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Angélique Lebouvier,1,2 Nathalie Chevallier, PhD,1,2 Anne Fialaire-Legendre, PharmD,2

Philippe Bierling, MD, PhD,2–4 and Helene Rouard, PharmD, PhD 1–3

Stem cells may represent an excellent strategy to improve the healing of skin ulcers. Today the administration
mode of stem cells to skin defects remains unsatisfactory. Delivering stem cells with topical treatments
represents a new strategy and answering the patients’ need. Mesenchymal stromal cells (MSC) have been
shown to improve wound healing of cutaneous lesions and amniotic membrane (AM) is known to represent a
natural scaffold for cells. The aim of this study is to develop a tissue-engineered product combining MSC and
AM for clinical use. In this work we investigated whether the stromal matrix of intact human AM could
constitute a scaffold for human MSC derived from either bone marrow (BM) or adipose tissue (AT). For this
purpose, clinical-grade AM, MSC, and culture medium were used. We performed experiments of short-term
adherence and proliferation for 15 days after the seeding of the cells. Morphological aspects and secretion
profiles of MSC onto AM were studied, respectively, by scanning electron microscopy and Luminex analysis.
Results demonstrated that the stromal matrix allow the adherence in much greater amount of MSC from BM or
AT compared to 2D material. Experiments of proliferation showed that both kinds of MSC could proliferate on
the stromal matrix and remain viable 15 days after the seeding of the cells. The 3D analysis of MSC culture
demonstrated that both types of MSC invaded the stromal matrix and grew in multiple layers while retaining
their fibroblastic morphology. By studying the secretion profile of MSC onto the stromal matrix, we found that
both kinds of MSC secrete important cytokines and growth factors for wound healing of cutaneous lesions, such
as vascular endothelial growth factor, hepatocyte growth factor, and basic fibroblast growth factor. In con-
clusion, these results suggest that the stromal matrix of AM seeded with MSC represents a bioactive scaffold
that should be evaluated in patients with a nonhealing cutaneous wound.

Introduction

Despite the existence of several guidelines for the
treatment of chronic ulcers,1 healing of chronic ulcers

remains a major clinical concern. Innovative strategies that
could improve healing time would be of great interest to
reduce patient morbidity, hospitalization, and the conse-
quences with regard to healthcare spending. Mesenchymal
stromal cells (MSC) are multipotent cells that can differ-
entiate into osteogenic, chondrogenic, and adipogenic lin-
eages and produce trophic factors for tissue repair.2 Bone
marrow (BM) and adipose tissue (AT) are the two main
sources of MSC for clinical application. MSC derived from
bone marrow (BM-dMSC) or adipose tissue (ASC) share
the same capacity of in vitro multilineage differentiation,
but cells differ in their expression of particular mark-
ers (expression of CD34 + and CD49d on ASC, whereas

CD106 is expressed on BM-dMSC, but not on ASC),3,4

immunomodulatory and functional capacities.5 BM-
dMSC6,7 and ASC8 have been demonstrated to be effective
in animal models of cutaneous wound when they are in-
jected into the wound. The therapeutic effect of MSC oc-
curs by promoting reepithelialization and angiogenesis
through either differentiation or secretion of growth factors
such as vascular endothelial growth factor (VEGF). How-
ever, there are several inconveniences to the injection of
MSC directly into skin ulcers in humans. Injections are
invasive, painful and human ulcers require numerous in-
jections to cover the entire surface to be treated. After
surrounding injections, contact of MSC with the wound is
not optimal and after intravenous injection MSC are dis-
tributed mainly in the lung.9 Interestingly, only a small
number of studies have investigated the administration of
MSC into wounded human skin.10,11
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Human amniotic membrane (AM) is a fetal membrane
that is widely used as a wound dressing in ophthalmic sur-
gery.12 It improves the corneal reepithelialization and re-
duces the anti-inflammatory acute phase through the release
of soluble factors.13 It is constituted of a single layer of
epithelial cells that lie on the basement membrane, which is
adjacent to a compact layer of collagen. AM is easily iso-
lated from the placenta after a cesarean delivery and can be
cryopreserved for several months.14 AM availability is un-
limited and the processing cost is low. For these reasons,
AM could be considered as a promising biomedical scaffold
for the delivery of MSC directly into skin ulcers. Indeed,
AM has been used to construct tissue-engineered products
with amnion epithelial cells and amnion mesenchymal
cells for prematurely ruptured fetal membrane repair,15 with
fibroblasts and keratinocytes for skin repair,16 with limbal
epithelial cells for corneal damage,17 with chondrocytes for
cartilage repair.18 In all these studies, amniotic epithelium
has been removed to use AM as a scaffold. However, pro-
tocols for decellularization of AM are long, complicated,
required manual scrapping, and lack standardization.14 To
overcome these inconvenience, we aimed to evaluate the
feasibility of the stromal matrix of AM as a MSC scaffold
for human skin repair. In this work, we studied the adher-
ence, proliferation, maintenance of phenotype of BM-dMSC
and ASC after seeding onto the stromal matrix of AM. We
investigated the secretion profile of MSC on AM related to
skin wound healing. To constitute a biocompatible patch of
MSC for human cutaneous wound, we used clinical-grade
MSC, AM, and culture medium.

Materials and Methods

MSC culture

Clinical-grade human MSC from BM or AT were kindly
provided by Markus T Rojewski from the University of Ulm
(Ulm, Germany) and Philippe Bourin from the Etablissement
Français du Sang (Toulouse, France) (7th Framework Pro-
gram of EU Cascade project), respectively. For all experi-
ments, MSC were cultured in clinical-grade a-modified
Eagle’s medium (a-MEM) (PAA) supplemented with 5% of
clinical-grade human platelet lysate kindly provided by
Markus T. Rojewski,19 0.5% of ciprofloxacin (Bayer Pharma)
and 1 U/mL of heparin (Sanofi-Aventis). Cells were cultured
in a humidified atmosphere at 37�C and 5% CO2. Culture
medium was changed twice a week and cells were used at
passage 2–4. For each experiment, the passage number of
BM-dMSC and ASC was identical. Three donors from each
source were used interchangeably between experiments.

Flow cytometry and differentiation

The phenotype of BM-dMSC (passage 2) and ASC
(passage 3) was analyzed by a Canto II flow cytometer (BD
Biosciences) using the Diva software. Cells were stained at
4�C for 30 min with the following antibodies (BD Bio-
sciences): anti-CD73 phycoerythrin (PE), anti-CD90 fluoro
isothiocyanate, anti-105 PE, anti-CD34 phycoerythrin-
cyanin 7 (PC7), anti-CD45 allophycocyanin H7 (APC H7),
anti-CD146 PE, and their respective isotypes in accordance
with the manufacturer’s instructions (BD Biosciences). Then,
cells were washed in PBS 1· , pelleted, and resuspended in

PBS 1· before analysis. Expression of surface molecules
were analyzed by the FlowJo software.

MSC were seeded in six-well plates to perform the in vitro
multilineage differentiation assays. For osteogenic differ-
entiation, the medium was replaced at 25% confluence by
a-MEM 10% fetal bovine serum (FBS) (StemCell Technol-
ogies) supplemented with 50mM ascorbic acid-2 phosphate,
10 mM a-glycerophosphate, and 0.1 mM dexamethasone
(Sigma). On day 21, the monolayers were fixed in 70%
ethanol for 1 h at 4�C and stained for 15 min with Alizarin
Red-S (Sigma) at room temperature. For adipogenic dif-
ferentiation, the medium was replaced at 80% confluence by
a DMEM high glucose (Gibco by Life Technologies) sup-
plemented with 10% FBS, 0.1 mM dexamethasone, 0.2 mM
indomethacin, 0.01 mg/mL insulin, and 0.5 mM IBMX. On
day 21, the monolayers were fixed using paraformaldehyde
4% for 5 min at room temperature, and then stained for
15 min with 0.3% Oil Red O (Sigma)/60% isopropanol. For
chondrogenic differentiation, the medium was replaced at
80% confluence by DMEM high glucose medium (Gibco by
Life Technologies) supplemented with 10% FBS, 1· ITS +
(Sigma), 0.1 mg/mL sodium pyruvate (Sigma), 0.04 mg/mL
L-proline (Sigma), 0.05 mg/mL ascorbic acid-2 phosphate
(Sigma), 1 · 10 - 7 M dexamethasone, 0.1 mg/mL transform-
ing growth factor beta-3 (TGF-b3) (Sigma). Controls were
performed with differentiation medium without TGF-b3. On
day 21, the monolayers were fixed in 4% paraformaldehyde
and stained with Alcian Blue 8GX (Sigma).

Amniotic membrane

Clinical-grade human AM were prepared by the Tissue
Bank of the Etablissement Français du Sang Ile de France
from three placentas obtained after cesarean deliveries after
the signature of an informed consent by the donor. The AM
were used interchangeably between experiments. AM were
cryopreserved by the Tissue Bank at - 80�C in glycerol and
RPMI at a ratio of 1/1 following a good manufacturing
practice (GMP) process. Before use in experiments, all AM
were thawed at 37�C and washed two times with HBSS
1 · (PAA). AM from the same placenta were specially
prepared and cryopreserved at - 80�C in either glycerol/
RPMI at a ratio of 1/1, HBSS 1· or dimethyl sulfoxide/
RPMI at a ratio of 1/9 to study the role of storage solution.

Adherence and proliferation of MSC

Custom-made steel rings were placed on the stromal side
of thawed AM to define the area of loading (1.8 cm2) and
MSC were seeded at various doses (10,000/cm2, 30,000/
cm2, 90,000/cm2, and 180,000/cm2) in triplicates. To com-
pare adherence of MSC onto the plastic, MSC were seeded
in triplicates in wells of 24-well plate (each well re-
presenting a surface of 1.8 cm2). MSC loaded onto AM were
maintained in culture in a-MEM supplemented with 5%
platelet lysate. Adherence and proliferation of MSC on
thawed AM were determined by measuring the metabolic
activity of the cells using an Alamar Blue assay (Life
Technologies SAS) according to the manufacturer’s proto-
col (10% v/v). Alamar Blue assays were performed by
measuring the fluorescence (kex = 543 nm and kem = 590 nm)
of two points on each sample. The percentage of cell
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adherence was calculated as the ratio of Alamar Blue results
after seeding on Alamar Blue results before seeding.

Scanning electronic microscopy

Specimens were fixed by immersion in 2.5% glutaralde-
hyde buffer at 4�C overnight. Scaffolds were then dehy-
drated in increasing concentrations of ethanol (70–100%)
and dehydration was completed using a hexamethyldisila-
zane treatment (Sigma Aldrich). Finally, the samples were
air dried, sputtered with a nanogold film and analyzed with
a scanning electron microscope JSM-6301F ( Jeol) at the
LaboratoireInteruniversitaire des SystèmesAtmosphériques
from the University of Paris-Est.

Secretion profile

The secretion profile of MSC was determined by mea-
suring the concentration of 14 proteins (interleukin [IL]-8,
IL-10, IL-13, IL-1-RA, platelet-derived growth factor [PDGF-
BB], granulocyte-macrophage colony-stimulating factor
[GM-CSF], granulocyte-colony-stimulating factor [G-CSF],
transforming growth factor alpha [TGFa], tumor necrosis
factor alpha [TNFa], tumor necrosis factor beta [TNFb],
basic fibroblast growth factor [FGF], vascular endothelial
growth factor A [VEGF-A], hepatocyte growth factor [HGF],
and EGF) in the supernatants of culture with a Luminex assay
according to the manufacturer’s protocol (Affymetrix). MSC
derived from one BM and one AT were seeded at 180,000
cells/cm2 on the stromal side of thawed AM and maintained in
the culture for 48 h in a-MEM supplemented with 5% platelet
lysate as described above. Supernatants were harvested and cell
number was determined using an Alamar Blue assay. Super-
natants were cryopreserved at - 80�C until Luminex assay. The
concentration of proteins (pg/mL) in each well was obtained
from duplicates of the Luminex assay and standardized with
the number of cells in each well. The presence of trophic
factors in AM and in the medium was deducted before stan-
dardization with the number of cells. Analysis of IL-8, VEGF-
A, HGF, TGFa, TNFa, TNFb, and EGF proteins were obtained
from triplicate (for the first experiment) and duplicate (for the
second experiment) of two independent experiments. Analysis
of IL-10, IL-13, IL-1-RA, PDGF-BB, GM-CSF, G-CSF, and
basic FGF were obtained from triplicate of one experiment.

Statistical analysis

Comparison between two experimental sources of cells
(BM-dMSC vs. ASC) was performed using the unpaired non-
parametric Mann–Whitney U-test with the Graphpad software.
When three groups were compared, data were statistically an-
alyzed using one-way analysis of variance (ANOVA) and post
hoc Bonferroni test. Differences between the groups with a
p-value £ 0.05 were considered to be significant.

Results

Characterization of MSC

BM-dMSC and ASC had a typical fibroblastic aspect
when cultured in a-MEM supplemented with 5% of platelet
lysate. Analysis of the phenotype of MSC as described by
Horwitz et al.20 for BM-dMSC and Bourin et al.21 for ASC
showed that both cell types expressed strong CD73, CD90,
and CD105 surface markers and remained CD45 negative.

Cells differed by their CD146 expression with 61% on BM-
dMSC versus 14% on ASC.3 CD34 + expression was not
expressed on ASC at passage 3 (Fig. 1A).4

Culture of MSC in a conditioned medium for the differ-
entiation toward osteoblastic, chondrogenic, and adipogenic
lineages showed that both kinds of MSC were able to dif-
ferentiate into osteoblasts, chondrocytes, and adipocytes as
demonstrated in Figure 1 by a positive staining with Alizarin
Red, Alcian Blue and Oil Red O (Fig. 1B).

MSC adherence on the surface of human AM

In the context of tissue engineering, scaffolds provide a
mechanical structure for cell adherence, migration, and
proliferation. BM-dMSC and ASC that reach a confluence
of 100% in 2D culture on plastic have a cell density of about
20,000 cells/cm2 (data not shown). Consequently, to inves-
tigate MSC adherence on 3D stromal matrix, we decided to
start MSC loading with the dose corresponding to less than
100% of confluence on plastic. We evaluated adherence of
cells at short term (6 h) to allow firm cell attachment while
avoiding proliferation. MSC were seeded from 10,000 cells/
cm2 to 180,000 cells/cm2 on the stromal side of AM or on
the plastic treated for cell culture. The Figure 2 shows that
100% of MSC from BM or AT were able to adhere onto AM
whatever the seeding dose. Additionally, 100% of MSC
from BM or AT were able to adhere onto the plastic when
cells were seeded at 10,000 cells/cm2 and 30,000 cells/cm2.
However, adherence onto the plastic at doses as high as
90,000 cells/cm2 and 180,000 cells/cm2 was only 54% and
24% for BM-DMSC and 73% and 27% for ASC, respec-
tively (Fig. 2). Considering these data, the stromal side of
AM could support the adherence of a huge amount of MSC
compared to 2D material.

MSC proliferation on human AM

To investigate the viability and the proliferation of MSC
on the stromal side of AM over a period of 15 days, MSC
were loaded from 10,000 cells/cm2 to 180,000 cells/cm2 and
an Alamar Blue assay was performed at several time points.
Results showed that both BM-dMSC and ASC proliferated on
AM and remained viable after loading for 15 days (Fig. 3).
MSC loaded at 10,000 cells/cm2 increased over the 15 days.
In contrast, MSC loaded at 30,000, 90,000, and 180,000 cells/
cm2 increased over the first 6 days and no significant increase
could be observed between 6 and 15 days. In the control
group without cells (Fig. 3), we observed that no cells inside
the AM could proliferate, demonstrating that the data are the
results of loaded MSC proliferation. Likewise, we observed
by an Alamar Blue assay that no epithelial cells remained
viable during the 15 days following AM thawing (data not
shown). These results demonstrated that the stromal side of
AM is a suitable scaffold for the proliferation of MSC. In
clinical practice, a cell density of 180,000 MSC/cm2 pre-
served the viability and the proliferation capacity of MSC
without reaching 100% of confluence onto the AM during the
first 6 days of the culture. This dose could be chosen.

Impact of the conditions of AM cryopreservation
on MSC adherence

Given that AM can be prepared with various storage
medium, including glycerol/DMEM,22 dimethyl sulfoxide/
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RPMI,14,23,24 and Hank’s solution,17 we sought to evaluate
the influence of the storage solution on MSC adherence on
the stromal side of AM. To develop a tissue-engineered
product for the clinic, the process of production shall be as
simple as possible. With the aim to avoid maintaining MSC
culture for 15 days, we decided to culture MSC on AM for
a limited time of 2 days with the dose of MSC that would
deliver the higher dose of trophic factors into the wound
(180,000 cells/cm2). Figure 4 show that BM-dMSC and
ASC can be loaded on the stromal side whatever the
method of AM conservation without changing their ca-
pacity of adherence. There was no significant difference
between the three types of AM preparations on MSC ad-
herence and proliferation (The ANOVA test to compare the
three preparations of AM: pBM-dMSC = 0.71; pASC = 0.56).
Comparison between BM-dMSC and ASC groups showed
no significant difference for the three types of AM prep-
arations (The Mann–Whitney U-test to compare MSC for
both source of cells: pGlycerol 50% = 0.20; pDMSO 10% = 0.40;
pHBSS 1· = 0.20). AM are routinely cryopreserved in
glycerol/RPMI in the Tissue Bank of the Etablissement
Français du Sang Ile de France and this process is ap-

proved by the regulatory authorities. Thus, we selected
AM preserved in glycerol/RPMI to perform the subse-
quent experiments.

Morphology of adherent MSC to the surface of AM

Morphology and distribution of seeded MSC loaded on
the stromal side of AM were studied using the technique of
scanning electronic microscopy performed at 48 h after the
loading. Results showed that both BM-dMSC and ASC re-
tained a fibroblastic morphology at 30,000 cells/cm2 and
180,000 cells/cm2 and adhere to the entire surface of the
AM (Fig. 5). At the concentration of 180,000 cells/cm2, we
could observe that MSC were forming multilayers, whereas
at the concentration of 30,000 cells/cm2, MSC were not
confluent and were forming monolayers. Despite a high
level of loading (180,000 cells/cm2), MSC retained their
typical morphology after a culture period of 2 days.

Study of the secretion profile

We next investigated the secretion profile of MSC related
to wound healing. For this purpose, MSC were cultured on

FIG. 1. Characterization of mesenchymal stromal cells (MSC). (A) Phenotype of MSC. MSC derived from bone marrow
(BM-dMSC) (passage 2) and adipose tissue (ASC) (passage 3) were analyzed by fluorescence-activated cell sorting after
staining with conjugated monoclonal antibodies against surface markers (black line) or IgG control isotypes (gray line).
Results were representative of three independent experiments. The mean percentage of fluorescence above the threshold for
isotype controls is indicated. (B) Differentiation potential of MSC for mesodermic lineage: MSC were cultured in a medium
with ( + ) or without ( - ) differentiation cocktails for 3 weeks. Chondrogenic, osteogenic, and adipogenic differentiation were
observed, respectively by coloration with Alcian Blue, which detects proteoglycans of chondroblasts, Alizarin Red, which
detects calcium mineralization of osteoblasts and Oil red O, which detects lipid vesicles in adipocytes. Results depicted the
differentiation of MSC derived from the bone marrow (BM-dMSC) or ASC from one donor out of three. Color images
available online at www.liebertpub.com/tea
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the stromal side of AM for 48 h and supernatants were
collected to study the secretion of angiogenic proteins
(VEGF-A, IL-8), anti-inflammatory cytokines (IL-10, IL-13,
and IL-1-RA) and growth factors (GM-CSF, G-CSF, TGFa,
TNFa, TNFb, basic FGF, HGF, PDGF-BB, and EGF).

Results (Fig. 6) demonstrated that both BM-dMSC and
ASC secrete high amounts of VEGF-A, IL-8 (*p £ 0.05), HGF

and low amounts of IL-10, IL-13, and GM-CSF. Moreover,
ASC secreted high amounts of IL-1-RA, G-CSF, and basic
FGF compared with BM-dMSC that secreted low amounts of
these proteins. TGFa, TNFa, TNFb, PDGF-BB, EGF were
not secreted by BM-dMSC nor by ASC (Data not shown).

Discussion

In this study, we aimed to evaluate AM as a biocompat-
ible patch for MSC culture and paracrine activities for
wound healing. We demonstrated that AM support the ad-
herence, proliferation, viability, morphology, and the se-
cretion of trophic factors related to wound healing of MSC
derived from BM or AT.

To enhance skin repair, MSC have to interact with the
entire wound site. For this purpose, MSC delivery onto skin
wounds through a scaffold has several advantages compared
to direct or intravenous injection. Direct injection or adjacent
injection into the wound concentrates MSC only at the site of
injection. However, after intravenous injection, MSC are
trapped in organs such as the lung, kidney, or spleen and only
a small amount of cells reach the wound.9 Thus, interactions
of MSC with the wound are more likely to be optimal when a
scaffold recovers the entire surface of the wound.

The choice of the scaffold is a critical issue for con-
structing a skin patch. Many natural or synthetic scaffolds
have been developed to deliver cells in target sites.25–27

However, only a small number have been tested in humans
and consist of MSC incorporated into a fibrin spray10 or
collagen sponge.11 Dermal substitute of animal origin may
induce inflammatory reactions.28 Therefore, further devel-
opments are warranted to lead to more clinical studies
on tissue-engineered products. To create a biocompatible
scaffold, low risk of inflammation and immunogenicity
are important factors. Several studies reported an anti-
inflammatory effect of AM by reducing the expression of
IL-1a and IL-1b proinflammatory cytokines29 or by de-
creasing polymorphonuclear cell infiltration.30 Im-
munorejection of AM has not been observed in clinical
studies of AM23,31 and cells of cryopreserved AM are ex-
pected to be dead after cryopreservation at - 80�C in
glycerol.32 This suggests that AM immunogenicity seems to
be low. In our study, no viable cells in the epithelium could
be detected (data not shown) nor in the stroma (Fig. 2) of
AM during the 15 days studied suggesting that our results

FIG. 2. MSC adherence on amniotic membrane (AM).
MSC were allowed to adhere on the stromal side of AM or
on culture plastic at doses from 10,000 cells/cm2 to 180,000
cells/cm2. An Alamar Blue assay was performed 6 h after
loading. Results are representative of two independent ex-
periments performed in triplicate and mean data – SEM are
presented (*p < 0.05).

FIG. 3. MSC proliferation on AM. MSC were loaded at various doses from 10,000 cells/cm2 to 180,000 cells/cm2 on the stromal
side of AM and cultured for a period of 15 days. Cell viability was assessed using an Alamar Blue assay performed in triplicate.
Results are representative of two independent experiments performed in duplicate and mean data – SEM are presented.
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are similar with the results published by Kruse et al.32

Considering these properties, the risk of inflammatory or
antigenic reaction to the cryopreserved AM scaffold would
be limited in the context of allogeneic use.

In our study, we used AM of human origin with the aim
of developing a product for the clinical application. Pre-
paration of AM from placenta from tissue banks is simple,
rapid and fragments of various sizes can be prepared to treat
ulcers of different areas. As a biological dressing, AM
has many qualities such as low cost, close adherence and
handling properties, oxygen permeability,33 antimicrobial
effect,34 finesse, and elasticity.35 AM has been used suc-

cessfully to construct tissue-engineered products with vari-
ous cell types for cutaneous repair,16 corneal surface
wounds,17 or cartilage repair.18 These results provide evi-
dence that AM is a suitable scaffold for adherence and
proliferation of different cells as we have demonstrated in
this study for both types of MSC (Figs. 2 and 3).

For cell seeding, AM has been used either intact with am-
niotic epithelium or denuded without it. Reepithelialization of
AM requires several steps, including enzymatic treatment,
washing, manual scraping, DNA and RNA degradation that
make the process of AM preparation more difficult. These
treatments could degrade basal membrane if the technique is

FIG. 4. Effect of AM preparation on MSC adherence. MSC seeded at 180,000 cells/cm2 were allowed to adhere on the
stromal side of AM cryopreserved in glycerol 50%, DMSO 10% or HBSS 1· . An Alamar Blue assay was performed 48 h
after the loading. Results are representative of two independent experiments performed in triplicate and mean data – SEM
are presented. The ANOVA test was used to compare the three preparations of AM: pBM-dMSC = 0.71; pASC = 0.56. The
Mann–Whitney U-test was performed to compare MSC for both sources of cells: pGlycerol 50% = 0.20; pDMSO 10% = 0.40;
pHBSS 1 · = 0.20.

FIG. 5. MSC morphology on AM. BM-dMSC were cultured at 30,000 cells/cm2 (A) or 180,000 cells/cm2 (B and C) and
ASC were cultured at 30,000 cells/cm2 (D) or 180,000 cells/cm2 (E and F) on the stromal side of AM in duplicate. MSC
morphology was observed at 48 h of culture by scanning electron microscopy. The stromal side of AM without MSC is
presented on (G). Scale bars: (A–F) 200mm; (G) 2mm.
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not controlled36 and it does not ensure complete cell removal.
In the same way, procedures for denuding AM differ among
studies,14,17,18,37 suggesting that biological properties of AM
could be variable. The advantage of our procedure is that MSC
were loaded directly on the stromal side of intact AM without
any treatment technique. The stromal layer is composed of
materials of the extracellular matrix (ECM) such as collagen,
fibronectin, and proteoglycans38 and, therefore, represents
a natural scaffold compared with synthetic scaffolds.26 Walker
et al.26 recently reported that 85% of MSC from a synthetic
scaffold (silicone) were capable to migrate to a reepithelialized
human dermis. After a period of contact of 24 h, we observed a
transfer of only 3.7% for BM-dMSC and 5.2% for ASC from an
AM (stromal matrix) seeded with 180,000 cells/cm2 to another
receiving AM (stromal matrix) (data not shown). This dis-
crepancy between the two scaffolds illustrates that MSC at-
tachment is extremely strong on natural ECM compared to a
synthetic scaffold. Our type of biological scaffold limited cell
delivery in vitro and likely in vivo and, therefore, may facilitate
the validation of our tissue-engineered product as clinical
grade. The AM patches that we proposed in this study should be
mainly considered with its MSC paracrine activities.

In this study, we developed a one-step method that is
simple to implement for clinical use. AM can be preserved

in French tissue banks with a medium containing 50%
glycerol or 10% dimethyl sulfoxide. By comparing the two
methods of conservation, we ensured that AM preparation
has no impact on MSC adherence at the concentration of
180,000 cells/cm2 (Fig. 5).

In this study, we investigated the biocompatibility of MSC
loaded onto the stromal matrix of AM. It is now established
that cells are sensitive to the nature of the ECM and that ECM
influences the functional properties of cells.39,40 By evaluat-
ing the secretion profile of MSC on AM, we were able to
characterize the final product that will be applied onto the
wound. We demonstrated that both BM-dMSC and ASC
adherent to the AM secrete high amounts of VEGF-A, IL-8,
and HGF, which are known to be important for neovas-
cularization.6,41–43 Furthermore, adherent MSC secrete anti-
inflammatory cytokines such as IL-10, IL-13, and IL-1-RA
that would reduce chronic inflammation observed in non-
healing wounds.44 Interestingly, we observed that adherent
BM-dMSC and ASC secrete GM-CSF which is likely to have
significant patient benefit for chronic wounds when applied
locally.45 In this study, adherent ASC secrete a high amount
of basic FGF that would restore the decreased levels of basic
FGF observed in chronic wounds46 to promote granulation
tissue formation, reepithelialization, and tissue remodeling.
Our findings suggest that MSC secretome on AM are well
suited for skin repair. In vivo, Hong et al. demonstrated that
ASC were superior to BM-dMSC in improving granulation
tissue.47 In this study, ASC secreted high levels of basic FGF
and IL-1-RA compared to BM-dMSC (Fig. 6). Therefore, we
would expect that our skin patch constituted with ASC would
be more efficient in vivo for improving granulation tissue
formation and reducing inflammation in wounded skin.

Developing tissue-engineered product for therapeutic
purpose requires production process compliant with
GMP. As recommended by the European Medicine Agency
(EMA),48 media for cell culture should be devoid of animal
components to avoid transmission of zoonotic infections or
xenogenic immune reaction. Materials should be biocom-
patible and suitable for clinical use to avoid inflammatory
disorders.28 Moreover, the medium and the process of MSC
culture are critical as these parameters could influence MSC
properties.49 In this study, we used (1) human AM agreed
for clinical use, (2) GMP culture medium supplemented
with human platelet lysate produced in GMP condition and
extensively studied by Fekete and colleagues19 for ex vivo
MSC expansion, (3) clinical-grade MSC from two different
sources: BM19 and AT.21 Overall, our data showed that this
construction is feasible and releases important cytokines and
growth factors that are important in regulating wound
healing and tissue regeneration. Animal studies comparing
the efficacy of these two products constituted either with
BM-dMSC or ASC are ongoing. This therapeutic strategy
should represent an alternative treatment for improving
cutaneous wound in humans.
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for interleukin (IL)-8, vascular endothelial growth factor
(VEGF)-A, and hepatocyte growth factor (HGF) or tripli-
cate of one experiment for IL-10, IL-13, IL-1-RA, platelet-
derived growth factor (PDGF-BB), granulocyte-macrophage
colony-stimulating factor (GM-CSF), granulocyte-colony-
stimulating factor (G-CSF), and basic fibroblast growth factor
(FGF) (*p < 0.05 between BM-dMSC and ASC).
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