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Different models of reconstructed skin are available, either to
provide skin wound healing when this process is deficient, or
to be used as an in vitro model. Nevertheless, few studies
have focused on the mechanical properties of skin equivalent.
Indeed, human skin is naturally under tension. Taking into
account these features, the purpose of this work was to obtain
a cellular dermal equivalent (CDE), composed of collagen and
dermal fibroblasts. To counteract the natural retraction of CDE
and to maintain it under tension, different biomaterials were
tested. Selection criteria were biocompatibility, bioadhesion
properties, ability to induce differentiation of fibroblasts into
myofibroblasts and mechanical characterization, considering
that of skin in vivo. These assays led to the selection of

honeycomb of polyester. CDE constructed on this biomaterial
was further characterized mechanically using tensile tests. The
results showed that mechanical features of the obtained
dermal equivalent, including myofibroblasts, were similar to
skin in vivo. The original model of dermal equivalent presented
herein may be a useful tool for clinical use and as an in vitro
model for toxicological/pharmacological research.
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UMAN SKIN is the largest organ of the
human body and is naturally under
tension (1). This complex tissue is an inhomoge-
neous, nonlinear viscoelastic, anisotropic material
which is often subjected to large deformations
(2-4). Numerous mechanical properties of skin
described in the literature are collected using
in vivo techniques, such as tensile (2), compres-
sion (5), suction (6), torsion tests (7), indentation
(8, 9) or wave propagation methods (10). The
review of the literature shows a significant
discrepancy in reported mechanical properties.
Many factors related to the human origin of this
biological material (age, location, etc.) and also to
experimental difficulties, influence skin proper-
ties and may explain the significant standard
deviation of mechanical properties continuously
observed in the literature.
Moreover, skin is described as a laminate
composite material composed of three distinct

layers which confer these cutaneous features
(11). The deeper one, which is the hypodermis
composed of adipocytes, acts as an energy
reserve and also has a role in skin plasticity. The
dermis covers this fat tissue, which constitutes a
conjunctive tissue containing fibroblasts respon-
sible for the synthesis and deposition of extracel-
lular matrix (ECM) proteins. ECM is composed
of a fundamental substance (glycosaminoglycan
and proteoglycan), fibrous components (colla-
gens and elastic fibers) and structural glycopro-
teins (fibronectin and tenascin). Collagens
represent about 70% of dermal proteins and are
mainly responsible for skin elasticity (rigidity
and strength). Under normal conditions, skin
mechanical behavior is directly related to dermal
behavior (12). Nevertheless, the epidermis,
which is the upper layer of the human skin, also
plays an important role in skin biomechanics. It
contains keratinocytes organized in a multiple
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stratum, and is the final interface between the
external environment and the human body.
Indeed, the different mechanical forces which
can be applied to the epidermis are transmitted
to the dermis through the basement membrane,
by cell-cell interaction and also by cell-ECM
interactions.

Since the 1970s, skin has been modeled in vitro,
first by culturing cells in monolayer, and by the
development of a three-dimensional model (13,
14). Bell et al. (15) introduced a model of a
three-dimensional collagen gel in which fibro-
blasts are embedded. These cellularized dermal
equivalents (CDE) were used to study fibroblast
functions in an in vivo-like structure which is
more representative than cells in monolayer.
Based on this model, two major systems have
been developed: free-retracted cellularized
dermal equivalents (FR-CDE) and anchored
cellularized dermal equivalents (A-CDE) (16). In
the first one, FR-CDE, the diameter and the
surface of the collagen matrix decreased during
time in culture, due to the contraction of the gel
by fibroblasts. Indeed, these cells migrate and
remodel the ECM. In the second one, A-CDE,
the structure is maintained under tension by
the presence of a biomaterial which acts in
opposition of cellular action described above.
Consequently, the construct is maintained
under tension and this mechanical state leads to
the transmission of mechanical stimuli to fibro-
blasts embedded in CDE.

For fundamental research, CDE can usually
be maintained under tension by attaching the
matrix to the bottom of a culture dish or with
the presence of a biomaterial such as stainless
steel wire, glass microfiber filter, or Nylon® ring
(17). However, these models of tensed CDE are
very difficult to handle and present a high
breakability, which makes it difficult to use
them for fundamental research as well as for
clinical purposes.

The aim of this study was to investigate the
ability to reconstruct a cellularized dermal
equivalent (CDE) using an original biomaterial
allowing mechanical tension to be incorporated.
Moreover, the intended tensed CDE would be
easy to handle.

Several biomaterials were tested to replace
Nylon®, whose thickness is about 0.25 mm. The
original biomaterial, called 3D and on which this
article focuses, was selected because of its appar-
ent extensibility, its potential adaptability to a
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wound bed and its deformability. The biological
validation of the 3D biomaterial as an alternative
to Nylon® for the reconstruction of a tensed der-
mal equivalent was first assessed by testing the
bioadhesion of CDE reconstructed on such
biomaterials. This was done by checking the via-
bility of fibroblasts embedded in CDE recon-
structed on 3D and by verifying the presence of
a-smooth muscle actin (¢-SM actin). The result-
ing construct was then further mechanically
characterized, by determining its rigidity using a
dynamic mechanical analyzer (DMA) device.

Material and Methods

Materials

The 3D biomaterial was generously provided
by Statice Santé, France. Phosphate buffer solu-
tion (PBS), Dulbecco’s modified eagle’s medium
(DMEM), fetal calf serum (FCS), trypsin-EDTA,
penicillin, streptomycin, collagenase and NaH-
CO; were purchased from Dutscher, France;
Type I collagen from Jacques Boy, France; 3-(4.5- 1
dimethylthiazol-2-yl)-2.5-diphenyltetrazoliumbr-
omide (MTT), sodium dodecyl sulfate (SDS),
dimethylformamide (DMF), NaOH, paraformal-
dehyde (PFA), Triton X100, bovine serum albu-
min (BSA), anti human o-SM actin antibody
(A2547), 1gG FITC-labeled antibody (F8521), anti
human o-SM actin antibody FITC-labeled
(F3777) and Hoechst stain solution from Sigma,
France; Dako fluorescent mounting medium
from Dako, USA; Formol was purchased from [@
Carlo Erba, France, and Nylon® was purchased
from Sefar, Switzerland. B

Biomaterials

The nature, morphology, thickness, and mesh
size of Nylon® and 3D are described in Table 1.
Before use, biomaterials were sterilized by
exposure to ethylene oxide (1 h, 55°C) in a
Sterivac 5XL apparatus followed by 96 h of
desorption. They were then cut in sterile condi-
tions under laminar flow and prepared specifi-
cally for the purpose of our investigation.

Fibroblast isolation and culture

Biopsies of healthy human skin were obtained,
with consent from patients, from abdominal
skin, which was collected during plastic surgery
where neither the indication, nor the method of



TABLE 1. Description of biomaterials used for the preparation of dermal
equivalents under tension

Thickness/Mesh
Designation/Composition Description size (mm)
Tight square meshing
Nylon®/Nylon® ’ . 025015
Honeycomb
v
3D/Polyester 2.8/1

I-'.-‘l"-:_"\.

intervention depends on the use or not of the
operating waste. Human dermal fibroblasts
(HDF) were obtained by cell outgrowth from
these explants. HDFs were cultured in DMEM
supplemented with 10% FCS, Penicillin (100 U/
mL) and Streptomycin (0.1 mg/mL), at 37°C
with 5% CO,. When cells reached confluence,
they were detached from the culture flask with
trypsin  (0.05%)-EDTA  (0.02%) solution and
subcultured at a ratio of 8.10° cells per flasks.
For further experiments, cells were used
between the fourth and eighth passage.

Extract preparation for pH measurement
Biomaterial extracts were prepared as described
in the standard EN-ISO 10993-5 (18) by incubat-
ing each material for 24 h in fibroblast culture
medium in cell culture conditions (37°C; 5% CO,)
at a ratio of 8 cm? of biomaterials per milliliter of
medium. After incubation, extracted media were
immediately used for pH measurement. Culture
medium alone was used as a control. The pH of
extracts was measured using a pH meter Cyber-
El scan 500 and compared to the control, to deter-
mine whether pH was altered by the biomaterial.

Dermal equivalent mixture preparation

Cellularized dermal equivalents were recon-
structed using the technique developed by Bell
et al. (15) This technique consists in preparing a
hydrated collagen gel containing dermal fibro-
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blasts (concentrations are given as final ones):
DMEM medium (0.8 X), FCS (9% v/v), NaOH
(0.005 N), acid-extracted type I collagen
(0.6 mg/mL), HDF suspension (8.10* cell/mL),
NaHCO; (0.3%), Penicillin (200 U/mL) and
Streptomycin (0.2 mg/mL). This mixture was
used for the reconstruction of CDE for the
bioadhesion assay, cytotoxicity assay and o-SM
actin quantification.

Bioadhesion assays

For bioadhesion assays, the dermal equivalent
was reconstructed in six-well cell culture plates
with a volume of mixture equal to 2.5 mL for
each well. Plates were then placed in the incu-
bator (1 h, 37°C, 5% CO,) for gel polymeriza-
tion, after which 2 mL of fibroblast culture
medium was added. Dermal equivalents were
reconstructed and tested under different condi-
tions (n = 6) to investigate the possibility of
maintaining under tension a dermal equivalent
with the 3D biomaterial. Dermal equivalents
were prepared in the presence of a Nylon® ring
(bioadhesion positive control), a ring of 3D bio-
material (tested conditions) and without bioma-
terial (free-retracted dermal equivalent) as a
negative control. The inner and outer diameters
of the ring of biomaterial were 24 and 34 mm,
respectively. Dermal equivalents were scanned
daily during culture time (5 days) and the
diameter of each dermal equivalent was
measured and expressed as a percentage of the
initial diameter.

Cytotoxicity assay

The MTT assay was used as an indicator of cell
viability as determined by its mitochondrial-
dependent reduction to formazan in living cells.
The cytotoxicity assay was performed on der-
mal equivalents reconstructed into 12-well
plates with 1.5 mL of mixture per well. Plates
were then placed in the incubator (1 h, 37°C,
5% CO,) to allow for gel polymerization; after
which 1 mL of fibroblast culture medium was
added. Tested conditions (1 =6) were free
retracted lattices, lattices tensed on Nylon® (ref-
erence condition), tensed on Nylon® in the
presence of phenol [64 mg/mL, positive control
of cytotoxicity (19)], and tensed on 3D biomate-
rial (tested condition). After 5 days of culture,
the medium was discarded and the dermal
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equivalent was rinsed with PBS until medium
traces were completely eliminated. One millili-
ter of MTT (1 mg/mL in PBS) was added to
each well and incubated for 4 h at 37°C. After
incubation, the MTT solution was discarded
and replaced by 1 mL of extraction medium
(10% SDS; 0.04% DMF in sterile water) and
incubated overnight at 37°C to solubilize forma-
zan. After incubation, the solution of formazan
blue was distributed in five replicates in a
96-well plate (200 uL. per well). The optical
density (OD) was then read at 570 nm with a

i) Multiskan RC spectrophotometer (Labsystems).

Cell viability was expressed as a percentage of
the reference condition.

a-SM actin expression

Flow cytometry

Dermal equivalents were reconstructed in
six-well plates, with a volume of mixture equal
to 2.5 mL for each well, in the presence of a
ring of 3D biomaterial or in a free retracted
condition. Plates were then placed in the incu-
bator (1 h, 37°C, 5% CO,) for gel polymeriza-
tion, after which 2 mL of fibroblast culture
medium was added. After 5 days of culture,
collagen gels were digested in collagenase
(0.33% in DMEM, 2 h, 37°C), centrifuged at

1100 rpm for 5 min, washed in PBS and fibro-

blasts were resuspended and fixed in 10% for-
mol (30 min, RT). Fixed cells were washed in
PBS, incubated in 0.45% Triton X-100 (15 min,
RT) and stained with FITC-labeled antibody
directed against human o-SM actin (overnight
at 4°C). Cells were washed in EDTA solution
(2 mM in PBS) and analyzed by flow cytometry

(FC500 Beckman Coulter). Results are expressed

as mean + SEM of fluorescent intensity.

Immunostaining

Dermal equivalents were reconstructed in six-
well plates, with a volume of mixture equal to
2.5 mL for each well, in the presence of a ring of
3D biomaterial or in free retracted conditions.
Plates were then placed in the incubator (1 h, 37°
C, 5% COy,) for gel polymerization, after which
2 mL of fibroblast culture medium was added.
After 5 days of culture, collagen gels were rinsed
in PBS and fixed in PFA (3% in PBS, 30 min, RT).
Fixed samples were then incubated for 15 min in
permeabilization solution (triton 0.1% in PBS)
and in glycine solution for 10 min (1% in PBS).
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Nonspecific adhesion sites were blocked by incu-
bation in BSA solution (0.1% in PBS, 1 h). The
primary antibody directed against human o-SM
actin was then added (1 : 100 in PBS) and incu-
bated overnight at 4°C in a moist chamber. Sam-
ples were then incubated with the secondary
antibody solution (anti IgG, 1 : 600 in PBS) for
1 h in a moist chamber. Cellular nuclei were
countermarked with Dapi solution (10 pg/mL).
Samples were then mounted in Dako fluorescent
medium and observed under confocal micro-
scope (Olympus FV1000).

Mechanical tests

A DMA Bose Electroforce 3200 with an environ-
mental chamber was used to carry out
mechanical experiments (Figs la and b). With
the versatility from static to dynamic response,
this apparatus is specifically configured for
material and biomaterial testing. It employs a
moving magnet linear motor to apply the solici-
tation to the sample. The system is imple-
mented by a high resolution system which
assumes a controlled force and displacement
until the values reached about 1 mN and
0.1 pm.

The dermal equivalents reconstructed in the
presence of the selected biomaterial were char-
acterized using quasi-static tensile tests. In this
way, specific samples of biomaterials were
designed. The first ones were made of a rectan-
gular piece of biomaterial (3D) of about
29 x 36 mm in dimension (Fig. 1c), and the sec-
ond ones, which were hollowed (H3D),
included a rectangular window of 22 x 15 mm

Fig. 1. Dynamic mechanical analyser (DMA) with the environmen-

tal chamber (a) where a tensed dermal equivalent is placed for
mechanical measurements (b): tested samples tensed on 3D biomate-
rial hollowed (d) or not (c).
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Fig. 2. Fibroblasts viability in three dimension culture condition: N,

CDE tensed on nylon ring (control); 3D, CDE tensed on 3D bioma-
terial; RL, CDE free retracted; NP, CDE tensed on nylon with
phenol (cytotoxicity control). Results are expressed as a percentage of
control. Significant difference is marked as ***P < 0.001.

in the middle of the sample (Fig. 1d). Dermal
equivalents were reconstructed on these differ-
ent samples and tested in tension (Fig. 2b) with
a controlled displacement, at a rate of 0.05
mm/s. The clamping length was 22 mm.

Statistical analysis

For biological investigations, data were expressed
as means with standard errors (mean = SEM) of
at least three different measurements. SigmaStat

software was used to assess differences between

groups using a one way analysis of variance.
Differences were considered as significant for
P values <0.05.

For mechanical assays, reproducibility was
assessed in triplicate.

Results

pH measurement

The pH levels obtained after incubation of the
culture medium with the different biomaterial
were 7.49 for control, 7.50 for Nylon®, and 7.47
for 3D, respectively. No critical pH variation
was observed and no pH adjustment was neces-
sary for further investigations.

Dermal equivalent with mechanical properties
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Fig. 3. (a) Quantification by flow cytometry of the expression of HE

o-SM actin by fibroblasts cultured in CDE maintained under ten-
sion on 3D (T) or free retracted (NT). Significant difference is
marked as ***P < 0.001. (b) and (c) Confocal microscopy pic-
tures of fluorescence staining of fibroblasts cultured in free-
retracted CDE (a) or CDE maintained under tension on 3D
biomaterial (b): a-SM actin (green), F-actin fibers (red) and
nucleus (blue), magnification: x60.

Bioadhesion test

Bioadhesion assays lead to the conclusion that
the 3D biomaterial is able to maintain dermal
equivalents under tension in a similar way to
Ny10n®. Indeed, after 5 days of culture, lattice
diameters were equal to their initial diameter
when reconstructed in the presence of these two
biomaterials. In contrast, the diameter of dermal
equivalents  freely  retracted  significantly
decreased during time in culture, and mainly
between day 0 and day 1 (about 65.7%).

Cytotoxicity assay

Results of cytotoxicity in the different conditions
are presented in Fig. 2. The presence of phenol
in the culture medium clearly led to a critical
reduction of human dermal fibroblast viability
(about 75%). No difference in cell viability was
observed in lattices maintained on 3D biomate-
rial compared to Nylon®. In contrast, cell viabil-
ity was significantly lower (about 20%) in free
retracted lattices compared to tensed lattices.

Muyofibroblastic differentiation

As shown above, the 3D biomaterial allowed
dermal equivalents to be maintained under ten-
sion as efficiently as Nylon®. The expression of
o-SM actin in tensed conditions vs. free
retracted conditions and the quantification of
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Fig. 4. Measurements of rigidity (N/mm) of the 3D material with

or without CDE and hollowed (H3D) or not (3D).

this expression by flow cytometry are presented
in Fig. 3. As expected from the observation with
confocal microscopy, the quantification showed
that the expression of o-SM actin by myofibro-
blasts in CDE tensed on the 3D biomaterial was
significantly higher (about 15%) than in free
retracted conditions (Fig. 3a). Moreover, the
shape of fibroblasts was quite different in
tensed conditions compared to free retracted
conditions. Indeed, in tensed conditions
(Fig. 3¢c) fibroblasts were elongated whereas in
FR-CDE, fibroblasts displayed a stellar shape
with numerous pseudopodia (Fig. 3b).

Mechanical behavior of dermal equivalent

To characterize tensed CDE, measurements of
rigidity were determined using tensile tests on
3D material in different configurations, some-
times hollowed and with or without CDE
(Fig. 4). When the 3D material was hollowed,
its rigidity decreased by 65.15%. When a CDE
was reconstructed on the H3D, its rigidity was
superior to H3D alone (+78.26%) representing
62.22% of the rigidity of 3D alone. In addition,
the rigidity of 3D + CDE increased by 22%.
Taken together, these results show that the
presence of cellularized collagen gel reinforces
the rigidity of the biomaterial (3D and H3D).
The increase in rigidity, which is related to the
presence of CDE, is about 0.2 N/mm.

Discussion

We report the reconstruction of CDE in the
presence of a material which counters the
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natural retraction of the cellular dermal equiva-
lents. In fundamental research, CDE can be
maintained under tension with the presence of
a Nylon® ring. However, the dermal equivalent
obtained remains quite breakable (low thick-
ness) and difficult to handle. The 3D (honey-
comb of polyester) biomaterial was thus tested
as an alternative to Nylon®. The results showed
that the 3D biomaterial was highly biocompati-
ble and could therefore potentially be used in
medical devices intended for implantation in
contact with cutaneous tissues. This biomaterial,
in the same way as Nylon®, was efficient in
maintaining the dermal equivalent under
tension. This mechanical status led to the differ-
entiation of fibroblasts into myofibroblasts
expressing o-SM actin at significantly higher
levels in tensed lattices than in free retracted
conditions. Our dermal equivalent therefore
appears to allow cells to function, which is
essential in cutaneous wound healing in to con-
tract granulation tissue and bring wound edges
together (20). These results are in accordance
with data in the literature which show that
mechanical forces, in particular tension forces,
act on dermal fibroblasts by inducing their
differentiation into myofibroblasts, and also by
improving their migration, proliferation, and
collagen synthesis (21-23). The functionalization
of fibroblasts could be useful in the case of
chronic wounds, such as venous leg ulcers
where the senescence of fibroblasts is responsi-
ble for a delay in wound healing. Nowadays, of
the numerous available models, few bioengi-
neering studies (24-26) focus on their intrinsic
mechanical properties compared to those of
skin in vivo.

Dermal  equivalents and  biomaterials
intended for therapeutic use must have proper-
ties in accordance with in vivo human skin and
also a high adaptability to the wound bed.
Indeed, human skin is inhomogeneous, nonlin-
ear viscoelasticc and an anisotropic material.
The rigidity of our CDE constructed both on 3D
and hollowed 3D material (H3D-CDE), is about
0.81 and 0.41 N/mm, respectively. Wijn (27)
measured a ratio of 3.8 and Manschot and Bra-
kee (28, 29) a ratio of anisotropy of 2.8 at the
level of calf. To refer to intrinsic material prop-
erty, the tensile elasticity modulus may be con-
sidered to quantify the relationship between the
stress and strain field. The tensile elasticity
modulus of human skin may be approximated



to 1 MPa (4, 11). Other authors give a large
range for this value: from 0.3 to 30 MPa for
total skin (30, 2), depending on the location and
the system used for this measure. Concerning
the dermis, the elasticity modulus is somewhere
between 0.05 and 2 MPa (31), which corre-
sponds, in our measurement conditions, to a
rigidity between 0.1 and 3.2 N/mm. Conse-
quently, mechanical properties of our model are
within this range of values, meaning that our
CDE presents physiological mechanical proper-
ties. Results have also shown that the presence
of CDE confers rigidity to the structure by itself,
both for 3D-CDE and H3D-CDE. Moreover, the
use of the hollowed 3D allows only for the
presence of biological components in the
middle part of the construct and an optimal
adaptability to the wound bed. Modulations of
the respective concentrations of fibroblasts and
collagen could further be performed to estimate
the local rigidity of the grafted area and to take
into account inter individual variability for per-
sonalized therapy.

Conclusion

The feasibility of an original model of cellular
dermal equivalent (CDE), with mechanical char-

Dermal equivalent with mechanical properties

acteristics close to those of the dermis in vivo is
reported herein. This CDE reconstructed with
an original biomaterial, including functionalized
cells (myofibroblasts), may be a useful tool for
clinical use, namely not only in chronic wounds
but also in an in vitro model for toxicological/
pharmacological research. This original model
could be further epidermized with keratinocytes
to obtain a dermo-epidermal equivalent main-
tained under tension which could be used as an
alternative to animal models.
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