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Abstract
Quantitative in silico tools may be leveraged to mechanistically predict the dermato-pharmacokinetics of compounds deliv-
ered from topical and transdermal formulations by integrating systems of rate equations that describe permeation through the 
formulation and layers of skin and pilo-sebaceous unit, and exchange with systemic circulation via local blood flow. Deliv-
ery of clobetasol-17 propionate (CP) from  DermovateTM cream was simulated using the Transdermal Compartmental 
Absorption & Transit (TCAT TM) Model in  GastroPlus®. The cream was treated as an oil-in-water emulsion, with model 
input parameters estimated from publicly available information and quantitative structure-permeation relationships. From 
the ranges of values available for model input parameters, a set of parameters was selected by comparing model outputs 
to CP dermis concentration-time profiles measured by dermal open-flow microperfusion (Bodenlenz et al. Pharm Res. 
33(9):2229–38, 2016). Predictions of unbound dermis CP concentrations were reasonably accurate with respect to time and 
skin depth. Parameter sensitivity analyses revealed considerable dependence of dermis CP concentration profiles on drug 
solubility in the emulsion, relatively less dependence on dispersed phase volume fraction and CP effective diffusivity in the 
continuous phase of the emulsion, and negligible dependence on dispersed phase droplet size. Effects of evaporative water 
loss from the cream and corticosteroid-induced vasoconstriction were also assessed. This work illustrates the applicability 
of computational modeling to predict sensitivity of dermato-pharmacokinetics to changes in thermodynamic and transport 
properties of a compound in a topical formulation, particularly in relation to rate-limiting steps in skin permeation. Where 
these properties can be related to formulation composition and processing, such a computational approach may support the 
design of topically applied formulations.

Keywords critical quality attributes · dermal pharmacokinetics · modeling and simulation · PBPK · topical formulation 
design

Introduction

Dermatological drug products are used to treat skin diseases 
such as psoriasis, acne, atopic dermatitis, and infections [1]. 
Development and assessment of local bioavailability of such 
products face significant challenges as the active pharma-
ceutical ingredients (APIs) from these drug products reach 
the site of action (skin layers) before they enter systemic 
circulation. Furthermore, these topical administrations usu-
ally produce very low to undetectable systemic exposure.

Consequently, within the scope of bioequivalence (BE) 
assessment standard pharmacokinetic approaches based 
on comparing systemic drug concentrations between the 
reference standard (RS) and its generic are typically not 
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applicable, and comparative clinical endpoint studies or in 
vitro characterization based BE approaches may be consid-
ered instead [2–5]. The advantage of comparative clinical 
endpoint trials is their ability to assess the efficacy of the 
drug product. However, those trials may require large num-
bers of subjects, are time-consuming, costly, and often less 
sensitive to formulation differences between a prospective 
generic drug product and the corresponding RS [6]. Hence, 
there are challenges limiting the development of generic 
drug products. To address challenges with the develop-
ment of generic drug products applied to the skin, the U.S. 
Food and Drug Administration (FDA) is funding research 
on methodologies that are able to assess the in vitro and in 
vivo performance of topical drug products applied to the 
skin. These include, but are not limited to, in vitro permea-
tion testing, in vivo dermal microdialysis, dermal open flow 
microperfusion (dOFM), and in silico models [7].

Quantitative methods and modeling, such as physiologi-
cally based pharmacokinetic (PBPK) models, have been iden-
tified to support alternative BE approaches [2, 8]. Indeed, 
dermal PBPK models provide an insight into drug partition-
ing within the skin layers by linking the API and formula-
tion physicochemical and structural (Q3) properties with skin 
physiology. Recently, dermal PBPK modeling supported the 
approval of a generic diclofenac topical gel. The approval 
was based on the totality of evidence: qualitative (Q1) and 
quantitative (Q2) sameness as well as the Q3 similarity of the 
generic to the RS, an in vivo PK BE study, and PBPK-based 
virtual BE analysis [2, 9]. Although this generic approval 
represents a breakthrough in regulatory decision making for 
locally acting generic drug products, more research is needed 
to improve the predictability of PBPK models. To that effect, 
enhancement of PBPK models for complex routes of delivery 
remains a priority of the Generic Drug User Fee Amend-
ments (GDUFA) Program [10].

A skin absorption model was developed and validated 
to simulate the permeation of small molecules based on 
their physicochemical properties and formulations charac-
teristics. The aims of the work presented here were to use 
this dermal PBPK model to [11] predict clinically observed 
concentration-time profiles of clobetasol-17 propionate (CP) 
formulated in  DermovateTM cream, 0.05% obtained using the 
dOFM technique. (1); and [1] correlate local dermis expo-
sure with  DermovateTM cream, 0.05% (GlaxoSmithKline 
Pharma, GmBH, Vienna, Austria) formulation properties. 
This product was identified as a case study based on the 
availability of clinical dermal CP concentration-time profiles 
using the dOFM technique to examine skin permeation. The 
Dermovate formulation of CP is also well characterized in 
the literature. As such, the drug product characteristics were 
informed experimentally in the developed model and model 
predictions of local bioavailability were assessed against 

observed data rendering this an ideal case study for mod-
eling skin absorption using in silico methods.

This article describes (i) development and calibration 
of the dermal PBPK model for CP; (ii) application of this 
model to predict CP concentration-time profiles in layers of 
the dermis; and (iii) parameter sensitivity analyses (PSA) 
to illustrate the impact of formulation differences between 
hypothetical formulation variants on local and systemic CP 
exposure.

Methods

Skin Absorption Model

The Transdermal Compartmental Absorption and Transit 
(TCAT™) Model within the software application Gastro-
Plus® (version 9.8.2, Simulations Plus Inc., Lancaster, CA, 
USA) was used for numerical simulation of CP biodistribu-
tion in human skin layers. The model describing skin drug 
absorption and disposition was linked with a one-compart-
ment pharmacokinetic model to capture systemic distribu-
tion and clearance of CP.

Model Structure

The structure of the skin absorption model is shown sche-
matically in Figure S1 of the Supplementary Information. 
The model comprises a set of compartments, connected 
in series and parallel by diffusive mass exchange, to rep-
resent the stratum corneum (SC), viable epidermis (VE), 
dermis, subcutaneous tissue (SQ), sebum, hair lipid, 
and hair core. Topical and transdermal dosage forms 
applied to the SC surface are represented by the vehicle 
compartment.

The model treats diffusion in time and a single spatial 
dimension by imposing a mass transfer boundary condition 
between compartments that approximates diffusive flux due 
to concentration gradients. To treat concentration gradients 
that may develop within them, the formulation and skin 
compartments, with the exception of the subcutaneous tis-
sue, can be divided into sub-layers. Each skin and piloseba-
ceous sub-layer is assumed to be homogeneous, and each 
thermodynamic phase of a formulation sub-layer is assumed 
to be homogeneous. The number of sebum sub-layers equals 
the number of VE plus dermis sub-layers, and the number of 
internal hair sub-layers equals the sum of SC, VE and der-
mis sub-layers. Equations for the exchange of mass among 
model compartments and between successive sub-layers of 
a given model compartment are presented in the Supplemen-
tary Information, Equations (4)–(11).
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After application to the skin, the drug and excipients 
comprising a formulation undergo a variety of processes 
that result in absorption, distribution, and clearance. At 
present, the model encompasses the following processes:

• Evaporation of a volatile drug and excipient
• Equilibrium binding of the permeant in each skin and 

pilosebaceous compartment (as % bound)
• Linear and nonlinear binding to melanin in the VE and 

hair core
• Linear (non-saturable) clearance (degradation) in the VE, 

dermis, and SQ
• Exchange with the systemic circulation via blood flow 

to the dermis and SQ, and lymph flow in SQ (relevant 
principally for compounds with molecular weight greater 
than about 20 kilodaltons)

Details about the equations defining these processes 
are provided in the Supplementary Information.

Clobetasol‑17 Propionate (CP)

CP, a halogenated derivative of prednisolone, is a highly 
potent topical corticosteroid. First approved by the FDA 
in 1985 as cream and ointment formulations [12], it is 
used to relieve inflammatory and pruritic manifestations 
of steroid responsive dermatoses, such as psoriasis and 
other skin conditions, which do not respond satisfactorily 
to less potent corticosteroids [13]. Continuous use of CP 
is dose- and duration-limited (≤ 50 g/week for ≤ 4 weeks) 
to avoid suppression of the hypothalamic-pituitary-adre-
nal axis [12]. In addition to the cream and ointment, CP is 
currently available as a gel, lotion, solution, spray, sham-
poo, and aerosol foam. CP has a molecular weight of 467 
daltons, no ionizable moieties, a logP ~ 3.5 [14] and water 
solubility ~ 3.6 mg/mL [15].

Model Input Parameters

We developed a dermal PBPK model for Dermovate cream, 
0.05% (“Dermovate cream”) and used the Day 1 dermis CP 
concentration-time profiles and AUC s from non-lesional skin 
of psoriasis patients in the dOFM clinical study reported by 
Bodenlenz et al. [11] to assess model performance. Simu-
lated dose and application area per site were set to those of 
the clinical study: 15 mg cream/cm2 skin, and 7.7  cm2 skin, 
respectively.

Values for the biopharmaceutic and physicochemical 
parameters that characterize the cream were obtained pri-
marily from the work of Kasongo and Fauzee [15, 16]. The 
composition of the cream is provided in Table I. Volume 
fractions of CP and formulation excipients were estimated 
from density information available at PubChem and manu-
facturer websites. The density of Dermovate cream was esti-
mated to be 1 g/mL.

For modeling purposes, we treated the cream as a two-
phase oil-in-water emulsion. Fauzee discussed the possibil-
ity that lamellar lipid phases also exist within the formula-
tion [16, 17], but the actual phase structure of Dermovate 
cream has not been determined experimentally. Values of 
model input parameters, their units, and sources or methods 
of derivation are summarized in Table II.

CP release from the Dermovate cream, measured under 
occlusion and through 0.1 mm polycarbonate or 0.025 mm 
nitrocellulose membranes [15, 16], were used to estimate the 
apparent diffusivity of CP (Deff) in the continuous phase of 
the cream. Analyzing the release data via Higuchi’s equation 
and an approximate equation for release at short times, we 
obtained Deff ~ 2.6e-8 and 4.5e-9  cm2/s, respectively [18]. 
CP release from propylene glycol: water 50:50 v/v solu-
tions was much more rapid than from the cream, but release 
rates from the cream did depend on membrane composi-
tion and pore size suggesting that the synthetic membranes 
used in the study influenced the observed CP release rate 

Table I  Weight Percent 
Composition of Dermovate 
Cream [16]

* https:// www. sigma aldri ch. com/
** https:// www. croda perso nalca re. com/

Component % (w/w) % (v/v) PubChem CID Phase

Propylene glycol 47.5 45.4 1030 Continuous aqueous
Distilled water 30.2 30.2 962
Sodium citrate 0.05 2.99E-02 6244
Citric acid 0.05 2.99E-02 311
Glyceryl monostearate 11.0 11.3 24699 Dispersed hydrophobic
White beeswax 1.15 1.18 *
Cetostearyl alcohol 8.40 10.3 62238
Arlacel 165 1.50 1.54 **
Chlorocresol 0.075 5.44E-02 1732
Clobetasol-17 propionate 0.05 4.10E-02 32798 Partitions

https://www.sigmaaldrich.com/
https://www.crodapersonalcare.com/
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[15]. Linearity of release with the square root of time was 
observed, but we believe these should be considered low 
estimates of Deff.

A theoretical estimate, Deff ~ 7.56e-7  cm2/s, was obtained 
by starting with CP diffusivity in water, Dw ~ 5.9e-6  cm2/s 
(ADMET™ Predictor 10.3, Simulations Plus, Lancaster, 
CA, USA), then applying the Stokes-Einstein equation to 
account for the viscosity of the water-propylene glycol (PG) 

vehicle [19], and lastly treating dispersed phase droplets as 
semi-permeable obstacles to CP diffusion [20, 21].

The model treats mass transfer between the continuous 
and dispersed phases of Dermovate cream in similar fash-
ion to diffusion between any other distinct compartments 
(Equations (4)–(7) in the Supplementary Information). CP 
diffusivity in the hydrophobic dispersed phase (Ddisp) was 
estimated from values for the diffusivity of ferrocene derived 

Table II  Model and Systemic PK Input Parameter Values and Their Sources or Derivations. Alternate Values Available for some Input Param-
eters were Explored through Parameter Sensitivity Analysis, as Described in the Text

Parameter Value Units Sources, definitions, derivations

Cream composition AYB Fauzee, MS Thesis [16]
CP content 0.5 mg/g cream Dermovate cream prescribing information [13]
Dispersed phase volume fraction, jdisp 0.244 Calculated from the composition and density information
CP solubility in water 4.06E-03 mg/mL KW Kasongo MS Thesis [15]

KW Kasongo MS Thesis [15]Continuous phase solubility 0.397 mg/mL
Cont phase/water partition coeff, Kcont,w 97.9 Calculated as the ratio of the respective solubilities
Disp phase/water partition coeff, Kdisp,w 357 Baseline value: Kveg oil,w = 1.115*LogP - 1.35 [27]
Disp phase/water partition coeff, Kdisp,w 3162 Alternate value Ko,w = 10LogP

CP Diffusivity in water, Dw 5.90E-06 cm2/s ADMET Predictor 10.3
Cont phase effective diffusivity, Deff 2.61E-08 cm2/s In vitro release data using Higuchi’s equation (15,16,18)
Dispersed phase diffusivity, Ddisp 4.25E-09 cm2/s Cyclic voltammetry & scaling by CP hydrodynamic radius [22]
Dispersed phase droplet radius, rdisp 1 µm A representative value for emulsion-based creams
Diffusion length scale, hmem 0.01 µm Figures in dispersed ↔ continuous phase diffusive mass transfer
Adhesion thickness 1E-04 µm Determines skin surface area covered by dispersed phase
SC thickness 13 µm Model default value for human arm skin
VE thickness 61.4 µm
Dermis thickness 1131 µm
Subcutaneous tissue thickness 2642 µm
CP SC diffusivity, DSC 1.10E-11 cm2/s Wilschut, A et al. [24]
     SC/water partition coeff, KSC,w 22.52
     SC permeability, PSC 1.91E-07 cm/s
     VE diffusivity, DVE 1.26E-06 cm2/s Kretsos, K, et al. [25]
     VE/water partition coeff, KVE,w 0.70
     VE permeability, PVE 1.44E-04 cm/s
     Dermis diffusivity, Dde 1.26E-06 cm2/s Kretsos, K, et al. [25]
     Dermis/water partition coeff, Kde,w 0.70
     Dermis permeability, PDermis 7.82E-06 cm/s
     Sebum diffusivity, DSebum 3.28E-09 cm2/s Yang S, Lian G, et al. [28]
     Sebum/water partition coeff, KSebum,w 556 Yang S, Lian G, et al. [29]
     Sebum permeability, PSebum 1.53E-05 cm/s Model/Gastro Plus 9.8.3

CP bound in VE & Dermis 84 % Kretsos, K, et al. [25]
Blood flow in the dermis, Qdermis 9.89E-02 mL/min/g skin Model default for human arm skin
Blood flow in subcutaneous tissue, QSQ 2.60E-02 mL/min/g SQ Model default for human arm skin
Systemic clearance, CLsys 4 L/h ADMET Predictor 10.3
Volume of distribution, Vd,c 2.54 L/kg ADMET Predictor 10.3
Plasma half-life, t1/2 31 hours ADMET Predictor 10.3
Blood-to-plasma concentration ratio, Rbp 0.77 ADMET Predictor 10.3
Fraction unbound in plasma, Fu,p 3.46 % ADMET Predictor 10.3
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from cyclic voltammetry measurements in microemulsions 
of similar hydrophobic phase composition [22]. Ferrocene, 
with logP ~ 2.66 [23], partitions preferentially into the dis-
persed phase so that the derived diffusion coefficients are 
thought to be representative of that phase. To obtain a value 
of Ddisp for CP in Dermovate cream, we scaled the ferro-
cene value by the ratio of hydrodynamic radii for the two 
molecules.

The model treats dispersed phase droplets as homogene-
ous compartments, ignoring gradients that might develop 
within them. However, a value of the diffusion length scale, 
hmem, in Equation (4) is needed. A default value of 0.01 mm 
is provided (discussed in the Supplementary Information), 
which users can change. Exploring a range of values from 
0.01 to 0.5 mm in simulations of both CP skin permeation in 
vivo and rapid CP release in vitro, we found that the model 
predicted equilibrium partitioning of CP between dispersed 
and continuous phases of the emulsion. Thus, we retained 
the default value for the simulations presented here.

The model also treats diffusive exchange directly between 
dispersed phase droplets and the SC, sebum and hair lipid 
to which the droplets may adhere. The extent of skin and 
appendageal coverage by the dispersed phase is determined 
by the proximity required for droplets to adhere (the adsorp-
tion thickness, with a default value of 1Ȧ) and the degree to 
which adhering droplets wet the respective surfaces. Using 
the default value of adsorption thickness, the model pre-
dicts a vanishingly small fraction of skin coverage by the 
dispersed phase of Dermovate cream (~ 2e-5), and thus a 
negligible contribution to skin permeation. In the current 
version of the TCAT Model and based on the operating 
assumptions discussed above with respect to hmem, the rate 
of skin permeation predicted by the model is independent of 
the fraction of surface area covered by the dispersed phase, 
due to the rapid equilibration of CP between the continuous 
and dispersed phases.

The SC and dermis were divided into 20 sub-layers, and 
the formulation and viable epidermis into 10 sub-layers, 
to account for concentration gradients that might develop 
within them, and for diagnostic purposes. In certain cases, 
diffusive transport may be substantially more rapid in the 
formulation and VE than in the SC, leading to significant 
concentration gradients only in the latter. Gradients may also 
develop in the dermis because of its thickness.

The Robinson [24] and Kretsos [25] equations avail-
able in the model were used to estimate CP permeability 
in the SC, VE, and dermis (1.91e-7, 1.44e-4 and 7.83e-6 
cm/s, respectively). The predicted value of SC permeability 
is within 2-fold of that reported by Siddiqui et al. [26] for 
betamethasone-17 valerate (3.64e-7 cm/s), a steroid similar 
to CP in structure, molecular weight, and logP.

The extent of CP binding to protein and lipid in the 
dermis (fb,dermis) was estimated to be 84% using the model 

developed by Kretsos et al. [25]; in particular experimen-
tal data for progesterone and testosterone binding to human 
serum albumin in aqueous solution presented in Table 2 of 
that publication, and intermediate model calculations for 
several steroids presented in Table 4 of that publication.

The following processes were not incorporated into the 
model for Dermovate cream due to limitations in the model 
itself or due to lack of sufficient information with which to 
implement quantitative treatment:

• Water and PG permeation through the SC, and their 
potential to enhance CP permeation

• Evaporation of water from Dermovate cream and its 
effects on CP skin permeation due to dynamic changes 
in solubility as water evaporates from the formulation

• Vasoconstriction caused by CP that reduces blood flow 
to the dermis, Qdermis

Tracking of multiple permeating and interacting species 
that can modulate API permeation through the SC should 
be prioritized in future computational modeling of skin 
permeation.

Systemic PK Model

To the best of our knowledge, the intravenous pharmacokinetics 
of CP have not been determined experimentally in man. Fol-
lowing dermal application in patients with psoriasis or atopic 
dermatitis, the compound is absorbed systemically, with plasma 
levels reaching high pg/mL to low ng/mL levels (depending on 
dosing details) and with great inter-individual variability [30, 31].

A one-compartment pharmacokinetic model for sys-
temic CP distribution and elimination was used. Parameter 
values were estimated from the canonical SMILES string 
(PubChem) by ADMET Predictor 10.3. These values are 
also listed in Table II.

Dermal Open Flow Microperfusion

In the clinical case study of Dermovate cream reported by 
Bodenlenz et al., the formulation was applied once daily for 
14 days to small lesional and non-lesional sites on the arms 
of eight psoriatic patients. On Days 1 and 14, dermis con-
centration profiles were measured continuously in triplicate 
for 24 h by dOFM [11]. On Days 2–13, the duration of cream 
application was reduced from 24 to 4 h.

A pre-dose sample and six pooled post-dose samples 
(0–4 h, 4–8 h, …, 20–24 h) of dermis interstitial fluid were 
collected from the non-lesional and lesional sites of each 
subject and quantitated by LC-MS-MS. The CP concentra-
tions thus determined were assigned to the mid-times of the 
sampling periods (2 h, 6 h, …, 22 h). The lower limit of 
quantitation for the method was 0.35 ng/mL.
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Depths of the dOFM probes in the skin, defined as the 
distance from the skin surface to the upper surface of the 
exchange region of a probe, were measured by ultrasound. 
Reported values were the average of two measurements 
made from different points along the central exchange sec-
tion of the probe [32]. To simulate average dermis concen-
tration profiles, we approximated the depth of an individual 
dOFM probe by determining the sub-layer covering the 
reported probe depth. The sub-layer indices for each probe 
(24 probes in 8 subjects) were then averaged to define the 
sub-layers corresponding to the average probe depth and 
covering its 95% confidence interval.

The mean reported probe skin depth was 870 ± 90 mm, 
corresponding to dermis sub-layer 14 in the model, with a 
95% confidence interval. When comparing simulation results 
to the clinical observations, mean probe center line depth, 
1030 mm, might be considered more appropriate for deter-
mining the relevant dermis sub-layer (sub-layer 17 in the 
model). This depth is defined as mean reported probe depth 
plus the outer radius of the dOFM probe, 160 mm [32]. As 
discussed below, our simulations suggest that comparison 
of simulation output from the model to the clinical observa-
tions indicates that either option is acceptable.

In principle, there is no size limitation on molecular 
species that can be sampled by dOFM. However, if diffu-
sion is the primary mode of exchange by which perfusate 
samples interstitial fluid, then unbound CP (diffusivity 
in water, Dw, ~ 5.9e-6  cm2/s, Table II) should equilibrate 
much more rapidly than CP bound to human serum albu-
min (HSA) for example, since the protein’s diffusivity in 
water is 10-fold lower [33], with the disparity perhaps even 
greater in the dermis extracellular matrix due to molecular 
sieving [34]. Thus, it is unclear to what extent CP bound 
to HSA should be considered in comparing simulated der-
mis concentration profiles to those observed clinically. For 
clarity and simplicity, we report simulated concentration-
time profiles for unbound CP.

Per Bodenlenz et al., the application sites on the arms 
of psoriasis patients participating in the study were pro-
tected by a non-occlusive dressing. It is not clear to the 
authors to what extent this dressing would impact the 
actual drying rate of the product post application. Addi-
tionally, experimental data characterizing the evaporation 
rate of the Dermovate cream is not available in the public 
domain. Therefore, no formulation drying was assumed in 
the developed PBPK model described here.

Parameter Sensitivity Analysis (PSA)

We investigated the sensitivity of model predictions to for-
mulation parameters for which a range of plausible values 
existed or which might be explored during formulation 

development. The previously validated model was uti-
lized for PSA while model parameters of interest were 
varied systematically. In particular, the sensitivity analysis 
focused on:

• The solubility of CP in the dispersed phase of the oil-in-
water (O/W) emulsion as determined by the dispersed 
phase-water partition coefficient, Kdisp,w

• The volume fraction of the dispersed phase, φdisp
• The coupled parameters Kdisp,w and φdisp (all pairs of val-

ues used in the previous analyses)
• The effective diffusivity of CP in the continuous phase 

of the emulsion, Deff
• Mean radius of dispersed phase droplets, rdisp
• Dermis blood flow, Qdermis

Evaporation of water from Dermovate cream and its 
effects on CP skin permeation due to dynamic changes in 
solubility as water evaporates from the formulation were 
not taken into consideration in these calculations but were 
treated in a separate analysis.

Results

Computational Model Simulation Results

Simulation results using the tabulated parameter values are 
shown in Fig. 1, along with average dermis concentrations 
of CP measured by dOFM in non-lesional skin on Day 1 of 
the study (N=8, with 3 probes each). Simulated unbound 
CP concentrations in dermis sub-layer 14 (corresponding 
to mean reported probe skin depth) and sub-layer 17 (corre-
sponding to mean probe center line depth) were within two- 
to threefold of the mean dermal CP concentrations observed 
over 4 to 24 h post dose. Simulation results for sub-layers 
15 and 19 (encompass the 95% confidence intervals for the 
measured probe center line depth (± 90 µm)) are also shown. 
The simulation also reproduced the qualitative features of 
the average observed profile rather closely.

The model predicts a long quasi-steady state over 7 to 10 
days, with gradual decline thereafter. Quasi-steady total CP 
plasma concentrations reached ~ 5 pg/mL, with unbound 
concentration ~ 0.2 pg/mL (results not shown). This was 
well below the quasi-steady unbound CP concentration in 
the lowest dermis sub-layer, ~ 90 pg/mL. Thus, relative to 
the dermis, the rest of the body approximated an infinite 
sink for CP.

Bodenlenz et al. [11] also reported values of dermis CP 
AUC 0-24h on Day 1 for individual subjects. These are plotted 
in Fig. 2 versus probe skin depth and in comparison, with 
predicted values of AUC 0-24h calculated from the simulated 
unbound CP profiles in each dermis sub-layer. The simulated 
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AUC  values passed through the range of observed values at 
skin depths ≳ 800 mm but appeared to exceed the distribu-
tion of measured values at shallower skin depths (500–800 
mm). Bodelenz et al. reported a statistically significant gra-
dient in 24-h exposure with probe depth, but one much shal-
lower than that predicted by the computational model. This 

may reflect differences in the capacity for solute exchange 
between dermal interstitial fluid and blood, which in the 
model is uniformly distributed throughout the dermis, but 
physiologically is highest in the dermal papillae and declines 
with increasing depth in the dermis [35–37].

The pilosebaceous units of the model’s human arm skin 
physiology cover only 0.144% of skin surface area in this 
anatomical region. Hence, one might expect the predicted 
contribution of the pilosebaceous pathway to CP concentra-
tions in the viable epidermis and dermis to be small. How-
ever, as shown in Table II, sebum permeability was esti-
mated to be 80-fold greater than SC permeability. Thus, it 
is not surprising that the model predicted a sebum pathway 
contribution of about 20% to simulated AUC 0-24h, with hair 
lipid and core making negligible contributions. Eliminating 
the sebum pathway by setting Psebum to zero introduced a 
persistent reduction in unbound CP concentrations in dermis 
sub-layer 14  ([CP]u,14) relative to the prediction including 
sebum permeation. In opposite fashion, increasing Psebum 
from its estimated value raised  [CP]u,14 (results not shown). 
In the absence of experimental data, the validity of these 
predictions remains unknown.

Parameter Sensitivity Analysis

As the hydrophobic excipients or their proportions in an 
emulsion are varied, API solubility in the dispersed phase 
may change. The model captures this in the parameter 
Kdisp,w, the API’s dispersed phase — water partition coef-
ficient. Increasing Kdisp,w (at constant API loading in the 
formulation) drives more API into the dispersed phase, 
reducing its fractional saturation in both the continuous 
and dispersed phases, thereby reducing the driving force for 
transfer of API to the SC.

The sensitivity of simulated CP dermis concentration-
time profiles at mean dOFM probe skin depth (dermis 
sub-layer 14) on Kdisp,w is shown in Fig. 3a. The predicted 
concentrations declined progressively as the value of Kdisp,w 
increased from Kveg oil,w (~ 357) to Ko,w (~ 3162). The pro-
files for different values of Kdisp,w all have the same shape. 
When the plotted curves are normalized by their respective 
values of CP fractional saturation, Fsat(t0) in the formula-
tions (see Equation (10) in the Supplementary Information), 
the resulting profiles overlap, differing by less than 3% at all 
simulated times. This result holds, in part, because in each 
case less than 2% of the CP dose was delivered over 24 hours 
(CP Fsat remained nearly constant), and because changes 
in the formulation due to evaporative water loss were not 
simulated (in particular the increase in CP solubility in the 
continuous phase and reduction in continuous phase volume 
fraction, jcont).

We also considered the sensitivity of CP concentrations 
in the dermis to the volume fraction of the dispersed phase, 

Fig. 1  Simulated concentrations of unbound CP in dermis sub-layers 
14 (mean reported probe depth), 15, 17 (mean depth of probe center 
lines) and 19 are plotted, along with the mean interstitial fluid CP 
concentrations measured by dOFM in non-lesional skin sites on the 
arms of psoriatic patients (± SEM) (1)

Fig. 2  Simulated (◼, dermis sub-layers) and observed (open circles) 
unbound CP exposure in the dermis from 0 to 24 h in non-lesional 
arm skin, plotted versus skin depth. Clinical data are from non-
lesional skin sites of study subjects S005, S008–S012, and S014–
S015 (N=8, 3 dOFM probes each) on Day 1 at the reported skin 
depths (1). Lines connecting the data points are intended only to 
guide the eye
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φdisp. In general, this parameter should be varied only over 
a range in which an emulsion formulation retains its origi-
nal phase structure. Variations in φdisp were made by 25% 
around its model value of 0.244, while assuming that these 
compositions lie within the O/W emulsion region of the Der-
movate cream phase diagram, which has not been reported 
in the literature. Dose volume was held constant in these 
simulations, under the assumption that the densities of the 
continuous and dispersed phases were sufficiently close.

Qualitatively, sensitivity to φdisp was similar to that of 
Kdisp,w. As shown in Fig. 3b, if φdisp increases, the dispersed 
phase holds a greater fraction of the CP dose, and fractional 
saturation in the continuous phase declines, driving lower 
flux into the SC. For hydrophilic APIs, changing the volume 
fraction of the dispersed phase in an O/W ME would pro-
duce the opposite effect. In the general case, the sensitivity 
is determined quantitatively by the ratio of API solubilities 
in the continuous and dispersed phases, which approximates 
Kdisp,cont.

To illustrate the simulation of a multi-factorial designed 
experiment, a coupled PSA of Kdisp,w and φdisp was con-
ducted, in which the AUC 0-24h of the unbound CP concen-
tration-time profile at mean probe depth served as the output. 
Results of this analysis are summarized in Fig. 3c, which 
shows the systematic decline in AUC 0-24h as φdisp and Kdisp,w 
increased (filled symbols). The simulation results are well 
described by the response surface (dotted lines) defined in 
Eq. (1), which provides AUC  predictions at interpolated val-
ues of (jdisp, Kdisp,w). The surface is nonlinear in both param-
eters, and sensitivity varies with position on the surface.

Cfmln is CP concentration in the formulation (held con-
stant across simulations), Cint,w is CP intrinsic solubility in 
water (the reference phase), and a = AUC 0-24h/Fsat(t0) for the 
simulation using tabulated formulation parameters. The sec-
ond term on the right-hand side is the initial fractional satu-
ration of CP in the formulation for a given value of Kcont,w, 
Kdisp,w, and jdisp. The response surface can be used to define 
regions of (Kdisp,w, jdisp) formulation space that produce the 
same AUC 0-24h within a given tolerance.

The effective diffusivity of an API in the emulsion con-
tinuous phase, Deff, was another parameter for which a plau-
sible range of values was identified. As described above, we 
derived values that covered more than two orders of magni-
tude. Moreover, Deff can be affected by formulation attributes 
such as presence of a gelling polymer, vehicle viscosity, and 
the dispersed phase volume fraction of emulsions. Hence, 
we conducted a PSA of Deff covering the range 1e-6 to 1e-11 
 cm2/s in order to assess its effect on delivery of CP to the 
dermis.

(1)

AUC0−24h

(

Kdisp,w,� disp

)

= a
cfmIn∕Cint,w

Kcont,w(1 �−) + Kdisp, � wdisp

Results of the PSA are shown in Fig. 4. Sensitivity of 
CP skin permeation was modest. Reducing Deff from 1e-8 
to 1e-11  cm2/s produced only a 40% change in AUC 0-24h at 
mean probe depth in the dermis. Nonetheless, this is use-
ful information as it suggests a degree of latitude in the 

Fig. 3  a and b Unbound dermis CP concentration-time profiles at 
mean dOFM probe depth (dermis sub-layer 14) as a function of 
Kdisp,w and φdisp, respectively, with model input values unchanged for 
all other parameters, and c Unbound dermis CP AUC 0-24h as a func-
tion of CP Kdisp,w for variations of the φdisp in the formulation. Filled 
circles represent simulation output; dotted lines represent the surface 
described in the text



AAPS PharmSciTech (2024) 25:39 Page 9 of 14 39

composition of the continuous phase; for example, in the 
choice of aqueous co-solvent, or use of a gelling polymer, 
both of which may affect Deff (and reflected on formula-
tion rheology, which can be a drug product critical quality 
attribute).

The sensitivity of model predictions to Deff can be under-
stood qualitatively by noting that as Deff declines, slow CP 
transport in the emulsion continuous phase begins to limit 
the rate of mass transfer into the SC and sebum. This is the 
hallmark of controlled release formulations. The onset and 
extension of formulation control occur as the value of 1∕Pfmln

n
 

approaches and then exceeds first the value of 1∕PSebum

1
 in the 

coefficient Kmt in the equation for mass transfer between the 
formulation and sebum, and then the value of 1∕PSC

1
 in Kmt 

for mass transfer between the formulation and SC (see Eq. 
(9) in the Supplementary Information).

Lastly, the sensitivity of predicted dermis CP concen-
trations to variation in the radius of spherical droplets of 
the dispersed phase, rdisp, was examined. For the neutral 
hydrophobic excipients of Dermovate cream, the radius is 
largely determined by the extent to which those excipients 
reduce the interfacial free energy per unit area of aggre-
gated excipient molecules and by geometric constraints 
arising from excipient sizes and shapes [38, 39].

A range of values from 0.1 to 10 mm was explored, the 
limits being order of magnitude changes from the baseline 
value. This is much greater, for example, than the 2 to 
3-fold difference between d10 and d90 of the droplet size 
distribution in metronidazole creams reported by Murthy 
et al. [40]. As rdisp varied, we found less than a 1% dif-
ference among the unbound CP concentration-time pro-
files calculated at mean dOFM probe depth. Moreover, 
regardless of the value of rdisp, CP fractional saturation in 
the continuous and dispersed phases of the formulation 
also differed by less than 1% at all simulated times. Thus, 
for each value of rdisp, equilibration of CP between the 
formulation phases was significantly more rapid than CP 
transport from the formulation into SC and sebum (see 
Equations (4)–(7) in the Supplementary Information). This 
is not surprising considering the much faster diffusion of 
CP in the formulation than through the SC (see Table II).

Publicly available experimental data characterizing 
rates of water evaporation from Dermovate cream appear 
to be unavailable. Kasongo measured CP release in vitro 
with and without occlusion [15], with the similarity of the 
resulting profiles suggesting slow evaporation of water. 
However, far more cream was applied in vitro than clini-
cally; 150 mg/cm2 vs 15 mg/cm2. Thus, the relevance of 
Kasongo’s measurements for the clinical setting is not 
clear.

In the absence of measured evaporative water loss data 
from the clinical setting, one can estimate the effect of such 
loss on CP skin permeation by simulating the formulations 

that result from fixed reductions in water content relative to 
Dermovate cream. Model input parameters whose values 
change under these scenarios include continuous phase vol-
ume and jcont, CP solubility in the continuous phase (com-
bining Kasongo’s and Fauzee’s measurements, ln Csat,cont 
= 3.93e-3 + 7.69e-2·PG vol%), Kcont,w, Deff, due to both 
the increasing viscosity of the binary solvent [19] and the 
increase in jdisp [20]. The values for a series of formulations 
in which water content was reduced progressively are listed 
in Table III, and simulated CP concentration-time profiles at 
mean dOFM probe skin depth are presented in Fig. 5.

Table  III  indicates that as formulation water con-
tent was reduced, CP solubility in the continuous phase, 
Kcont,w, and the concentration of CP in the formulation as 
a whole increased, while formulation volume, Deff, and Fsat 
decreased. Rates of CP skin permeation declined monotoni-
cally with reduced formulation water content, suggesting 
that evaporative water loss from Dermovate cream would 
reduce the rates of CP skin permeation measured in vitro and 
in vivo, although PG skin permeation and potential changes 
in the phase structure of the formulations at reduced water 
content were not accounted for in the simulations.

Considering the results in terms of CP concentration in 
the formulations, [CP]Fmln, the model predicted declining 
rates of CP skin permeation with increasing CP concen-
tration. This result illustrates the point that permeant con-
centration and fractional saturation in a formulation may 
diverge in their relationships to thermodynamic activity, 
the driving force for partitioning into the skin [41, 42]. 
The model predicts that across this range of formulation 
changes, fractional saturation is more indicative of this 
underlying thermodynamic activity. It also illustrates the 

Fig. 4  The dependence of unbound CP concentration-time profiles at 
mean dOFM probe depth on Deff, the effective diffusivity of CP in the 
continuous phase of Dermovate cream. The range of estimated values 
was 4.50e-9–7.56e-7  cm2/s, with the model input value set to 2.61e-8 
 cm2/s. The simulation for Deff = 1e-6  cm2/s has been omitted for clar-
ity; its predicted dermis CP profile overlaps that for Deff = 1e-7  cm2/s
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need to think through how changes in the characteristics 
of complex formulations post application (metamorphosis) 
are brought about and interrelated.

From the perspective of Kcont,w, the PSA outcomes 
reflect how this parameter changes as the formulation as 
a whole evolves during evaporation. Thus, the similar-
ity of the results shown in Fig. 5 and those of the Kdisp,w 
PSA, shown in Fig. 3a, is not surprising, with CP AUC 0-24h 
showing the same linear relationship to Fsat in both cases.

As assessed by skin blanching and other techniques, CP 
has been shown to be a highly potent vasoconstrictor, with 
average blanching scores based on a 0–4 categorical scale 
reaching 50% of their maximal possible value after 6 h of 
exposure (at which time formulations were removed), and 
about 80% after 12–14 h, regardless of occlusion status 
[43–45]. However, the extent of blanching was not related 

quantitatively to skin blood flow rates. Nonetheless, vaso-
constrictive effects can be investigated by assessing the 
sensitivity of dermis CP concentrations to the changes on 
local blood flow, Qdermis (mL/min/g skin).

The effects of reductions in Qdermis on dermis CP con-
centrations were simulated from its baseline value in the 
human arm, 9.89e-2 to 1e-2 mL/min/g skin. Results of 
these simulations are plotted in Fig. 6. Reducing Qdermis 
raised dermis CP concentrations progressively over simu-
lated time, an effect that presumably saturates in vivo as 
blanching does with increasing corticosteroid dose [46]. 
Thus, within the scope of the current assumptions, vaso-
constriction and evaporative water loss have opposing 
effects of CP skin permeation and may also act over dif-
fering timescales. How these affect CP skin permeation in 
clinical settings remains to be elucidated.

Table III  Changes in Model Input Parameter Values as the Water 
Content of Dermovate Cream Declines. %PG is with respect to the 
continuous phase of the O/W emulsion, not the formulation as a 

whole. Concentration and solubility, volume, and diffusivity units are 
mg/mL, mL, and  cm2/s, respectively

% Loss (v/v) % PG (v/v) CP Solubility Kcont,w VolumeFmln [CP]Fmln Deff jcont jdisp Fsat

0 60 0.397 97.7 0.1162 4.97E-01 2.61E-08 0.756 0.244 0.761
10 62.5 0.481 118.4 0.113 5.12E-01 2.37E-08 0.749 0.251 0.708
20 65.2 0.592 145.9 0.109 5.29E-01 2.13E-08 0.741 0.259 0.649
30 68.2 0.744 183.3 0.106 5.46E-01 1.89E-08 0.732 0.268 0.586
40 71.4 0.955 235.3 0.102 5.65E-01 1.66E-08 0.723 0.277 0.518
50 75.0 1.26 309.7 0.099 5.85E-01 1.43E-08 0.713 0.287 0.446
60 78.9 1.70 419.5 0.095 6.07E-01 1.20E-08 0.702 0.298 0.373
70 83.3 2.39 587.8 0.092 6.30E-01 9.87E-09 0.691 0.309 0.300
80 88.2 3.48 856.9 0.0882 6.55E-01 7.79E-09 0.679 0.321 0.232
90 93.8 5.32 1310 0.0847 6.82E-01 5.83E-09 0.665 0.335 0.170
100 100 8.60 2118 0.0812 7.12E-01 4.04E-09 0.651 0.349 0.117

Fig. 5  The effect of stepwise 
reductions in the water content 
of Dermovate cream on the 
unbound concentration of CP 
in dermis sub-layer 14 from 0 
to 24 h. The clinical data are 
included for reference. Values of 
the CP continuous phase–water 
partition coefficient, Kcont,w, for 
the sequence of formulation 
states are listed to the right of 
each curve
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Discussion

In this work, a dermal PBPK model was developed to 
describe the permeation through the skin of CP following 
the application of Dermovate cream in virtual healthy sub-
jects. Sufficient experimental characterization of Dermovate 
cream, an emulsion-based formulation of CP, was available 
to support model development for topical delivery of this 
steroid. For some model inputs, a range of plausible val-
ues were derived from the available data. In such cases, we 
selected specific values in these ranges to develop a skin 
absorption model and generate reasonable predictions of CP 
dermis concentration-time profiles. The sensitivity of model 
predictions to these parameters and drug product quality 
attributes was then investigated.

Within the scope of model validation, the “bottom-up” 
model predictions were compared against CP dermis con-
centration–time profiles measured on Day 1 of a 14-day 
clinical study conducted by Bodenlenz et al. [11]. Model 
predictions of unbound dermis CP concentrations and AUC 
u,24h measured by dOFM were reasonably accurate with 
respect to time and probe skin depth which was provided by 
the authors. The model was able to capture the inverted rela-
tionship between CP dermis exposure and probe skin depth 
that was also reported by Bodenlenz et al. which enforces 
the credibility of the developed model. The model predicted 
less than 2% of the dose is delivered over 24 h, hence it also 
predicted a long quasi-steady state extending from 7 to 10 
days. By leveraging the versatile capabilities of the Gas-
troPlus population simulator, the developed and validated 
model can be used to inform study design decisions related 
to application duration, dose application and required num-
ber of study participants for prospective dOFM studies with 
the Dermovate cream in a population of healthy volunteers.

Additionally, the acceptable performance of the model 
against observed dOFM data collected in non-lesional skin 
of psoriatic patients is a promising finding. The validated 
model described the interaction between a topical drug 
product (topical cream) and the non-lesional skin well. As 
such, this model may be considered as the first step towards 
the development and validation of a disease skin model for 
psoriatic patients that may be used to support drug product 
development by guiding in vivo testing for the Dermovate 
cream or other therapeutic options for the psoriatic patient 
population. Obviously, the pathophysiology of psoriatic skin 
will need to be informed in the model and any potential 
diseased skin to drug product interaction will need to be 
assessed anew.

Using the validated model, PSA revealed considerable 
dependence of dermis concentration profiles on Psebum, der-
mis blood flow (Qdermis), and dispersed phase-water partition 
coefficient (Kdisp,w), but modest dependence on dispersed 
phase volume fraction, jdisp, CP effective diffusivity in the 
continuous phase of the formulation (Deff), and negligible 
dependence on the mean radius of dispersed phase droplets 
(rdisp). Thus, given the default physiology of human arm skin 
in the model, the simulated performance of the formulation 
was more sensitive to its thermodynamic properties than its 
transport properties. This may not always be the case. The 
transport properties of a formulation might limit the trans-
dermal flux of a compound having high SC permeability. 
The determining factor will often, but not inevitably, be the 
balance between formulation and SC permeabilities.

PSA can be thought of as a kind of computational QbD 
tool that allows for conducting factorial experiments in silico 
to elucidate the contributions of formulation attributes to the 
delivery of an API when an appropriately validated model 
is available. Parameter sensitivity can be evaluated in some 
cases quantitatively (Kdisp,w and jdisp), in other cases quali-
tatively (Deff), via the equations for mass exchange between 
formulation and skin towards decision making pertaining to 
formulation development and selection.

It is important to note several assumptions that were made 
during model development and other relevant limitations of 
the model. Firstly, although the dOFM data that were used 
for model validation were collected following drug product 
application on the non-lesional skin of psoriatic patients, 
model predictions were generated in skin of healthy virtual 
subjects with no skin disease present. This choice was made 
due to an absence of consensus in the literature; there are 
conflicting data on whether properties of non-lesional pso-
riatic skin physiology such as trans-epidermal water loss, 
SC hydration, and erythema index are significantly different 
than healthy skin [47–49]. As the physiological properties of 
psoriatic lesions become better understood and incorporated 
into the computational model, the model may be extendable 
to simulation of permeation through lesional psoriatic skin. 

Fig. 6  The effect of dermis blood flow rate,  Qdermis on unbound CP 
concentrations-time profiles at mean probe depth (dermis sub-layer 
14) as the rate was reduced from the model arm skin physiology 
value of 9.89e-2 mL/min/g of skin
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CP may provide a valuable case study to assess the critical 
properties of lesional psoriatic skin leading to changes in 
skin permeation.

Secondly, in the developed model dynamic drug prod-
uct evaporation was not simulated, due to limitations in 
the current implementation of the model, and CP solubil-
ity remained unchanged post application. To investigate 
the effects of evaporative water loss, a set of simulations 
was conducted at sequentially reduced formulation water 
content, with API solubility and diffusivity in the continu-
ous phase updated accordingly. From these calculations, we 
conclude that the dynamic treatment of formulation evolu-
tion requires an expanded computational model to include 
updating API solubility and diffusivity in the phases of a 
formulation as (i) water and perhaps other solvents (e.g., 
ethanol, PG) evaporate or permeate the skin; (ii) concentra-
tions of polymers, if present, rise; and in emulsion-based 
formulations (iii), dispersed phase volume fraction rises or 
(iv) phase structure changes. In the absence of experimen-
tally measured API solubility as a function of solvent com-
position, predictive thermodynamics methods are available 
[50–52]. Concomitantly, the model can be extended to track 
the skin permeation of additional molecular species (e.g., 
surfactants, co-surfactants) to encompass the possibility of 
API enhancement permeation.

Conclusions

In summary, the present work involves a skin absorption 
model validated against dOFM data. The dermal PBPK 
model described well CP permeation through non-lesional 
skin of psoriatic patients. This PBPK modeling approach 
appears to be a promising approach in studying the sensitiv-
ity of drug absorption and disposition in the skin to changes 
in the thermodynamic and transport properties of topical 
formulations, particularly in relation to rate-limiting steps 
in API skin permeation. The sensitivity of API skin per-
meation to formulation attributes can be assessed for single 
parameters, and the combined effects of multiple parameters 
can be quantified through coupled PSA, while bearing in 
mind the physical co-dependencies among parameters. This 
approach may inform the design of both new and generic 
formulations applied on the skin.
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