs on the follicular route was clearly differenti-
ated, with greater caffeine and minoxidil permeation via the follic-
ular route and retention in the follicles with OA, compared to EU. In
other studies with vesicular formulations [239] in which caffeine
was encapsulated in liposomes along with EU or OA and in trans-
fersomes and niosomes without PEs, caffeine retention in hair fol-
licles was significantly enhanced in the liposomes with OA and in
the transfersomes. Caffeine retention in the stratum corneum and
permeation into the receptor was greatest in the transfersomes
and niosomes, followed by the liposomes containing PEs. These
promising results suggest that further formulation refinement is
likely to result in more accurate skin targeting. This work is part
of a major growth area where tailored nanocarriers are being
developed for enhanced dermal targeting [240–242].

Finally, it is emphasized that skin penetration enhancement
may be facilitated by the stratum disjunctum being less coherent
than the deeper stratum compactum due to the SC desquamation
process. For instance, as described in Fig. 4 A and in Section 4.2,
the SC rivets, the corneodesmosomes are widely distributed in
the stratum compactum but, due to proteolysis are largely absent
from the stratum disjunctumwhere, when found, are mainly found
in the ‘‘slits’ at the corneocyte edges – leading to sloughing off
(‘basket – weave appearance”) in histology processing unless the
skin is properly fixed and mounted before cutting (Nancy
Monterio-Riviere, personal communication to M. Roberts). Mund-
stock et al. [161] give several examples of microemulsions swelling
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intercellular spaces and disrupting the stratum disjunctum with in
order of severity in action: water in oil > oil in water > gel.

5.6. Topical bioequivalence

A key requirement for topical generic products, in moving away
from assessments by clinical bioequivalence, is to show that they
have equivalent performance to the Reference Listed Drug (RLD)
product [243]. However, a difficulty in the regulatory assessment
of topical products is that they are often applied, as discussed in
Section 8.2, to different body sites [244]. A range of alternatives
to the clinical equivalence of topical products developed over the
last two decades is effective in evaluating the rate and extent of
topical drug delivery [245]. Hence, assessment tools based on
in vitro permeation testing using different types of diffusion cells
with excised human skin membranes and in vitro product release
have to be able to be extrapolated to these sites to be useful as reg-
ulatory tools [244,246]. In vivo tools such as dermatopharmacoki-
netics and dermal microdialysis/open flow dermal
microperfusion studies in conjunction with available in vivo clini-
cal trial data have been used to develop in vitro in vivo correlations
and reduce the need for future clinical trials.

Increasingly, in vitro to IVPT and in vitro to in vivo extrapolations
(IVIVE) are being made in silico using a combination of topical dose
form behaviour on application to the skin surface with PBPK mod-
elling of drug permeation into the skin to local and/or systemic tar-
get sites and clearance organs. In principle, it may be possible to
predict dose form behaviour based on its formulation, manufactur-
ing and packaging characteristics. However, in this early stage of
IVIVE development, a first step is to predict IVPT performance from
a combination of its ingredients and formulation variables, its crit-
ical quality attributes and its potential failure modes as shown in
Fig. 10A. The following step, discussed later in Section 8.2, is the
scale up from in vitro to in vivo.

An approved topical semisolid product containing an RLD has
been designed and shown to deliver a consistent, defined rate of
the RLD to the site of action in the skin or underlying tissues for
the localized treatment of dermatological, musculoskeletal, and
other conditions. Therein lies the greatest challenge in establishing
bioequivalence or sameness between a RLD containing reference
product and a generic product. It is extremely difficult to assess
local bioavailability at the site of action in vivo. Several sampling
and imaging techniques are under development; however, none
is ready to be used for regulatory approval purposes. An in vitro
approach, however, can be of significant advantage. With this
aim, more recently, regulatory authorities including the U.S FDA
have been encouraging an in vitro approach through product-
specific guidances. These guidances were published in 2016 [247]
and in 2019 [248,249]. They recommend product regulation
through a combination of characterizations and in vitro tests.
Before these guidances, preceding recommendations did not allow
in vitro evaluations, e.g. the 2014 lidocaine guidance [250]. Within
a short span, the characterization-based approach contributes to
6–8% of generic product applications [251]. The first generic devel-
oped through this approach was launched in 2019 [248]. This
approach has the potential to disrupt the generic as well as new
drug product market, leading to the availability of affordable and
high-quality medications for everyone. The regulators and industry
hence rely on a Quality by Design (QbD) approach, rather than
quality by testing that retrospectively assesses quality. Recent
work has highlighted what a Quality Target Product Profile (QTPP)
for a topical product should ideally include [252].

The quality of a pharmaceutical product can be classified on
three levels, designated as Q1, Q2 and Q3. Here, Q1 specifies that
any new product has the same components as the RLD product;
Q2 has the same components in the same concentration as the
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RLD product; Q3 has the same components in the same concentra-
tion with the same arrangement of matter (microstructure) as the
RLD product. In the case of semi-solid topical drug products, well-
defined critical quality attributes (CQAs) are required to effectively
characterize these products and their influence on bioequivalence
and bioavailability. The CQA most likely to influence performance
Fig. 10. In vitro and in silico bioequivalence testing of topical drug products. A. Quality b
attributes (i.e. Q3), as defined by an articulated battery of in vitro physicochemical tes
assessing product microstructure - with results on comparing a RLD containing topica
tribology, confocal Raman spectroscopy and cryo-Scanning Electron Microscopy (cryo- S
topical product bioequivalence assessment. Adapted from Tsakalozou et al. [128], apply
drug product (RLD), X% (reference, R) and the generic equivalent drug product, X% (test,
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is the physical/chemical properties of the formulation components,
including solubility, particle size, pH, rheological properties, glob-
ule size, presence of polymorphic states, type of emulsion, and
oil to water phase ratio. The manufacturing variables can influence
the CQA of the formulation, in particular the globule size and coa-
lescence, phase separation, rheology, product uniformity, precipi-
y design and testing: ingredient and formulation variables, potential critical quality
ts and the failure modes they may cause. B. Three instrumental test methods for
l drug product and one or more generic equivalent topical dose forms: rheology/
EM). Adapted from [361]. C. Overview of in silico model validation methodology for
ing their fit-for-purpose dermal PBPK models for a dermatological reference listed
T).
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tation, recrystallization, and stability of actives. Hence, righty, the
emphasis of the in vitro bioequivalence approach is primarily on
Q3 attributes and CQAs. As carefully mitigating failure modes in
these products are often underpinned on matching Q3 attributes
and in vitro performance/penetration testing (IVPT). Fig. 10A shows
some examples of the battery of physicochemical tests that may be
done as part of the in vitro testing for product critical quality attri-
butes (i.e. Q3), together with Ingredient and Formulation Variables
and potential Failure Modes. Also shown are some examples of
results carried out on a RLD and generic products with confocal
Raman, cryo-scanning electron microscopy and rheology/tribology
tests.

Earlier in this section, we introduced the concept of assessing
bioequivalence using an in silico apporach. These in silico methods
are often supported by strong in vitro data and can provide timely
results, bringing down costs and the need for expansive in vivo/
in vitro studies. These can be limited and a large proportion of
the required criteria can be met in silico. In a recent publication,
FDA scientists presented two alternative approaches for a virtual
bioequivalence assessment, one based on a platform performance
(where they used the ”bottom-up” based Simcyp’s MechDermA
PBPK model, discussed further in Section 8.2) and the other based
on model performance (Fig. 10B) [128]. Quite disparate platform-
predicted and observed plasma diclofenac concentrations were
reported. The authors concluded that the diclofenac partition coef-
ficient from the vehicle (topical gel, 1%) to the SC and the diclofe-
nac partition coefficient from the SC to the viable epidermis were
impactful parameters and they went on to manually optimize
parameters to derive a simulation with a good visual prediction
check (VPC). However, contrary to our observation that diclofenac
is shunted to deeper tissues by the blood because of its high
plasma protein binding [253], a modification that has now been
made in the Simcyp MechDermA PBPK platform, this work
assumed that ‘‘longitudinal solute diffusion within and between
the different skin layers is modeled after Fick’s Law.”, Importantly,
though, they did include within their initial modeling recirculation
of solutes from the systemic circulation back into the skin, a phe-
nomenon we have reported to occur with drugs poorly cleared
from the systemic circulation [126] but not with those which have
a high systemic clearance [254].
6. Confounding effects of deeper layers

6.1. Clearance and binding

Determinants of local bioavailability and clearance from a skin
site that can modify Css,local (Eq. (1)) include irreversible binding
at the skin surface and in the skin en route to the skin site, limited
diffusion through the viable epidermis and other tissues, local
metabolism, convective flow (blood, lymphatic and interstitial),
and deeper tissue diffusion. Metabolic enzymes are primarily
located in the viable epidermis (especially the stratum basale),
the dermis (within the skin appendages), and in the stratum cor-
neum (extracellular spaces) [255]. Those processes acting on the
drug before it reaches the putative skin site affect the local
bioavailability Flocal whereas those acting in the skin after leaving
the site contribute to the skin clearance CLskin (Eq. (1)). Both con-
tribute to the systemic bioavailability Fsys, also called the skin
first-pass effect. Fsys has been determined for several topically
applied drugs that are today incorporated into topical and trans-
dermal products, including testosterone (about 40% in viable
excised mouse skin [256] and 50% in an organotypic human skin
model [257]), and nitroglycerin (availability of 75% in healthy vol-
unteers with loss attributed to a combination of retention in the
skin, cutaneous metabolism and tissue binding [258]). More
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recently, an analysis of human cutaneous microdialysis data
demonstrated that while poorly plasma protein-bound drugs such
as nicotine are primarily transported to deeper tissues by tissue
diffusion, the transport of highly plasma protein-bound drugs such
as diclofenac is further facilitated by convective blood, lymphatic
and interstitial flow in the dermis [253].

Local vasoconstriction produced by phenylephrine (selective
a1-adrenergic receptor agonist) increases local drug tissue concen-
trations of topically applied lidocaine, salicylic acid, and tritiated
water in a concentration-dependent manner [259]. Similar effects
have been reported for antipyrine and diclofenac [260]. Vasodila-
tors on the other hand have been found to enhance plasma levels,
indicative of enhanced clearance, of ibuprofen combined with tola-
zoline (a-adrenergic receptor antagonist) [261]. Tissue protein and
plasma protein binding are important for these effects with drugs
that have a high plasma protein binding demonstrating enhanced
local penetration [253]. Ultimately, the cutaneous microcirculation
is maintained under local, neural and humoral control in either a
nutritive or non-nutritive (anastomotic) flow state [262]. Modula-
tion of the balance of these opposing effects will be important for
the design of topical agents designed for deep tissue penetration or
systemic delivery.

According to Eq. (1), clearance is just as important as SC flux in
determining local drug concentrations after topical application. In
our early work in this field, we attempted to quantify dermal clear-
ance in both anesthetized and sacrificed animals and relate that
clearance to dermal and deeper tissue blood flow. Blood flow -
defined clearance dominates overall drug dermal clearance and is
related to drug size but not lipophilicity [126]. Later analysis of
human dermal data suggests that drug transport in the dermis is
mostly by blood/lymphatic flow to the systemic circulation and
deeper tissues, rather than molecular diffusion [263]. Most
recently, Maciel Tabosa et al. [264] estimated dermal clearances
for 19 transdermal drugs as the product of a terminal elimination
rate constant on the removal of a patch after transdermal delivery
arose from dermal clearance and the steady-state distribution vol-
ume of distribution of a drug in the skin taking into account its
blood-dermis partition coefficient, using literature values [265].
They then did a quantitative structure - property relationship
(QSPR) for clearance, in which their cross-validation involved split-
ting their data into training and test sets with appropriate analyses.
They found that the main determinants of dermal drug clearance
were drug molecular size, log P and topological polar surface area
(TPSA, Ao2):

log [CLskin/Area (cm/h)] = � 0.937 — 0.008 MW

þ 0.391logP þ 0:011 TPSAðn ¼ 19;R2 ¼ 0:67Þ ð24Þ

Noting that TPSA is ‘‘related to the polarity, hydrogen-bonding
potential and water solubility of organic molecules” [264], the rela-
tionship shown in Eq. 24 correlates with our earlier findings for
SC permeation in Section 4.1, where the main determinants for
drug SC Jmax were MW, log P, and water solubility.
6.2. Drug metabolism in the skin

The skin is often used as a route for drug delivery that bypasses
first-pass metabolism occurring in the liver, therefore, the poten-
tial for the skin itself to act as a drug-metabolizing organ is an
important question that deserves consideration. It has been known
for some time that the skin expresses xenobiotic-metabolizing
enzymes involved in both phase 1 functionalization (e.g. oxidation,
reduction, hydrolysis) and phase 2 conjugation reactions (e.g. glu-
curonidation, sulfation, acetylation) [417,418]. Xenobiotic metabo-
lizing enzymes can be involved in drug de-activation leading to
reduced therapeutic effect, drug activation in the case of pro-
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drugs, the formation of reactive metabolites with potential for tox-
icity, or the detoxification of drugs before reaching the systemic
circulation in the case of soft drugs.

While the highest rate of metabolism occurs in the liver, the
skin is the largest metabolizing organ by size and therefore despite
having lower activity on a tissue-weight basis, the surface area of
exposure presents the opportunity for significant metabolism to
occur [266,267]. Further, metabolizing enzyme isoforms, such as
N-acetyl transferase-1 (NAT1) are dominant in the skin whereas
NAT2 is mainly in the liver [268,269].

Anatomical differences from donor sites in metabolism may
exist. For instance, whilst cortisol is actively metabolised by the
skin, two of its metabolites are found in foreskin but not in abdom-
inal skin [270]. Indeed, testsoterone transdermal delivery systems
have been developed for non-scrotal skin sites because scrotal skin
has high 5-/ reductase activity and an elevated dihydrotestos-
terone to testosterone ratio not seen in the abdomen, chest, arms
or legs [271]. Anatomical site variation may in part be explained
by the different relative amounts of skin appendages present. Seba-
ceous glands, eccrine sweat glands [272], and hair follicles [273]
have been shown to have high metabolic activity, followed by dif-
ferentiated keratinocytes and basal cells [274,275]. While the der-
mis does have metabolic activity, the residence time of drugs here
is reduced due to microcirculation, and therefore it is considered
less important for overall metabolism. Ultimately, variability in
excised human skin studies may be due to a range of factors,
including race, age, gender, hormonal status, diseases such as pso-
riasis and acne [276-276], transport conditions, anatomical site,
and even differences in microflora living on the skin surface
[279,280].
6.3. Active transporters in the skin

Transporters belonging to either the ATP-binding cassette (ABC)
superfamily or solute carrier (SLC) superfamily may be expressed at
both mRNA and protein levels in the skin of humans and animals
[281–283]. The general problem of inter-individual variability
should be taken into account for interpretation in these studies as
the number of skin samples studied is typically small. There is a sim-
ilar constitutive expression of ABC and SLC transporters in human
skin and human skin models [281]. Multi-drug and extrusion pro-
tein (MATE1, SLC47A1) in one study was found to be the highest
expressed in human skin of 11 transporters studied [283]. Of note,
multidrug resistance proteins ABCB1 (P-glycoprotein) and ABCG2
(breast cancer resistance protein) have also been reported as local-
ized to the basal layer of the epidermis and the epithelial compart-
ment of sebaceous and sweat glands [284]. They have also been
reported as highly expressed at the hair follicles [285].

The skin also contains different families of cell channels that are
involved in maintaining water, ion, and nutrient balance. Aquapor-
ins are involved in the movement of water, while aquaglycero-
porins permit the movement of glycerol and small solutes. [286].
These are expressed at the basal layer of the epidermis (AQ3)
[287], sweat gland (AQP5) [288] and stratum granulosum (AQP5)
[286].
7. Appendageal delivery

7.1. The pilosebaceous unit

It is estimated that humans have around 5 million hair follicles
[289] with density ranging from about 0.1% for the forearm [290]
up to approximately 14% for the forehead and nasal skin, (290 fol-
licles per cm2 [291] and 1220 follicles per cm2 respectively [292]).
The importance of follicle density to drug delivery is underscored
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by experiments that show that the forehead has a higher drug
absorption rate [293] and, at the other extreme, appendage-free
scarred skin has a decreased absorption rate. The dimensions of
the follicle also differ, with the calf region having the largest orifice
size [290,294]. Lastly, active follicles are the most receptive to
delivery. These have sebum flow and hair growth (anagen phase
[291]) in comparison to inactive follicles that have no hair growth
or sebum production and tend to be covered with a mixture of dry
sebum, desquamated corneocytes, and cell debris [291]. In the
upper forearms, about 74% of the follicles have been reported as
open [291].

7.2. Transfollicular delivery

Much of the history associated with transfollicular delivery has
been associated with adverse effects. As Shelley and Melton point
out studies reporting local wheals after topical application of his-
tamine go back to 1917 and that work has been repeated in various
ways since [413]. Shelley and Melton’s own work in 1949 is inter-
esting in that they systemically examined the effect of the vehicle
on the extent of urticaria after the application of various concen-
trations of histamine without and with occlusion. Their observa-
tion of a more pronounced histamine urticaria with (1)
increasing histamine concentration in the vehicle, (2) using his-
tamine as its free base rather than as salt form and (3) using vehi-
cles that dissolved histamine and facilitated intimate contact with
follicles, such as water [413] is consistent with modern topical pro-
duct design principles. The histology of the hair follicle (with the
hair removed) is illustrated in Fig. 3E to F. As illustrated in Fig. 4,
the hair follicle consists, firstly, of the infundibulum which is an
open space where the hair emerges and is surrounded by epithelia.
Deeper down, the hair follicle becomes near the epithelia at the
isthmus, where the sebaceous gland opens to release sebum that
lubricates the hair and the skin. Further down is the bulge and
its complement of stem cells that can generate all epithelia, includ-
ing keratinocytes, sebocytes, and hair. At the base are the hair bulb
and dermal papillae. So, after application to the skin, a product may
enter the infundibulum, where its absorption can follow one of two
routes. Small molecule drugs may penetrate the epithelium into
the viable epidermis or dermis in a process known as transfollicu-
lar penetration [295], while large molecules and particles are
believed to become entrapped forming a drug reservoir [296] in
a process known as intrafollicular delivery. The barrier properties
of the follicle are different from the barrier properties provided
by the stratum corneum of interfollicular skin, which aids in trans-
follicular transport. In the upper portion of the follicle, the
infundibulum, the stratum corneum is still intact and relatively
impermeable, however, the barrier function is weakened in the
lower region [297]. For these regions, the follicle has been shown
to have barrier-forming tight junctions in the outermost layer of
the external root sheath from the infundibulum to the suprabulbar
region which likely acts to compensate for the weak and/or absent
stratum corneum barrier [298]. Lastly, a rich blood supply of the
follicle will also support trans-follicular absorption and uptake into
the circulation, driving sustained drug flux.

7.3. Intrafollicular delivery

Whilst the reservoir of the interfollicular stratum corneum is
located in the uppermost cell layers, known as the stratum disjunc-
tum (5 mm thick) [299], which can quickly deplete via desquama-
tion, washing, and textile contact [296], the reservoir of the hair
follicle extends much deeper (the practical portion for delivery is
the funnel-shaped infundibulum which occurs in the top
500 mm) and can only be depleted by penetration across the follicle
epithelium or by leaving the follicle with sebum flow and active
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hair growth [300]. Small crystals [301] and colloidal particles like
liposomes [302,303] have been shown to effectively target the fol-
licle. There has been increased interest in this delivery method
with the idea of manipulating the drug (size, lipophilicity, charge,
solubility) or formulation (particle, vesicle storage dosage, sebum
miscible excipients) to improve targeting ability.

A rich supply of lipids irrigates the follicle infundibulum and
therefore it has been shown that lipids resembling the composition
of sebum can promote follicular penetration [304]. There is further
evidence that higher lipophilicity vehicles [305] as well as
hydrophobic drugs or lipid nanoparticles [306,307] improve tar-
geting. In one study, lipid-coated silica nanoparticles penetrated
further into the follicles than bare nanoparticles, which display
more skin surface adhesion [308]. An alternative view is that polar
vehicles like ethanol improve targeting, potentially through the
solvent effect or by dissolving and drying out the sebum allowing
easier access for drug particles [309].

A number of studies have now studied the relative penetration
of small (MW <500 Da) polar and lipid drugs via the follicular path-
way with the human skin sandwich technique offering unique
insights [310-310]. Other studies have used COMSOL and other
modelling techniques to define follicular transport for drugs with
differing physicochemical properties [130,172,178,313] and shown
that polar have shorter follicular lag times than more hydrophobic
drugs. The follicular route is especially important for drugs with an
MW larger than 500 Da and particles-based drugs with high melt-
ing points, as these drugs often display limited if any, penetration
through the stratum corneum [300,314]. Particles provide several
advantages as drug carriers for follicular targeting, including a high
surface-area-to-volume ratio, potential for deep follicular penetra-
tion, and the potential for sustained release, with enhanced uptake,
an extended duration of action, and the possible limiting of adverse
effects (e.g. corticosteroid therapy). Studies using size character-
ized fluorescent polystyrene microspheres in suspension have
shown that there is a trend of microspheres penetrating skin
appendages proportional to size [315,316]. A size effect has been
shown for microparticles, with those having a diameter of 3–
10 mm selectively penetrating the follicular duct, those larger than
10 mm remaining on the skin surface and those <3 mm showing
equal follicle and surface distribution [315].

Lipid nanoparticles, polymeric nanoparticles, and metallic
nanoparticles, [317] are of particular interest as they make it pos-
sible to deliver higher concentrations of drugs to target structures,
improve the solubility of strongly hydrophobic drugs and increase
physical and chemical stability. Nanoparticles have already been
used to prolong the residence time of sunscreen agents in the stra-
tum corneum [318], and in polyhexanide emulsion systems to
achieve longer-lasting antisepsis of human skin [319]. They are
reported to accumulate in hair follicles in a time and size-
dependent manner [318]. Smaller particles were found to accumu-
late more in one study comparing 20 nm particles to 200 nm par-
ticles [318]. Toll has suggested that the deepest penetration occurs
for particles of 750 nm, which was further enhanced by removing
the plug in closed follicles by skin stripping and the application of
massage [314]. This concurs with work by Lademann suggesting an
optimal size of 643 nm for polylactic-co-glycolic acid (PLGA) parti-
cles, and 646 nm for silica particles. In this study, smaller (300 nm)
and larger particles (920 nm, 1000 nm) had lower penetration pro-
files, and while silica particles penetrated further than the size-
matched PLGA particles, size was the strongest factor in determin-
ing penetration depth [320,321]. Since a three-minute massage
was used to apply these particles, a mechanical influence on the
penetration process involving the movement of hairs was sug-
gested [322].

Massage application has an important effect in driving delivery,
with detection up 10 days post-dosing under in vivo conditions
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[323]. Lademann’s group has shown that massaging can drive
nanoparticles to different depths inside the hair follicles, depen-
dent on nanoparticle size – those of ~100 nm to the infundibulum
of the hair follicles, a depth of up to ~500 mm; 230 to 920 nm to the
sebaceous gland at ~800 mm and 300 to 643 nm to the bulge region
at >900 mm by a ‘‘geared” pump mechanism [317]. Assessment of
morphology of the hair shaft has shown that the optimal size for
delivery corresponds to the thickness of cuticula cells that line
the shaft. Meanwhile, stochastic theoretical modeling demon-
strates how particles of this size range can interact with the zig-
zag microrelief provided by the follicular epithelium and hair shaft
cuticles upon massage, creating a ratchet-like pumping action
[324]. Under in vivo conditions, this pump mechanism also occurs
through the continuous movement of the body [322]. Further
investigation is needed to understand how the viscosity of the for-
mulation and factors such as hair shaft adhesion, surface charge,
incubation, and massage times may effect these processes [317].
Current drug delivery strategies are now seeking to apply these
findings to the controlled release, using pH, temperature, chemical,
light, etc., of drugs in managing acne and sebaceous gland condi-
tions [317].

There has been concern about the use of nanoparticles in topical
products and potential for toxicity (e.g. zinc oxide sunscreens),
however, no transfollicular penetration of nanoparticles into the
viable epidermis has ever been reported under in vivo conditions
[31,325]. In vitro, some studies have reported skin penetration of
nanoparticles, but only after disruption of the skin barrier [326].
There is an indication that particles larger than 100 nm are unable
to penetrate or permeate intercellularly via the stratum corneum
or transfollicularly if performed in vivo on intact skin [295]. An
emerging research area is triggering the gradual and controlled
release of encapsulated drugs for therapeutic purposes (e.g. treat-
ing inflammation). Here, intrafollicular delivery using particle
nanocarriers is used as a targeting method, and then transfollicular
can follow upon stimulated release endogenously (e.g. through the
change in temperature [327] or pH [328]) or exogenously (e.g.
infrared radiation [329]).

Lademann’s group investigated the effect of nanoparticles size
on follicular penetration [320,330], including the influence of mas-
sage on the follicular penetration depth of the particulate form (av-
erage diameter 320 nm) and the non-particulate form of the
fluorescent dye fluorescein in vitro using porcine skin as a surro-
gate for human skin. Following a 3 min massage of the two formu-
lations and a 1-hour topical application, skin biopsies were taken
and obtained histological sections were analyzed using fluores-
cence microscopy. While both particulate and non-particulate for-
mulations penetrated down to about 300 mm without massage, the
application of massage resulted in a penetration depth of just over
400 mm for the non-particulate formulation and well over 1500 mm
for the particulate formulation [323]. They suggested that the zig-
zag structure and thickness of the cuticula (~530 nm in human vel-
lus and terminal hairs; ~320 nm in porcine ear bristles) could
influence the penetration of nanoparticles. As described earlier,
the movement of the hair in massaging acts as a geared pump
pushing the particles into the hair follicle infundibulum
[322,324]. Mathes et al. [298] investigated the follicular uptake of
clobetasol-containing particles (nanospheres, nanocapsules, and
lipid-core nanocapsules) labeled with the fluorescent marker Rho-
damine B ex vivo in porcine ear skin. The particles were applied as a
topical formulation in an aqueous dispersion or in the hydrogel,
and a standardized 3-minute massage was applied. After a one-
hour incubation, a differential stripping method [331] (tape strip-
ping combined with cyanoacrylate skin surface biopsy) was used
to distinguish follicular and stratum corneum transport. When clo-
betasol, was formulated and applied as an ethanolic solution or
hydrogel, the amount recovered in the hair follicle was negligible
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with and without application of massage. In contrast, uptake into
hair follicles was observed for the three types of nanoparticles,
with a higher update when applied with massage compared to
no massage. The highest uptake was obtained for the nanocapsules
when formulated as an aqueous dispersion formulation (% recov-
ery of Rhodamine B-labelled polymer: 3.06% for nanocapsules in
an aqueous dispersion with massage vs. 1.61% with no massage).
These results contrast with our recently published study in which
the influence of massage on the penetration of topically applied
ZnO nanoparticles (coated and uncoated) was investigated in
human volunteers. Using state-of-the-art non-invasive techniques
of multiphoton tomography with fluorescence lifetime imaging
microscopy to visualize and quantify these nanoparticles, we found
massage facilitated ZnO nanoparticles penetration into the skin
furrows and infundibulum of human volunteers but not into the
skin itself [332].

7.4. Sweat glands

The body has approximately 2–4 million sweat glands
[333,334], which produce a hypotonic solution important for tem-
perature regulation. Eccrine and apocrine glands are the two types
of sweat glands that exist [335], differing in anatomical structure
and location. Eccrine glands have ducts that connect directly to
the skin surface, forming a pore opening at the distal end, while
apocrine glands are about 10 times larger [336] and have ducts
that link in with the hair follicle and pilosebaceous unit. While
the eccrine gland can be found body-wide, making up 90% of all
sweat glands, apocrine glands are mainly found at the axillae,
mons pubis, external auditory meatus, areole, and circumanal area
[337].

Little is known about the direct role of sweat glands in drug
delivery. The density of eccrine glands ranges from 700 per cm2

on the palms and soles of the feet to approximately 64 per cm2

on the back [333] and therefore depending on site they may form
a significant passage route. The sweat ducts themselves may be a
target for delivery in the case of aluminum-based antiperspirants
designed to block and prevent sweat secretion (51). Massage for
10 min has been shown to enhance antiperspirant efficacy by
25% suggesting improved delivery [338,339], meanwhile, the addi-
tion of surfactant or lipid solvent did not affect efficacy [340,341].
The sweat ducts may also be of interest for assessing exposure for
other compounds. We have visualized elevated zinc levels within
the sweat glands following the application of zinc pyrithione using
X-ray fluorescence microscopy [342]. Zinc pyrithione is a coordina-
tion complex of zinc and therefore whether the elevated zinc is due
to intact zinc complex or dissociated zinc ions is not known. It is
also important to consider the role that sweat glands have when
functionally active, capable of producing up to 3 L of sweat per
hour [343]. This can have the effect of diluting topical agents
applied to the surface such as sunscreens and insect repellents.
Sweating in humid climates can also have significant impact and
presents a challenge on topical products for wounds.

Since eccrine glands form pores on the skin surface these are
more likely to act as shunt routes compared to apocrine glands,
provided they are unobstructed by keratinous debris, which may
be the case in diseases such as atopic dermatitis or psoriasis. The
diameter of the ductal portion has been estimated at between 20
and 60 mm [344,345] and can extend for up to approximately
1000 mm, therefore providing a channel for drugs either in solution
or as fine particles. Further work is needed to elucidate specific
pathways here. Drugs could either form a reservoir in the sweat
gland and duct or could pass into deeper tissues layers by crossing
the tubular epithelia [346], which is composed of a double layer of
luminal and basal ductal cells. The luminal cells have dense tonofil-
aments that strengthen the tube wall, especially where it forms a
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pore with the skin surface in the stratum corneum, a particular
region known as the acrosyringium. The relative barrier that the
tubular epithelia provide as compared to the stratum corneum is
not currently known. Delivery to these structures likely depends
on drug and formulation factors such as size, charge, viscosity,
and lipophilicity. Improved targeting would be particularly useful
in conditions such as hyperhidrosis and also for non-sweat
gland-related conditions as a way of enhancing general epidermal
and dermal penetration.
8. Heterogeneity on skin transport, retention, and response

Heterogeneity in skin transport applies to both variations in the
drug skin transport pathway as well as between skin from different
anatomical skin sites, gender, and age, all of which can be associ-
ated with variations in local skin absorption [130,347]. Hetero-
geneity can also be induced by the product-skin-environment
effect that can modulate the product evaporation, skin permeation,
and reservoir effect. A number of studies have also explored how
heterogeneity in the skin barrier at a given site may affect drug
transport, as discussed earlier in 4.2.
8.1. Skin reservoir

The nature of the skin reservoir is at this stage still ill-defined
but is most likely to involve all parts of the skin sequestering var-
ious types of solutes and particles as we discussed in a recent
review [348,349]. The skin reservoir effect can result from the
low diffusivity of drugs through the stratum corneum (i.e. long
lag times) or from the depot of drugs in the stratum corneum. This
was first described by Vickers who showed that the vasoconstric-
tion associated with topical corticosteroid use could be reactivated
for up to two weeks after the first topical application by repeatedly
occluding the application site [350]. The skin reservoir effect for
steroids is most evident when these are released from the stratum
corneum on its hydration by occlusion and other mechanisms
[351].

The four main determinants of the stratum corneum reservoir
effect are the diffusivity of the drug in the stratum corneum, a high
stratum corneum uptake/binding, clearance via the epidermis [56],
and epidermal turnover (i.e. stratum corneum desquamation) [71].
Highly lipophilic drugs are likely to be retained in the SC because of
their affinity for SC lipids and poor solubility into the viable epider-
mis. High molecular weight (>350 Da) drugs will also be retained
in the SC because they diffuse through the SC slowly with long
lag times. Corticosteroids, being large, lipophilic, and widely used,
are therefore the best-documented group of drugs having an SC
reservoir effect [348]. The retention of these and other drugs will
also be dependent on the rate of epidermal turnover [71], which
in normal skin is 28 to 40 days but it may be much less when
the skin turnover is rapid, such as in psoriasis, where the skin turn-
over rate may only be 3–4 days. Potential retention sites for drugs
in the SC include the skin lipids, corneodesmosomes, and related
structures and binding to keratin within corneocytes, especially
in the more permeable stratum disjunctum layer (4.2, Fig. 6B) for
drugs with a high affinity for and a slow rate of dissociation from
keratin [165,165,179]. This is also the SC layer most likely to
become hydrated after application of topical products [67,68],
facilitating the release of corticosteroid and other drugs from this
potential reservoir [348]. However, drug in the stratum disjunctum
will be the first to be lost in the continual formation and desqua-
mation of SC.

The viable epidermis can both facilitate reservoir formation and
also be potential reservoirs. For instance, the viable epidermis may
be a significant barrier to the skin permeation of large and/or lipo-
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philic solutes [83,84], facilitating SC retention. Further, lipophilic b-
blockers bind to both SC lipids and viable epidermal cells (ker-
atinocytes) [352]. PBPK modelling of viable epidermal transport
has suggested that drug retention is greatest for more lipophilic
solutes and related to the relative volumes of cytoplasm 87.9%,
lipid 0.1%, and extracellular fluid (which will contain about half
the protein content seen in plasma) 12.0% [134].

The dermis is also a potential barrier and reservoir for topically
applied drugs. It is estimated that the distance from the avascular
region of the dermis between the dermal papillae and the dermal-
epidermal junction is ~40 mm [353]. Thereafter, it would be
expected that drugs would be rapidly cleared into the systemic cir-
culation and deeper tissues by the dermal circulation. As both der-
matomed and full-thickness skin are avascular, a potential dermal
reservoir effect will be more pronounced in these tissues. We have
reported that diclofenac, econazole, retinoic acid and desoximeta-
sone are also highly bound in the dermis [263,354] and a number
of other studies, including our own, have quantified the binding of
a wide range of other drugs in the dermis [355,356]. In general, as
the dermal diffusion coefficients of drugs in their unbound form
are similar to in water [265], dermal binding largely determines
the dermal reservoir effect both through the extent of binding
but also in, in vitro studies, by the thickness of the dermis being
used. In the latter case, binding will slow down dermal diffusion
(effective diffusion coefficient = fraction unbound X unbound diffu-
sion coefficient) and desorption from the dermal reservoir.

There has been some considerable recent interest in the reser-
voir effect associated with drug crystallization of fluocinolone ace-
tonide, acetylsalicylic acid, hexachlorophene, sodium fusidate,
ibuprofen, diclofenac acid, and hydrocortisone. Here, various sol-
vents carry a drug into the SC and it crystallizes in the SC intercel-
lular lipids after being left behind and exceeding its SC intercellular
lipid solubility on the rapid evaporation and further SC permeation
of the solvents that carried it into the SC [357].

As discussed in Section 7.3 and shown in Fig. 3C, F, G, and H,
various nanoparticles can get trapped in the infundibulum of the
hair follicle and serve as a reservoir. Nanoparticles can also be
trapped in skin furrows as we have shown for zinc oxide nanopar-
ticles [358] and shown in Fig. 3I. Other high protein binding topi-
cally applied compounds may also be retained in the skin as a
result of binding to corneodesmosome remnants and accessible
keratin in the SC disjunctum as well as to SC lipids as discussed
earlier in Section 3.

Furrows can also be a reservoir or facilitating reservoir forma-
tion, especially for drugs retained from a product and for particles,
in that the topical product may be seen to remain in the furrow
after washing [31,358]. In addition, furrows can influence the
micro transport of drugs in lateral and transverse directions affect-
ing the distribution of product on the skin surface especially after
rubbing, massage, and flexing particularly when there are loose
squamae. A greater lateral spread will mean less is available
directly below the site of application. Lateral spreading is a time-
dependent process [359-357] and is particularly relevant for com-
pounds that are designed to target the skin surface. This includes
sunscreens such as zinc oxide, [361], anti-fungal agents [362],
and insect repellents. Further, lateral spread of drugs across the
skin surface is important in their delivery to appendages, such as
the hair follicles (which can then act as a reservoir or shunt route
for deeper delivery in the transverse direction).

8.2. In silico and IVPT scale-up for in vivo prediction

A key challenge is providing topical products to consumers that
meet their individual skin needs, which can vary greatly between
individuals. Heterogeneity in skin permeability of different body
sites is also important as various topical products are applied all
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over the body to meet different indications. As shown in Fig. 11,
the skin absorption for a large number of drugs has been shown
to vary greatly with the site of application. In general, the order
of skin permeability ranking is genital > forehead, scalp,
back > hand, abdomen, chest, plantar > thigh, lower leg, and palm.
Scrotal skin is the site with the fastest rate of topical absorption,
due to a combination of its thin stratum corneum and high blood
supply, which is followed by the forehead, scalp, and neck [363].
While the thickest stratum corneum is located on the soles of the
feet, this is not the site with the lowest rate of absorption, rather
it is the forearm, suggesting other factors, as well as physical thick-
ness, contribute to absorption. [293,364,364]. Indeed, differences
in lipid content have been reported from the skin on the abdomen,
leg, face, and sole [365], with variations in neutral lipids as
opposed to sphingolipids, suggested to be the main contributor
to the variation in barrier function at the different sites. Infant skin
is more permeable as a result of increased hydration and an altered
acid mantle [366], while aged skin is drier and less permeable par-
ticularly for hydrophilic substances [367]. Concerning ethnicity,
there are conflicting and sparse reports on differences in absorp-
tion, however, the skin of color has been reported to have more
stratum corneum cell layers and higher lipid content than Cau-
casian skin [368], which is important for the development of phys-
iologically based models.

The software Certara’s Simcyp MechDermA PBPK model,
described in Fig. 12A and widely used by the pharmaceutical
industry and FDA, provides dermal PBPK based assessments for
topical products which take body site into account. As shown in
Fig. 12A, it allows various drug and product attributes to be inte-
grated into the skin absorption process and allows for population
variations in age, gender, weight, height, and disease state, as
well as location variations, capturing SC thickness, number of
SC layers, hair follicle density, hydration state, and many other
parameters.

Highlighted in Fig. 12A (in red) is diseased skin, which may
show significant changes in structure and function that can either
increase or decrease the absorption of topical compounds [369]. In
psoriasis for instance there is an increased stratum corneum thick-
ness and altered lipid composition. In other conditions such as ato-
pic dermatitis, permeation may be increased two-fold [370] due to
barrier compromise. In acne, the follicles, which are key sites of
drug action, are hyperkeratotic and plugged and there is increased
steroid metabolism [277]. Inflammation is a common element to
most skin disorders, involving an increase in the release of local
vasoactive factors that will enhance microcirculation. In some con-
ditions such as melanoma, an increase in MRP1 transporters has
been reported [371].

However, defining the impact of these changes in vivo for a
given product is not straightforward and generally involves the
strawman decision tree described in 5.1, recognizing that monitor-
ing local drug concentrations in SC or dermis is challenging. One
possible way forward is to apply either in silico or IVPT data in pre-
dicting normal skin permeation of a drug from a given product
in vivo and then adjusting those predictions for the site and other
differences in permeation in silico. As discussed earlier in Section 2,
the published literature suggests that extent of absorption
between in vitro (IVPT data) and in vivo studies is highly correlated
when study protocols are harmonised, but less so otherwise [25].
Fig. 12 B shows an example of in vitro - in vivo relationship (IVIVR)
for nitroglycerin patches being developed by a combined in silico,
IVPT, and compartment-in-series PBPK modelling approach [85].
This approach is analogous to that recommended by the FDA for
extended-release (ER) product in vitro - in vivo correlations (IVIVC)
[372]. It is evident that the IVPT data combined with the known
disposition data for the Nitro-Dur II product predicted its plasma
concentration–time course in vivo. However, external validation



Fig. 11. Effect of body site on the skin absorption of various drugs after topical application and the skin physiological parameters. Black filled circles are the estimated
absorption of topical drugs and skin physiological parameters, normalized to values for the upper arm (UA) and black open circles are the estimated absorption of topical
drugs and skin physiological parameters, normalized to values for the forearm (FA). Data used here were obtained from the literature for topical drugs: An-Aspirin [406], Be-
Benzoic acid [407], Ca-Caffeine [408], Hy-Hydrocortisone [409], Ke-ketoprofen [410 60], Ma-Malathion [363], Me-Methyl Salicylate [406], Pa-Parathion [363]; Skin
parameters: C-conductance, TEWL-transepidermal water loss, 1/h-inverse of SC thickness, 1/N-inverse of the number of SC layers. The SC thickness values were derived from
the work of Polak et al. [411], except for the palm*, which was reported by Bohling et al. [412]. The SC values for the number of SC layers, TEWL, and conductance (SC
hydration) came from a study by Ya-Xian et al. [404].
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with other brands of nitroglycerin products failed, indicating that
generalizability is not straightforward [85]. There are a number
of potential sources for these differences, including product
design-related variations in drug release profiles and differences
in IVPT and in vivo skin permeability. The latter arises because skin
used in vitro and in vivo studies are from different individuals, the
individual pharmacokinetics may vary from that of the population,
different application methods in the two populations, and environ-
mental/procedural differences when studies are carried out at dif-
32
ferent sites. As Liu et al. [85,86] point out, the SC model parameters
used to derive the IVIVR demonstrated in Fig. 12B can be adjusted
to account for variations in body site and skin condition, as defined
by skin morphology, biochemistry, and function, in predicting
in vivo pharmacokinetics. The broader challenge is in predicting
individual consumer outcomes for topically applied products
based on that individual’s skin site, condition, and method of appli-
cation, as well as taking into account environmental and other
effects.



Fig. 12. In silico, In Vitro skin Permeation Test (IVPT) and in vivo relationships. A. Snapshot of Certara’s Simcyp MechDermA PBPK model software (courtesy Sebastian Polak,
Certara). B. Nitroglycerin dermal in vitro – in vivo relationship (IVIVR) for Nitro-Dur II, based on an SC compartment – in - series drug transport model of SC IVPT data
combined with intravenous pharmacokinetics, and C. External validation of IVIVR with other nitroglycerin products. From [85] with permission of Elsevier.
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8.3. Meeting consumer perceptions and need

Effective topical product performance is defined not only by
whether an individual consumer’s observations about a product
working without adverse effects but also on their perception of
the product. We now consider each of these two aspects here.
33
8.3.1. Efficacy and safety of topical products
As we have recently reviewed the safety of topical products

from both the cutaneous margin of safety, in which inter-subject
variability and toxicities, such as irritancy, photosensitization,
and corrosivity, together with the systemic margin of safety such
as topically applied corticosteroid suppression of the adrenal gland
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in the hypothalamic–pituitaryadrenal axis [373], we are not con-
sidering this aspect in this review. We are also not addressing to
any extent the corollary measure of cutaneous efficacy also
addressed in the same chapter. The cutaneous margin of toxicity
and safety are both related to their putative concentration
obtained at the local site of action (Eq. (1)). The approach of using
a putative concentration at the local site of action has been widely
used in percutaneous absorption of antivirals, where this concen-
tration has been referred to as the free drug concentration at the
local target site (C*), equivalent to fu.Css,local where fu is the fraction
unbound and the target site is assumed to be the epidermal basal
cell layer [373,374].

In principle, both the efficacy and toxicity of a given drug are
defined as the product of the potency of a drug multiplied by its
local site of action concentration. Thus, the key determinants of
both the safety and toxicity of a drug at its site of action are its
potency, rate of delivery through the skin, and clearance from
the site, noting that toxicity can also arise at other sites. Thus, as
is well known, impaired clearance, as occurs when local anesthet-
ics are administered with vasoconstrictors, results in a more pro-
longed effect. Further, application of a topical dosage form to
impaired skin or at a higher fractional solubility in a given dose will
also have a heightened response.

8.3.2. Consumer perception of topical products
Consumer perception may be influenced by the nature of excip-

ients present in a product, how the product looks, smells, and feels,
whether the product is stable and how the product is packaged and
labeled. Also important is whether the product may alleviate con-
current skin conditions associated with the primary cause of the
skin disorder [373]. For example, consider an underlying fungal
skin infection being treated with an antifungal product. The skin
at this site may also be chapped and irritated due to the infection.
From a consumer perspective, moisturizing and soothing, as may
be provided by an emollient, may be just as important as bringing
the fungal infection under control [375].

The large placebo response associated with topical product
application emphasizes the role played by a consumer’s perception
of product performance. As one example, 20–30% of the response
for a number of topical anti-infectives used to treat acne vulgaris
arose from a placebo response. In that study, the age-related pla-
cebo response difference was greater than the age-related thera-
peutic response with the placebo effect being lower for a more
severe condition [376]. However, this response may be an under-
estimate as Chiou [377] has reported placebo responses in acne
vulgaris ranging from 9 to 89% for two studies, with means of 55
and 58%. It is now well recognized that the modern consumer (in-
cluding the patient) cares at least as much about the experience of
applying a topical product as they do about the alleviation of dis-
ease. The consumer perceptions are well understood by the cos-
metic industry. As a consequence, consumer testing panels are
used to assess product sensorial feel and ‘‘the experience” of the
consumer [378].

The ‘‘bitter pill psychology” [379-380] also plays a role in topi-
cal product perception. Here, textural, and perceptive qualities of
semisolid products applied on the skin such as a strange smell
may be indicative of a product stability issue [382] or when per-
ceived to be inferior because it may, for instance, be gritty may
impact on whether the product is perceived to work. A key chal-
lenge for the generic equivalent products, now widely used in
the USA (Fig. 9A) and elsewhere [383], is a general opinion held
by many professionals [384] and consumers [385] that generics
are less effective than the RLD products.

Consequently, there is now a strong push to identify methods
predictive of in vivo performance [243]. A key component in that
approach is to characterize the impact of variations in excipient
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nature and concentrations [382], especially when those excipients,
such as emollients, are adjuncts to topical therapy [386] and also
constitute the texture, feel, and perception of the product by the
patient. Product failure may occur due to poor patient compliance
caused by poor aesthetics (sensory attributes) of the product. Sen-
sorial evaluation is described as behavioral science and as a scien-
tific method to elicit, measure, analyze and interpret responses to
products/materials through the sense of sight, odor, touch, taste,
and hearing [387]. Overall, these topical products may exert either
positive (placebo) and/or negative (nocebo, literally ‘‘harmful”)
perceptions independent of whether any active ingredient is pre-
sent or not. Their role in reinforcing our perceptions of good and
bad is well recognized by industry who now color tablets to
enhance or reinforce a therapeutic effect-blue for sedation, red
and orange for stimulants, yellows to depict positivity for antide-
pressants, green for anxiety, and white for pain, with brighter col-
ors and embossed brand names used to heighten effects [388].
Importantly, cultural differences also affect responses, so that, for
instance, blue is used to "inspire" the Italian soccer team and yel-
low equates to the better antimalarial drugs in Africa. In addition,
verbal comments and prior experiences partly determine the itch
response to an applied antihistamine cream [389]. It is not just
response but adherence that can be impacted by placebo and
nocebo effects. An often-cited example is that some children do
not complete their course of medicines because it is unpalatable
[379]. Sensorial and perceptive attributes are also important in
building and retaining brand loyalty.

A typical cosmetic product sensory evaluation panel assesses
the product for its perceptibility, consistency, smoothness, spread-
ability, smoothness after drying/penetration (film formation, resi-
due), assessment of product thickness/viscosity by perception,
greasiness, and time to absorption to name a few [390]. Whilst
properties of a topical formulation affect consumer perception,
the properties of the skin to which it is applied and the finger with
which it is applied are also important [391]. Accordingly, evalua-
tions are highly subjective [392] and need an adequately powered
study [393]. The alternative is to move to an instrumental assess-
ment of product characteristics such as their low shear viscosity
[394–396]. Indeed, product consistency and uniformity are now
routinely assessed and are often a regulatory requirement [397].
A product consistent at very low shear (typically lower than the
shear experienced during simple spreading or vigorous massaging)
may or may not be consistent upon rubbing and massaging [398].
9. Conclusion

In this review paper, we have sought to characterize the drug
delivery of topical products from the perspectives of their develop-
ment over time, their need, the likelihood that a drug candidate
may cross the skin, and how it gets to its target site. In doing so,
we have reviewed the various QSAR methodologies for determin-
ing skin permeability, the various models defining the dermal PBPK
of drugs, explored the contribution to understanding skin perme-
ability by molecular dynamics simulations, and considered the
range of topical products on the market and how they have been
formulated. We have also considered other factors that may affect
local product delivery such as dermal blood flow, dermal metabo-
lism, appendageal delivery, and heterogeneity in skin absorption.
Lastly, we recognized that the efficacious use of topical products
not only depends on their safety and efficacy but also on consumer
perceptions of those products and that topical product regulation
has moved from a predominantly clinical trial assessment to qual-
ity by design and performance assessment.

Our conclusion is that, whilst we have learned much about local
skin drug delivery in recent years, we still have not fully under-
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stood what aspects of skin transport have been accurately captured
by the models we are using, and what aspects have not. The first
two questions raised in this review are: (1) What are the relative
contributions played by the stratum disjunctum and stratum com-
pactum in the skin permeation of drugs from topically applied drug
products? and (2) To what extent is SC drug transport intercellular
and/or transcellular? Our current perspective for the first question
is somewhere in the middle of one view that ‘‘the innermost two-
thirds of the stratum corneum formed the principal barrier to free dif-
fusion in agreement with the histologic concept of a stratum corneum
consisting of a proximal, compact stratum compactum and a distal,
porous stratum disjunctum” and the alternative view that ‘‘the entire
stratum corneum forms a barrier and that is composed of a compact,
multilayered tissue” as put by Brody [58], recognizing also that, in
his interpretation of the SC transmission electron microscope
image in Fig. 4A, the ‘‘basal and middle zones seem to correspond
to what histologists have termed stratum compactum”. This raises
the further question as to whether, in future PBPK modelling, we
should further subdivide the stratum disjunctum into Brody’s
outer zone along with an inner zone that has significant barrier
properties. Such a model is consistent with our earlier speculation
that drugs may partition into the stratum disjunctum to be bound
to keratin and other structures more so than in the stratum com-
pactum, explaining a non-linear steady-state concentration – SC
depth relationship [182] that may enhance the SC concentration
gradient [185] and our use of a three compartment-in-series PBPK
model of the SC in describing the percutaneous absorption of SC
transport for topical and transdermal products [85,86]. Irrespec-
tive, it is evident that Brody’s view in 1989 ‘‘Contradictory to the
view(s) of (many), (these) studies suggest that the intercellular space
represents an important element in the entire stratum corneum” holds
firm today. However, perhaps the ‘‘compactness” of the SC intercel-
lular lipids in the stratum compactum, facilitated by corneodeso-
mosomes and other structures in the deeper SC layers and along
with anisotropic diffusion [134], hinders SC intercellular lipid dif-
fusion more than in the upper SC layers, resulting in longer SC
lag times than one may deduce from a combination of observed
SC diffusion coefficients and a tortuous intercellular pathway
[150] alone. This response to the first question, our analysis of
the data to date in Section 4.2, and our own modelling [185] sug-
gests that drugs will permeate into the stratum disjunctum cor-
neocytes and may bind to keratin, especially in the outermost
layer. However, it is less clear that this permeation occurs in the
stratum compactum, where the current evidence favors SC trans-
port here mainly via the SC intercellular lipid pathways.

A third question raised in this work is: Which QSPR model best
describes percutaneous absorption of drugs from topically applied
products? Our review of our own and other models using external
validation using newly published data has shown them wanting
and that the best model describing Jmax was the Roberts-Sloan
model (Section 4.1). The inclusion of drug solubility in both oil
and water, along with drug size, in this model [115] also meets
the bifunctional drug solubility characteristics of the SC observed
by Scheuplein and Blank [30]. The later finding that dermal clear-
ance is related to these same parameters [264] (Section 6.1) is an
interesting parallel. The follow-on question that follows is can
we better predict QSPR of SC drug permeability by understanding
the interactions between drugs and the SC intercellular lipid path-
way? The answer to this question offers unique opportunities in
predicting potential new drugs for topical product application,
along with associated skin penetration enhancers [399,400].
Molecular dynamics modelling offers exciting possibilities here,
especially in further understanding the impact of physical, chemi-
cal, and other SC permeation enhancers on SC lipid diffusivity and,
thence, on SC permeation. A fourth question is what is the impact
of a topical drug product on the skin after application? In particu-
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lar, how much drug, what form it is in, and how it is applied all
affect percutaneous absorption with massage able to affect the per-
cutaneous absorption of drugs into the SC [401] and nanoparticles
into the appendages (see Section 7.3).

However, the use of any QSPR, PBPK, and/or molecular dynam-
ics simulation drug delivery model is only useful if it, firstly, can
predict IVPT performance but, secondly and most importantly,
in vivo topical dermal performance. These, in turn, are defined by
the model limitations as defined by assumptions used and starting
points. Further, for the model to be useful in scaling up to in vivo
situations, we need to record both the model’s uncertainty and
scope noting that both very simple models and very complex mod-
els will have limited useability. Lastly, whilst models used to
describe topical drug delivery may be ‘‘wrong” in terms of precisely
mimicking what happens in the skin, they can and have been
shown to be useful. Much of the focus in topical drug delivery sys-
tem development has been on describing SC transport. However,
what happens in the product [419] and beyond the SC [420], as dis-
cussed in Sections 5 to 8, also matters and, as Ken Walters pointed
out some 20 years ago, the key challenge of ‘‘. . .quantifying solute
(drug) concentrations in the lower layers of the epidermis in vivo in
dynamic studies” [421] remains. He went on to suggest that In vitro
human skin permeation was the only realistic option [422] but
noted that technology and ‘‘. . .transdermal therapeutic systems have
advanced our understanding of the structure of the skin and the mech-
anisms of transport through the barrier membrane” [423]. Topical
drug product development has also been nurtured by the addi-
tional economic and social needs of access, alternatives to animal
testing and cost. Here, government, industry and academia have
recently come together to meet these needs with a combined Qual-
ity by Design [252], human IVPT and PBPK (Sections 5.3, 5.6, 8.2)
regulatory approach and there is much to learn! So, we must also
recognize that an additional challenge in the further development
of topical drug products will be unraveling the ’unknown
unknowns’!
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