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Production of an acellular matrix from amniotic membrane
for the synthesis of a human skin equivalent
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Abstract Human amniotic membrane (HAM) has
useful properties as a dermal matrix substitute. The
objective of our work was to obtain, using different
enzymatic or chemical treatments to eliminate cells, a
scaffold of acellular HAM for later use as a support for
the development of a skin equivalent. The HAM was
separated from the chorion, incubated and cryopre-
served. The membrane underwent different enzymatic
and chemical treatments to eliminate the cells. Fibro-
blasts and keratinocytes were separately obtained from
skin biopsies of patients following a sequential double
digestion with first collagenase and then trypsin~-EDTA
(T/E). A skin equivalent was then constructed by
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seeding keratinocytes on the epithelial side and fibro-
blasts on the chorionic side of the decellularizated HAM.
Histological, immunohistochemical, inmunofluorescent
and molecular biology studies were performed. Treat-
ment with 1 % T/E at 37 °C for 30 min totally removed
epithelial and mesenchymal cells. The HAM thus
treated proved to be a good matrix to support adherence
of cells and allowed the achievement of an integral and
intact scaffold for development of a skin equivalent,
which could be useful as a skin substitute for clinical use.
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Introduction

Autografts are currently the best treatment for cuta-
neous lesions and burns. However, autografts present
problems with donor site morbidity and engraftment
failure. In addition, when patients have 50 % or more
of their body surface burned, donor sites are limited
(Macri and Clark 2009). Tissue engineering has
emerged as an interdisciplinary field with the aim of
generating new biological materials for replacing
diseased or damaged tissues or organs. For skin, the
ultimate goal is to rapidly create a construct that
effects complete regeneration of functional skin. For
this to be achieved, there is a need for an appropriate
source of cells and a scaffold (Theoret 2009). There-
fore, an important component of tissue engineering is
the supporting matrix upon which cells and tissue
grow. This scaffold must easily integrate with host
tissues and provide an appropriate environment for
cell growth and differentiation (Niknejad et al. 2008).

Various biomaterials have been used for dermal
matrix substitutes, including collagen—elastin mem-
brane (Hafemann et al. 1999), acellular cadaveric
dermis (Buinewicz and Rosen 2004), collagen—gly-
cosaminoglycan (GAG) membrane (Orgill et al.
1999), xenogenic acellular dermal matrix (Yu et al.
2006), collagen/gelatin sponge scaffold (Takemoto
et al. 2008), plasma and hyaluronic acid (Cervelli et al.
2010), human plasma based dermal equivalent (Meana
et al. 1998; Llames et al. 2004; Mazlyzam et al. 2007).

The human amniotic membrane (HAM) is consid-
ered an important potential source as a scaffold
because of its structure, biological properties, mechan-
ical properties and low immunogenicity (Niknejad
et al. 2008). The HAM is the innermost layer of the
placenta and is composed of: (1) a single layer of
columnar or cuboid epithelial cells; (2) a basal
membrane, which resembles that of skin both mor-
phologically and ultrastructurally, consisting of lam-
inin 5 and types IV, VII, XVII collagen (Wilshaw et al.
2008); (3) an acellular compact layer; and (4) under-
lying fibroblast and spongy layers (Yang et al. 2000).
The HAM contains no blood vessels or nerves
(Niknejad et al. 2008).

In clinical use, the HAM has been used to cover
clean partial-thickness wounds and donor sites and
applied as a temporary dressing for freshly excised
burns because it has good adherence to wounds,
provides pain and inflammation relief, and promotes
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epithelialization, scar prevention, and prevention of
infection. HAM also has other advantageous biolog-
ical properties, such as being anti-inflammatory, anti-
microbial, anti-fibrotic, anti-angiogenic, anti-micro-
bial and anti-viral (Kesting et al. 2008). Additionally,
HAM possesses good mechanical properties, includ-
ing permeability, stability, elasticity, flexibility and
plasticity (Niknejad et al. 2008).

Importantly, HAM shows little or no immunoge-
nicity and an immune response against the graft, if
any, is slight and ineffective; thus it does not present
transplantation risks. In contrast, the chorion has high
immunogenicity, and for this reason, is not used as a
biomaterial for transplantation purposes (Diaz-Prado
et al. 2011). Moreover, HAM can be easily obtained,
processed, and transported (Niknejad et al. 2008), as
well as sterilized and preserved at low cost for long
periods without obvious architectural changes (Nik-
nejad et al. 2008; Yang et al. 2009).

The objective of this work was to create a scaffold
of decellularizated HAM and to develop an in vitro
model of skin using this HAM as the scaffold for
culture of keratinocytes on the basal membrane and
the fibroblasts on the stromal side. The evaluation of
the formation of this possible skin equivalent was done
by histological, immunohistochemical and immuno-
fluorescent techniques.

Materials and methods
Harvest and preparation of HAMs

Human placentas (n = 5) from healthy donor mothers
were obtained from selected caesarean sections at the
Hospital Materno Infantil-Teresa Herrera A Coruiia,
Spain. All mothers provided written informed consent
before collection. This study was approved by the
Ethics Committee of Clinical Investigation of Galicia
(Spain). Under stringent sterile conditions, the har-
vested placentas were placed in 199 medium (Invit-
rogen, Spain) with antibiotics during 24 h:
cotrimoxazol (50 pg/ml; Almirall, Spain), vancomy-
cin (50 pg/m; Hospira, Spain), amykacin (50 pg/ml;
Normon, Spain), and B amphotericin (5 pg/ml; Bris-
tol-Myers Squibb, Spain). The HAM was carefully
separated from the chorion, which was discarded, and
immediately washed three times with 0.9 % saline
solution (NaCl) solution (Braun, Spain) to remove
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blood and mucus. The HAM was incubated again in
199 medium with the antibiotics listed above for
6-20 h at 4 °C and then cryopreserved.

Cryopreservation of HAMs

The HAM was cut into 4 x 4 cm patches and placed
on a supportive sterile nitrocellulose filter in 20 ml of a
10 % cryoprotectant [dimethyl sulfoxide (DMSO)
(Sigma, Spain)] in 199 medium. Each patch of HAM
was cryopreserved following a protocol of controlled
freezing using a CM 2000 (Carburos Metalicos, Spain).
Freezing rates were —1 °C/min to a temperature of
—40 °C, —2 °C/min to —60 °C, and —5 °C/min to
—150 °C. All HAMs were stored in the gas phase of
liquid nitrogen at —150 °C.

Thawing of HAMs

Thawing of HAMs was carried out for 5 min at room
temperature followed by incubation at 37 °C until
thawing was complete. To reduce cell damage due to
osmotic changes, the DMSO was removed by sequen-
tial washing and progressive dilution with 0.9 % NaCl
at 4 °C.

Decellularization of HAMs

To determine which treatment was best of those found
in the bibliography for elimination of epithelial and
mesenchymal cells, HAMs were incubated with one of
the following treatments: (a) 0.25 % trypsin—ethyle-
nediaminetetraacetic acid (EDTA) (T/E) (Sigma) at
37 °C for 10 or 30 min; (b) 1 % T/E at 37 °C for 10 or
30 min; (c) 0.1 % EDTA at 37 °C for 30 min or 1 h;
(d)0.1 % EDTA at4 °C for 16 h; (e) 0.02 % EDTA at
37 °C for 1 or 2 h; (f) dispase (PAA Laboratories
GmbH, Germany) 1.2 U/ml at 37 °C for 30 min or
1 h; and (g) accutase (PAA Laboratories GmbH,
Germany) at 37 °C for 45 min or 1 h.

From each sample, one part was fixed in 4 %
formol and embedded in paraffin for histologic
(hematoxylin and eosin (H-E), Masson’s trichrome,
alcian blue and Safranin O), and immunohistochem-
ical staining for laminin, fibronectin and vimentin.
Unpreserved parts of samples were utilized for
analysis by contrast phase microscopy and DNA
quantification.

DNA extraction and quantification from HAMs

For each fresh HAM (n = 5), 10 mg of the non-
treated positive control and of those treated with the
different procedures to remove the cells described
above, was ground with a mortar and pestle and DNA
was extracted using the QIAamp DNA Mini Kit
(Qiagen, Germany) according to manufacturer’s
instructions. The quality and concentration of DNA
extracts were determined using an Infinite® 200 PRO
NanoQuant (Tecan, Germany).

Skin biopsy collection

Skin samples of sizes between 2 and 4 cm, originating
in different zones, were obtained from consenting
patients (n = 10; 12-50 years-old) from the Burns
Unit of the Complejo Hospitalario Universitario A
Coruifia, Spain.

Fibroblast isolation and culture

Each skin biopsy with no previous dermal—epidermal
separation was minced using surgical scissors. Human
fibroblasts were isolated by enzymatic digestion with
2 mg/ml collagenase type I (Sigma) containing 1 %
antibiotic—antimycotic solution (Life Technologies,
USA) with agitation for 3 h at 37 °C. Following
incubation, the collagenase type I solution was
removed and inactivated with Dulbecco’s minimal
essential medium (DMEM) (Gibco, USA) and 10 %
foetal bovine serum (FBS) (Gibco, USA) and centri-
fuged. The cell pellet was re-suspended in fibroblast
medium (FM): DMEM, 10 % FBS and 1 % penicil-
lin—streptomycin (P/S) (Gibco, USA). The cells were
counted and 2 x 10° cells were seeded in a 25 cm?
flask (Greiner Bio One, USA) with FM and cultured at
37 °Cin 5 % CO,. The medium was changed every
2-3 days. The fibroblasts were plated until the second
passage.

Keratinocyte isolation and culture

The skin fragments remaining after collagenase treat-
ment were enzymatically digested with 1 % T/E
(Sigma), for 60 min at 37 °C. Following incubation,
the T/E solution was removed and inactivated with
DMEM and 10 % FBS and centrifuged. The cell pellet
was re-suspended in human epidermal keratinocyte
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basal medium (EpiGRO; Millipore, Germany). The
cells were counted and 2 x 10° cells were seeded in a
25 cm? flask and cultured at 37 °C in 5 % CO,. The
medium was changed every 2-3 days. The keratino-
cytes were plated until the second passage.

Development of an in vitro skin equivalent model

A concentration of 5 x 10° fibroblasts was seeded in
each well of a six-well culture plate in FM. One day
later, when the fibroblasts reached confluency, a
decellularizated 4 x 4 cm patch of HAM was put on
the fibroblasts, with the stromal side in contact with
the fibroblasts, and stabilized with a CellCrown
(Scaffdex, Finland). Then, 1 x 108 keratinocytes
were seeded on the epithelial side with keratinocyte
culture medium (3:1) mixture of DMEM/HAM-F12
(Gibco, USA) supplemented with 10 % FBS, insulin
(5 wl/ml)  (Sigma), hydrocortisone (0.4 pl/ml)
(Sigma), triiode-thyronine (1.3 ng/ml) (Sigma), ade-
nine (24 pl/ml) (Sigma) and 1 % P/S (Gibco, USA).
The medium was changed every 2-3 days; at the end
of the first change and until the end of the culture,
10 ng/ml epidermal growth factor (EGF) was added
(Austral Biologicals, USA). Cultures were incubated
in a humidified 5 % CO, atmosphere at 37 °C using
the submerged method throughout culture (Pefia et al.
2010). The skin equivalent was cultured for 7 days.

At harvest, part of the skin equivalent was fixed in
4 % formol and embedded in paraffin for histological
and immunohistochemical analyses; another part was
frozen in optimal cutting temperature (OCT) com-
pound for immunofluorescent staining.

Histological, immunohistochemical
and immunofluorescent analyses

For general histological analyses, 4 pm-thick paraffin
sections were deparaffinized in xylol, rehydrated in a
graded series of ethanol, and stained with H-E,
Masson’s trichrome, Verhoeff hematoxylin, alcian
blue and Safranin O using standard protocols.

For immunohistochemical analyses, 4 pm-thick
paraffin sections, which had been deparaffinized and
hydrated, were incubated with monoclonal antibodies
to detect the presence of laminin (LAM-89; Sigma),
fibronectin (SPM246; Santa Cruz Biotechnology,
USA), vimentin (V9; Abcam, UK), cytokeratin
(AE1/AE3; Dako, Denmark), cytokeratin-14 (Mob-
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186; Diagnostic BioSystems, USA), keratin 10 (DE-
K10; Neomarkers, USA), p63 (4A4; Thermo Scien-
tific, USA) and Ki67 (MM1; Leica Biosystems, UK).
The peroxidase/DAB ChemMateTM DAKO EnVi-
sion'TM detection kit (Dako) was used to determine
antigen—antibody interaction.

For immunofluorescent analyses, cryosections
(4 pm) were fixed with cold acetone for 10 min. They
were then washed and incubated with a monoclonal
antibody to detect the presence of laminin (LAM-89;
Sigma). Sections were incubated with goat anti-mouse
secondary antibody conjugated with fluorescein iso-
thiocyanate (FITC) (Dako). Finally, the nuclei were
counterstained with DAPI (Sigma).

Results

Treatment of HAM with 1 % T/E at 37 °C
for 30 min totally removed epithelial
and mesenchymal cells

HAMs were treated with different enzymatic and
chemical procedures to remove epithelial and mesen-
chymal cells and facilitate the adhesion of primary
culture skin cells. The degree of removal of epithelial
and mesenchymal cells following each treatment was
analyzed by H-E staining and DNA quantification.

The results of the removal of epithelial and
mesenchymal cells from HAMs assessed using H-E
staining of histological deparaffinized sections
(Fig. 1a) demonstrated that the best treatment for
removing these cells was 1 % T/E at 37 °C for 30 min.
With this treatment, all of the epithelial and mesen-
chymal cells were eliminated. However, the basal
membrane and the extracellular matrix of the HAM
remained intact; these latter two components of the
HAM are necessary because they act as a support for
other cells, such as skin cells, to establish models for
tissue engineering.

The results of the other T/E or EDTA treatments
showed that after digestion epithelial cells and mes-
enchymal cells were preserved. With these treatments,
it was necessary to use a mechanical rake to
completely eliminate these cells and this mechanical
treatment damaged the HAM. Accutase treatment also
removed epithelial cells but did not eliminate mesen-
chymal cells in the stroma of the HAM, while
treatment with dispase eliminated epithelial and
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Fig. 1 a Hematoxylin—
eosin (H-E) staining
following different
enzymatic and chemical
treatments used to eliminate
cells from human amniotic
membranes (n = 5)
(representative photographs,
%400 magnification).

b Concentration of DNA
obtained following different
treatments enzymatic and
chemical treatments used to
eliminate cells from human
amniotic membranes

(n = 5). T/E = trypsin—
ethylenediaminetetraacetic
acid (EDTA);

HAM = human amniotic
membrane
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mesenchymal cells, but considerably damaged the
matrix and basal membrane of the HAM.

DNA quantification of HAM incubated
with different treatments confirmed the results
from histological staining

DNA quantification results (Fig. 1b) indicated that the
best treatment to remove cells was 1 % T/E at 37 °C
for 30 min (remaining DNA: 1.38 &£ 0.53 ng/pl),
which, as also seen in the histological studies,
completely eliminated epithelial and mesenchymal
cells. The treatment with 1 % T/E at 37 °C for 10 min
(19.13 £ 0.21 ng/pl) was insufficient to eliminate the
cells, probably because, although mesenchymal cells
have been totally eliminated, some zones with endo-
thelium are present. The other treatments, 0.25 % T/E
at 37 °C for 30 min (45.33 &+ 10.35 ng/ul), 0.1 %
EDTA at 4 °C for 16 h (54.95 £ 6.12 ng/ul), 0.1 %
EDTA at 37 °C for 30 min (77.23 % 0.38 ng/pl),
0.02 % EDTA at 37 °C for 2 h (39.7 £ 2.26 ng/ul),
and 0.02 % EDTA at 37 °Cfor 1 h (46.7 & 14.73 ng/ul)
did not effectively eliminate all cell types The worst of
these was 0.1 % EDTA at 37 °C for 30 min with the
largest quantity of remaining DNA. After treatment
with accutase at 37 °C for 1 h, which removed
epithelial cells, the concentration of remaining DNA
may be due to mesenchymal cells in the HAM stroma
(10.79 £ 2.68 ng/pl), as observed in the histological
study. Finally, treatment with dispase at 1.2 U/ml at
37 °C for 1 h (6.53 £ 4.2 ng/pl) eliminated all cells,
as did T/E at 37 °C for 30 min, but damaged the basal
membrane and the components of the extracellular
matrix to a greater degree.

Treatment of HAM with 1 % T/E at 37 °C
for 30 min eliminated all cells, but did not damage
other HAM components

Inverted phase contrast microscopy demonstrated the
condition of the HAM pre- and post-treatment. Non-
treated HAM showed an epithelium of polygonal cells
(Fig. 2a). After treatment with 1 % T/E at 37 °C for
30 min these cells were eliminated, leaving an acel-
lular scaffold (Fig. 2b). Masson’s trichrome staining
showed that the major components of the HAM
matrix, such as collagen, were retained after treatment
with 1 % T/E at 37 °C for 30 min (Fig. 2c, d). Alcian
blue and safranin O staining showed that
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mucopolysaccharides (Fig. 2e, f) and proteoglycans
(Fig. 2g, h), respectively, were retained after this
treatment.

To determine whether basal membrane proteins
remain after decellularization, immunohistochemistry
was performed to detect the presence of laminin and
fibronectin. Both proteins were present after treatment
with 1 % T/E at 37 °C for 30 min (Fig. 3b, d) at the
same levels as in the non-treated HAM (Fig. 3a, c).

Finally, to determine if the treatment for the
decellularization also affected mesenchymal cells,
immunohistochemistry was carried out to determine
the expression of vimentin (an antigen present on
those cells; Fig. 3e). The absence of staining for this
antigen after treatment with 1 % T/E at 37 °C for
30 min demonstrated that most mesenchymal cells
were eliminated with this treatment (Fig. 3f).

Development of an in vitro skin equivalent model

Once we had concluded that treatment of the HAM
with 1 % T/E at 37 °C for 30 min was the best
procedure for decellularization of the membrane, the
suitability of HAM as a scaffold for an in vitro skin
equivalent mode was assessed as follows:

(a) Fibroblast and keratinocyte primary cultures

The seeded fibroblasts reached confluency within
5-6 days. The cells had high proliferative capability
and showed spindle cytoplasms with thin and long
projections, typical fibroblast morphology. Primary
keratinocytes cultures on the first day showed a short
and wide spindle shape, and proliferated cell colonies
could be seen at days 3—4. Those cells were polygonal
in shape, like pavement stones, with round, centered
nuclei; and cultures reached confluency between 10
and 12 days (data not shown).

(b) In vitro skin equivalent model

Fibroblasts were seeded on the stromal side and
keratinocytes on the epithelial side of HAM decellu-
larizated with 1 % T/E at 37 °C for 30 min; these
constructs were cultivated for a week in the presence
of keratinocyte culture medium, as described in
“Materials and methods”. The use of the submerged
method obtained a skin equivalent in less time,
considerably reducing the culture time compared with
other previously used air-lift methods. By the end of
the culture period, the fibroblasts acquired their typical
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Fig. 2 Comparison of non-
treated human amniotic
membrane (HAM) (a, c,

e and g) with HAM after
treatment with 1 % T/E at
37 °C for 30 min (b, d, f and
h). By inverted phase
contrast microscopy,
epithelial cells can be
observed anchored to the
basement membrane in the
non-treated HAM (a), while
in the treated HAM,
epithelial cells can no longer
be observed (b). Masson’s
trichrome shows that
collagen fibers are present in
both non-treated and treated
HAM (c, d). Staining with
alcian blue
(mucopolysaccharides) and
safranin O (proteoglycans)
show few differences
between non-treated and
treated HAM (e, h). (a x 100
magnification) (c—h x400
magnification)

Masson’s Inverted phases
trichrome contrast microscope

Alcian blue

Safranin O

spindle-like shape and started to proliferate (Fig. 4a)
and the keratinocytes appeared more compactly
arranged with a stone pavement-like morphology
(Fig. 4b).

After 1 week in submerged culture to maintain
undifferentiated cells, in vitro skin equivalent models
exhibited good morphology and good mechanical
properties, showing good flexibility, so it was possible

_ Non-Treated

AT Y

to manipulate the skin equivalent easily during the
culture without separation of the epidermis from the
dermis. These properties were demonstrated by histo-
logical and immunological analysis of the skin equiv-
alent created. H-E staining showed a top sheet of
keratinocytes and a bottom with fibroblasts (Fig. 5a).
Immunohistochemistry confirmed the presence of
keratins in the epidermis (AE1/AE3) (Fig. 5b). In

@ Springer



418

Cell Tissue Bank (2015) 16:411-423

Laminin

Fibronectin

Vimentin

Fig. 3 Immunohistochemistry to detect the proteins, laminin,
fibronectin and vimentin, in non-treated human amniotic
membrane (HAM) (a, ¢ and e) with HAM after treatment with
1 % T/E at 37 °C for 30 min (b, d and f). Basal membrane
proteins, laminin (a) and fibronectin (¢) are present in non-

the epidermis, positive K14 basal cells could be
observed, which indicated the cells were in prolifer-
ative state (Fig. 5¢). No suprabasal stratum existed as
is shown by the K10 antibody, a marker for the late
differentiation of keratinocytes (Fig. 5d). There was
also some evidence of p63, indicating the presence of
epidermal stem cells (Fig. 5e). But, there were not
positive Ki67 cells (Fig. 5f).
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treated HAM and are retained in the de-epithelialized HAM (b,
d), respectively. Staining for vimentin is observed in non-treated
HAM (e), but is negative in the de-epithelialized HAM
(f) because of the elimination of mesenchymal cells. (x400
magnification)

Fibroblasts infiltrating the HAM and the synthe-
sized stromal collagen matrix, were, as demonstrated
by immunohistochemistry for vimentin (Fig. 5g).
The basement membrane remained intact, as dem-
onstrated by the expression of laminin seen with
immunofluorescence (Fig. Sh). The basement mem-
brane is important for anchoring keratinocytes on
the HAM. The absence of DAPI nuclei fluorescence
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Fig. 4 Cell morphology of the in vitro skin equivalent model.
a Morphology of fibroblasts on the stromal side of de-
epithelialized human amniotic membrane (HAM) 5 days after

again demonstrated the complete elimination of
unwanted cells.

Discussion

Tissue engineering techniques applied to the repair of
damaged skin in patients with different pathologies
generally include reconstruction of the skin in vitro by
isolating epidermal keratinocytes and dermal fibro-
blasts from the patient and their expansion through
specific cultivation techniques, including construction
of a matrix or support for the final cultured dermal
cells. For this purpose, various alternatives have been
followed that provide a sheet of epithelium with a
dermal base. One of the most novel alternatives has
been the formation of a artificial skin structure that
includes both epithelial culture and culture of the
dermal component, the latter based on the creation of
an extracellular matrix in human serum using a gel
which provides a three-dimensional structure with
human fibroblasts inside (Llames et al. 2004).
Following development of this model, several
groups have investigated the use of other supports in
skin tissue engineering. HAM has shown great
potential because of its structure, biological proper-
ties, mechanical properties and low immunogenicity
(Niknejad et al. 2008). For use as scaffold, HAM must
first be decellularized; many methods have been used
with varying degrees of success. Some of these
methods are too complex for practical use and others
fail because they not only eliminate all cells but also
the cellular components of the tissue matrix (Wilshaw
et al. 2006). The methods most commonly used to
remove the HAM epithelium are chemical agents,

seeding. b Morphology of keratinocytes on the epidermal side of
de-epithelialized HAM 5 days after seeding. (x100
magnification)

such as EDTA, enzymatic proteolytic enzymes, such
as dispase (Lim et al. 2009), or enzymes in chemical
combination, such as T/E at a concentration range
from 0.1 to 0.25 % at 37 °C for 30 min, followed by a
mechanical treatment (Hopkinson et al. 2008; Riau
et al. 2010).

In our study, the first objective was to analyze which
of all the methods described in the literature was the
most effective to eliminate not only the epithelium, but
also stromal cells (Yang et al. 2009; Lim et al. 2009;
Hopkinson et al. 2008; Barreto de Melo et al. 2007; Kim
et al. 2009). We were able to establish that digestion
with 1 % T/E for 30 min at 37 °C completely elimi-
nated not only the epithelium, but also the cells of the
stroma. This method excluded the need for the mechan-
ical treatment described in other methods that damages
the basal membrane or the matrix, while maintaining the
content of proteins, such as laminin, collagen fibers,
mucopolysaccharides and proteoglycans.

It has been stated that complete elimination of the
epithelial cells of the HAM before seeding keratino-
cytes increases their percentage of confluency. The
elimination of the epithelium of the HAM facilitates
the migration of keratinocytes (Yang et al. 2009) and
other cells, such as limbal cells (Shortt et al. 2009) and
neurons (Davis et al. 1987).

In the other treatments that we analyzed, 0.25 %
T/E, EDTA or accutase, did not eliminate the epithe-
lium completely, making the use of a rake necessary,
which resulted in the mechanical corruption of the
membrane, as shown by absence of expression of
laminin. While the use of dispase completely elimi-
nated the epithelium, the basal membrane was also
enzymatically damaged, as shown again by the lack of
expression of laminin.
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Fig. 5 Morphological and phenotypical characterization of the
in vitro skin equivalent cultured for 7 days. a Staining with
hematoxylin—eosin (H-E). Inmunohistochemistry for cytokeratin
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These results agree with those of other authors who,
after using treatment with EDTA, only managed to
remove the epithelium in some areas while leaving it
intact in others (Barreto de Melo et al. 2007), or after
using a solution of accutase containing proteolytic
enzymes, only the cells of the epithelium were
removed, not the mesenchymal cells of the stroma.

To confirm the total elimination of the cells of the
epithelium and stroma, as an indirect measurement of
the presence of cells, we also examined the content of
residual DNA following the different treatments. Our
results confirmed that treatment with 1 % T/E for
30 min at 37 °C was the most effective because it
resulted in the lowest content of residual DNA. This
analysis was used by Wilshaw et al. (2006) to assess
the DNA content after the use of sodium dodecyl
sulphate (SDS) to eliminate the epithelium.

Although complete elimination of epithelial cells of
the HAM is necessary for its use as a “scaffold”, it is
also vital that the extracellular matrix remains intact
for cellular repopulation, because the extracellular
matrix contains the essential components to anchor
cell proliferation and remodel the tissue (Liang et al.
2009). The main components of the extracellular
matrix are the proteins, collagen, fibronectin and
laminin, which promote in vitro adherence of cells.
Our results demonstrate the presence of all those
components after treatment with 1 % T/E for 30 min
at 37 °C and, therefore, confirm that the treatment
does not damage the extracellular matrix.

Previous studies have shown that other treatments,
including the use of dispase, digest several molecules
of the extracellular matrix, particularly those of the
basal membrane, including collagen VI, fibronectin
and laminin. Transmission electron microscopy con-
firmed breakage of the ultrastructure of the HAM,
starting with alteration of the basal lamina and
continuing with loss of the stromal collagen network
and its molecular composition (Hopkinson et al.
2008). Also, prolonged incubation with dispase caused
significant disruption of the structure of the denuded
HAM, which can affect cell growth in cultured
explants (Lim et al. 2009).

Once we determined the most effective treatment
for decellularization of the HAM, our next objective
became analysis of the HAM obtained for its suitabil-
ity as a support in an in vitro skin equivalent model.
With the concept of providing more consistency and
better cosmetic results from a dermo-epidermic union

(Velasquez et al. 2008), we generated an in vitro
model that had keratinocytes and fibroblasts cultivated
on a HAM support.

For creation of in vitro skin models, various
approaches have been used. As it was described
previously (Llames et al. 2004), we used collagenase
to optimize the extraction of fibroblasts from the
biopsies and subsequently isolated the keratinocytes
from skin biopsies by digestion with T/E. Our in vitro
skin model was cultured using a submerged method,
and after only 7 days we had already obtained a skin
equivalent. This method considerably reduced the
time needed for culture by other investigators who
used the air-lift method (Yang et al. 2009). Animal
model studies have shown that airlift cultures pro-
duced degeneration of the grafted epithelium. This
does not occur when a monolayer is cultured using the
submerged method (Peifia et al. 2010), producing an
equivalent structure with several layers in which
keratinocytes proliferate to give the stratified
appearance.

In previous studies, our group found that keratino-
cytes grow and thrive best on the basal lamina because
of laminin, an essential element for the anchoring,
polarization and migration of keratinocytes. In our
in vitro skin model, that protein remains in the HAM
after the enzymatic treatment, promoting anchoring of
the keratinocytes. The fibroblasts infiltrate, grow and
thrive best on the stromal side of the HAM. These
results agree with those of other authors (Yang et al.
2009), who showed that the existence of the compo-
nents of the basal membrane in the dermal matrix help
to improve the morphology of the epidermis and are
necessary for the formation of the hemidesmosomes
and the development of dense lamina (Yang et al.
2006).

Histological and immunohistochemical results
show that the equivalent of skin structure obtained in
our model is organized into several layers of kerati-
nocytes and fibroblasts with a matrix. The expression
of cytokeratin and keratin 14 indicates formation of a
structure with keratins in the foil of the epidermis with
proliferative capacity of the keratinocyte, while ker-
atin 10 is absent, indicating that there is no terminal
differentiation of keratinocytes. Some of the kerati-
nocytes are p63 positive indicating possible presence
of epidermal stem cells (Kim et al. 2004). The
expression of p63 is increased during the healing of
the wounds as well as in the basal and suprabasal
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layers of normal skin. The location of the p63 positive
cells is associated with the stratum of the proliferative
epithelium. It is possible that p63 may play a role in
maintenance of the proliferative potential of keratino-
cytes and prevent terminal differentiation (Coolen
et al. 2007). The presence of vimentin-positive cells
reveals the location of the fibroblasts in the stromal
side of the HAM.

However, in our model we do not observe expres-
sion of the cell proliferation marker Ki-67. Other
authors (Pefia et al. 2010) also reported a negative
result in their plasma model, offering the explanation
that when the epithelium arrives at confluency,
proliferative activity is reduced. Another explanation
is that at the end of the G1 phase cell cycle and the
beginning of S-phase, the quantity of the Ki-67 antigen
is minimal. Therefore, a cell in G1 phase and S-phase
could be negative for Ki-67, but be proliferating.

We conclude that the best treatment to eliminate the
cellsof the HAMis 1 % T/E for 30 minat37 °C. The use
of the HAM matrix thus created to develop a skin
equivalent model synthesized from the HAM as a support
with the patient’s own cells to develop a dermis and
epidermis has great potential for use in clinical practice.
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