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Abstract
Objectives: Human amniotic membrane (HAM)
has been widely used in soft tissue engineering
both in its fresh form and decellularized; its effi-
ciency to aid treatment of burn injuries is well
known. On the other hand, it has been reported
clinically by several studies that human adipose-
derived stem cells (hADSC) are a promising cell
source for cell therapy for burns. Recently, we
have reported a new technique for decellulariza-
tion of HAM. In this study, potential of prepared
decellularized HAM (dHAM) as a viable support
for proliferation and delivery of hADSC was
investigated.
Materials and methods: Amniotic membranes were
collected, decellularized and preserved according to
the protocol described in our previously published
study. hADSC were obtained from the patients
undergoing elective liposuction surgery and cells
were then seeded on the decellularized membrane
for various times. Efficiency of the decellularized
membrane as a delivery system for hADSC was
investigated by MTT, LDH specific activity, DAPI
staining and SEM.
Results: The results showed that dHAM provided a
supporting microenvironment for cell growth with-
out producing any cytotoxic effects. In addition,

the cells were spread out and actively attached to
the dHAM scaffold.
Conclusion: These results strongly suggest that
dHAMs have considerable potential as 3D cell-carrier
scaffolds for delivery of hADSC, in tissue engineer-
ing and regenerative medicine applications.

Introduction

Human amniotic membrane (HAM), is a thin tissue that
surrounds the developing foetus, and consists of three
main components, the epithelial layer, basement layer
and connective tissue layer (1,2). It has favourable char-
acteristics including: inexpensiveness, ease of availabil-
ity, antibacterial activity, presence of collagen types I,
III and IV, laminin, fibronectin and a variety of growth
factors. These features make HAM an excellent sub-
stance for tissue engineering applications, especially for
soft tissues (3–5). On the other hand, full removal of
cells or cell fragments from this tissue profoundly
affects its biological and mechanical properties (4,6).
Both fresh and decellularized HAMs (dHAM) have been
widely used clinically in regenerative medicine, espe-
cially in ophthalmology (7–9), due to immune privileged
properties of the cornea. More recently it has been used
as a scaffold for treatment of partial-thickness burn
wound dressings (10). Interestingly, high antibacterial
activity of this tissue remarkably prevents nosocomial
infections, as one of the major causes of mortality in
burn patients (3,11).

Recently, our research team has developed a novel
and simple protocol for decellularization of HAM and
has fully characterized biomechanical and biological
characteristics of the tissue after denudation (4). In the
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current study, we aimed to investigate whether decellu-
larized HAM would support proliferation and attachment
of human adipose tissue-derived stem cells, and also
serve as a viable delivery system.

Clinically, human adipose-derived stromal cells
(hADSC) are often the choice of cell source for trans-
plantation, in cell-based therapy, such as burn wound
healing (12–17). In addition, several studies have
demonstrated that growth factors secreted by such cells
are involved in angiogenesis and injury healing (18–22),
yet a 3D scaffold for expansion and delivery of such
cells is still considered to be a largely unmet clinical
need. With this concept, dHAM could also serve as a
cell-carrier 3D scaffold for delivery of hADSC, essential
in regenerative medicine. The aim of this study was to
investigate the potential of dHAM as a viable delivery
system for hADSC.

Materials and methods

Preparation and culture of human adipose tissue-
derived stromal cells (hADSC)

Adipose tissues were collected from patients undergoing
elective liposuction surgery after obtaining informed con-
sent from them, according to procedures approved by the
Ethics Committee at Shahid Beheshti University of Med-
ical Sciences, Tehran, Iran. Samples were rinsed in PBS
(PH = 7.4) supplemented with antibiotic and antifungal
agents. The cells were prepared and cultured according
to the protocol previously described (23) with some
modifications. In brief, tissues were treated with 0.2%
collagenase II (Sigma, St. Louis, MO, USA) for 30 min
at 37 °C, then samples were washed twice in sterile
PBS, seeded inT-75 culture plates containing DMEM
supplemented with 10% foetal bovine serum, 1% pen/
strep, nystatin and amphotericin B, 2 mM Glutamax,
1 mM L-glutamine and 1% non-essential amino acids (all
from Gibco, Carlsbad, CA, USA), with a density of
1 9 105cells/ml. They were allowed to proliferate in a
cell culture incubator (37 °C and 5% carbon dioxide)
until reaching 90% confluence, medium being changed
every 3–4 days. Cells harvested from passage 2 were
used for this study.

Human amniotic membrane collection and
decellularization

HAMs were collected and decellularized according to
the protocol described in our previously published stud-
ies (3,4). For this purpose, tissue was obtained from
consenting mothers after their caesarean-section deliver-
ies. All donors were screened serologically for human

immunodeficiency virus type II, syphilis, gonorrhoea,
toxoplasmosis, human hepatitis virus types B and C,
and cytomegalovirus (6). Amniotic membranes were
separated from the chorion and washed three times in
antibiotic-supplemented PBS. Tissues were then treated
with 0.2% EDTA for 30 min at 37 °C, followed with
0.2 mM NaOH for 30 s. Cells were separated from
membranes by scraping it while embedded in
ammonium chloride.

Characterization of dHAM

Decellularization was confirmed by haematoxylin and
eosin (H&E) staining of the samples and histological
observation. Samples were then fixed in 10% natural-
buffered formalin, dehydrated through an increasing
series of graduated ethanols, embedded in paraffin wax
then sectioned at 4 lm. Samples were viewed by light
microscopy after staining with H&E.

hADSC seeding on and responses to dHAM 3D
scaffolds

dHAM 3D scaffolds were sterilized by gamma irradia-
tion (25 kGy) then placed in closed Petri dishes; they
were then left to dry under a laminar flow hood for 3 h.
Living/dead cell ratios were determined using trypan
blue staining and the hADSC were seeded on the
dHAM scaffold for following examination.

Cell viability and cytotoxicity. Cell viability and
cytotoxicity were determined by MTT and lactate dehy-
drogenase (LDH) specific activity assays respectively,
and performed as described in detail in our previously
published works (3,4). To determine effects of the tissue
on viability of hADSC, cells were seeded on dHAM at
2 9 104 cells/cm2, and incubated in a cell culture incu-
bator for 1, 2, 3 and 7 days. After the predetermined
time points, the cells were washed twice in PBS (7.4)
and treated with tetrazolium salt (MTT, 3-(4,
5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2Htetrazolium
bromide) for 2 h at 37 °C. Then, they were washed
again in PBS and treated with DMSO for 15 min, in the
dark. Optical density (OD) values of living cells were
measured by ELISA (enzyme-linked immunosorbent
assay) assay, read at 590 nm, with 620 nm reference fil-
ter (ODs). MTT results for each sample were compared
to controls (cells cultured on plain plastic surfaces of
flasks), for each incubation time.

Lactate dehydrogenase is a cytoplasmic enzyme that
converts lactate to pyruvate in the presence of the
NAD+ as a co-enzyme. This enzyme is released from
cells after injury or cell death. Thus, determination of
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LDH in the medium directly contributes to cell damage
in vitro (24). The kit used for LDH assay is based on
conversion of p-nitro phenyl phosphate to p-nitro
phenol. UV absorbance of NADH, representing concen-
tration of NADH, was quantitated on a Biotek EL800
absorbance plate reader at 490 nm (25). LDH specific
activity in the medium in which the cells were exposed
to dHAM for the different times, 1, 2, 3 and 7 days,
was measured using LDH kit (ZistShimi kits, Co No:
10-503 and 10-533-1, Iran). LDH results for each
sample were compared to controls (4).

Cell/dHAM morphology. Cell/dHAM interaction was
investigated by SEM (scanning electron microscopy)
and DAPI (4ʹ, 6-diamidino-2-phenylindole) staining,
after culturing hADSCs on dHAM for 72 hours.

Morphology of the cells spread out on dHAM was
observed by SEM. They were cultured on the tissue for
72 h, then prepared for SEM observation according to
previously published protocols (26). Briefly, cells/
dHAM constructs were rinsed in PBS, fixed in 2.5%
glutaraldehyde (GA) solution and dehydrated using
acetone (Merck). Samples were then treated with 1%
osmium tetroxide (OsO4) (Sigma-Aldrich, St. Louis,
MO, USA) and freeze dried. To provide SEM micro-
graphs, samples were sputter coated with gold and
viewed under the microscope (Philips XL30, Eindhoven,
the Netherlands) at an acceleration voltage of 15 kV.

Attachment of hADSC to dHAM was investigated
by DAPI staining of the cells. Nuclei of cells cultured
on the tissue were stained by DAPI (Sigma-Aldrich) and
viewed using ultraviolet (UV) light (4). DAPI-stained
nuclei were revealed as light blue granular organelles.

Statistical analysis

Distribution of data was assessed using the
Kolmogorov–Smirnov test, and independent sample
t-testing was used to analyse the data (mean � SD).
P value of ≤0.05 was defined as level of significance.
Graphs were plotted using SigmaPlot 11.0 h software
(Systat Software Inc, London, UK).

Results

Haematoxylin and eosin staining of scaffolds

Micrographs of H&E staining of both fresh and decellu-
larized HAM is shown in Fig. 1. Cells were successfully
removed from the tissue by denudation.

Cell viability and cytotoxicity. Viability of hADSC cul-
tured on dHAM was determined based on viability of

living cells in reduction of tetrazolium salt and forma-
tion of crystals within their mitochondria (27). In this
study, cell viability was examined at a variety of incuba-
tion time points up to 1 week after seeding, and OD of
each sample was compared to control. MTT results are
shown in Fig. 2a, and according to these results dHAM
increased cell viability, although differences were not
significant up to 3 days. However, cell viability signifi-
cantly increased (approximately 111%) after one week
incubation at 37 °C (P < 0.05).

Cytotoxicity effects of decellularized tissue on the
tested cells were determined by assessing amounts of
LDH in the cell culture media after the chosen incuba-
tion time points. As can be seen, no significant differ-
ence was observed in LDH level of the samples at all
time points compared to controls (Fig. 2b).

Cell/tissue morphology

Attachment of cells to dHAM was determined by both
SEM and DAPI staining.

SEM observation. Cell morphology on the tissue was
observed by SEM after sample preparation (4) and is
shown in Fig. 3. hADSCs were well attached and

Figure 1. H&E staining of fresh and decellularized HAMs. Cells
were successfully removed from the tissue by decellularization. Arrows
indicate apical surfaces of the tissues.
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expanded on the tissue, indicating good adhesion prop-
erties of the decellularized HAM for the examined cells.

DAPI staining. Attachment of hADSC to dHAM was
determined by DAPI staining. DAPI stains nuclei of
both living and dead cells in light blue. However, dam-
aged or dead cells loose their attachment and their
nuclei were not stained. Thus, light blue organelles seen
by UV light microscopy indicate the presence of viable

cells adhered to the membrane. As shown in Fig. 4,
hADSC were actively attached to dHAM after 72 h
incubation time

Discussion

The human amniotic membrane has widely been used as
a soft tissue scaffold, especially for wound dressings
(4,5,10,28). In addition to immunomodulatory effects,

Figure 2. (a) There was no significant difference between cell viabilities measured with MTT obtained from dHAM samples compared to
controls (independent sample t-test, P > 0.05) from days 1, 2 and 3. However, cell viability significantly increased in dHAM samples by day 7
in comparison with controls (independent sample t-test, P < 0.05). (b) Lactate dehydrogenase (LDH) specific activity assay, representing potential
cytotoxic properties of dHAM, showed no significant cytotoxic activity compared to controls up to 7 days incubation time (independent sample
t-test, P > 0.05) *indicates the significant difference with control.

Figure 3. Typical SEM images of human
adipose-derived stromal cells (hADSCs)
cultured on plain plastic flasks as control,
and on decellularized human amniotic
membrane (dHAM).

Figure 4. Typical DAPI staining of dHAM
samples. Left dHAM without cells and right
hADSC on dHAM. dHAM, decellularized
human amniotic membrane; hADSC, human
adipose-derived stromal cells.
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HAM has many favourable characteristics such as
antibacterial properties (3), low antigenicity, ready
availability and positive effects on cell proliferation and
adhesion (3–5); these have made it an excellent
substance for tissue engineering applications. It can be
considered to be a support for cell growth or as a deliv-
ery system (4). On the other hand, it is very important
to note that full removal of original cells from the HAM
may profoundly affect both its biomechanical and
biological properties (4,6). An ideal tissue engineering
scaffold requires a biocompatible surface to provide a
microenvironment for cell proliferation and adhesion
(29,30). Decellularization not only eliminates immuno-
genicity of HAM but also exposes its extracellular
matrix proteins that eventually improve its biological
properties (4,28).

A number of studies have been conducted to
develop an efficient method for decellularization and
preservation of HAM, almost all of them using chemi-
cal or enzymatic agents, for example by Wilshaw et al.
(6). Although these successfully remove cells and cell
fragments from the membrane, the decellularization
methods were time consuming and expensive. In our
previously published study, a simple and cost-effective
procedure has been developed for decellularization and
preservation of HAM (4). The main novelty and advan-
tage of our developed method compared to other decel-
lularization procedures is the use of chemical and
mechanical techniques rather than enzymes, making it
simple, cost-effective and safe. In clinical practice, effi-
ciency of sterilization of biological products is crucially
important; we used GLP gamma irradiation. This is a
recommended technique used by many research and
clinical teams worldwide, including by us for clinical
purposes. The gamma-irradiated amnion is an efficient,
cost-effective and easy to use biological dressing for
skin tissue engineering and wound healing (31,46–49).
Following that study, after full characterization of the
dHAM in terms of mechanical and biological
responses, antibacterial activity of samples has been
evaluated against multi-drug resistant bacteria isolated
from burn patients (3).

hADSCs are a favourable source of stem cells for
autologous transplantation in cell therapy (32,33). Easy
availability, high differentiation capability into a variety
of differentiated cell phenotypes, as well as simple isola-
tion and culture, have made such cells a promising
source (34–37). They have been widely used in both the
clinic and in research.

It is well documented that development of a favour-
able delivery system for such cells is worthy
(16,38,39). To this aim, HAM was decellularized, and
this was confirmed by observation of H&E staining.

hADSC were seeded on the decellularized membrane
for selected time points and efficiency of dHAM as a
carrier and cell growth supporter for the hADSC was
investigated. Both MTT and LDH assays strongly
revealed that dHAM had no cytotoxic effects on the
tested cells even after 1 week. These results are con-
firmed by our previously published paper and other
studies in this research line (4–6). Cell adhesion prop-
erties of tissue engineering scaffolds are amonsgt the
most critical characteristics that could profoundly affect
its efficiency in tissue engineering applications. For this
purpose, morphology of hADSCs cultured on dHAM
was observed and studied by SEM. Furthermore, pres-
ence of cells on membranes was confirmed by DAPI
staining. All data obtained from SEM revealed that the
hADSC were actively attached to the dHAM. Addition-
ally, DAPI staining confirmed distribution of the cells
on the dHAM. This finding is consistent with our
previously published article indicating that dHAM acts
as a favourable cell adhesion supporter, although fur-
ther quantitative examinations are required to confirm
this matter. High expansion and adhesion of cells was
clearly seen, indicating excellent biocompatibility and
adhesion properties of the dHAM, confirmed by the
data obtained from MTT and LDH in this study. Fur-
thermore, these characteristics of dHAM have also been
confirmed by other studies that used different other cell
types (4,40,41). Both HAM and hADSC have been
used for soft tissue engineering, especially in patients
with skin burns, necrotising fasciitis, corneal defects
and wound healing (3,42–45). Although further in vivo
investigation is required to fully characterize the
hADSC-seeded dHAM, such constructs can be consid-
ered as a promising choice in regeneration of burn
injuries in the clinic.

In this study, we demonstrated that dHAM can serve
as a cell-carring 3D scaffold for delivery of hADSC.
Our study strongly suggests the potential of dHAM as a
viable delivery system for hADSC in tissue engineering
applications. hADSC have low proliferation properties
and differentiate into various cell types after first
passage in appropriate media (16). The most important
limitation of this study was isolation and culture of the
hADSC for clinical application.

In conclusion, in our previously published study, we
showed that we had developed a novel decellularization
method for HAM. Here, we have found that the
denuded membrane had favourable attachment properties
for human adipose tissue-derived stem cells and showed
no cytotoxic activity. All the results suggested that
HAM prepared by our proposed method of decellular-
ization was a potential carrier for hADSCs for soft tissue
engineering applications.
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