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ABSTRACT: An original nonbiological skin model (NBSM) has been
developed to mimSic skin surface properties. This skin model presents
several improvements when compared to existing ones: it has a
topography identical to that of in vivo skin and a lipid composition
close to that of the skin face. This imparts to the model surface a
physicochemistry similar to in vivo skin. The concept and design of the
skin model are presented, followed by an instrumental characterization
performed using 3D microscopy, attenuated total reflectance−Fourier
transformed infrared spectroscopy, and contact angle measurements.
Surface free energy components are calculated for the NBSM using the
Van Oss approach and compared to ex vivo experiments performed on
human living skin explants. A comparison was made with the commercial
skin model VITRO-SKIN, this latter being a reference in terms of the
NBSM. The effect of several emollients on skin physicochemistry was
investigated in vivo and on both nonbiological models. The study focused on several emollients and oils, including silicones and
esters, and three emulsions (oil-in-water or water-in-oil). The results obtained confirm the high reliability of the developed model as
it shows a skin-like surface behavior. This very interesting tool shows promising results concerning the study of the residual film
present after product application or to study skin/product interactions.

■ INTRODUCTION

Skin is the most extensive and heaviest human organ. It plays a
fundamental protective role in our whole body. One of its most
important functions is to control the penetration of external
compounds and microorganisms into the human body and to
limit excessive water loss.1 This skin barrier property is mainly
related to the stratum corneum, its external layer. This layer is
composed of dead cells named the corneocytes kept sticking
together thanks to intercellular lipids which act as the stratum
corneum “cement”.2 This external dead layer is in direct
contact with the external environment and with any product
applied to the skin surface. Both corneocytes and intercellular
lipid integrity condition the efficacy of the skin barrier function
and the interaction between the skin and its environment.
Studying skin surface properties is consequently of great

interest to better understand the roles of corneocytes and lipids
in the penetration or permeation phenomenon. These
phenomena are relative to passive diffusion and to contact
area between skin and external compounds, which are both
related to skin physicochemistry.3 This important property
describes how skin interacts with its environment and how a
compound or product topically applied interacts with skin.

Using the Van Oss approach for surface free energy
determination, previous in vivo studies showed that skin
physicochemistry is greatly impacted by the presence of
sebaceous lipids on its surface:3,4 the forearm skin, poor in
sebum, behaves as a weakly monopolar basic (hydrophobic)
surface, whereas the forehead skin, rich in sebum, behaves as a
strongly monopolar basic (hydrophilic) surface. These
observations are explained by both the lipid amount and
composition: sebum is enriched with amphiphilic lipids,
especially free fatty acids, which increase the monopolar
basic behavior of sebum-rich skins.
When studying the impact of harmful factors on skin

physicochemistry, such as UV radiation, urban pollutants, or
new cosmetic or pharmaceutical ingredients whose toxicity
data are not available, in vivo measurements are not feasible
because of raw material potential toxicity and regulation. In

Received: January 16, 2020
Revised: April 3, 2020
Published: April 7, 2020

Articlepubs.acs.org/Langmuir

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.langmuir.0c00133
Langmuir XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

U
 H

A
V

R
E

 o
n 

A
pr

il 
24

, 2
02

0 
at

 2
0:

58
:3

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florine+Eudier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michel+Grisel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ge%CC%81raldine+Savary"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ce%CC%81line+Picard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.0c00133&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?fig=abs1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00133?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


addition, surface free energy determination needs the use of
toxic compounds such as diiodomethane which is injurious in
the case of skin contact. Consequently, skin models have to be
developed and used.
Animal models are available, such as pig skin and rat skin.

They present not only similarity with human skin but also
differences, above all, concerning lipid compositions5 which
can impact their physicochemistry. Moreover, in the frame-
work of a cosmetic study, ethical and legal questions are raised:
the European Union prohibits all animal-tested products since
2013.6

Some alternative skin models have been developed to reduce
the use of animals for cosmetic research studies. Reconstructed
human skin and human skin explants are probably the most
powerful models because their behavior, structure, and
composition are close to in vivo skin.7−9 However, these two
models are very expensive and show limited life duration.
Consequently, simple, nonbiological surfaces can be used to
mimic skin surface properties and to study the frictional and
mechanical properties10−12 or the adhesion properties.13

Nonbiological skin models (NBSMs) such as the VITRO-
SKIN (VS) which has been specifically developed to mimic
skin surface properties (pH, ionic strength, and physicochem-
istry) are hence commercially available. For further details, a
recent review from authors reports on different NBSM
materials and their characteristics.14 They highlight the interest
of measuring and better controlling the surface physicochem-
istry. The main disadvantage of these commercial products is
that their composition remains unknown and unchangeable;
thus, they can be considered as “black boxes”. Based on this
obvious state-of-the-art, one can consider the need for a new
fairly simple, reliable, cheap, and easy to handle synthetic
surface exhibiting properties equivalent to in vivo human skin.
The aim of the present study is to develop an original NBSM

of controlled composition which mimics skin surface proper-
ties, chemical composition, and topography, thus imitating its
physicochemistry. First, a polymeric material reproducing skin
microtopography was prepared. This material was then coated
with artificial sebum imitating skin surface lipid composition.
Contact angle measurements were performed and compared to
ex vivo measurements in order to validate the surface
physicochemistry of our NBSM. Results were compared to
commercial VS as a reference.
In the second step, to deepen the characterization of the new

model, physicochemical properties were measured using
different emollients and emulsions in order to highlight the
interest of the NBSM to study topical application. All the
results obtained were compared to in vivo skin measurements.

■ EXPERIMENTAL SECTION
Chemicals Used. Artificial Sebum. Squalene (>98% purity),

triolein (glyceryl trioleate 65% purity), and tristearin (glyceryl
tristearate, >99% purity) were supplied by Sigma-Aldrich (Saint-
Louis, Missouri); cholesteryl oleate (97% purity), cholesterol (95%
purity), DL-α-tocopherol (>97% purity), oleic acid (99% purity),
chloroform (technical grade), and methanol (technical grade) were
supplied by Fisher Scientific SAS (Illkirch, France). Oleyl oleate
(Schercemol OLO ester) was supplied by Lubrizol (Oudalle, France).
Palmityl palmitate and palmitic and stearic acids were kindly given by
Stearinerie Dubois (France).
Liquids for Contact Angle Measurements. Three reference liquids

were used to perform surface free energy calculations: ultrapure water
(resistivity of 18 MΩ.cm−1 at 25 °C), diiodomethane (analytical
grade, 99% purity), and formamide (analytical grade, 99% purity)

(Sigma-Aldrich, Saint-Louis, Missouri). Their surface free energy
component values are reported in Table 1.

Topical Ingredients and Emulsions Used for Physicochem-
ical Study. Four cosmetic grade ingredients were used for the
contact angle measurements on the different skin models: cyclo-
pentasiloxane (CPS), a silicone, supplied by Evonik Goldschmidt
(Essen, Germany); propanediol dicaprylate (PDC), an ester, kindly
given by Stearinerie Dubois (Boulogne-Billancourt, France); and
isohexadecane (IHD), an alkane, supplied by IMCD Group (Cologne,
Germany). The chemical structures and physicochemical properties of
these ingredients were reported in a previous study.16 Argan oil (AO),
a natural vegetable oil, was supplied by OLVEA Group (Saint-
Leónard, France). It is composed17 of 95% triacylglycerols, ∼2%
mono/diacylglycerols, and ∼2% free fatty acids, and its surface
tension at 20 °C was 31.7 mJ/m2 (experimental data).

Three complex products for topical application were used: Nivea
Crem̀e (NC) (Nivea, Beiersdorf, France), a “moisturizing and
nourishing” water-in-oil emulsion, hydroalcoholic gel Assanis Family
(GHA) (Assanis, France), a disinfectant aqueous gel, and standard
emulsion (SE), a laboratory-made oil-in-water emulsion whose
composition and physicochemical properties are described in a
previous work.18

Study Models. Human Living Skin Explants. Human living skin
explants were furnished by BIO-EC (Longjumeau, France); they were
obtained from plastic surgery of the abdominal area of a 29 year old
Caucasian woman, with her consent. To prepare skin explants, the
subcutaneous fat was first removed using a scalpel and then, skin
(dermis and epidermis) was cut into approximately 2 cm-diameter
circles. The explants were placed in survival conditions and
maintained in an incubator at 37 °C in 5% CO2. Half of the BIO-
EC’s explant medium was replaced by a fresh one every 2 days. Eight
explants were used for the determination of the surface free energy.
They were kept in the incubator until contact angle measurements.
There were gently wiped before measurements to eliminate the
residual explant medium present on the surface.

In Vivo Measurements. In vivo measurements were performed on
the forearm of a 21 year old Caucasian woman with her consent. The
analyzed skin was kept unwashed for 2 h, and no treatment was
performed before measurements.

Commercial NBSM. The commercial VS (IMS, Inc., Milford, CT)
has been characterized and used in the study. It is a reference in terms
of NBSMs for physicochemical studies.

The VS is a synthetic skin model made with proteins and lipids,19

which mimics skin surface properties such as ionic strength, pH,
topography, and critical surface tension. This NBSM is used as a skin
substitute for in vitro sun protection factor measurements or for the
study of emollient spreading.19,20 Prior to use, it required to be
hydrated according to the standardized protocol developed by IMS.
The pieces of VS were placed during 16−24 h at room temperature in
a standard closed hydration chamber, which contains 350 g of a
mixture water/glycerin 85:15 poured in the bottom.

Preparation of the NBSM Specifically Developed. A new NBSM
has been developed for the study. It consists of two distinct parts (see
Figure 1).

The first part is a polymeric material which reproduces the skin
surface topography. This artificial support is coated with artificial
sebum which mimics the lipid composition of the skin face. This
NBSM was prepared as described in the following paragraphs.

Preparation of a Polymeric Support Mimicking Skin Surface
Topography. A skin print was prepared in vivo using the

Table 1. Surface Free Energy Components of Water,
Diiodomethane, and Formamide15

liquid γl (mJ/m2) γl
LW (mJ/m2) γl

+ (mJ/m2) γl
− (mJ/m2)

water 72.8 21.8 25.5 25.5
diiodomethane 50.8 50.8 0.72 0
formamide 58 39 1.92 47.0
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biocompatible silicon Body Double (Creátion-Silicone, Jouy-en-Josas,
France) to obtain a silicon surface with a negative relief of the skin.
For the present study, the skin print was performed on the forearm of
a 26 year old volunteer, with her consent. This skin print was molded
back using the silicone Dragon Skin (Dragon Skin 20, Creátion-
Silicone, Jouy-en-Josas, France). This silicon material has already been
characterized by Bhushan and Tang21 using atomic force microscopy.
They highlighted in their work that the Dragon Skin was a good
simulation of skin surface properties regarding its adhesive force and
frictional behavior after application of topical products.
After mixing together an equal amount of the two components of

the kit, the Dragon Skin was degassed under high vacuum for 10 min.
The viscous mixture was then poured onto the Body Double skin
print and let harden for at least 4 h. The good compatibility between
these two products allows a perfect reproduction of the negative skin
print.
The polymeric support obtained following this protocol is in the

size of the forearm used to prepare the skin print and can be cut into
the desired shape. In the present study, the polymeric support was cut
into rectangles of dimensions 2 × 5 cm to present a sufficient area to
perform all characterizations.
Preparation of the Artificial Sebum. The artificial sebum was

prepared following the composition22 described in Table 2. All

weighted lipids were dissolved in CHCl3/MeOH 2:1 to reach a
concentration of 10 g/L of sebum. The solution was kept in the fridge
(T = 2−4 °C) until use. When solvent evaporation was necessary, a
rotatory evaporator has been used (Rotavapor R-300, BÜCHI
Labortechnik AG, Flawil, Switzerland).
The artificial sebum was then coated onto the previously described

polymeric material. Two coating protocols have been tested. They are
presented below and discussed in the Results and Discussion section.
Coating Protocols. The first protocol (referred to as “Protocol 1”)

used a sebum solution in CHCl3/MeOH (3:7) at a concentration of
20 g/L. Sebum solution was pulverized through a spraying pump on
the support.11,23 Ten pulverizations at a distance of 5 cm were
performed on a 1 cm × 7 cm surface at ambient temperature. Surfaces
were then placed in a closed plastic tube to allow slow solvent
evaporation and good homogeneity of the lipid coating.

The second protocol (referred to as “Protocol 2”) used pure
sebum, without any solvent. The solvent was evaporated from the
artificial sebum solution. The resulting lipid mixture was placed in an
oven at 70 °C until complete liquefaction. The polymeric material was
also placed in the oven at 70 °C for 15 min to avoid the temperature
difference during deposit. A thin pencil was used to apply a liquid
lipid film onto the silicone support. The coated support was then
placed back in the oven for 5 min for homogenization. Excess lipids
were wiped off using absorbent paper, and the coated silicone was
placed again in the oven for 5 min. This last step was crucial as it
allowed obtaining a thin homogeneous sebum deposit. The artificial
skin model prepared as described was allowed to cool down to room
temperature in few minutes.

Stability. In order to realize the different characterizations
described below and the physicochemical study, the nonbiological
surface model can be stored several weeks under obscurity without
modifications.

Surface Characterization of NBSMs. Infrared Spectroscopy.
The Fourier transform infrared (FTIR) spectroscopy spectrum
(PerkinElmer, Inc., Waltham, Massachusetts, USA), connected to
Spectrum software, was used. Four spectra were recorded for each
measurement, using the ATR mode (ZnSe crystal). The range of
vibrations was from 4,000 to 650 cm−1.

Optical Microscopy. Surfaces observation was performed using an
optical microscope (DMLP/DC 300, Leica Microsystems, Wetzlar,
Germany) equipped with a camera and controlled using Leica
Application Suite software. All pictures were obtained using the
transmission mode, at a magnification of ×50.

Digital Microscopy. A Keyence microscope VHX-1000 (Keyence
Corporation TSE, Osaka, Japan) using the VH-Z100R lens at a
magnification of ×300 was used. 3D images were recorded in the
transmission mode and assembled to obtain a 1600 × 1200 pixel size.

Roughness profiles and parameters were calculated from 3D images
of surfaces according to the ISO 25178 norm, using Mountains Map
software (Digital Surf SARL, Besanco̧n, France). Three different
roughness parameters were reported and studied: Sa, the arithmetic
mean height expressed in μm, Sz, the maximum height expressed in
μm, and Ssk, the dimensionless skewness factor.

Contact Angle Measurement and Surface Free Energy
Determination. Advancing Contact Angle Measurements. Con-
tact angle measurements were performed using a PGX+ (ScanGaule,
Gravigny, France) portative goniometer connected to PGPlus
software. This goniometer is equipped with a high resolution camera
to acquire images, with a specific lightening system associated with a
mirror to visualize the droplet. The syringe used for droplet
deposition has an intern diameter of 0.77 mm. Measurements were
performed at room temperature (20 ± 1.5 °C). Advancing contact
angle θA is the highest value of the contact angle measured prior to
the drop baseline displacement when the drop volume is increased. A
small drop was deposited on the surface, and its volume was increased
by the addition of five successive drops.24,25 The final drop reached a
volume of approximately 7 μL. Five pictures were taken immediately
after the addition of each drop. The total time of the experiment is
around 20 s, so evaporation or penetration of the liquid is neglected.
Contact angles from both sides of the drop were calculated using the
software program. θA was then the maximum value obtained from the
mean of both sides of the drop among these five pictures. Advancing

Figure 1. Presentation of the NBSM concept: an artificial skin made with silicone coated with artificial sebum.

Table 2. Composition Used for the Artificial Sebum

chemical weight (% w/w)

squalene 10.29
palmityl palmitate 19.42
oleyl oleate 4.85
tristearin 21.36
triolein 10.68
stearic acid 6.87
palmitic acid 6.87
oleic acid 13.74
cholesteryl oleate 1.94
cholesterol 3.88
(±)-α-tocopherol 0.10
total 100.00
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contact angle measurements for each liquid were performed at least in
triplicate for each study model.
Surface Free Energy Determination. To determine the surface free

energy of solid surfaces, one of the most recent approaches has been
developed by Van Oss and co-workers.3,26,27 They suggest that solid
and liquid surface free energies can be divided into two components:
the Lifschitz−van der Waals component (γLW), which corresponds to
the van der Waals interactions (Keesom, Debye, London), and the
acid−base component (γAB), which corresponds to the acidic and
basic interactions, according to the Lewis concept (1)

LW ABγ γ γ= + (1)

This acid−base component can be expressed by the geometrical
mean of two parameters: γ+ (electron acceptor) and γ− (electron
donor) (2)

2ABγ γ γ= + −
(2)

This last component includes the hydrogen bonding and the π−
electron interactions.
Surface free energy can be calculated from contact angle

measurements using the Young Equation (3)

cosL S e SLγ θ γ π γ= − − (3)

Where γL is the liquid surface tension, θ is the contact angle, γS is the
solid surface free energy, πe is the film pressure of the liquid, and γSL is
the interfacial surface free energy. “L” and “S” refer to liquid and solid,
respectively. πe can be neglected for low energy solids such as skin.3

According to Van Oss, the interfacial surface free energy can be
expressed as follow (4)

2 2(

)

SL S
LW

L
LW

S
LW

L
LW

S S L L

S L S L

γ γ γ γ γ γ γ γ γ

γ γ γ γ

= + − + +

− −

+ − + −

+ − − +
(4)

Thus, the Young equation can be written (5)

(1 cos ) 2 2 2L L
LW

S
LW

L S L Sθ γ γ γ γ γ γ γ+ = + ++ − − +
(5)

Following (5), the surface free energy of the solid surface can be
determined using at least three reference liquids of known component
values.
The Van Oss model has been defined for a smooth and

homogeneous surface. For a rough surface, the roughness coefficient
(6) defined by Wenzel28 should be used to adjust the contact angle
value (7)

r
real surface area

appearing surface area
1= ≥

(6)

rcos cosθ θ* = (7)

where r is the roughness coefficient, θ* is the measured contact angle,
and θ is the real contact angle.

Nevertheless, some studies dealing with the effect of roughness on
the wettability of the random surface such as skin show that this
relation does not correctly describe the real contact angle.3,29,30

Moreover, we try to reduce the impact of roughness on our results
using surfaces of equivalent topography. That is why skin roughness
has not been taken into account for this study.

Physicochemical Study. Ingredient Contact Angle on Un-
treated Surfaces. The advancing contact angles of the four
ingredientsthe silicone, the ester, the alkane, and the AOwere
measured in triplicate on each study models. Drop deposition
protocol was the same as the one described previously.

Water Contact Angle after Product Application. The four
cosmetic ingredients (50 μL each) and the three topical complex
products were manually spread on 10 cm2 surface areas by 40
rotations. Water contact angle measurements were performed 1 and 3
min after application, in triplicate, to characterize the properties of the
residual film.

■ RESULTS AND DISCUSSION

Optimization of Sebum Coating on the NBSM. Two
protocols were tested to coat the sebum thin layer on the
silicone support. Sebum thin layers were visualized using an
optical microscope in the transmission mode (Figure 2).
The presence of lipids on the polymeric support gives a

granular aspect to the relief (Figure 2b,c). Using Protocol 1,
lipids clearly crystallize, as evidenced in Figure 2b: diamond-
shaped crystals are visible under polarized light. This
crystallization, probably because of solvent evaporation, gives
a glitter aspect to the surface, which is not appropriate for the
lipid coating aspect. This crystallization is not observed for
Protocol 2 which exhibits an apparent homogeneous sebum
layer over the entire surface (Figure 2c).
In order to check the deposition protocol reliability, surface

free energy was determined before and after sebum coating
onto the silicone surface. Results are summarized in Figure 3.
The graph includes additional data resulting from human living
skin explant measurements.

Figure 2. Microscopic images of (a) silicone support and sebum thin layer depose using (b) Protocol 1 and (c) Protocol 2 (magnification ×50,
transmission, nonpolarized light NPL, and polarized light PL).

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c00133
Langmuir XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00133?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00133?ref=pdf


Unsurprisingly, knowing the low surface tension of silicone
polymers, the silicone surface obtained shows a low surface
free energy (γ) when compared to ex vivo skin: 19.7 ± 5.0 mJ/
m2 for silicone against 31.5 ± 3.6 mJ/m2 for ex vivo skin.
Artificial sebum properties demonstrate that this coating is able
to increase the LW (Lifschitz−van der Waals) component
value once applied on a given surface. Its high LW component
value (γLWsebum = 41.1 ± 2.4 mJ/m2) can be explained by the
composition of this mixture of lipids. Indeed, triglycerides and
other constitutive lipids with a long carbon chain will highly
interact with each other, increasing surface cohesiveness. This
cohesion will increase surface energy through apolar
interactions. Thus, the addition of the sebum thin layer on
the silicone allows reaching a value of 26.7 ± 2.2 mJ/m2 for the
LW component on the NBSM prepared with Protocol 2, in
good agreement with the value of 28.4 ± 2.8 mJ/m2 calculated
on human living skin explants. Noteworthy, these results are in
accordance with literature data calculated from in vivo
measurements.3

The values obtained for the NBSM following Protocol 2 for
sebum deposition are therefore consistent with the measure-
ments carried out with the human living skin explants. It is
interesting to note that the basic component (γ-) is slightly
lower for the coated NBSM when compared to human living
skin explants. Nevertheless, this component depends on the
type of skin: according to Mavon et al.,3,4 sebum-enriched skins
show higher surface free energy values than the poor sebum
area. This difference for the surface free energy is due to the
higher basic component value for sebum-rich skins. They
assumed that this high basic component can be related to the
sebaceous lipid level and to its amphiphilic lipid content,
specifically free fatty acids. However, the artificial sebum
studied here did not show a particularly high basic component:
γsebum

− = 5.8 ± 1.2 mJ/m2. Consequently, the NBSM did not
reach as high γ− as found in rich sebum in vivo skins. Both
protocols show low values for the basic component: 1.9 ± 0.8
mJ/m2 for Protocol 1 and 0.7 ± 0.4 mJ/m2 for Protocol 2. The
NBSM physicochemistry is therefore much closer to the poor
sebum skin surface area as forearm skin rather than forehead
skin.
The results clearly indicate that Protocol 1 is less efficient

than Protocol 2 to reach properties close to the ex vivo human
skin. Indeed, one can observe that surfaces prepared using
Protocol 1 show higher values for the acidic component (3.1 ±

2.0 mJ/m2), in comparison with the ex vivo skin (0.5 ± 0.5 mJ/
m2). Then, the LW component determined for Protocol 1
(19.8 ± 3.1) is lower than the one obtained ex vivo. Protocol 2
is so much appropriate to mimic skin surface physicochemistry.
In addition, the absence of the solvent in Protocol 2 is
undoubtedly advantageous for environmental concerns and it
also prevents the risk of dissolution of the polymeric material
once covered by the sebum. Moreover, light microscopy
proves that sebum distribution was more homogeneous and
that lipids crystallization was limited with Protocol 2. For all
these reasons, the second protocol was selected and applied for
the rest of the study.
The lipids coated over the support surface were then

characterized by infrared spectroscopy (Figure 4).
Vibrations associated with the artificial sebum are visible in

the NBSM infrared spectrum. They are indicated by the black
arrows in Figure 4a, and its associated wavenumbers are
reported in Table 3 and compared to in vivo data.
Wavenumbers associated with CH2 symmetric stretching

(Table 3) give information about lipid chain conformational
packing. According to Mendelsohn et al.,32 lipid chain packing
evolves into the stratum corneum depth. Even if the solid lipid
structures in the stratum corneum are not only built up by the
sebum lipids, as in our NBSM, it is possible to rely on these
results. Through the extreme surface (from 0 to 4 μm), the
CH2 symmetric stretching wavenumber evolves from 2853 to
2849 cm−1, which corresponds to disordered and hexagonal
chain packing. This is due to the specific lipid composition
enriched in unsaturated lipids that cover the skin. Deeper into
the stratum corneum, saturated lipids are predominant and
show a highly ordered orthorhombic packing with associated
wavenumbers between 2849 and 2847 cm−1. This highly
ordered packing provides the stratum corneum its water barrier
function. In vivo FTIR spectral data recorded on the forehead
show a disordered chain packing, corresponding to a liquid
state.32 Artificial sebum and NBSM FTIR spectra show a
hexagonal type chain packing, explained by the mixture of
saturated and unsaturated lipids chains used. This is
consequently an intermediary packing between the liquid
lipid state and highly ordered lipid organization (wavenumber
< 2849 cm−1). This conformation is hence consistent with the
extreme surface lipid chain packing between 2853 and 2849
cm−1 described by Mendelsohn.

Surface Property Characterization of VS and the
NBSM. The NBSM developed here was then compared with
VS that is frequently used for studying skin surface properties.

Infrared Spectroscopy. Infrared spectroscopy was first
carried out to compare the two NBSMs. Spectra obtained on
both models are stacked with in vivo spectra recorded on the
forehead and on the forearm (Figure 4b).
As expected, Figure 4b shows distinct spectra which reflect

differences in composition of the surfaces. The NBSM is
enriched in sebaceous lipids, whose associated absorption
vibrations (2914 and 2849 cm−1) lie between the ones of the in
vivo forearm and forehead, whereas they are absent on the VS.
VS exhibits vibrations associated to ceramides31 (1631 and
1553 cm−1). These lipids are involved in the stratum corneum
lipid organization and consequently in the skin barrier
function.33,34 For the NBSM, where ceramides are absent,
we have shown previously that we are able to reach a surface
physicochemistry very close to the ex vivo skin surface using
only sebaceous lipids. The impact of ceramides on skin surface
physicochemistry is negligible when compared to sebaceous

Figure 3. Surface free energy parameters as determined for the
different surfaces: the silicone surface, the artificial sebum, the NBSM
prepared using Protocol 1, the NBSM prepared using Protocol 2, and
human living skin explants.
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lipids. That is why the addition of ceramides in the case of the
present physicochemical study was not relevant.
VS is also well hydrated as highlighted by the important

vibration associated to −OH structures (ν = 3286 cm−1). This
hydration state is more important than the one of both in vivo
systems when comparing FTIR spectra. This can be a source of

divergence concerning physicochemical behavior of VS and in
vivo skin.

3D Microscopy. 3D microscopy gives access to surface
topography of both NBSMs and helps to study their
roughness. 3D pictures obtained are presented in Figure
5a,b, and roughness profiles are summarized in Figure 5c,d.
Roughness parameters are summarized in Table 4. Results

highlight that both models show Sa and Sz in the order of
magnitude of in vivo skin. An important difference between the
NBSM and the VS concerns the skewness factor Ssk: Ssk_NBSM

= −0.739 against 0.648 for Ssk_VS. This important parameter
describes surface morphology: a positive Ssk value corresponds
to a surface showing peaks and protuberance projecting above
the average height, whereas a negative Ssk value corresponds to
a tray surface with deep scratches and pores. These values are
in accordance with visual observations shown in Figure 5a,b.

Figure 4. Infrared spectra recorded (a) before/after sebum coating using Protocol 2; (b) in vivo, on the VS and on the NBSM; and (c) on NBSM
before and 3 min after application of NC (W/O emulsion).

Table 3. Wavenumbers (cm−1) for In Vivo Skin, the
Artificial Sebum, and the NBSM

peak
number in vivo skin

artificial
sebum NBSM

chemical structure
associated31,32

1 2922.54 2914.65 2916.71 CH2 asymmetric stretch
2 2853.14 2849.06 2849.74 CH2 symmetric stretch
3 1741.63

and
1710.90

1735.33
and
1710.27

1735.13 CO esters (1720−1790)
and fatty acids
(1690−1720)
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Consequently, parameter Ssk is clearly discriminant between
both nonbiological models.
In addition, in vivo literature data report negative Ssk values

between −0.46 and −0.91. Therefore, the skewness factor of
the NBSM is in good agreement with the in vivo parameter.
The NBSM mimics forearm skin relief with much more

accuracy than VS. As a consequence, in the aim to compare
contact angle measurements performed on the in vivo volar
forearm, the NBSM appears more suitable because surface
roughness has a significant impact on contact angle measure-
ments.28

To summarize, the NBSM developed in the present work
shows chemical composition and topographic properties close
to the ex vivo skin. Moreover, as shown in the previous
paragraph, the sebum coating has been optimized to be as
close as possible to skin physicochemistry. All these results
demonstrate that the NBSM is a relevant skin model to mimic
a large range of skin surface properties.
In order to show the interest of the NBSM, complementary

measurements have been performed to evaluate its interactions
with emollient and its physicochemical behavior after
application of products. For this study, contact angles between
water, emollients, and in vivo skin were compared with
measurements on both NBSMs (VS and NBSM). However, for
discussion, we had to compare surface free energy data with ex

vivo-calculated values as it was not possible to determine the
surface free energy of the in vivo skin of our panelist because of
the toxicity of the reference liquids used.

Physicochemical Study of Topical Ingredients and
Emulsions: Comparison with In Vivo Skin. Study of
Emollient Spreading. Contact angle measurements are part of
instrumental methods which are used to study spreading
properties of emollients on skin.16,19 Spreading of emollients is
an important purpose not only for the sensory quality of a
topical product16 but also for its efficacy, above all, for
sunscreens.36−38 Indeed, the sun protection factor is on the
one hand due to solar filters present in emulsions and on the
other hand due to the homogeneity of the residual film once
the product is spread onto the skin surface. Thus, among other
parameters responsible for the film formation and homoge-
neity, the spreading appears of primary importance. In order to
evaluate spreading properties of topical ingredients, contact
angle measurements were performed with four ingredients:
AO, IHD, PDC, and CPS on the different surfaces studied
herein. Results obtained on the NBSM, on the VS, and in vivo
are presented in Figure 6a.
From a general point of view, the contact angle measured

using the four different ingredients appear very similar between
the NBSM and in vivo surfaces. On the opposite, advancing
contact angles as measured for the different emollients on the
VS are lower when compared to both in vivo and NBSM
surfaces. These results mean that the NBSM surface,
specifically developed in the present work, interacts with
products in the same way as the in vivo skin. The only
difference concerns IHD, which shows more affinity with in
vivo skin than with the NBSM. This can be explained by the
slightly higher skin LW component, as calculated ex vivo and
confirmed in the literature,3 compared to the NBSM, thus
inducing higher interactions with the apolar IHD. However,

Figure 5. (a) 3D microscopy images (magnification ×300) of NBSM; (b) 3D microscopy images (magnification ×300) of VS; (c) roughness
profiles of NBSM; and (d) roughness profiles of VS.

Table 4. Roughness Parameters Calculated on the NBSM
and on VS Where Sa: Arithmetic Mean Height and Sz:
Maximum Height; Ssk: Skewness Factor

roughness parameters in vivo11,35 (volar forearm) NBSM VS

Sa (μm) [17; 20] 23.4 15.4
Sz (μm) [119; 125] 169 148
Ssk [−0.46; −0.91] −0.739 0.648
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this NBSM undoubtedly constitutes an efficient support to
evaluate emollient spreading if compared to VS. Indeed, lower
contact angles measured on VS indicate that each ingredient
shows more affinity with the VS than with in vivo skin. As a
consequence, spreading of emollients is enhanced because of a
higher surface free energy for VS (γVS = 35.8 mJ/m2) when
compared to ex vivo skin and the NBSM. The hydration state
of the VS may be responsible for this result as the presence of
water classically tends to increase the surface free energy value.
According to these results, the NBSM interestingly appears as a
relevant tool to study the residual film present on the skin
surface after topical application. The physicochemical charac-
terization of residual films is presented below.
Characterization of the Residual Film after Product

Application. Characterization of the residual film of an

ingredient or an emulsion on skin is a very interesting topic
as its homogeneity, composition, and stability greatly impact
skin surface properties and, consequently, the efficacy of
actives and products. To study the physicochemistry of
residual films, the water contact angle has been measured on
VS, on the NBSM, and in vivo at two distinct times (1 and 3
min) once a series of products applied following the protocol
described in the Experimental Section. Results are presented in
Figure 6b,c.
Water contact angles measured 1 min after surface treatment

with emollients are classified as follows: θwater/PDC < θwater/
AO < θwater/IHD < θwater/CPS for both in vivo skin and the
NBSM, whereas θwater/IHD < θwater/PDC ≈ θwater/AO < θwater/
CPS for VS. Before product application, θwater in vivo = 93.2 ±
7.8°, θwater NBSM = 114.2 ± 5.8°, and θwater VS = 104.2 ± 11.8°.
Globally, ingredients reduce water contact angle values for
each surface.
For NBSM and in vivo skin, results obtained are in

accordance with surface tension values of each ingredient
(γPDC = 33.1 mJ/m2/γAO = 31.7 mJ/m2/γIHD = 24.4 mJ/m2/
γCPS = 18.0 mJ/m2), the lower the ingredient surface tension,
the higher the water contact angle. Indeed, the emollient
residual film modifies the skin composition and surface
tension. As an example, CPS with a low surface tension
decreases skin surface energy.
Concerning the complex formulations, the differences

between the three surfaces, namely, in vivo, NBSM, and VS,
appear less pronounced. The W/O emulsion (NC) exhibits the
highest values of water contact angle, followed by the
hydroalcoholic gel, while SE obtained the lowest values.
Their composition can explain the values obtained: SE and
GHA contain more than 70% of water and isopropyl alcohol,
respectively, which makes the skin more hydrophilic after
application, whereas for the inverse emulsion NC, its
continuous oily phase is more important and makes the skin
more hydrophobic.
The skin model VS displays surprisingly a null water contact

angle for the SE. Differences observed for VS in the
measurements after emulsion application can be due to its
absorption capacity and its high hydration, as explained
previously. Water from the deposit drop can interact with
the high amount of water contained in VS, which decreased
contact angle values.
The water contact angle measured 3 min after treatment can

be useful to evaluate the evolution of a residual film on skin for
a longer time. For instance, the GHA shows an important
increase in water contact angle between 1 and 3 min after
application. This is probably the result of isopropyl alcohol
evaporation. In this case, only nonvolatile and nonpenetrating
ingredients of the product remain on the skin 3 min after
application. In opposition, the SE residual film did not
significantly evolve after 3 min, which means that both
penetration and evaporation of compounds are not achieved.
Whatever the type of ingredient (polar or apolar oil, ester,

and silicon) or emulsion used, advancing water contact angles
determined on the NBSM and in vivo remain very close. VS is
also performing, but to a lesser extent, because of few
differences with in vivo measurements. VS also shows less
variation among products, above all, 3 min after application.
To sum up, results obtained in the present section with the
NBSM are very promising in the aim to study residual films of
topical products on the surface of the skin and to highlight
their effects on surface skin physicochemical properties.

Figure 6. Advancing contact angle values (a) measured for AO, IHD,
PDC, and CPS; (b) for water determined 1 min after product
application; and (c) 3 min after product application. Three surfaces
are compared: in vivo skin, the NBSM, and the VS.
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The final example of application concerns the use of the
NBSM to characterize the residual film after product
application in terms of chemical composition, as shown in
infrared spectra in Figure 4c before and after NC application to
the skin.
According to the ingredient applied, we can highlight its

presence on the NBSM surface by following one or more
vibrations associated with their original spectrum. In this
example, the vibration at 1639 cm−1 is characteristic of the
presence of the NC emulsion on the surface. Such an
illustration highlights how it can be very interesting to study
the chemical composition of the residual film after application
and its evolution over time using the NBSM surface. Another
perspective covers the investigation of the homogeneity of a
residual film by means of IR microscopy or Raman microscopy
for instance.39

Surprisingly, the investigations dealing with the impact of
topical products on skin surface physicochemistry are not
numerous in the literature. However, it is a fundamental point
to highlight and understand the interactions between the skin
surface and a topical product. The use of such a skin surface
model can help to fulfill this lack of data by standardizing the
complex skin surface. It is a way to deepen the comprehension
of phenomena involved in skin permeation enhancement,
topical drug delivery, or skin adhesive properties for instance.
In addition, the skin surface model developed in the present
work has the great advantage to present a lipid coating,
allowing the study of the interactions between human skin
lipids and topical products, which represent an interesting
perspective.
Moreover, in the aim to study a new ingredient whose

toxicity has not been evaluated, the use of the NBSM is of
great interest: it permits studying properties of ingredients
without any safety trouble and with no particular technical
difficulties.

■ CONCLUSIONS
This study describes the design, optimization, characterization,
and use of an original NBSM which mimics skin surface
properties, namely, chemical composition, topography, and
physicochemical properties. This NBSM consists of an artificial
material prepared with silicone and mold from an in vivo skin
print, whose surface is coated with an artificial lipid mixture
mimicking human sebum composition. Coating protocol has
been tuned to be as close as possible to in vivo and ex vivo skin
general characteristics. The layer of lipids coated on the
silicone support has been characterized using IR spectroscopy,
and the resulting skin model surface has been studied using 3D
microscopy. When compared to existing models, this NBSM
has the advantage to reproduce the real microtopography of
the human skin surface. The study focuses on a volar forearm
relief but other body part skin prints such as the forehead or
back can be used. Present NBSM technology is therefore fully
versatile, and it represents high potentiality as a way to deepen
the understanding of the skin microrelief impact on its surface
physicochemistry, on product interactions with skin surface,
and spreading behavior onto the skin.
Additional studies have been performed on this NBSM to

present its potential uses to characterize the residual film
present on the surface of the skin after topical application. This
physicochemical study highlights the similarity between the in
vivo skin surface and NBSM behavior in contact with
emollients and emulsions. This can be of great interest to

develop the knowledge of a residual film after application of
raw materials or products such as gels or emulsions. This
model could be a tool that, combined with other analyses,
would be a key area not only for sensory characterization but
also for efficacy assessments. As an outlook, a control of the
mechanical properties and the permeability of the silicone
support can be important parameters to improve the tactile
perceptions of the surface, in order to better mimic the product
application onto the skin.
This nonbiological surface is of great interest not only to

study efficacy of new products on the surface of the skin but
also for more fundamental research studies. Lipid composition
can be tuned by adding some epidermal lipids to mimic
cutaneous disorders linked to a modification in skin lipids such
as atopic dermatitis or symptoms of dry skin.40 This can
obviously constitute a novel way to contribute to the
characterization of these skin disorders, through their skin
surface physicochemical consequences.
This NBSM skin model may also be used to study the

impacts of many external factors such as UV radiation, ozone,
or urban pollutants on skin surface physicochemistry and to
understand adhesion of particles or microorganisms.

■ AUTHOR INFORMATION
Corresponding Author
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