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Abstract

Mathematical models of epidermal and dermal transport are essential for optimization and
development of products for percutaneous delivery both for local and systemic indication
and for evaluation of dermal exposure to chemicals for assessing their toxicity. These mod-
els often help directly by providing information on the rate of drug penetration through the
skin and thus on the dermal or systemic concentration of drugs which is the base of their
pharmacological effect. The simulations are also helpful in analyzing experimental data,
reducing the number of experiments and translating the in vitro investigations to an in-vivo
setting. In this study skin penetration of topically administered caffeine cream was investi-
gated in a skin-on-a-chip microfluidic diffusion chamber at room temperature and at 32°C.
Also the transdermal penetration of caffeine in healthy and diseased conditions was com-
pared in mouse skins from intact, psoriatic and allergic animals. In the last experimental
setup dexamethasone, indomethacin, piroxicam and diclofenac were examined as a cream
formulation for absorption across the dermal barrier. All the measured data were used for
making mathematical simulation in a three-compartmental model. The calculated and mea-
sured results showed a good match, which findings indicate that our mathematical model
might be applied for prediction of drug delivery through the skin under different circum-
stances and for various drugs in the novel, miniaturized diffusion chamber.

1 Introduction

To simulate drug penetration and diffusion across the physiological barriers several methods
have been described [1-5]. However, these in silico methods mainly focused on molecular
docking. Faragé and coworkers were devoted to obtaining the molecular, electronic, and
vibrational data for tacrolimus by using five semi-empirical methods and one Density
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Functional Theory method to get knowledge about the drug properties by computational sim-
ulation [1]. To test novel topical anandamide formulation for alleviating peripheral neuro-
pathic pain Police and coworkers used also molecular docking methods and simulation [2].
The compartmental pharmacokinetic models (Physiologically-Based Pharmacokinetic Mod-
els) are used by other authors with a focus on blood-brain barrier/ blood-CSF-barrier penetra-
tion [6, 7], or e.g. intestinal absorption [8]. Guy and Hadgraft reported a physically based
pharmacokinetic description of skin absorption in some early articles [9-12]. The effect of
penetration enhancers on the kinetics of percutaneous absorption was also studied by these
authors [13]. However, in the later time less attention was paid to compartmental simulation
of drug delivery across the percutaneous barrier.

Substances applied to the surface of the skin reach the dermal microcirculation by penetra-
tion through the cells of the dead and viable epidermis (transcellular route), between the cells
of the epidermis (paracellular route), and through the skin appendages (hair follicles and sweat
glands) (transappendageal route). Penetration through the uppermost keratinized layer, the
stratum corneum, is the rate-limiting step in skin absorption while the viable epidermis and
dermis offer little resistance to penetration [14, 15]. The skin appendages act as shunts—parallel
penetration pathways that bypass the route through the epidermal cells. The interappendageal
route has been visualized qualitatively by histochemical and autoradiographic techniques [16].
However, specific quantitation of transcellular and appendageal penetration has rarely been
reported. Although the small total area of skin appendages minimizes their contribution to
transport, shunt penetration may be significant, especially before steady state is established
[17]. Middleton [18] has suggested that electrolytes penetrate paracellularly in the stratum cor-
neum, while Blank et al. [19] proposed that water and other polar molecules penetrate through
the aqueous regions between the macromolecular components of the epidermal cell mem-
branes. Scheuplein and Blank concluded that “the precise contribution of the appendages to
the total drug delivery cannot be calculated for a system as complicated and variable as the
skin” [15].

During the last decades the traditional Franz diffusion cells were widely used for testing
drug absorption through the skin barrier. However, these systems usually did not take into
account the dynamic movements of the fluids in extracellular matrix and the dermal microvas-
culature. To mimic the shear stress, which greatly influences the topical drug penetration, min-
iaturized dynamic diffusion cells were designed and fabricated by several research groups.
These so called “skin-on-a-chip” microfluidic systems create a physiologically more relevant
environment to study drug release and absorption after application on the skin surface.
Although, the miniaturized devices require much less animal or human tissue, than the tradi-
tional diffusion chambers, but still expect natural tissue. The aim of our simulation study was
to provide evidence, that our mathematical model is able to substitute the ex vivo “skin-on-a-
chip” experiments. Or at least this model can provide reliable data for prediction of drug, cos-
metic or industrial material penetration into or across the dermal barrier. For this purpose, the
experimental data acquired from ex vivo skin-on-a-chip diffusion experiments using abdomi-
nal mouse skins treated with 2% caffeine or NSAIDs and SAID containing creams under vari-
ous conditions, were compared with the data calculated by mathematical pharmacokinetic
modelling for similar situations. The influence of temperature, sample collection time, charac-
teristics of the test compounds and the integrity of skin barrier in health and dermatological
disorders (psoriasiform dermatitis and allergic contact dermatitis) were investigated. To gain
basic information about the tested drug formulations, rheological and particle size distribu-
tions studies were also conducted.

Mathematical modeling and simulation can efficiently support the analysis of epidermal and
dermal transportation processes and also the design and evaluation of experiments and devices
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for testing percutaneous drug delivery [20, 21]. Since the physical processes of the change of
drug concentrations in different sections of the skin are well-known [22], a straightforward
choice is to use differential equations for modeling. The first step in modeling is the derivation
of an appropriate partial differential equation (PDE) starting from a diffusion equation, where
the unknown is the substance concentration as a function of space and time [23, 24].

Then it is practical to spatially discretize the PDE to obtain a set of ordinary differential
equations (ODEs) the complexity of which depends on the modeling goal. A physically mean-
ingful (e.g., nonnegative, conservative) discretization gives a so-called compartmental model,
where the compartments correspond to various layers of the skin. The theory and application
of compartmental models is an intensively studied area with strong theoretical results and effi-
cient computation methods [25, 26]. Model calibration using experimental data is often a chal-
lenging task for biological models [27, 28]. The first fundamental problem is the theoretical
possibility to determine each unknown model parameter from the available measurements
which are assumed to be perfect (i.e., entirely known and noiseless). If the computation of
parameters is mathematically possible then the model is called structurally identifiable [29]. It
is known that deciding structural identifiability of general nonlinear models is a computation-
ally hard task. However, there exist several efficient methods and corresponding software tools
for checking the structural identifiability of dynamical models based on e.g., differential alge-
bra, the power-series expansion of the observed output, or observability [30-34]. Moreover,
the special properties of compartmental models can be efficiently used in identifiability analy-
sis [35, 36]. Even if a model is structurally identifiable, the (statistical) quality of the calibration
might not be satisfactory due to the limited information content of the measurements. This is
often called a practical identifiability problem [37]. Clearly, the solution of identifiability prob-
lems often requires the re-iteration of the modeling and/or the experiment design process.

2 Materials and methods
2.1 Caffeine and anti-inflammatory drugs

Caffeine was used as a hydrophilic model drug for testing skin permeability under different
conditions. Caffeine was purchased from Sigma Hungary Kft (Budapest, Hungary). To com-
pare the absorption of topically administered anti-inflammatory drugs, one steroidal (dexa-
methasone-acetate) and three non-steroidal (diclofenac, indomethacin, piroxicam) anti-
inflammatory molecules were formulated as O/W creams. Dexamethasone-acetate is widely
used in the human therapy in different formulations like tablets, solutions (eye drops and
injections), ointments and intravitreal implants. Also in preclinical in vitro and in vivo studies
dexamethasone is a popular steroidal model drug. Indomethacin, piroxicam and diclofenac
are strong acting active NSAIDs, that are widely marketed. They have many topical (oinments,
gels, patches, solutions, suspensions) and systemic (suppositoris, tablets, injections, capsules,
granulates, suspensions) formulations in the market. These drugs are also frequently applied
in preclinal studies (subsection 2.2). The active substances were purchased from Sigma Hun-
gary Kft (Budapest, Hungary). For diffusion studies a peripheral perfusion fluid was prepared
(PPE). It has the following composition: 147 mM NaCl, 4 mM KCl and 2.3 mM CaCl,, all sub-
stances were acquired from Sigma-Hungary Kft., Budapest, Hungary. pH of peripheral perfu-
sion fluid was 7.4.

2.2 Cream formulations

The creams were prepared with the following composition: 46% Petrolatum basis ointment
(which is composed of 26% Vaselinum album, 12% Alcohol cetylicus et stearilycus (Molar
Chemicals Kft., Halasztelek, Hungary), 10% Propyleneglycolum, 8% Paraffinum liquidum, 4%
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Polysorbate 60, and 40% Aqua purificata), 4% Paraffin oil, 38% Purified water and 10% Propyl-
ene glycol and 2% active pharmaceutical ingredient. The ingredients of the creams were pur-
chased from Hungaropharma Zrt, Budapest, Hungary except other is indicated.

The creams were prepared ex tempore under magistral conditions. The lipophilic compo-
nents were melted in an enamel bowl over a water bath, Polysorbate 60 was added, homoge-
nized with a pestle, and then the water of the same temperature was emulsified in the
lipophilic phase. The cream was stirred continuously, and the active ingredient (2%) was dis-
persed thoroughly in it. The preservative was added to the preparation when it cooled below
30°C and stirring was continued until the cream was cooled further to room temperature. The
prepared ointment was stored in the refrigerator (2-8°C) until use.

2.3 Rheological characterization of the creams

Rheological measurements were performed by Kinexus Pro Rheometer (Malvern Instruments
Ltd, UK) registering the data with rSpace for Kinexus Pro 1.3 software. Semisolid samples
were characterized using a cone and plate geometry where the gap for sample placement was
0.15 mm. Rotational measurements of formulations were determined at 25°C controlled with
an accuracy of 0.1°Cby Peltier system of the instrument. In all measurements a cylindrical
cover made of stainless steel was placed over the samples, in order to create a closed, saturated
volume round the sample and to prevent evaporation of the samples.

The particle size distribution in the five different creams was also measured with a Malvern
Mastersizer2000 (Malvern Instruments Ltd, Malvern UK) laser diffraction device. 1 g of sam-
ple was dispersed in 10 ml of water, and after 1 minute of Vortex shaking, 1 ml was taken and
added to the sample dispenser unit containing 100 mL purified water. The dispenser unit was
applied at 1500 RPM.

The multi-channel detector system measured the scattering of red laser light with a wave-
length of -632.8 nm, and the evaluation software provided the results after three parallel expo-
sures according to the Fraunhofer method. The average curves were calculated from three
parallel measurements.

2.4 Skin-on-a-chip diffusion experiments

The skin-on-a-chip microfluidic diffusion chamber is a polydimethylsiloxane-based system in
an aluminum frame. Similarly, to the Franz diffusion cells, it contains two compartments, and
the membrane or skin sample is placed between them. The major advantage of this technique
is the reduction of volumes and required components, membranes, and skins, as discussed in
details in our previous papers [38, 39]. The diffusion surface was 0.5 cm?, which was separating
the cream containing donor chamber and the PPF filled receptor chamber. Contrary to the
static Franz diffusion cells, the microfluidic diffusion chamber is a dynamic system, i.e., the
PPF flow is continuous in the receptor compartment, ensured by a syringe pump (NE-1000,
New Era, Farmingdale, NY, USA), which includes a 5 mL syringe filled with PPF, and running
at a flow rate of 4 uL/min during the experiment. The samples were collected every 30 or 15
min for 5,6 or 12 h, depending on the experimental question. After collection, the samples
were immediately placed on dry ice and stored at -80°Cuntil the bioanalysis. Skins were pro-
vided by mice for 1) psoriatiform dermatitis and 2) for allergic contact dermatitis studies.
While rat skins were used for 1) testing the effect of temperature on the degree of transdermal
drug diffusion and 2) for investigation of steroidal and non-steroidal anti-inflammatory drugs.
In case of thermodynamic study in rats, first, the experiments were performed at room tem-
perature (appr. 23.5°C) regulated with air conditioning, and later repeated at skin temperature
(32°C), putting the whole system into an incubator (Steriliser SN160, Memmert GmbH,
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Schwabach, Germany). Caffeine concentration of the collected samples was determined by
NanoDrop spectrophotometer at 273 nm. The anti-inflammatory drugs were determined by
LCMS-MS method.

2.5 Animal models of psoriasis and allergic contact dermatitis

The C57BL/6] mouse strain was purchased from Charles River Laboratories (Germany) and
housed in a conventional animal facility. The animals were provided with unrestricted access
to water and fed ad libitum. For the experiments, age-matched male mice were selected. All
experiments were approved by the Animal Experimentation Review Board of Semmelweis
University and the Government Office for Pest County (Hungary) (Ethical approval number:
PE/EA/1967-2/2017) and performed in compliance with the guidelines of the Association for
Assessment and Accreditation of Laboratory Animal Care International.

Two days prior to the induction of psoriasis, the mice were shaved on their backs with
Aesculap trimmer GT420 Isis within an area of 3x2 cm”. Also, depilating was implemented
two days prior to the experiment and was conducted daily. The mice were treated superfi-
cially on the hairless skin every day with 0.0625 g, 5% (m/m) Imiquimod containing Aldara
cream (University Pharmacy, Budapest, Hungary). The same amount of vehicle cream was
used as a control. For the 24-h treatment group, the mice were treated only on the first day
and after that they were euthanized by 5% isoflurane inhalation. Double skin thickness was
measured with a microcaliper (Kéifer Messuhrenfabrik GmbH & Co. KG, Villingen- Schwen-
ningen, Germany) on the shaved area. Two measured parameters were taken on the area of
the scapula, whereas the other measurement was conducted near the sacrum. In addition,
erythema and scaling (desquamation) scores were also defined for the observed area (accord-
ing to [40]). At the end of the experiment the animals were sacrificed by inhalation of 5% v/v
isoflurane (in a mixture of 30% oxygen and 70% nitrogen) and spleen was dissected and
weighted.

Allergic contact dermatitis was induced by topical treatment of the shaved abdominal skin
of mice with 100 pL of 3%(m/V) 2,4,6-trinitro-1-chlorobenzene (TNCB, Sigma Aldrich, Buda-
pest, Hungary) dissolved in acetone (Molar Chemicals, Budapest, Hungary) or in case of con-
trol animals, with acetone only. After five days, ear thickness was measured with a
microcaliper (Kafer), then all mice (even the control ones) were challenged by epicutaneous
treatment with 20 pL of 1%(m/V) TNCB on both ears (10 pL on the inner part and 10 on the
outer part of the ear). After 24 h, ear thickness was measured again, the mice were terminated
by isoflurane over-anesthesia (5% v/v) and ear tissues were used for further investigations [41].

2.6 Skin preperation

The skins were prepared as it was described earlier by our group [42-44]. In case of disease
models mice were used, while in the investigation of anti-inflammatory drugs and when the
effect of temperature was studied, rat skins were applied. In the ex vivo experiments, the
abdominal or auricular skins of mice with a body weight of 24.2-31.2g (contact dermatitis)
and 21.7-27.0g (psoriasiform dermatitis) or abdominal skins of rats (599-615 g) were
applied. The excision of the skins was conducted after over-anesthesia as it is described
above. The mouse skins were prepared as described in subsection 2.5, while in case of rats
the abdominal skin surface was shaved using an electric shaver and depilated using a depila-
tory cream (X-Epil, Aveola Kft., Budapest, Hungary). Subsequently, it was washed, wiped
dry, and mechanically sensitized by tape stripping with an adhesive tape (BSN Medical
GmbH, Hamburg, Germany) with 10 replicates to remove the upper layers of dead keratino-
cytes. This technique enables to reach detectable concentrations of the test drugs’ in the
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dermis and hypodermis and finally in the PPF in receptor chamber of the microfluidic
device. The double skin thickness of the depilated, tape-stripped skin was measured in the
rats similarly to mice. At the excision, after the first cutting with blunt Metzen scissors, the
connective tissue, the adipose tissue, and the blood vessels were carefully removed from the
rat abdominal skins.

For the skin-on-a-chip studies, full-thickness skin samples were made from the previously
prepared skin explants with a diameter of 18 mm using skin-punches (Stubai GmbH, Fulpmes,
Austria). The excised samples were then wrapped in aluminum foil and stored in a deep
freezer at -80°C until the diffusion experiments were conducted. On the day of the diffusion
study, before initiation of the experiment the skin samples were allowed to reach room tem-
perature for 30 minutes.

2.7 Mathematical modeling and parameter estimation

The compartmental mathematical model we used is a slightly modified 3-compartment form
of the one described in [1] (Egs. (55)-(57)). We combine diffusive and convective transport
(Egs. (3) and (8)) and write the discretized system as

dx

d_tl = kin + kde - (kd + kc)‘x17

dx,

FI (ky + k)x, + ko, — (2k; + k)xy, (1)
dx

d_tg = (kd + kc)xQ - (kd + kout>x3‘

Here the state variables x; represent the concentration of the compartments. The unknown
positive parameters to be estimated are the inflow, the diffusion coefficient, the convection
coefficient and the outflow, respectively denoted as k;,,, k4, k. and k., (see, also Fig 1). The
only measured concentration is y = x;.

It is visible that the model (1) is linear both in terms of state variables and parameters.
Therefore, its structural identifiability can be easily checked. The DAISY toolbox using differ-
ential algebra [45] was used for this purpose, and it was concluded that the model is globally
structurally identifiable with respect to the four unknown parameters even if the initial condi-
tions of the non-measured variables are unknown. The non-measured concentrations can be
eliminated from the model as follows:

y(s)(t) + Gly(Q)(t) + 92)/(1‘) + Hsy(t) + 04 =0 (2)

—_— — Drug diffusion

Fig 1. Penetration of topically applied drug formulation through the skin into the perfusion fluid of skin-on-a-
chip microfluidic diffusion chamber (This figure was prepared by Prof. Shanmugam Dhinakaran Indore, India).

https://doi.org/10.1371/journal.pone.0299501.9001
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where
0, =2k + 4k, + k,, (3)
0, = k> + 3k k, + 2k, .k, + 3k + 3k,,.k, (4)
0, =k, k> + 2k, k Kk, + kK3 (5)
0, = —k, (k. +k;)’° (6)

It is easy to see from Eq (2) that the eliminated model is a regression model in the transformed
parameters 0y, . . ., 0,. Therefore, it is at least theoretically possible to uniquely compute the
four unknown parameters from the measurements of y = x;.

The parameters of the model (1) were estimated using the algorithm [46] implemented in
the fmincon function of Matlab. The following objective function was minimized with
respect to the parameters k, k4, k;,,, and ko,

where y,,, is the measured and y, is the computed concentration, respectively, and || - ||,

denotes the 2-norm. To avoid local minima, several optimization runs were performed for
each data series started from 200 different initial conditions. In agreement with the identifia-
bility results, all the optimizations showed good convergence and unique minima.

3 Results and discussion

This section contains the measurement and calibration results for the studied scenarios. The
detailed results of parameter estimation can be found in S1 Table.

3.1 Viscosity and particle size distribution of the creams

Before the diffusion experiments the five drug-containing creams were subjected to rheological
investigations and testing particle size distribution. The viscosity curves are shown in Fig 2
and the particle size frequency is presented in Fig 3.

100.0

10.0

Caffeine
10 k -+—Piroxicam
-=-|ndomethacin
Dexamethasone
-+—Diclofenac

viscosity (Pa s)

0.1

1.0 10.0 100.0
shear rate (s-1)

Fig 2. Viscosity curves of creams containing 2% of active ingredient. All active compounds were used in 2% in O/W
suspension-cream formulation.

https://doi.org/10.1371/journal.pone.0299501.g002
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7
6 .
Caffeine 2% cream

) 5 Hi —Piroxicam 2% cream
— —Indomethacin 2% cream
5 4
= Dexamethasone 2% cream
> 3 f Diclofenac 2% cream
(0]
L 2 4:

.

0 —

0 200 400 600 800 1000
Particle size (um)

Fig 3. Particle size distribution of creams containing 2% active ingredient.

https://doi.org/10.1371/journal.pone.0299501.g003

Caffeine cream presented the highest viscosity and the smallest but quite homogeneous par-
ticle size distribution. On the other hand, diclofenac cream was the less viscous and showed a
wider distribution of particle size. Dexamethasone cream was also inhomogeneous in regard
of particle size.

3.2 Transdermal delivery of caffeine at ambient (23.5°C) and skin
temperature (32°C)

First transdermal delivery of caffeine was tested in healthy mouse skin in dynamic skin-on-a-
chip device at room temperature and skin temperature. The study was conducted in three rep-
licates. The concentration-time profiles were plotted and the total penetrated amount of caf-
feine was normalized for the diffusion surface. After the in vitro experiments in silico
simulations were also performed. The measured and calculated data are shown in Fig 4A and
4B, see also S1 Fig.

4DOF convection caffeine 6hr 4DOF convection caffeine 6hr 32C

40

simulated

60 || —— measured ;’é

w
S

w
S

)
S

a0t

= )
= S

simulated
———measured ||

cumulative mass [pg/cm?]
cumulative mass [pg/cm?]

N\

\.

0 1 5 3 1 5 6 0 1 ) 3 1 5 6
time [h] time [h]

A B

Fig 4. Caffeine penetration through the ex vivo mouse skins in “skin-on-a-chip” microfluidic device at room
temperature (panel A) and skin temperature (panel B). The curves show the average of 3 experiments.

https://doi.org/10.1371/journal.pone.0299501.g004
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4DOF convection caffeine 12hr
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Fig 5. Caffeine penetration through the ex vivo mouse skins in “skin-on-a-chip” microfluidic device at room
temperature, monitored with extended exposure time (12h). The curves show the average of 3 experiments.

https://doi.org/10.1371/journal.pone.0299501.g005

3.3 Transdermal delivery of caffeine with prolonged data collection on
ambient temperature

In the second series of experiments the sample collection time was extended in that hope, that
after 12 h exposition time a steady state diffusion can be achieved and the curves reach a satu-
rated characteristics. This study was performed only at room temperature. As it can be seen in
Fig 5, the penetrated drug amount still showed a monotonous increase with time at the end of
observation period. These results raise the question, whether the 4 yl/min flow rate is the opti-
mum or should be modified to make a physiologically more relevant condition. The other
question is that whether the applied cream volume is appropriate or perhaps too big, to get
more realistic outcome. These questions will be analyzed in our next project by computational
fluid dynamics method. However, the simulation data and the measured data of the current
study show a very good fit in the applied conditions and provide a nearly linear profile.

3.4 Transdermal delivery of steroidal (SAID) and non-steroidal anti-
inflammatory drugs (NSAIDs)

In the next experimental setup dexamethasone, piroxicam, indomethacin and diclofenac
creams were tested for penetration of the active ingredients across the dermal barrier. The
physicochemical properties of the anti-inflammatory drugs are shown below in Table 1.

Table 1. Physicochemical properties of anti-inflammatory drugs used in the experiments and for simulation.

Compound MW logP Chemical formula

Dexamethasone acetate 434.50 2.6 C,4H3,FOg¢

Piroxicam 331.35 2.2 C5H13N30,S

Indomethacin 357.79 4.25 CoH ,CINO,

Diclofenac 318.13 4.75 C4H,,CILNO,
https://doi.org/10.1371/journal.pone.0299501.t001
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Fig 6. Penetration of anti-inflammatory drug formulations through the ex vivo mouse skins in “skin-on-a-chip”
microfluidic device at room temperature, monitored during 6 h exposure time. Blue line: regression lines showing
the slow and rapid phases of the process. The curves show the average of 3 experiments.

https://doi.org/10.1371/journal.pone.0299501.9006

It can be seen in Fig 2, that diclofenac cream showed the lowest viscosity and based on the
penetration study (Fig 6) it penetrated in the lowest amount through the diffusion surface pre-
senting a consistent transport dynamics. Out of the four anti-inflammatory drugs tested, pir-
oxicam cream had the highest viscosity, and most homogenous particle size distribution (Figs
2 and 3). Also, piroxicam penetrated in the highest amount through the ex vivo skin within the
6 h observation period (Fig 6). Furthermore, the penetration kinetics of piroxicam was slower
at the first 3 h, and accelerated after it, in the rest of the time. Dexamethasone and indometha-
cin penetrated in a smaller degree and showed also a slower initial phase, followed by faster
absorption profile between 4-6 h, indicating a release period from the formulation and a diffu-
sion period after the penetration into the deeper layers of the skin (Fig 6, S2 Fig).

3.5 Skin penetration of caffeine in psoriasiform dermatitis

In the previous studies healthy mouse skins were integrated into the skin-on-a-chip devices. On
the next experiments the ex vivo skin preparations were acquired from either psoriatic or aller-
gic mice. To provide evidence, that the induction of psoriasis with imiquimod (IMQ) cream was
successful, the spleen weight was measured at the end of the experiments after termination of
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Fig 7. Spleen weights in control (vaseline) and psoriatic (IMQ) mice 24 and 96 h after the induction of the
psoriasiform dermatitis. Means +SEM. *: p < 0.05, n = 3/group.

https://doi.org/10.1371/journal.pone.0299501.g007

the animals. Wild type mice were used and divided into control (vaseline treated) and psoriatic
(imiquimod treated) groups at 24 h and 96 h evaluation time. The results are presented in Fig 7.

IMQ induced desintegration of the dermal and epidermal barrier by increasing the skin
permeability for caffeine at already 24 h and also at 96 h after the exposition. Compared to the
time-matched controls the permeability increased more than 4 times at 24 h, and more than
3.5 times at 96 h. The inflammation caused damage on the full thickness of the skin which can
be established based on linear characteristic of the cummulative mass-time profiles (Fig 8, S3
Fig) We can not separate a first release phase and a second absorption phase in the diseased
skins with psoriasiform dermatitis.

3.6 Skin penetration of caffeine in allergic contact dermatitis

To prove that the induction of allergic contact dermatitis was successful, the thickness of the
ears was measured before and after the second exposure (elicitation) to the hapten (TNCB) or
the vehicle (acetone) (Fig 9). In this case the auricular tissues were integrated to the skin-on-a-
chip devices and the permeability for caffeine was tested on the ears (Fig 10, S4 Fig).

The topical treatment with acetone alone induced a moderate swelling of the ears, while
TNCB treatment resulted in statistically significant edema formation (increased thickness) in
the ears (Fig 9).

The allergic contact dermatitis induced a 30% increase in the permeability of the ears of
mice. The penetration characteristic showed single-phase, consistently increasing, linear pro-
file in all groups of animals (Fig 10). The simulation fits well to the curves, but demonstrates
less variability and a smoother kinetics, than the measured values. The variability of the mea-
sured data can be explained by the swelling and edemotous properties of the ears, which did
not appear evenly over the entire tissue.

The exclusion criteria for animals and measured data are given in Table 2.
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Fig 8. Caffeine penetration through excised mouse dorsal skins in A,B: control (vaseline) and C, D: psoriatic (IMQ)
mice 24 and 96 h after the induction of psoriatiform dermatitis. The curves are average curves of 3 experiments.

https://doi.org/10.1371/journal.pone.0299501.g008

4 Conclusions

In recent years more and more attention has been paid to the in vitro and in silico technologies
to replace and reduce the number of experimental animals sacrificed in pharmaceutical and
bio-medicinal research. In accordance with the general requirements several organ-on-a-chip
models were developed to mimic the physiological barriers of the body (for a review see, [47]).
However, the majority of these devices are still in a proof of concept phase and not utilized
routinely. The aim of our current research was to create a relevant, low variability, reproduc-
ible and cost effective in vitro/ex vivo system based on a skin-on-a-chip microfluidic device
and to produce a reliable mathematical model to simulate and predict topical drug penetration
across the dermal barrier. It is known that physiologically based dermal absorption models can
efficiently support the bioavailability assessment of topical drugs [48]. Therefore, we proposed
a simple compartmental ODE model to give insight into the temporal profiles of permeant
absorption. The structural identifiability of the model was checked, showing that the model
parameters can be uniquely determined from sufficiently informative measurements. Our in
silico model was calibrated using caffeine as a hydrophilic model drug under different condi-
tions such as various temperatures, short and long-term exposition time, furthermore healthy,
psoriatic and allergic situations. To test whether the in silico model can be adapted to different
chemical entities, various anti-inflammatory molecules formulated in the same basic
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ointments were also assessed. For physical evaluation of the creams with different active ingre-
dients rheological investigation and particle size distribution studies were conducted.Our
results indicate the mathematical model developed is able to provide an appropriate tool to
simulate the diffusion dynamics of percutaneous drugs in our single channel microfluidic
device. Additionally, the calculation models considered in this article may be applicable not
only for the tested compounds but also to other drugs. Computer analysis of experimentally
determined diffusion data in the manner described may provide information concerning the
relative importance of various routes of penetration for molecules with different physicochem-
ical characteristics and also for the barrier function of the skin in inflammatory conditions. In
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Fig 10. Caffeine penetration through the mouse ear skin barrier (auricular tissue) in A: control (acetone treated)
and B: allergic (TNCB treated) mice. The curves are average curves of 3 experiments.

https://doi.org/10.1371/journal.pone.0299501.9010
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Table 2. Summary of exclusion criteria applied before evaluation and simulation of the measured data. Animals
and measurement values below the minimum and above the maximum were excluded. The criteria were applied a pri-
ori in the case of animal selection, and a posteriori after having the experimental results in the case of concentration

measurements.

criteria minimum value maximum value
Mouse body weight 20g 32¢g

Rat body weight 550 g 620 g
Caffeine cumulative mass 6h RT 20 pg/cm® 50 pg/cm’®
Caffeine cumulative mass 6h 320C 40 pg/cm® 75 pg/em’®
Caffeine camulative mass 12h RT 80 pg/cm’ 120 pg/cm®
Dexamethasone cumulative mass 6h 600 ng/cm” 1000 ng/cm®
Indomethacin cumulative mass 6h 100 ng/cm® 200 ng/cm?
Piroxicam cumulative mass 6h 1200 ng/cm?® 2000 ng/cm®
Diclofenac cumulative mass 6h 50 pg/cm® 100 pg/cm?

https://doi.org/10.1371/journal.pone.0299501.t002

our case a three-compartmental model was applied but if the question is more complex, then
the number of compartments integrated into the model can be increased. In certain cases the
test substances should only penetrate to the superficial layer of the skin (cosmetics), or to the
appendages (anti-acne drugs, antiperspirants) or to the viable epidermis (anti-histamines,
anesthetics) or to more deeper layers of dermis (nicotine, scopolamine or hormone containing
formulations) or even through the entire skin to the joint or the muscle (anti-inflammatory
drugs, analgesics) [21]. Considering all these aspects, the utilization or further modification of
our model greatly depends on the therapeutic goal and the properties of the applied topical
products. Further work will be focused on developing and applying more detailed models for
improved spatio-temporal description of concentration profiles as well as on optimal experi-
ment design.

Supporting information

S1 Table. Parameter estimation results. The estimated parameter values (k;,, k4, ko, kour) and

the correspoonding minimum objective function values (V,,,;,,) of the model.
(PDF)

S1 Fig. Caffeine penetration through the rat skin in skin-on-a-chip diffusion chamber.
Panel A and C at ambient temperature (23.5°C), Panel B at skin temperature (32°C). n = 3,
means +SEM.

(PDF)

S2 Fig. Transdermal penetration of anti-inflammatory drugs through the rat skin in skin-
on-a-chip diffusion chamber at 23.5°C. n = 3, means +SEM.
(PDF)

S3 Fig. Caffeine penetration through the mouse skin in skin-on-a-chip diffusion chamber.
Panels A and B: control animals (vaseline treated), Panels C and D: psoriatic animals (imiqui-
mod treated). n = 3, means +SEM.

(PDF)

$4 Fig. Caffeine penetration through the mouse skin in skin-on-a-chip diffusion chamber.
Panel A: control animals (acetone treated), Panel B: allergic contact dermatitis (TNCB treated).
n =3, means +tSEM.

(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0299501  April 11, 2024 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299501.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299501.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299501.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299501.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0299501.s005
https://doi.org/10.1371/journal.pone.0299501.t002
https://doi.org/10.1371/journal.pone.0299501

PLOS ONE Modeling of transdermal delivery

Acknowledgments

The authors are grateful to Prof. Shanmugam Dhinakaran (Indian Institute of Technology
Indore, India) for the valuable discussions and preparation of Fig 1, and Dr. Kristof Ivan
(PPCU FIT, Budapest, Hungary) for supervision of the fabrication and engineering of micro-
fluidic device.

Author Contributions

Conceptualization: Gabor Szederkényi, Marton Bese Naszlady, Istvan Antal, Roland Csépa-
nyi-Koémi, Franciska Erdé.

Data curation: Dorottya Kocsis, Domonkos Czaran, Péter Sasvari, Miléna Lengyel, Marton
Bese Naszlady, Fabiola Kreis.

Formal analysis: Gabor Szederkényi, Dorottya Kocsis, Mihaly A. Vaghy.
Investigation: Miléna Lengyel, Marton Bese Naszlady, Fabiola Kreis.

Methodology: Dorottya Kocsis, Mihaly A. Vaghy, Domonkos Czaran, Péter Sasvari, Miléna
Lengyel, Marton Bese Naszlady, Fabiola Kreis.

Software: Gabor Szederkényi, Mihaly A. Vaghy.

Supervision: Gabor Szederkényi, Istvan Antal, Roland Csépanyi-Komi, Franciska Erdé.
Validation: Mihaly A. Vaghy, Domonkos Czaran, Miléna Lengyel, Marton Bese Naszlady.
Visualization: Dorottya Kocsis, Mihaly A. Vaghy, Péter Sasvari, Fabiola Kreis.

Writing - original draft: Gabor Szederkényi, Miléna Lengyel, Roland Csépanyi-K6émi, Fran-
ciska Erdo.

Writing - review & editing: Franciska Erdé.

References

1. Farago PV, dos Anjos Camargo G, Mendes MB, Semianko BC, Junior AC, Dias DT, et al. Computa-
tional simulation on the study of Tacrolimus and its improved dermal retention using Poly(e-caprolac-
tone) nanocapsules. Journal of Molecular Graphics and Modelling. 2024; 126:108625. https://doi.org/
10.1016/j.jmgm.2023.108625 PMID: 37722352

2. Police A, Shankar VK, Pandey P, Rangappa S, Doerksen RJ, N Murthy S. Novel topical anandamide
formulation for alleviating peripheral neuropathic pain. International Journal of Pharmaceutics. 2023;
641:123085. https://doi.org/10.1016/j.ijpharm.2023.123085 PMID: 37245739

3. Riedlova K, Saija MC, Olzynska A, Jurkiewicz P, Daull P, Garrigue JS, et al. Influence of BAKs on tear
film lipid layer: In vitro and in silico models. European Journal of Pharmaceutics and Biopharmaceutics.
2023; 186:65—73. https://doi.org/10.1016/j.ejpb.2023.03.007 PMID: 36933811

4. Riedlova K, Saija MC, Olzynska A, Vazdar K, Daull P, Garrigue JS, et al. Latanoprost incorporates in
the tear film lipid layer: An experimental and computational model study. International Journal of Phar-
maceutics. 2023; 645:123367. https://doi.org/10.1016/}.ijpharm.2023.123367 PMID: 37666309

5. QiuZK, Zhou BX, Pang J, Zeng W giang, Wu H biao, Yang F. The network pharmacology study and
molecular docking to investigate the potential mechanism of Acoritataninowii Rhizoma against Alzhei-
mer’s Disease. Metabolic Brain Disease. 2023; 38(6):1937—1962. https://doi.org/10.1007/s11011-023-
01179-6 PMID: 37032419

6. Saleh MAA, Gulave B, Campagne O, Stewart CF, Elassaiss-Schaap J, de Lange ECM. Using the
LeiCNS-PK3.0 Physiologically-Based Pharmacokinetic Model to Predict Brain Extracellular Fluid Phar-
macokinetics in Mice. Pharmaceutical Research. 2023. https://doi.org/10.1007/s11095-023-03554-5
PMID: 37442882

7. Hirasawa M, de Lange ECM. Revisiting Cerebrospinal Fluid Flow Direction and Rate in Physiologically
Based Pharmacokinetic Model. Pharmaceutics. 2022; 14(9):1764. https://doi.org/10.3390/
pharmaceutics14091764 PMID: 36145511

PLOS ONE | https://doi.org/10.1371/journal.pone.0299501  April 11, 2024 15/17


https://doi.org/10.1016/j.jmgm.2023.108625
https://doi.org/10.1016/j.jmgm.2023.108625
http://www.ncbi.nlm.nih.gov/pubmed/37722352
https://doi.org/10.1016/j.ijpharm.2023.123085
http://www.ncbi.nlm.nih.gov/pubmed/37245739
https://doi.org/10.1016/j.ejpb.2023.03.007
http://www.ncbi.nlm.nih.gov/pubmed/36933811
https://doi.org/10.1016/j.ijpharm.2023.123367
http://www.ncbi.nlm.nih.gov/pubmed/37666309
https://doi.org/10.1007/s11011-023-01179-6
https://doi.org/10.1007/s11011-023-01179-6
http://www.ncbi.nlm.nih.gov/pubmed/37032419
https://doi.org/10.1007/s11095-023-03554-5
http://www.ncbi.nlm.nih.gov/pubmed/37442882
https://doi.org/10.3390/pharmaceutics14091764
https://doi.org/10.3390/pharmaceutics14091764
http://www.ncbi.nlm.nih.gov/pubmed/36145511
https://doi.org/10.1371/journal.pone.0299501

PLOS ONE

Modeling of transdermal delivery

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

Lin L, Wong H. Predicting Oral Drug Absorption: Mini Review on Physiologically-Based Pharmacokinetic
Models. Pharmaceutics. 2017; 9(4):41. https://doi.org/10.3390/pharmaceutics9040041 PMID: 28954416

Guy RH, Hadgraft J, Maibach HI. Percutaneous absorption in man: A kinetic approach. Toxicology and
Applied Pharmacology. 1985; 78(1):123-129. https://doi.org/10.1016/0041-008X(85)90311-4 PMID:
4035664

Guy RH, Hadgraft J. The prediction of plasma levels of drugs following transdermal application. Journal
of Controlled Release. 1985; 1(3):177-182. https://doi.org/10.1016/0168-3659(85)90015-X

Guy RH, Hadgraft J. Pharmacokinetic Interpretation of the Plasma Levels of Clonidine Following Trans-
dermal Delivery. Journal of Pharmaceutical Sciences. 1985; 74(9):1016—-1018. https://doi.org/10.1002/
jps.2600740925 PMID: 4067843

Guy RH, Hadgraft J. Kinetic Analysis of Transdermal Nigtroglycerin Delivery. Pharmaceutical
Research. 1985; 02(5):206—211. https://doi.org/10.1023/A:1016356609934

Guy RH, Hadgraft J. The effect of penetration enhancers on the kinetics of percutaneous absorption.
Journal of Controlled Release. 1987; 5(1):43-51. https://doi.org/10.1016/0168-3659(87)90036-8

Wallace SM, Barnett G. Pharmacokinetic analysis of percutaneous absorption; evidence of parallel pen-
etration pathways for methotrexate. Journal of Pharmacokinetics and Biopharmaceutics. 1978; 6(4):
315-325. https://doi.org/10.1007/BF01060095 PMID: 702273

Scheuplein RJ, Blank IH. Permeability of the skin. Physiological Reviews. 1971; 51(4):702-747. https:/
doi.org/10.1152/physrev.1971.51.4.702 PMID: 4940637

Grasso P, Lansdown A. Methods of measuring, and factors affecting, percutaneous absorption. J Soc
Cosmet Chem. 1972; 23:481-521.

Scheuplein RJ. Mechanism of Percutaneous Absorption. Journal of Investigative Dermatology. 1967;
48(1):79-88. https://doi.org/10.1038/jid.1967.11 PMID: 6018244

Middleton JD. Pathways of Penetration of Electrolytes through Stratum Corneum. British Journal of Der-
matology. 1969; 81(s4):56—61. https://doi.org/10.1111/j.1365-2133.1969.tb16062.x

Blank IH, Scheuplein RJ, Macfarlane DJ. Mechanism of Percutaneous Absorption. Journal of Investiga-
tive Dermatology. 1967; 49(6):582-589. https://doi.org/10.1038/jid.1967.184 PMID: 6075991

Mitragotri S, Anissimov YG, Bunge AL, Frasch HF, Guy RH, Hadgraft J, et al. Mathematical models of
skin permeability: An overview. International Journal of Pharmaceutics. 2011; 418(1):115-129. https://
doi.org/10.1016/j.ijpharm.2011.02.023 PMID: 21356301

Anissimov YG, Jepps OG, Dancik Y, Roberts MS. Mathematical and pharmacokinetic modelling of epi-
dermal and dermal transport processes. Advanced Drug Delivery Reviews. 2013; 65(2):169-190.
https://doi.org/10.1016/j.addr.2012.04.009 PMID: 22575500

Murthy SN. Dermatokinetics of Therapeutic Agents. CRC Press; 2011.

Anissimov YG, Roberts MS. Diffusion Modeling of Percutaneous Absorption Kinetics: 3. Variable Diffu-
sion and Partition Coefficients, Consequences for Stratum Corneum Depth Profiles and Desorption
Kinetics. Journal of Pharmaceutical Sciences. 2004; 93(2):470—-487. https://doi.org/10.1002/jps.10567
PMID: 14705203

Anissimov YG, Roberts MS. Diffusion Modelling of Percutaneous Absorption Kinetics: 4. Effects of a
Slow Equilibration Process Within Stratum Corneum on Absorption and Desorption Kinetics. Journal of
Pharmaceutical Sciences. 2009; 98(2):772-781. https://doi.org/10.1002/jps.21461 PMID: 18543296

Haddad WM, Chellaboina V, Hui Q. Nonnegative and compartmental dynamical systems. Princeton
University Press; 2010.

Jacquez JA, Simon CP. Qualitative Theory of Compartmental Systems. SIAM Review. 1993; 35(1):43—
79. https://doi.org/10.1137/1035003

Walter E, Pronzato L, Norton J. Identification of parametric models from experimental data. vol. 1.
Springer; 1997.

Villaverde AF, Banga JR. Reverse engineering and identification in systems biology: strategies, per-
spectives and challenges. Journal of the Royal Society Interface. 2014; 11(91):20130505. https://doi.
org/10.1098/rsif.2013.0505 PMID: 24307566

Ljung L, Glad T. On global identifiability for arbitrary model parametrizations. Automatica. 1994; 30(2):
265-276. https://doi.org/10.1016/0005-1098(94)90029-9

Audoly S, Bellu G, D’Angio L, Saccomani MP, Cobelli C. Global identifiability of nonlinear models of bio-
logical systems. IEEE Transactions on Biomedical Engineering. 2001; 48(1):55-65. https://doi.org/10.
1109/10.900248 PMID: 11235592

Chis OT, Banga JR, Balsa-Canto E. Structural Identifiability of Systems Biology Models: A Critical Com-
parison of Methods. PLoS ONE. 2011; 6(11):e27755. https://doi.org/10.1371/journal.pone.0027755
PMID: 22132135

PLOS ONE | https://doi.org/10.1371/journal.pone.0299501  April 11, 2024 16/17


https://doi.org/10.3390/pharmaceutics9040041
http://www.ncbi.nlm.nih.gov/pubmed/28954416
https://doi.org/10.1016/0041-008X(85)90311-4
http://www.ncbi.nlm.nih.gov/pubmed/4035664
https://doi.org/10.1016/0168-3659(85)90015-X
https://doi.org/10.1002/jps.2600740925
https://doi.org/10.1002/jps.2600740925
http://www.ncbi.nlm.nih.gov/pubmed/4067843
https://doi.org/10.1023/A:1016356609934
https://doi.org/10.1016/0168-3659(87)90036-8
https://doi.org/10.1007/BF01060095
http://www.ncbi.nlm.nih.gov/pubmed/702273
https://doi.org/10.1152/physrev.1971.51.4.702
https://doi.org/10.1152/physrev.1971.51.4.702
http://www.ncbi.nlm.nih.gov/pubmed/4940637
https://doi.org/10.1038/jid.1967.11
http://www.ncbi.nlm.nih.gov/pubmed/6018244
https://doi.org/10.1111/j.1365-2133.1969.tb16062.x
https://doi.org/10.1038/jid.1967.184
http://www.ncbi.nlm.nih.gov/pubmed/6075991
https://doi.org/10.1016/j.ijpharm.2011.02.023
https://doi.org/10.1016/j.ijpharm.2011.02.023
http://www.ncbi.nlm.nih.gov/pubmed/21356301
https://doi.org/10.1016/j.addr.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22575500
https://doi.org/10.1002/jps.10567
http://www.ncbi.nlm.nih.gov/pubmed/14705203
https://doi.org/10.1002/jps.21461
http://www.ncbi.nlm.nih.gov/pubmed/18543296
https://doi.org/10.1137/1035003
https://doi.org/10.1098/rsif.2013.0505
https://doi.org/10.1098/rsif.2013.0505
http://www.ncbi.nlm.nih.gov/pubmed/24307566
https://doi.org/10.1016/0005-1098(94)90029-9
https://doi.org/10.1109/10.900248
https://doi.org/10.1109/10.900248
http://www.ncbi.nlm.nih.gov/pubmed/11235592
https://doi.org/10.1371/journal.pone.0027755
http://www.ncbi.nlm.nih.gov/pubmed/22132135
https://doi.org/10.1371/journal.pone.0299501

PLOS ONE

Modeling of transdermal delivery

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Balsa-Canto E, Banga JR. AMIGO, a toolbox for advanced model identification in systems biology
using global optimization. Bioinformatics. 2011; 27(16):2311-2313. https://doi.org/10.1093/
bioinformatics/btr370 PMID: 21685047

Ligon TS, Fréhlich F, Chis OT, Banga JR, Balsa-Canto E, Hasenauer J. GenSSI 2.0: multi-experiment
structural identifiability analysis of SBML models. Bioinformatics. 2018; 34(8):1421-1423. https://doi.
org/10.1093/bioinformatics/btx735 PMID: 29206901

Diaz-Seoane S, Rey Barreiro X, Villaverde AF. STRIKE-GOLDD 4.0: user-friendly, efficient analysis of
structural identifiability and observability. Bioinformatics. 2023; 39(1):btac748. https://doi.org/10.1093/
bioinformatics/btac748 PMID: 36398887

Audoly S, D’Angio L, Saccomani MP, Cobelli C. Global identifiability of linear compartmental models-a
computer algebra algorithm. IEEE Transactions on Biomedical Engineering. 1998; 45(1):36—47. https://
doi.org/10.1109/10.650350 PMID: 9444838

Meshkat N, Sullivant S, Eisenberg M. Identifiability Results for Several Classes of Linear Compartment
Models. Bulletin of Mathematical Biology. 2015; 77(8):1620—1651. https://doi.org/10.1007/s11538-015-
0098-0 PMID: 26337290

Lam NN, Docherty PD, Murray R. Practical identifiability of parametrised models: A review of benefits
and limitations of various approaches. Mathematics and Computers in Simulation. 2022; 199:202-216.
https://doi.org/10.1016/j.matcom.2022.03.020

Lukacs B, Bajza A, Kocsis D, Csorba A, Antal |, Ivan K, et al. Skin-on-a-Chip Device for Ex Vivo Monitor-
ing of Transdermal Delivery of Drugs—Design, Fabrication, and Testing. Pharmaceutics. 2019;
11(9):445. https://doi.org/10.3390/pharmaceutics 11090445 PMID: 31480652

Varga-Medveczky Z, Kocsis D, Naszlady MB, Fonagy K, Erd6 F. Skin-on-a-Chip Technology for Test-
ing Transdermal Drug Delivery—Starting Points and Recent Developments. Pharmaceutics. 2021;
13(11):1852. https://doi.org/10.3390/pharmaceutics 13111852 PMID: 34834264

Jabeen M, Boisgard AS, Danoy A, Kholti NE, Salvi JP, Boulieu R, et al. Advanced Characterization of
Imiquimod-Induced Psoriasis-Like Mouse Model. Pharmaceutics. 2020; 12(9):789. https://doi.org/10.
3390/pharmaceutics 12090789 PMID: 32825447

Weber FC, Németh T, Csepregi JZ, Dudeck A, Roers A, Ozsvari B, et al. Neutrophils are required for
both the sensitization and elicitation phase of contact hypersensitivity. Journal of Experimental Medi-
cine. 2014; 212(1):15-22. https://doi.org/10.1084/jem.20130062 PMID: 25512469

Kocsis D, Horvath S, Kemény A, Varga-Medveczky Z, Pongor C, Molnar R, et al. Drug Delivery through
the Psoriatic Epidermal Barrier—A “Skin-On-A-Chip” Permeability Study and Ex Vivo Optical Imaging.
International Journal of Molecular Sciences. 2022; 23(8):4237. https://doi.org/10.3390/ijms23084237
PMID: 35457056

Kocsis D, Klang V, Schweiger E, Varga-Medveczky Z, Mihaly A, Pongor C, et al. Characterization and
ex vivo evaluation of excised skin samples as substitutes for human dermal barrier in pharmaceutical
and dermatological studies. Skin Research and Technology. 2022; 28(5):664—676. https://doi.org/10.
1111/srt.13165 PMID: 35726964

Kocsis D, Varga PR, Keshwan R, Nader M, Lengyel M, Szabé P, et al. Transdermal Delivery of—Ami-
nophosphonates as Semisolid Formulations—An In Vitro-Ex Vivo Study. Pharmaceutics. 2023;
15(5):1464. https://doi.org/10.3390/pharmaceutics 15051464 PMID: 37242706

Bellu G, Saccomani MP, Audoly S, D’Angio L. DAISY: A new software tool to test global identifiability of
biological and physiological systems. Computer Methods and Programs in Biomedicine. 2007; 88(1):
52—61. https://doi.org/10.1016/j.cmpb.2007.07.002 PMID: 17707944

Byrd RH, Hribar ME, Nocedal J. An Interior Point Algorithm for Large-Scale Nonlinear Programming.
SIAM Journal on Optimization. 1999; 9(4):877-900. https://doi.org/10.1137/S1052623497325107

Ponmozhi J, Dhinakaran S, Kocsis D, Ivan K, Erd6 F. Models for barrier understanding in health and
disease in lab-on-a-chips. Tissue Barriers. 2023. https://doi.org/10.1080/21688370.2023.2221632
PMID: 37294075

ChenL, Han L, Saib O, Lian G. In Silico Prediction of Percutaneous Absorption and Disposition Kinetics
of Chemicals. Pharmaceutical Research. 2014; 32(5):1779-1793. https://doi.org/10.1007/s11095-014-
1575-0 PMID: 25407547

PLOS ONE | https://doi.org/10.1371/journal.pone.0299501  April 11, 2024 17/17


https://doi.org/10.1093/bioinformatics/btr370
https://doi.org/10.1093/bioinformatics/btr370
http://www.ncbi.nlm.nih.gov/pubmed/21685047
https://doi.org/10.1093/bioinformatics/btx735
https://doi.org/10.1093/bioinformatics/btx735
http://www.ncbi.nlm.nih.gov/pubmed/29206901
https://doi.org/10.1093/bioinformatics/btac748
https://doi.org/10.1093/bioinformatics/btac748
http://www.ncbi.nlm.nih.gov/pubmed/36398887
https://doi.org/10.1109/10.650350
https://doi.org/10.1109/10.650350
http://www.ncbi.nlm.nih.gov/pubmed/9444838
https://doi.org/10.1007/s11538-015-0098-0
https://doi.org/10.1007/s11538-015-0098-0
http://www.ncbi.nlm.nih.gov/pubmed/26337290
https://doi.org/10.1016/j.matcom.2022.03.020
https://doi.org/10.3390/pharmaceutics11090445
http://www.ncbi.nlm.nih.gov/pubmed/31480652
https://doi.org/10.3390/pharmaceutics13111852
http://www.ncbi.nlm.nih.gov/pubmed/34834264
https://doi.org/10.3390/pharmaceutics12090789
https://doi.org/10.3390/pharmaceutics12090789
http://www.ncbi.nlm.nih.gov/pubmed/32825447
https://doi.org/10.1084/jem.20130062
http://www.ncbi.nlm.nih.gov/pubmed/25512469
https://doi.org/10.3390/ijms23084237
http://www.ncbi.nlm.nih.gov/pubmed/35457056
https://doi.org/10.1111/srt.13165
https://doi.org/10.1111/srt.13165
http://www.ncbi.nlm.nih.gov/pubmed/35726964
https://doi.org/10.3390/pharmaceutics15051464
http://www.ncbi.nlm.nih.gov/pubmed/37242706
https://doi.org/10.1016/j.cmpb.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17707944
https://doi.org/10.1137/S1052623497325107
https://doi.org/10.1080/21688370.2023.2221632
http://www.ncbi.nlm.nih.gov/pubmed/37294075
https://doi.org/10.1007/s11095-014-1575-0
https://doi.org/10.1007/s11095-014-1575-0
http://www.ncbi.nlm.nih.gov/pubmed/25407547
https://doi.org/10.1371/journal.pone.0299501

