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ABSTRACT: Transdermal behavior is a critical aspect of studying
delivery systems and evaluating the efficacy of cosmetics. However,
existing methods face challenges such as lengthy experiments, high
cost, and limited model accuracy. Therefore, developing accurate
transdermal models is essential for formulation development and
effectiveness assessment. In this study, we developed a multiscale
model to describe the transdermal behavior of active ingredients in
the stratum corneum. Molecular dynamics simulations were used to
construct lipid bilayers and determine the diffusion coefficients of
active ingredients in different regions of these bilayers. These
diffusion coefficients were integrated into a multilayer lipid pathway
model using finite element simulations. The simulation results were
in close agreement with our experimental results for three active
ingredients (mandelic acid (MAN), nicotinamide (NIC), and pyruvic acid (PYR)), demonstrating the effectiveness of our multiscale
model. This research provides valuable insights for advancing transdermal delivery methods.

1. INTRODUCTION
The stratum corneum (SC) is the outermost layer of human
skin,1 with a thickness of 10−20 μm,2 making it highly
resistant to external factors such as UV rays and pathogens3

and, thus, the most difficult to penetrate.4 Corneocytes are
embedded in a lipid matrix to form a “brick-and-mortar”
structure”.5 There are two repeating units in the SC. The short
periodicity phase (SPP) has a repeat distance of approximately
6 nm, and the long periodicity phase (LPP) has a repeat
distance of 13 nm. The unique structure of the stratum
corneum imparts significant resistance to penetration, and LPP
is assumed to play a key role in the cutaneous barrier function.6

The study of transdermal behavior is essential in many fields,
such as transdermal drug delivery7 and transdermal absorption
of cosmetic active ingredients.8 When compared to conven-
tional oral or intravenous routes, the transdermal route offers
numerous advantages, allowing for noninvasive, painless, and
continuous dosing with fewer side effects and greater patient
compliance. The skin barrier serves as the limiting factor for
transdermal behavior, making it crucial to assess the skin
permeability of chemicals.

Currently, the primary method for investigating drug skin
permeability is through in vivo/in vitro testing. However, these
tests are costly and time-consuming, and the data is susceptible
to variations in experimental procedures, skin types, and
differences between laboratories.9,10 Different types of skin,

including PAMPA membrane, porcine skin, rat skin, and
human skin, exhibit significant differences in permeability.11,12

Results of experiments on the permeation of 2-phenoxyethanol
(PE) indicate that the PAMPA membrane has much higher
permeability compared to others. The permeation rates of
porcine and rat skin are higher than human skin. Hence, it is
crucial to create an efficient and accurate theoretical computa-
tional skin model for transdermal behavior to predict the
permeability of active ingredients through the skin.

In the previous study, Kushner’s research group proposed a
two-tortuosity model based on first principles, which illustrated
the influence of the branching and lateral diffusion of the lipid
pathway on transdermal delivery.13 They obtained analytical
solutions for diffusion flux and cumulative release and
successfully predicted the cumulative release profile of
naphthol and testosterone. Analytical solutions can provide
accurate calculation results for transdermal behavior, but they
are difficult to describe complex situations and require the
assumption of skin homogeneity, which may affect the
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accuracy of the calculation results. Cronin et al. developed
quantitative structure-permeability relationships (QSPRs) by
examining the permeation coefficients of 114 compounds
through excised human skin.14 They observed that the
hydrophilicity and relative molecular weight of the active
ingredients had a substantial impact on their permeation
coefficients. However, the accuracy of QSPR models is limited
by the training data set and model assumptions. These two
models above do not reflect the molecular-level mechanisms
involved in transdermal behavior, and they also ignore the
heterogeneity of intercellular lipids.

Intercellular lipids are anisotropic,15 which may affect the
transdermal behavior of active ingredients through the stratum
corneum. The diffusion of ingredients in lipids can be divided
into lateral diffusion (xy-direction) and vertical diffusion (z-
direction). Wang established a power-law relationship between
the lateral diffusion coefficient of lipids Dlip‑xy and the
molecular weight (MW) based on the diffusion behavior of
six kinds of compounds in lipids16 (see formula 1). Barbero
and Frasch also directly used this empirical formula in their
studies.15

D (1.24 10 cm /s)
100
MW

(2.34 10 cm /s)

xylip
7 2

2.43

9 2

= ×

+ ×

i
k
jjj y

{
zzz

(1)

Although empirical formulas simplify the determination of
lipid lateral diffusion coefficients, they lack theoretical support
at the microscopic scale. At the microscale, the lipid bilayer is
composed of ceramides (CER), cholesterol (CHOL), and free
fatty acids (FFA) of equal molar ratio.17 Ceramides, which
comprise approximately 50% of the lipid mass, are molecules
containing numerous subclasses,6 consisting of a sphingosine
backbone and a fatty acid chain.18 Ceramides mainly affect the
properties and structure of the lipid matrix in the stratum
corneum.19 They maintain the barrier function of the human
epidermis, promote self-repair of the epidermis, maintain long-
term self-renewal of the epidermis, and promote the stability of
the body’s internal environment.20 Multiple lipid bilayers are
stacked to form intercellular lipids.

Based on the SC lipid composition and biophysical and
nanoscale information on lipid organization, many different
molecular dynamics (MD) simulation models have been
proposed to describe the LPP and SPP of the SC lipid matrix.
Although molecular dynamics simulations can provide a
deeper understanding of the lipid microstructure and assess
the diffusion of small molecules within it, they still have some
limitations. Das et al. have calculated the excess chemical
potential profile and diffusivity for water in one single CER:
CHOL: FFA (2:2:1) bilayer by atomistic molecular dynamics
simulations. The experimental results for permeability on
mammalian skin sections, however, were about 30 times higher
than the simulation results.21 Gupta’s team calculated the
permeability coefficients of multiple ingredients using molec-
ular dynamics simulations. However, their results were
inconsistent with experimental findings as they showed that
DMSO and ethanol did not enhance permeability.22 Therefore,
it is difficult to describe the permeation properties of active
ingredients by using only molecular dynamics simulations. The
study of transdermal behavior requires simulations at multiple
scales.

In the current research on transdermal behavior, molecular
dynamics simulations mainly focused on the diffusion and

permeation coefficient of ingredients and the energy barriers
for passing through the bilayer.23 Finite element simulations
were used to calculate some parameters such as the diffusion
flux and cumulative release at the bottom of the stratum
corneum.15 It was uncommon for these two simulation scales
to be combined to analyze how active ingredients pass through
the stratum corneum. Rim et al. first calculated the microscopic
diffusion coefficient of ingredients within the lipid bilayer.
They considered the stratum corneum homogeneous to
calculate the macroscopic diffusion coefficient, which was
applied in the finite element simulation. However, the authors
used CHOL and DMPC in an equimolar ratio to construct the
lipid bilayer, which differs significantly from the actual lipid
bilayer structure.24 Gajula et al. built the lipid bilayer structure
using CER, CHOL, and FFA. They calculated the diffusion
coefficient of ingredients at different positions in the z-
direction within the stratum corneum, selecting the results
obtained from the center region of the lipid bilayer. They also
constructed a lipid pathway model for the stratum corneum
and incorporated the diffusion coefficient obtained from
molecular dynamics simulations into the finite element
model. However, the lipid bilayer is anisotropic and has
varying diffusion behavior at different positions.25 Therefore,
we consider both the anisotropic properties of lipids and
variations in diffusion coefficients across the bilayer.

Generally, current molecular simulations fail to accurately
predict permeability compared to experimental results. Like-
wise, finite element simulations lack explanations for micro-
mechanisms, while multiscale simulations do not consider lipid
anisotropy. Here, we developed a model that incorporates
microscopic diffusion processes and examines lipid hetero-
geneity, which provided a more accurate description of the
diffusion of active ingredients in the stratum corneum.
Mandelic acid, niacinamide, and pyruvic acid were studied as
cases. These are active ingredients that have garnered
significant attention due to their unique biochemical proper-
ties. These substances exhibit notable antioxidant capabil-
ities,26 effectively neutralizing free radicals induced by UVB
radiation,27 thereby alleviating skin inflammation and cellular
damage.28 These active ingredients safeguard the skin from
UVB-induced harm through mechanisms such as antioxidant
action, free radical scavenging, and inflammation regulation,
offering potential solutions for skin repair.

In this study, we presented a novel approach for predicting
the permeability of active ingredients through the stratum
corneum by combining molecular dynamics simulations with
finite element methods. Molecular dynamics simulations were
used to construct the lipid bilayer structure. The diffusion
coefficients of active ingredients in the headgroup and center
regions were obtained in different directions via Einstein and
Green−Kubo relations. Afterward, we constructed a finite
element model of the stratum corneum consisting of stacked
corneocytes and intercellular lipids. By substituting diffusion
coefficients obtained from MD simulation at corresponding
lipid regions into the finite element simulation, we obtained
results that matched the experimental data, validating the
accuracy of our multiscale model. This model can serve as a
predictor of experimental results, allowing for a better
understanding of the penetration mechanism of drugs or
cosmetics into the skin, ultimately leading to the optimization
of their design and use to enhance their therapeutic or
cosmetic effects.
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2. MATERIALS AND METHODS
2.1. Materials. Mandelic acid (MAN, Aladdin M107076−

100g; 99%), nicotinamide (NIC, Aladdin N105042−500g;
99%), pyruvic acid (PYR, Aladdin P104138−500g; 98%).
Ultrapure water with a resistivity of 18.2 MΩ·cm, obtained
from the Millipore Simplicity water purification system, was
utilized as the solvent for all experiments conducted. All active
ingredients were produced as a donor at 60 mg/mL
concentration. Physiological saline was prepared from sodium
chloride (Aladdin C111533−500g; 99.5%). Porcine dorsal skin
was obtained from a slaughterhouse and stored in the freezer at
−20 °C.
2.2. Methods. 2.2.1. Transdermal Behavior Studies.

2.2.1.1. Franz Cell Test. The transdermal behavior experiments
were performed using porcine dorsal skin in Franz cells. Before
transdermal experiments, the skin was cut to an appropriate
size, soaked in physiological saline, and dried using filter paper.
The skin then was fixed between the donor and receptor
compartments in a Franz diffusion cell. 8.2 mL of physiological
saline and a stir bar were added to the receptor compartment
and a 2 mL solution of the active ingredient was applied to the
donor compartment. The concentration of active ingredient
solution was 60 mg/mL. The donor compartment faced the
stratum corneum, and the receptor compartment faced the
viable epidermis. The effective permeation area was 2.11 cm2.
After assembling the diffusion cell, it was stirred continuously
at (37 ± 0.5) °C and 300 rpm, 0.4 mL of the receptor solution
was withdrawn and an equal volume of physiological saline was
added at 0.5, 1, 2, 4, 6, and 8 h.

2.2.1.2. Quantification of Active Ingredients. The active
ingredients quantification was conducted using UV spectro-
photometry (UV-2450 Shimadzu). We used MAN as an
example to generate the standard curve. Precisely 8 mg of
MAN was weighed and prepared as an 80 μg/mL reserve
solution with a total volume of 100 mL. Then, 0.1, 0.3, 0.6, 0.8,
and 1.1 mL of the reserve solution were diluted with ultrapure
water to obtain five concentration gradient standard solutions
ranging from 2 to 22 μg/mL. Ultrapure water was used as a
reference solution, and the absorbance of each standard
solution was measured at the maximum absorption wavelength.
The standard curve was then plotted with the concentration of
the standard solution on the x-axis and the absorbance on the
y-axis. After linear regression, the regression equation was
obtained with R2 = 0.999. The standard curves, R-squared, and
linear ranges of the three active ingredients are shown in Table
1.

Based on the standard curves, the concentration of the
receptor solution could be determined. We added ultrapure
water to the receptor solution and diluted it to a total volume
of 3.0 mL. The absorbance of the receiving solution was
measured at the maximum absorption wavelength with
ultrapure water as the reference solution.

2.2.1.3. Statistical Analysis. Based on experimental data, we
can compute the in vitro permeation parameters of active
ingredients, such as cumulative release, cumulative release rate,
and permeability coefficient.

To calculate the cumulative release per unit area of the n-th
sampling Qn, formula 2 was used.

Q
C V C V

Sn
n i

n
i i1

1

=
· + ·=

(2)

where Cn is the concentration (mg/mL) of the n-th sampling,
V is the volume (mL) of the receiving solution, Ci is the
concentration (mg/mL) of the i-th sampling, Vi is the volume
(mL) of the i-th sampling, and S is the diffusion area (cm2).

To calculate the percentage of cumulative release η, formula
3 was used.

Q

Q
100%n= ×

(3)

where Qn is the cumulative release per unit area of the n-th
sampling (mg/cm2) and Q is the active ingredient loading per
unit area in the diffusion cell (mg/cm2).

In the graph of the cumulative release of active ingredients
over time, the intercept of the linearly fitted line with the x-axis
represents the lag time Tlag, and the slope represents the
steady-state flux Jss. The permeability coefficient kp can be
calculated based on Jss, where kp = Jss/Cv, where Cv represents
the concentration of active ingredients in the diffusion cell.
These parameters are obtained through linear regression
analysis of the linear portion of the curve.

2.2.2. Molecular Dynamics Simulation. The transdermal
behavior of three active ingredients in the stratum corneum
was simulated by molecular dynamics. The lipid bilayer
structure was generated using the genmixmem1.229 software,
with FFA, CER[NS], and CHOL, comprising 42, 42, and 44
molecules, respectively, to ensure a molar ratio of approx-
imately 1:1:1.23 3900 water molecules were added to the outer
surface of the lipid bilayer and distributed evenly on both sides
of the lipid bilayer. Three kinds of active ingredients of MAN,
NIC, and PYR were added into the lipid bilayer, respectively.
All MD simulations were performed with the GRO-
MACS2018.8 package.30 The force field parameters were
taken from the CHARMM36 lipid force field, and the TIP3P
model was used for water.31−34 Figure 1 shows the lipid bilayer
constructed in this work.

The simulation time step was set to 2 fs. A cutoff of 1.2 nm
was used for van der Waals and electrostatic interactions. The
long-range electrostatic interactions were handled by the
particle-mesh Ewald (PME) method.35 The LINCS algorithm
constrains the bonds containing hydrogen atom.36 The Verlet
algorithm was used as an integrator of Newton’s equation of
motion.37 The systems were equilibrated at 310 K for 100 ns in
an NPT ensemble with a v-rescale thermostat38 and a
Berendsen barostat.39 Then, the production MD runs were
performed for 40 ns in the NPT ensemble with a v-rescale
thermostat and semi-isotropic Parrinello−Rahman barostat.40

The compressibility was set to 4.5 × 10−5 bar−1.
2.2.2.1. Diffusion Coefficient of Active Ingredients. The

active ingredients were constrained at the boundary or center
region of the lipid bilayer. The z coordinate of the lipid bilayer
center was defined to be 0, and the molecular center of mass
coordinates in the lipid bilayer boundary region was ±2 nm.

Table 1. Standard Curves, R2, and Linear Range of the
Active Ingredients

standard curve R2 linear range [mg/mL]

MAN y = 1.5257x + 9.96 × 10−4 0.9999 0.02−0.4
NIC y = 25.116x − 0.00412 0.9995 0.001−0.03
PYR y = 0.3095x + 0.00103 0.9997 0.05−0.6
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The lateral diffusion coefficients were calculated by the
following formula:

r r
D

t
Nt

lim
( ) (0)

2xy
t

2

= | |
(4)

where N is the dimension of the system (here N = 2), r(t) is
the molecule’s position at moment t, and ⟨ ⟩ denotes averaging
over multiple molecules.

The random force applied to the molecule was recorded at
the last 40 ns, and the autocorrelation function of the random
force was calculated. The z-direction diffusion coefficient (Dz)
was then calculated using the Kubo relation.41,42

D
RT

F z t F z t

( )

( , ) ( , 0)d
z

2

0

= +
(5)

where δF (z0, t) is the force autocorrelation function (fACF), R
is the universal gas constant, and T is the temperature.

2.2.3. Finite Element Simulation. In this study, the
diffusion behavior of MAN, NIC, and PYR in a stratum
corneum model was investigated using finite element
simulations by COMSOL Multiphysics 5.3. The structure
and a unit of the two-dimensional model are shown in Figure
2.

The geometric parameters of the model are shown in Table
2. The offset ratio ω represents the ratio of the long and short
paths of lipid lateral diffusion within a complete lateral
diffusion path, ω = dl/ds. The experiments demonstrate that
the ω of mammals is usually around 3.43 Therefore, the offset
ratio of the model is set to 3.

The diffusion of active ingredients in the stratum corneum
follows Fick’s law. Here, Fick’s law was solved in the finite
element model using diffusion coefficients obtained from
molecular dynamics simulations. The flux at the bottom over
time was calculated, and the cumulative release was obtained

Figure 1. (a) Configuration of the lipid bilayer. CER[NS], CHOL, and FFA are shown in blue, green, and red, respectively. (b) Structural formulas
of the three lipids that constitute the lipid bilayer. (c) Structural formulas of 3 kinds of active ingredients of MAN, NIC, and PYR.

Figure 2. (a) Model of the stratum corneum containing lipid pathways, with periodic boundary conditions applied on the left and right sides of the
model. The concentration of active ingredients at the top of the model is set at 60 mg/mL, while the concentration at the bottom outlet is set to 0.
(b) A unit of the stratum corneum model, and the lipid pathway was divided into hydrophilic and hydrophobic microzones in a 1:4:1 ratio.
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by integrating the flux. The expression of Fick’s law is shown in
formula 6.

C z t
t

D C z t
( , )

( , )2=
(6)

where C is the concentration of active ingredients, t is time,
and D is the diffusion coefficient of active ingredients within
the intercellular lipids.

As the lipids between the cells form a multilayered structure,
the lipid bilayers in the model were divided into three regions
with a thickness ratio of 1:4:1, corresponding to the
hydrophilic headgroup and the hydrophobic tail regions. The
diffusion of active ingredients in the lipid bilayer is anisotropic,
and the corresponding diffusion coefficients are given in
formula 7.

D
D

D
D

D

D

D
D

D
D

D

D
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0

0
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(7)

where p denotes parallel, representing the lateral diffusion
pathway; v denotes vertical, representing the longitudinal
diffusion pathway; b denotes boundary, representing the
ingredients in the hydrophilic headgroup region; and c denotes
center, representing the ingredients in the hydrophobic tail
chain region.

The bottom boundary condition is assumed to be a “sink
condition”,45 where the concentration at the bottom (C1 = 0 in
Figure 2) is zero. This condition is designed to ensure that the
active ingredients maintain a low concentration while passing
through the skin, allowing for continuous permeation of the
active ingredients into the body, thereby achieving effective
delivery and avoiding the accumulation of the active
ingredients within the skin. The research group of Barbero
and Frasch,15 Kushner,13 and Gajula25 have all utilized this
model assumption and obtained favorable results. “Sink
condition” is an important concept in the design and

evaluation of transdermal delivery systems, ensuring that the
active ingredients diffuse through the skin in a predictable and
controllable way.

In addition to the bottom boundary condition, the model’s
other boundary conditions are also provided here. Concen-
tration at the top of the model C (z = L, t) = Cv mg/mL; the
corneocyte-lipid boundary diffusion flux Jcl = 0; and periodic
boundary conditions are applied on the left and right sides of
the model.

By counting the diffusion flux and cumulative release at the
bottom of the model, we can compare the results with those
from experiments. Formulas 8 and 9 are the diffusion flux and
cumulative release at the bottom of the model, respectively.

J D
C z t

z
( , )=

(8)

Q t J z t t D
C z t

z
t( ) ( 0, )d

( 0, )
d

t t

0 0
= = = =

(9)

To verify the accuracy of our model, we also calculated Jss
and Tlag for the three actives using Kushner’s and Barbero and
Frasch’s models. In Kushner’s model, Jss and Tlag were
calculated using formulas 10 and 11, respectively. And in
Barbero and Frasch’s model, we used their model, method-
ology, and some of their parameters for the calculations.

T
L

D6 b
lag

flux volume
2

=
(10)

J z t Q t
K C D

L
( 0, ) ( ) b b

ss
2

flux
= = =

(11)

The parameters above are listed in Table 3.

3. RESULTS AND DISCUSSION
3.1. Transdermal Behavior of Active Ingredients. In

vitro transdermal experiments on three active ingredients were
conducted using a Franz cell. By using UV spectrophotometry
to measure the concentration of the receptor solution and
applying formula 2, the cumulative release was calculated. The
Q−t plots are presented in Figure 3. It shows the relationship
between cumulative release over time for the three active
ingredients. The order of cumulative release at the eighth hour
from largest to smallest is PYR (3.24 mg/cm2), MAN (2.48
mg/cm2), and NIC (0.88 mg/cm2). PYR has the largest
cumulative release, while NIC has the lowest amount
permeating through the skin.

Based on Figure 3, we calculated the cumulative release rate,
lag time, and permeability coefficient, and the results are listed
in Table 4. The linear portion of the cumulative release is used
to calculate the steady-state flux Jss, and the positive intercept
with the x-axis represents the lag time Tlag. The permeability

Table 2. Geometric Parameters of the Finite Element
Model44

parameter value

number of corneocyte layers, N 16
thickness of corneocytes, d 0.8 μm
length of corneocytes, l 40 μm
thickness of intercellular lipid, g 75 nm
long diffusion path,dl 30.06 μm
short diffusion path,ds 10.02 μm
offset ratio, ω 3

Table 3. Parameters Used in Kushner’s Model

parameters definition formula (if any) note

τflux flux of material through the thin slice of SC
Nh N g N d

Nh N gflux

( 1) ( 1)

( 1)
(1 )2

=
+ +

+
+

τvolume total amount of lipids in the SC slice Nh N g N d
Nh N gflux
( 1) ( 1)

( 1)
= + +

+

Kb partition coefficient between donor and lipid
C2 donor concentration
Db diffusion coefficient in lipid Db = Dcz (we calculate)
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coefficient kp reflects the ability of each ingredient to permeate
the stratum corneum and is calculated as the ratio of steady-
state flux to donor concentration. The cumulative release rate
of NIC is 1.54, which is very small. This result is consistent
with the literature,46 proving the reliability of our experiments.

The order of cumulative release for the three ingredients is
PYR > MAN > NIC, and the order of cumulative release rate,
steady-state flux, and permeability coefficient is also the same.
PYR shows the highest cumulative release rate of 5.70%, with
Jss = 1.095 mg/cm2h and kp = 1.82 × 10−2 cm/h,
demonstrating the strongest penetration ability. The results
indicate that PYR is relatively easier to penetrate the stratum
corneum, followed by MAN, and NIC has the weakest
permeability.

3.2. Molecular Dynamics Simulations of Active
Ingredients within Lipid Bilayers. As the density
distribution graphs of the three ingredients are similar, here
we choose NIC as the illustrative ingredient. As shown in
Figure 4, both CER and FFA are distributed throughout the
SC membrane, while CHOL is mainly distributed in the outer
layer, and FFA is mostly distributed in the inner layer for every
system. This SC membrane structure is similar to the previous
works.22,47 The three active ingredients appear only in the
center or the boundary, indicating that they are successfully
constrained at the boundary or center region. In addition, the
density differences of the components that make up the lipid
bilayer are not substantial when active ingredients are placed at
the edge or center of the lipid bilayer.

Here, we calculated the diffusion coefficients of different
active ingredients at different positions within the lipid bilayer.
The lateral (xy) diffusion coefficient was obtained by fitting the
linear region of the MSD-t relationship. The vertical (z)
diffusion coefficient was determined by analyzing the changes
in the random forces on the ingredients in the z-direction and
calculating the force autocorrelation function.

For each active ingredient, regardless of the boundary or
central region of the lipid bilayer, its lateral diffusion coefficient
Dxy is smaller than the vertical diffusion coefficient Dz,

Figure 3. Cumulative release of each active ingredient over time.

Table 4. Cumulative Release Rate η, Steady-State Flux Jss,
Permeability Coefficient kp, and Lag Time Tlag of Active
Ingredients

η [%] Jss [mg/cm2 h] kp [cm/h] Tlag [h]

MAN 4.36 0.513 8.55 × 10−3 0.272
NIC 1.54 0.140 2.33 × 10−3 1.81
PYR 5.70 1.095 1.82 × 10−2 0.189

Figure 4. Density profile of each component of the lipid bilayer. (a) NIC at the boundary of the lipid bilayer. (b) NIC at the center of the lipid
bilayer.

Figure 5. Diffusion coefficients of active ingredients in the center and
boundary of the lipid bilayer, lateral and vertical, respectively
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indicating that the active ingredient tends to diffuse vertically
rather than laterally in the lipid bilayer. In addition, the lateral
diffusion coefficient of these active ingredients in the central
region of the lipid bilayer Dcxy is smaller than the lateral
diffusion coefficient in the boundary region Dbxy. As the MW
decreases, the diffusion coefficient of the active ingredients
increase, which is consistent with the relationship between the
diffusion coefficient and the MW obtained by Wang’s research
group.16

3.3. Diffusion Behavior of Active Ingredients in the
Stratum Corneum. We utilized the diffusion coefficients
obtained from molecular dynamics simulations into finite
element simulations to calculate the in vitro permeation
parameters of active ingredients in the stratum corneum, using

formulas 8 and 9. By determining the slope of the linear
portion and the positive intercept of the x-axis on the Q−t
plots, we obtained the steady-state flux and lag time,
respectively. The comparison of simulation and experimental
results is presented in Table 5.

We compared the simulation and experimental results of
three active ingredients, MAN, PYR, and NIC. For Jss, the
simulation value of MAN is about 1/2 of the experimental
result, while the simulation results of NIC with PYR are very
close to the experimental results. For Tlag, the simulation
results are all larger than the experimental ones, where the
simulation results for NIC are close to the experimental data,
and for MAN, it differs significantly from the experiment.
Although there are differences between the simulation and

Table 5. Experiment and Simulation Results of In Vitro Permeation Parameters for Each Ingredient

Jss [mg/cm2 h] Tlag [h] kp [cm/h]

exp. sim. exp. sim. exp. sim.

MAN 0.513 ± 0.103 0.2936 0.272 ± 0.135 1.43 (8.55 ± 1.72)×10−3 4.89 × 10−3

NIC 0.14 ± 0.03 0.1370 1.81 ± 0.23 2.42 (2.33 ± 0.50)×10−3 2.28 × 10−3

PYR 1.095 ± 0.219 1.191 0.189 ± 0.075 0.357 (1.82 ± 0.365)×10−2 1.98 × 10−2

Figure 6. Cumulative release profile of MAN, NIC, and PYR through skin SC lipid region. FEM simulation vs experiments.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c00735
J. Phys. Chem. B 2024, 128, 6327−6337

6333

https://pubs.acs.org/doi/10.1021/acs.jpcb.4c00735?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c00735?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c00735?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c00735?fig=fig6&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


experimental results, the order of magnitude is consistent: for
Jss, PYR > MAN > NIC, and for Tlag, NIC > MAN > PYR. The
release profile is also compared in Figure 6, the experimental
and simulation results exhibit minimal discrepancy. Hence, our
model is more effective in predicting the transdermal behavior
of these three active ingredients.

It is quite common to observe differences between
simulation results and experimental values. For instance,
Barbero and Frasch’s team predicted the steady-state flux
and lag time of caffeine permeation through the skin, which
was about 5-fold higher than the experimental values,
respectively.15 Additionally, Guy’s predictions of the perme-
ability coefficients for limonene and linalool48 were about 3
orders of magnitude higher than the experimental ones
obtained by Almeida et al.49 These discrepancies can be
influenced by the assumptions of the models and the
experimental conditions.

The results of steady-state flux Jss could not only contrast the
simulation results with the experimental data but also calculate
the partition coefficient of each active ingredient between the
donor and the stratum corneum. According to Fick’s law, the

steady-state flux for the diffusion of active ingredients in a
homogeneous membrane is expressed as follows:

J KDC
Lss =

(12)

where K represents the partition coefficient, D represents the
diffusion coefficient within the homogeneous membrane, C
represents the concentration in donor, and L represents the
membrane’s thickness. Although the stratum corneum model
contains tortuous lipid pathways, it is also reasonable to
homogenize the stratum corneum by distributing the lipid
pathways throughout the whole stratum corneum to study the
partition conditions since the model contains only the
diffusion coefficients of the lipids.

In Figure 2, we set the partition coefficient between the
donor and stratum corneum to 1 by equating the inflow
concentration (C0) with the donor concentration (Cv).
Therefore, by dividing the experimental and simulated values
of Jss, a parameter can be obtained to qualitatively compare the
partitioning ability of the active ingredients in the stratum
corneum, which is called “partition factor”. For MAN, NIC,

Figure 7. Distribution of Jss and Tlag for the three active ingredients in different lipid model conditions.
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and PYR, the partition factors are 1.747, 1.022, and 0.919,
respectively. Checking the octanol−water partition coefficients
(log P) from PubMed (http://pubchem.ncbi.nlm.nih.gov/),
we found log P values of 0.6, −0.4, and −0.5 for MAN, NIC,
and PYR, respectively. It indicates that the lipophilicity ranking
of the three species is as follows: MAN > NIC > PYR. Our
model’s partition factor order aligns with these values, showing
that it accurately reflects the lipophilicity of the active
ingredients seen in experimental data.
3.4. Effect of Different Lipid Model Conditions on

Simulation Results. The diffusion conditions of ingredients
in lipids are often set differently in different models of the
stratum corneum. Kushner’s team used an isotropic lipid
model to derive the analytical solutions for Jss and Tlag.

13 And
in Barbero and Frasch’s model, they used an anisotropic but
unstratified lipid structure, and the lipid diffusion coefficients
were obtained according to the empirical formulas.15 In
comparison, our model considered both the anisotropic lipid
conditions and the stratification of lipids, thereby considering
the diffusion behavior in different regions of the membrane.
The comparison between the results of these three models and
experimental data is presented in Figure 7.

For all three active ingredients, Kushner’s isotropic model
resulted in lower Tlag and significantly higher Jss, failing to
accurately reflect their diffusion behavior. Barbero and Frasch’s
model produced a noticeably longer Tlag and much lower Jss
than experiment values for MAN and NIC, but the opposite
was observed for PYR. Our model demonstrated advantages
over the aforementioned models in predicting Jss and Tlag;
however, for PYR, our predicted Tlag was about twice the
experimental value, while Barbero and Frasch’s model was half
of the experimental value. Our model can more accurately
predict the permeation behavior of these active ingredients.

4. CONCLUSIONS
In this study, we developed a multiscale stratum corneum
model to describe the diffusion behavior of active ingredients
within it and to predict the permeation properties. We initially
performed in vitro transdermal experiments on three active
ingredients using Franz diffusion cells to obtain the permeation
parameters of the three ingredients and found that PYR had
the strongest permeation ability through the stratum corneum,
followed by MAN, and NIC had the weakest. We used
molecular dynamics simulations to construct a lipid bilayer
structure and obtained the diffusion coefficients of the active
ingredients at the boundary and center region of the lipid
bilayer. Our results showed that the active ingredients tended
to diffuse vertically within the lipid bilayer. Subsequently, we
developed a mesoscale model of the stratum corneum and
used finite element simulation to calculate in vitro permeation
parameters such as Jss and Tlag of active ingredients. We also
calculated the partition factor between the donor and stratum
corneum. Our simulation results were compared to exper-
imental data, and our model proved to be more accurate than
other existing models. The constructed model successfully
predicted the transdermal behavior of the active ingredients.
This provides valuable insights into the penetration mechanism
of drugs or cosmetics through the skin, allowing for the
optimization of their design to enhance their therapeutic or
cosmetic effects, as well as the ability to gain a better
understanding of the skin’s physiological state.

Generally, we successfully combined microscopic molecular
dynamics simulations with mesoscopic finite element simu-

lations to obtain parameters that can be compared with
experimental results. The numerical values obtained by our
model are in the same order of magnitude. They are
numerically close to experimental results, demonstrating the
potential of our model in predicting the transdermal behavior
of active ingredients. However, it is important to acknowledge
the limitations of our model. On the one hand, the accuracy of
our model in predicting the transdermal behavior of more
active ingredients remains to be validated. On the other hand,
as the corneocytes in the stratum corneum undergo a process
of maturation from the bottom to the top,50 some of the
corneocytes in the deeper layers may not be fully keratinized,
which could increase the permeability of the deeper layers.
Therefore, further research can be conducted to improve the
model to predict the transdermal behavior of a more significant
number of active ingredients.
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