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Abstract Human amniotic membrane (HAM) has

been widely used as a natural scaffold in tissue engineer-

ing due tomany of its unique biological properties such as

providing growth factors, cytokines and tissue inhibitors

of metalloproteinases. This study aimed at finding the

most suitable and supportive layer of HAM as a delivery

system for autologous or allogeneic cell transplantation.

Three different layers of HAM were examined including

basement membrane, epithelial and stromal layers. In

order to prepare the basement membrane, de-epithelial-

ization was performed using 0.5 M NaOH and its

efficiency was investigated by histological stainings,

DNA quantification, biomechanical testing and electron

microscopy. Adipose-derived stromal cells (ASCs) and a

human immortalized keratinocyte cell line (HaCaT)were

seeded on the three different layers of HAM and cultured

for 3 weeks. The potential of the three different layers of

HAM to support the attachment and viability of cellswere

thenmonitored by histology, electronmicroscopy and (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assay. Moreover, mechanical strengths of

the basement membrane were assessed before and after

cell culture. The results indicated that the integrity of extra

cellular matrix (ECM) components was preserved after

de-epithelialization and resulted in producing an intact

basement amniotic membrane (BAM). Moreover, all

three layers of HAM could support the attachment and

proliferation of cells with no visible cytotoxic effects.

However, thegrowth andviabilityof both cell typeson the

BAMwere significantly higher than the other two layers.

We conclude that growth stimulating effectors of BAM

and its increased mechanical strength after culturing of

ASCs, besides lack of immunogenicity make it an ideal

model for delivering allogeneic cells and tissue engineer-

ing applications.
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Abbreaviations

AECs Amniotic epithelial cells

AM Amniotic membrane

AMCs Amniotic mesenchymal cells

ASCs Adipose-derived stromal cells

BM Basement membrane

DAPI 40,6-Diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium

DMSO Dimethyl sulfoxide

EAM Epithelial amniotic membrane

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

EGF Epidermal growth factor

FBS Fetal bovine serum

GAG Glycosaminoglycan

HaCaT Human immortalized keratinocyte cell line

HAM Human amniotic membrane

H–E Hematoxylin and eosin

KGF Keratinocyte growth factor

MSCs Mesenchymal stem cells

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide

OD Optical density

PBS Phosphate buffered saline

PDGF Platelet-derived growth factor

SAM Stromal amniotic membrane

SEM Scanning electron microscope

TEM Transmission electron microscope

Introduction

Regenerative medicine is a broad field of health

sciences in which stem cells or other cell types are

used to rebuild injured tissues or organs with ultimate

goals of establishment and restoring normal functions

(Orlando et al. 2011; Toda et al. 2007). This field

requires an artificial or biomaterial scaffold, growth

factors and a suitable source of cells. Tissue engineer-

ing (TE) is a branch of regenerative medicine, which

commonly uses seeded cells on and/or into a support-

ive scaffold to generate various tissues ex vivo (Chan

and Leong 2008; Theoret 2009). The design and

selection of biomaterials to develop scaffolds that

efficiently support the proliferation and differentiation

of cells, is a major step in this process (Jayarama

Reddy et al. 2013; Mano et al. 2007). Human amniotic

membrane (HAM), the innermost portion of the fetal

membranes, is one of the oldest biomaterials which

has been applied as a scaffold in regenerative medicine

applications (Niknejad et al. 2008). HAM has a

complex structure and consists of three main layers

including; epithelial layer, basement membrane and

avascular stromal layer containing amniotic mes-

enchymal cells. It also contains some immunoregula-

tory factors, such as HLA-G and Fas ligand (Kubo

et al. 2001) and well-documented re-epithelialization

effects, non-tumorigenic, anti-microbial and anti-

inflammatory properties (Koizumi et al. 2000). These

favorable properties are related to presence of a wide

array of growth factors such as epidermal growth

factor, transforming growth factor (TGF)-a, -b1, -b2,
and -b3, keratinocyte growth factor (KGF), hepatocyte
growth factor (HGF), basic fibroblast growth factor

(bFGF), vascular endothelial growth factor, platelet-

derived growth factor and ECM components, that

would render it a promising candidate for TE appli-

cations (Koizumi et al. 2000). HAM is also described

as a wound healing accelerator and some molecular

pathways can be stimulated by HAM in this procedure.

Insausti et al., showed that different molecular

responses were stimulated upon applying HAM as a

scaffold for HaCaT cells including phosphorylation of

extracellular-signal-regulated kinase 1 and 2, Jun

N-terminal kinase 1 and 2, and p38 mitogen-activated

protein kinase which have important roles in ker-

atinocyte migration and improving wound healing

(Insausti et al. 2010). Alcaraz et al., for instance,

indicated that application of HAM may promote

wound healing by antagonizing some of the TGF-b
signaling effects, and stimulating keratinocyte prolif-

eration and migration (Alcaraz et al. 2015). Besides

these properties, some features such as low cost of

preparation and storage, being readily available and

also the mechanical strength to withstand the stress

make it a suitable substrate to treat a range of skin

wounds. Since the first use of HAM for skin

transplantation in 1910 (Davis 1910), it has been used

in many medical treatments such as large massive

wounds (Mohammadi et al. 2013), bladder (Iijima

et al. 2007), vagina (Dhall 1984) and oral cavity

(Lawson 1985) defects as well as production of

surgical dressing and prevention of postoperative

adhesions (Sawhney 1989). The most clinically used

application of HAM is reconstruction of ocular surface

(Meller et al. 2011). However, despite therapeutic

potentials of HAM, there are a number of challenges
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associated with its clinical applications. Considering

clinical limitations such as operator’s inexperience,

patient selection, risk of infection transmissions to the

recipient, processing, sterilization and preservation is

important and requires immense skills (Cirman et al.

2014; Gupta et al. 2015).

HAM can be used as a scaffold with the basement

membrane (BAM), epithelial (EAM) and stromal

layer (SAM). So far, three published papers with

conflicting results have studied the advantages of the

HAM scaffold for mesenchymal stem cell (MSC)

cultivation. Using SAM as a scaffold for culturing

human umbilical cord MSCs was offered by Li and

colleagues (Li et al. 2013) while others suggested that

BAM matrix is an appropriate scaffold for culture of

human bone marrow MSCs (Kim et al. 2009; Linden-

mair et al. 2012). To better understand this phe-

nomenon, we compared the supporting effects of using

these three layers on the cultivation of adipose-derived

stromal cells (ASCs) and HaCaT cells. In this paper,

we used a method to remove only amniotic epithelial

cells (AECs) from HAM (Saghizadeh et al. 2013),

while the basement membrane integrity and its

biomechanical properties are preserved. The ability

to remove the AECs, whilst maintaining the integrity

of the basement membrane was validated by histolog-

ical, biomechanical and electron microscopy analyses.

Three different layers of HAMwere seeded with ASCs

and HaCaT cells and cultured for 21 days. Consider-

ing the inductive effects of amniotic membrane, we

aimed to find the best conditions in which HAM can

support attachment and survival of these cells.

Materials and methods

Tissue collection and preparation

The use of HAM was approved by the Ethics

Committee of Ferdowsi University of Mashhad. After

receiving written informed consents, placentae

were obtained during elective cesarean sections. The

results of serological tests for human immunodefi-

ciency virus (HIV), hepatitis B, hepatitis C and

syphilis were negative for all donors. The placental

tissue was placed in Dulbecco’s modified Eagle’s

medium (DMEM; Gibco, Scotland) supplemented

with 100 U/mL penicillin, 100 lg/mL streptomycin

and 2.5 lg/mL amphotericin B solution (Biosera,

UK). After washing placenta for several times in

phosphate buffered saline (PBS) with antibiotic/

antimycotic solution, blunt dissection was used to

detached the HAM from the chorion; then it was cut

into approximately 2.5 cm pieces from the placental

disc (Wilshaw et al. 2006).

De-epithelialization of HAM

HAM was divided into approximately 2.5 9 2.5 cm

pieces and the epithelial and stromal layers were

determined. In order to remove AECs from the

membrane in a process called de-epithelialization,

0.5 M NaOH (Sigma-Aldrich) was used with a cotton-

tipped applicator to rub the cells followed by washing

with sterile PBS in a shaker for 10–15 min (Saghiza-

deh et al. 2013).

Evaluation of de-epithelialization method using

DNA extraction

DNA was extracted from 3 samples of fresh and de-

epithelialized HAM (100 mg) using 1 mL TRI

Reagent (Sigma, USA). After adding chloroform

(Sigma) to homogenized samples, they were cen-

trifuged at 12,0009g for 15 min at 4 �C. Then 0.3 mL

ethanol (100%) was added to the upper phase of the

previous section and spined at 20009g for 5 min.

Then the pellet was washed with 1 mL sodium citrate

solution using centrifugation at 12,0009g for 10 min

at 4 �C. The pellet was redissolved in 8 mM NaOH

and after centrifuge, 12,0009g for 10 min at 4 �C, the
pellet was recovered. After dissolving the pellet in

distilled water, in order to determine the quantity of

DNA (ng lL-1), optical density (OD) of samples were

determined at 260 and 280 nm with a NanoDrop

(BioTek, USA). Average DNA content per mg of

tissue was then calculated.

Cell culture on basement membrane, epithelial

and stromal layers of HAM

Stromal cells were isolated from adipose tissue waste

(ASCs) of healthy women undergoing elective lipo-

suction in local plastic surgical offices. The expression

of specific cell surface markers and their differentia-

tion potential were used for characterization of these

cells as described previously, data not shown (Ahma-

dian Kia et al. 2011). HaCaT cell line was received as a
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gift from Prof. Werner Reutter at Berlin University.

ASCs and HaCaT cells were cultured in DMEM

supplemented with 10% fetal bovine serum (FBS;

Gibco) and seeded on the BAM, EAM and SAM layers

at a density of 5 9 105 cells/cm2 and incubated at

37 �C and 5% CO2 (Lab-Line, USA) for 3 weeks.

Histological analyses

Histological analyses were used to evaluate the sur-

face morphology of the basement membrane and ECM

components after de-epithelialization. HAM and

BAM specimens were fixed using 4% paraformalde-

hyde and dehydration was performed via a series of

gradually increasing ethanol concentrations and then

xylene. Samples embedded in paraffin wax were

sectioned with a thickness of 5 lm and stained with

hematoxylin and eosin (H–E) for histology, Alcian

blue for acid proteoglycans, van Gieson for collagen

fibers and Orcein-picroindigocarmine for elastin (all

from Sigma) and viewed under a light microscope

(Olympus, Japan: IX70). 40,6-Diamidino-2-phenylin-

dole (DAPI; Merck) staining was applied following a

standard protocol (Kiernan 1999) to check the residual

DNA in samples followed by their analysis under a

fluorescent microscope (Olympus, Japan: BX51).

Scanning and transmission electron microscopy

After fixation of both fresh and de-epithelialized HAM

in 2% glutaraldehyde for 12 h at 4 �C, they were

dehydrated by immersing in a gradual increasing

concentrations of ethanol (up to 100%). Immersed

samples in 100% acetone were coated with gold and

viewed by a scanning electron microscope (SEM;

Leo-VP1450, Germany). For transmission electron

microscopy (TEM), the samples were embedded in

epoxy resin after transferring them to a graded ethanol

series and then cut into semi-thin sections (1 lm thick)

using a Reichert-Jung ultramicrotome (Ulteracut-E).

Slides were then stained with 1% toluidine blue for

examination by light microscopy. Suitable areas of the

samples were then selected for ultramicrotomy and

observed with transmission electron microscope at

100 kV (TEM; Leo–910, Germany).

ASCs and HaCaT cells interaction with different

layers of HAM

The evaluation of attachment, morphology and layer-

ing of ASCs and HaCaT cells on BAM, EAM and

SAM was performed by H–E staining after 1st, 2nd

and 3rd week of their culture. SEM and TEM were

also used to analyse samples at day 10 and 21,

respectively.

Cell viability

The number of viable cells after seeding/culturing on

the BAM, EAM and SAM, was assessed by MTT

assay. Positive control included cells cultured in 12

well plates without tissue and negative controls were

various layers of HAM kept in culture media without

ASCs and HaCaT cells. After 7, 10 and 14 days, the

media were replaced by DMEM containing 10%MTT

solution and incubated at 37 �C and 5% CO2 for 4 h in

the dark. Following incubation, the media were

removed completely and formazan crystals were dis-

solved in dimethyl sulfoxide (DMSO; Sigma). The

absorbance of each sample was determined at 570 nm

using Epoch Microplate Spectrophotometer (BioTek,

USA). All experiments were performed in triplicate.

Evaluation of biomechanical properties

Evaluation of typical mechanical properties of sam-

ples was performed at Dental Materials Laboratory of

Mashhad University of Medical Sciences (MUMS).

Fresh HAM, BAM and also BAM on which ASCs

were cultured for 3 weeks (BAM ? ASCs) underwent

biomechanical tests (n = 5). The thicknesses of the

samples were calculated at 3 different points along the

tissue using a Mitutoyo thickness gauge with a

resolution of 0.01 mm, and the average was recorded.

Three biological tests were performed in each case and

the samples were kept wet during experiments by

adding PBS.

Tensile test

HAM and BAM (50 9 20 mm, n = 5) were placed

between two grips of testing machine and to obtain an

accurate measurement of the tissue gauge length, a

specimen preloading of 0.01 N was produced using

testing machine and zero extension was taken at this
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level, according to the method published by Wilshaw

et al. (2006). The samples were then stretched at a

fixed strain rate of 0.03 mm/s, until they were torn in

the center (Tanaka et al. 2010). The stress and strain

properties of the samples were obtained from recorded

curves. Data were interpreted using the software

designed for the testing rig and further interpreted

using independent sample t test, p[ 0.05.

Puncture test

HAM, BAM and BAM ? ASCs (n = 5) were ana-

lyzed by puncture test. The samples were fixed on a

cylinder with 2.5 cm diameter. In order to do the tests

a motor driven, 1-cm-diameter spherically tipped

metal probe with a constant speed of 8.4 cm/min

was used (El Khwad et al. 2005). The resultant force

and maximum displacement of the membranes were

calculated through force/displacement curves and

further interpreted using independent sample t test,

p[ 0.05.

Results

Structural characterization of BAM

Human amniotic membrane is composed of an

epithelial layer, basement membrane and stromal

layer. To evaluate the de-epithelialization efficiency,

the tissues were stained with H–E and DAPI stainings

before and after NaOH-treatment. For routine histol-

ogy, HAM and BAM samples were embedded using

paraffin wax, sectioned and one out of ten was

randomly stained. This procedure was repeated on 4

biological samples and the data related to one sample

is represented in Fig. 1. H–E and DAPI stainings of

HAM showed the AECs aligned on the basement

membrane (Fig. 1a, b), these cells were completely

removed and no residual DNA could be observed,

after treatment with NaOH (Fig. 1c, d). Alcian blue,

van Gieson and Orcein-picroindigocarmine stainings

demonstrated no obvious disruption of the basement

membrane and matrix structure following NaOH-

treatment; the major structural components of HAM

(acidic proteoglycans, collagen and elastin fibers) also

appeared to have been conserved (Fig. 2a–f). The

removal of AECs, following de-epithelialization

Fig. 1 HAM morphology:

H–E (a, c) and DAPI

staining (b, d) of both fresh

and de-epithelialized HAM

tissues are shown. The

amniotic epithelial cells

(AECs) are clearly observed

in the fresh tissue (a, b),
while successful removal of

AECs is shown in de-

epithelialized tissue (c, d).
White arrows indicate the

apical surface of the tissues.

Scale bar 50 lm
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method was consistent with TEM results, indicating

that after NaOH-treatment the loosened AECs were

removed efficiently, which resulted in intact and

smooth basement membrane surface (Fig. 3a–d).

Moreover, underlying stroma was not exposed in the

BAM, suggesting that the basement membrane was

preserved.

Quantification of residual DNA following NaOH-

treatment

The presence of DNA in BAM after de-epithelializa-

tion was also analyzed using a quantitative method.

The DNA content was found to be 85.33 ± 9.62 and

10.17 ± 1.22 ng/lL for HAM before and after de-

epithelialization respectively, showing more than 89%

DNA removal from the matrix and thus confirming

that AECs were effectively eliminated (Fig. 4).

According to the DNA quantification assay, a mean-

ingful decrease in the DNA content of the BAM tissue

was found in comparison with the HAM (independent

sample t test, p\ 0.01).

Culture of ASCs and HaCaT cells on different

layers of HAM

The adhesion and maintenance of seeded ASCs at

passage 3 and HaCaT cells on the BAM, EAM and

SAM layers of the HAM were investigated after 7, 14

and 21 days of culture. Both cell types proliferated

well and their morphology had no dramatic changes.

According to histological studies, ASCs covered the

surface and formed a confluent monolayer on BAM,

while there were no cells on SAM and a few cells on

EAM at day 7. Moreover, ASCs proliferation rate on

BAM was the highest on day 21 constructing 3–5

Fig. 2 Comparison of

extracellular matrix

preservation in HAM and

BAM after de-

epithelialization:

confirmation of the presence

of acidic proteoglycans

(blue), collagen fibers (light

red) and elastin in both

untreated HAM (a, c and
e) and BAM (b, d and

f) using Alcian blue, van

Gieson and Orcein-

picroindigocarmine

stainings, respectively.

There was no change in

intensity of stainings for any

component compared to the

BAM. Scale bar 50 lm.

(Color figure online)
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layers of cells and there was a significant enhancement

in their proliferation on this layer as compared to EAM

and SAM. In terms of ASCs distribution, both EAM

and SAM layers showed a characteristic bilayer

pattern of cell growth on day 21 (Fig. 5). The growth

trend of HaCaT cells was similar to ASCs on different

layers of HAM. However, there were a few HaCaT

cells on SAM on day 7 and a well-stratified structure of

cells was formed on BAM at day 21 (Fig. 6).

Ultrastructural characterization of ASCs

and HaCaT cells grown on different HAM layers

Scanning electron microscopy was applied to inves-

tigate the attachment of ASCs and HaCaT cells

cultured on different layers of HAM including the

BAM, EAM and SAM before and after cell seeding.

Well attachment and expansion of both cell types on

different layers of membrane after 10 days incubation

were indicated in images acquired by SEM (Fig. 7).

Viability of cells grown on different layers

of HAM

Reduction of tetrazolium salt and formation of

formazan crystals within the mitochondria was used

to assay cell viability of ASCs and HaCaT cells

cultured on different layers of HAM. The results

gathered from three different incubation times

Fig. 3 Transmission

electron microscopy of the

amniotic membrane: Semi-

thin sections stained with

toluidine blue showing

successful deprivation of

HAM (a) from AECs after

NaOH-treatment (b).
Transmission electron

microscopy revealed that

AECs are arranged on the

thick basement membrane

(c) and there is no significant
depletion of basement

membrane in BAM

compared to HAM (d).
Scale bars: (a, b) 50 lm; (c,
d) 3.2 lm

Fig. 4 The DNA content in HAM and BAM samples. There

was a significant difference between DNA contents before and

after NaOH-treatment (independent sample t test). Each sample

was repeated three times. Mean ± standard deviation (SD),

n = 3, ** indicates p\ 0.01
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indicated a significant increase in cell viability on

BAM layer as compared to EAM and SAM for both

ASCs and HaCaT cells (one-way ANOVA p\ 0.001

for days 7, 10 and 14). On the other hand, there is a

significant difference for BAM using ASCs on day 7

but not for HaCaT cells, because the growth rate of

these control stem cells was higher than HaCaT cells

in control conditions. Moreover, there was no signif-

icant difference between cell viabilities of both cell

types on BAM and their related controls cultured as

monolayers in 12 well plates for days 10 and 14

(Fig. 8). According to these results BAM layer

increased cell viability significantly, while there was

no significant difference between SAM and EAM after

14 days.

Mechanical properties

To check the clinical feasibility of BAM, biomechan-

ical tests were applied. The results of the biomechan-

ical measurements are shown in Table 1. Results

indicated that NaOH-treatment could successfully

de-epithelialize the tissue without deteriorating its

biomechanical properties. In spite of being thinner and

weaker, the BAM had no statistically significant

differences in transition strain and stress or failure

strain compared with HAM samples (p[ 0.05).

Moreover, the results showed that the mechanical

properties of the BAM were recovered after ASC

cultivation and the values of these properties were

similar to HAM.

Fig. 5 Hematoxylin and eosin staining of cultivated ASCs on

three different sides of HAM after 7, 14 and 21 days. The ASCs

were maintained on all three different sides of HAM. After

3 weeks on BAM (g), ASCs were located in three-to-five layers.

Cells on the EAM (h) and SAM (i) can be observed in two

layers. White arrows indicate the seeded cells on the EAM and

SAM. Scale bar 50 lm
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Discussion

Finding the appropriate materials which can support

the cells outside the body is a fundamental issue in TE

(Naderi et al. 2011). HAM is a common soft tissue

scaffold composed of many structural proteins and

various growth factors associated with cell growth,

proliferation and adhesion (Koizumi et al. 2000)

which lead to facilitation of tissue repair or autolo-

gous/allogeneic cell transfer (Wilshaw et al. 2008). To

the best of our knowledge, this is the first study to

compare the supportive properties of BAM, EAM, and

SAM layers as scaffolds for ASCs and HaCaT cells.

We sought to determine which layer would be a more

appropriate surface for cultivation of cells and possi-

ble applications, especially as a biological dressing

in the clinic, based on growth rate, morphological

appearance and mechanical strength. HAM has been

previously used as a biological dressing in different

types of wounds (Kim et al. 2009; Trelford and

Trelford-Sauder 1979) and the results showed that the

migration of keratinocytes from the wound edge

accelerated by HAM (Lee and Tseng 1997) and

released growth factors might have stimulatory effects

on epithelialization (Niknejad et al. 2008).

Two goals were accomplished in this study; first we

characterized the HAM after de-epithelialization per-

formed using NaOH-treatment. A number of decellu-

larization protocols such as enzymatic and chemical

methods have been introduced for removal of the

cellular components with varying degrees of success,

and each technique has differently affected the tissue

architecture, biological activity and biomechanical

properties (Riau et al. 2010; Zhang et al. 2013).

Fig. 6 Hematoxylin and eosin staining of HaCaT cells cultured

on three different sides of HAM after 7, 14 and 21 days. HaCaT

cells were established on all three different sides of HAM. After

3 weeks on BAM (g) HaCaT cells were grown in multilayers, on

EAM (h) and SAM (i) they were observed in two layers. Scale

bar 50 lm
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Preservation of ECM components, retention of base-

ment membrane, deprivation of HAM from all AECs

and maintenance of mechanical strength are essential

to obtain an ideal BAM layer and were considered

during de-epithelialization. In the present study, the

decellularization procedure was performed according

to a protocol provided by Saghizadeh et al. that has

been previously used for HAM (Saghizadeh et al.

2013). In this method, no mechanical scraping is

applied and only the epithelial layer was impacted

with decellularizing solution. Although complete

elimination of AECs from the HAM is necessary for

its use as a BAM, it is essential that ECM remains

intact and stromal layer is kept far from any contact

with denuding agents as much as possible, because the

stromal layer is able to secrete factors promoting cell

proliferation, tissue remodeling and wound healing

(Riau et al. 2010; Schulze et al. 2012; sheng Liang

et al. 2009).

It was possible to confirm the removal of AECs and

residual DNA from HAM by H-E and DAPI stainings.

Moreover, to obtain more detailed information about

the structure and major components of HAM, specific

stainings were performed and compared with BAM.

Our results showed that ECM components, including

acidic proteoglycans, collagen and elastin fibers were

still present after NaOH-treatment, suggesting that the

basement membrane was intact and well preserved.

Previous studies have revealed that enzymatic treat-

ments such as dispase, tend to disrupt the native

Fig. 7 Scanning electron microscopic (SEM) images of base-

ment membrane layer (BAM), epithelial layer (EAM) and

stromal layer (SAM) before and after cell seeding. SEM showed

basement membrane after NaOH-treatment (a), the apical

surface of AECs (b), and stromal layer (c) of HAM. ASCs and

HaCaT cells were seeded on BAM (d, g), on EAM (e, h), and on
SAM (f, i) respectively. The results demonstrate the attachment

of ASCs (d, e, f) and HaCaT cells (g, h, i) to different layers of

HAM on day 10 post seeding. Scale bars 2 lm
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structure by digestion of ECM components; and a

chemical treatment such as ethylenediaminete-

traacetic acid (EDTA) is dependent on the subsequent

mechanical scraping step which results in basement

membrane disruption (Hopkinson et al. 2008; Zhang

et al. 2013). Basement membrane integrity is best

evaluated with a combination of SEM and TEM

imaging and our results showed that, basement

membrane remained intact after the decellularization

process (no holes or exposure of underlying extracel-

lular matrix components were observed). The results

of a study by Gholipourmalekabadi et al. demonstrated

the presence of intact collagen types I, III, and IV after

treatment with combination of NaOH and EDTA and

their results support our observation (Gholipour-

malekabadi et al. 2015). The membrane has a flexible

structure and elastic behavior (Niknejad et al. 2008).

Deprivation of components such as glycosaminogly-

cans (GAGs), hyaluronan, collagen and elastin fibers

from ECM can lead to loss of mechanical strength

(Bank et al. 1997; Connelly et al. 2007; Du et al.

2006). Our results showed the ultimate mechanical

parameters of BAM and HAM were not significantly

different and therefore, the NaOH-treatment had

no obvious effects on the biomechanical properties

of the tissue and the loss of ECM components should

be negligible.

In order to confirm the efficiency of NaOH-

treatment, changes in DNA contents were evaluated.

Considering our purpose to remove only the epithelial

cells, we did not expect complete cell removal from

the HAM and the results of DNA extraction further

Fig. 8 MTT assay for ASCs and HaCaT cells viability after

culture on different layers of HAM. The results revealed that

a rate of ASCs proliferation on BAM was similar to controls,

while significant reduced cell proliferation was observed on

EAM and SAM (on days 10 and 14). b The same results were

obtained for HaCaT cells. Data are presented as mean ± stan-

dard deviation from three independent experiments (n = 3),

one-way ANOVA. Asterisks (***) indicate statistically signif-

icant difference with controls, p\ 0.001. Gray bars indicate the

control included cells cultured on 12 well plates without tissue

Table 1 Comparison of biomechanical properties of fresh HAM, BAM and BAM ? ASCs samples, ND stands for not determined,

n = 5

Sample Fresh HAM BAM BAM ? ASCs Significance

Tensile test

Maximum load value Newton (N) 3.3 ± 0.63 3.01 ± 0.057 ND p[ 0.05

Strain deflection at break (mm) 4.710 ± 0.120 4.10 ± 0.058 ND p[ 0.05

Puncture test

Maximum force (N) 5.403 ± 0.210 5.249 ± 0.052 10.88 ± 0.92 p[ 0.05

Maximum displacement (mm) 8.070 ± 1.097 11.49 ± 1.037 10.28 ± 0.75 p[ 0.05
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indicated that AECs significantly diminished after

treatment. Our findings therefore are in agreement

with studies by two other groups, which indicated

more than 95% DNA removal from the HAM after

complete decellularization with chemical/enzymatic

treatments (SDS/nuclease) and chemical agents (com-

bination of EDTA and NaOH) (Wilshaw et al. 2006;

Gholipourmalekabadi et al. 2015).

In the next step, we aimed to compare the

supportive properties of the three layers of HAM as

a scaffold for cell culture. Finding appropriate layer of

HAM to be used as a scaffold in cell therapy is an

essential issue. The BAM prepared in this study

retained the intact basement membrane and was able

to provide a better microenvironment for adhesion,

proliferation and viability of ASCs and HaCaT cells in

comparison with the two other layers. Numerous

studies have found that the HAM matrix is a good

scaffold for cultivation of keratinocytes (Huang et al.

2013; Tauzin et al. 2014; Wilshaw et al. 2008) and

fibroblasts (Mahmoudi-Rad et al. 2013; Sanluis-

Verdes et al. 2015) for skin substitutes and acceler-

ation of wound healing. To this end, a number of

various cell types have been cultured on different

HAM layers as a scaffold. Our findings differ from

other groups who compared BAM, EAM and SAM for

expanding porcine urothelial cells and rabbit chon-

drocytes. Their results showed that SAM was an

appropriate substrate for formation of a normal

urothelium and cartilage regeneration (Jerman et al.

2013; Jin et al. 2007). Other groups described EAM as

a more suitable surrogate environment for limbal

epithelial cells in comparison with BAM and SAM

(Li et al. 2006; Meller et al. 2002; Rendal-Vázquez

et al. 2012). Whereas, some authors showed evidence

to support the hypothesis that BAM preferentially

preserves and expands chondrocytes and limbal stem

cells for repairing osteoarthritis and ocular surface

reconstruction, respectively (Dı́az-Prado et al. 2010;

Koizumi et al. 2007). In our study, we observed that

cells grew in a linear arrangement and were more

active on BAM, providing a superior niche for cell

proliferation in vitro. This might be explained by the

unique properties of basement membrane resulting in

quick adhesion and high rate of growth and prolifer-

ation. On this layer, the matrix of BAMwhich consists

of fibronectin, collagen fibers and other proteoglycans

can provide important biochemical signals for cell

adhesion and proliferation, and thus would be more

desirable for tissue reconstruction and remodeling.

Laminin and fibronectin are potent chemoattractants

for epithelial cells (Ohshima et al. 2003) and in general

they may promote proliferation of ASCs and HaCaT

cells. So preservation of ECM contents and growth

factors results in suggesting BAM layer as an advan-

tageous environment for proliferation of these cells.

Moreover, the migration of keratinocytes (Yang et al.

2009), limbal cells (Shortt et al. 2009) and neurons

(Davis et al. 1987) was facilitated with removing of

AECs. Our results indicated slower growth of ASCs

and HaCaT on EAM and SAM layers. It has similarly

been shown by others that AECs act as obstacles in cell

attachment after direct seeding and therefore cells

cannot be easily established on EAM (Saghizadeh

et al. 2013). One of the most important properties of

scaffolds affecting their efficacy in TE applications is

cell adhesion (Gholipourmalekabadi et al. 2016). Our

data obtained via SEM confirmed attachment of both

cell types to the BAM, EAM and SAM. Besides, TEM

observations were compatible with those of SEM

revealing good cell attachment to each other and

basement membrane zone. This is in agreement with

some other studies indicating that BAM is a more

favorable surface for cell adhesion (Gholipourmalek-

abadi et al. 2015; Redondo et al. 2011; Saghizadeh

et al. 2013; Tauzin et al. 2014). Based on the increased

mechanical strength observed in the samples of

BAM ? ASCs after 3 weeks of culture as compared

with HAM and BAM, it can be concluded that the

seeded cells have been stably attached to the basement

membrane and probably increased metabolic activity

and new ECM has been synthesized. However, further

quantitative examinations are required to confirm this.

Similarly Eiten and colleagues showed that mechan-

ical strength of seeded porcine heart scaffolds was

significantly increased in comparison to unseeded

scaffolds (Eitan et al. 2009). High expansion and

adhesion of cells were clearly observed on BAM layer,

indicating excellent biocompatibility and adhesion

properties of this layer as confirmed by data obtained

from MTT. The topography of scaffold is a major

factor affecting cell viability and proliferation (Bet-

tinger et al. 2009; Hsiao et al. 2011). So, we suggest

that BAM has superior properties in cell attachment

and viability and the basement membrane matrix has

suitable conditions for a good scaffolding biomaterial.

Thus, the morphology and ultrastructure of basement

membrane which is similar to the skin (Oyama et al.
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2003), exposed ECM proteins and limited immuno-

genicity of HAM via de-epithelialization, make it a

favorable biological dressing and skin substitute

model (Riau et al. 2010). In spite of requiring further

in vivo investigations to fully characterize the cell-

seeded BAM, such constructs can be considered as a

promising choice in regeneration of burn injuries and

creation of surgical dressings.
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Núñez C, Blanco-Garcı́a F (2012) Culture of limbal stem

cells on human amniotic membrane. Cell Tissue Bank

13(3):513–519

Riau AK, Beuerman RW, Lim LS, Mehta JS (2010) Preserva-

tion, sterilization and de-epithelialization of human amni-

otic membrane for use in ocular surface reconstruction.

Biomaterials 31(2):216–225

Saghizadeh M, Winkler MA, Kramerov AA, Hemmati DM,

Ghiam CA, Dimitrijevich SD, Sareen D, Ornelas L, Ghiasi

H, Brunken WJ (2013) A simple alkaline method for

decellularizing human amniotic membrane for cell culture.

PLoS ONE 8(11):1–6

Sanluis-Verdes A, Vilar MTY-P, Garcı́a-Barreiro JJ, Garcı́a-
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