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Abstract

Menstrual blood stem cells (MensSCs) have enormous potential as a source for cell replacement
therapies. Since there is a major concern in utilization of nanofibers in tissue engineering of stem
cells, we examined the potential of MensSCs to differentiate into hepatocytes, using different pro-
tocols and compare cells, with two-dimensional (2D) and three-dimensional (3D) culture systems.
Cell characterization experiments of MensSCs have demonstrated that they are multipotent stem
cells similar to mesenchymal stem cells, which can successfully differentiate into osteogenic and
adipogenic lineages. The efficiency of the cells on the scaffold was appraised by scanning electron
microscopy (SEM), MTT assay, and hematoxylin and eosin (H&E) staining. Thereafter, the diffe-
rentiation protocols were developed by hepatocyte growth factor (HGF) and oncostatin M (OSM)
with serum-supplemented or serum-free culture media up to 30 days. Immunofluorescence anal-
ysis and ELISA assay revealed the expression of albumin (ALB) in differentiated cells. Hepatocyte-
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like cells expressed liver-specific gene such as albumin(ALB), a-fetoprotein (AFP), tyrosine ami-
notransferase (TAT) and cytochrome P450 subunit 7al (Cyp7al) at mRNA levels. In conclusion,
the evidences presented in this study show that the nanofiber scaffold and MensSCs may provide a
source of differentiated cells for treatment of liver diseases.
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1. Introduction

Hepatocyte transplantation could be a superseded solution for people on transplant waiting lists as a replacement
for whole organ transplantation [1]. Tissue engineering is rapidly developing. The use of tissue engineering is
that scaffold can regenerate the lost or defective tissues by three-dimensional, biodegradable and biocompatible
properties that simulate the body’s tissues [2]. Poly-e-caprolactone (PCL) is semi crystalline hydrophobic bio-
degradable polyester with chemico-physical characteristics and can be used into a convenient scaffold for tissue
engineering. PCL degrades very slowly; therefore it is suitable for use in long term load bearing applications [3].
Cell source is an imperative aspect of successful tissue regeneration. It has been suggested that all tissues with a
connective tissue or stromal component may contain a population of mesenchymal or stromal stem cells respon-
sible for lifetime tissue regeneration and remodeling [4]. Stromal stem cells have been revealed to have high po-
tential [1] for stem cell-based therapies [5]-[7]. Stem cells derived from menstrual blood have noninvasive me-
thods and no ethical problems of embryonic stem cells. These cells illustrate stem cell-like phenotypic markers
and performance high potential for self-renewal, plasticity. The correlation function of the menstrual cycle with
Oct-4 as a self-renewal marker of undifferentiated embryonic stem was shown [8]. This cell compared with em-
bryonic stem cells, although the markers expressed in the endometrium do not fully exhibit the embryonic
markers leading to the formation of teratoma [9] [10]. A lot of studies have introduced this population as pluri-
potent cells. They are capable of differentiating into specific-tissue cells of three germ layers both in vitro and in
vivo, and play an important role in improving the disease status of study models [11]. In this study differentia-
tion potential of MensSCs to hepatocyte-like cell on nanofiber scaffold was experimented.

2. Materials and Methods
2.1. Chemical and Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM, pH 7.4), fetal bovine serum (FBS), 2 mM I-glutamine, penicil-
lin and streptomycin, non-essential amino acids, fangizone, 0.05% trypsin-EDTA were obtained from Gibco
Life Technologies Co.PCL (70,000 - 90,000 KDa), 3-(4,5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT), insulin-transferrin-selenium + 1 (ITS + 1) premix, Epithelial growth factor (EGF), basic fibroblast
growth factor (bFGF), nicotine amid (NTA), Hepatocyte growth factor (HGF), dexamethasone (Dex) were pur-
chased from Sigma-Aldrich Co. and Ficoll-Paque was provided from Amersham Bioscience Co. (Sweden). An-
tibodies for flowcytometric and Immunofluorescence analysis were prepared from Abcam, UK, Cambridge.

2.2. MensSCs Isolation and Culture

Human MensSCs were obtained from menstrual blood of several healthy female donors ranging in age from 20
to 32 years, by using sterile Divacup during the first few days of the menstrual cycle. Samples were only taken
after obtaining informed consent from individuals, under an approved institutional review board protocol ac-
cording to guidelines by the Ethics Committee of Avicenna Research Institute for providing menstrual blood
sample. The specimens were quickly illustrated into the falcon tube containing 2.5 pg/ml fungizone, 100 pg/ml
streptomycin, 100 U/ml penicillin and 0.5 mM EDTA in phosphate buffered saline without Ca**, Mg®* (PBS).
The mononuclear cell fraction was separated by centrifugation over a Ficoll-Paque gradient; centrifuge at 600 g
for 20 min at room temperature (RT). Cells at the interface were recovered and washed three times with PBS by
centrifugation, 600 g for 20 min at room temperature. Cells resuspended in DMEM-F12 and plated in polysty-
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rene plastic 75-cm? tissue culture flasks. After 3 days, the non-adherent cell was removed by washing with PBS.
Contaminated cells were eliminated by sequential passaging.

2.3. Cell Seeding on the Scaffold

Nanofibers scaffold should be sterilized before use so the samples were soaked infiltrated 70% ethanol for 2 h at
room temperature (RT), then washed twice with media and left overnight in DMEM. After trypsinized and
counted, 5 x 10* cells suspended in 50 pl DMEM transferred to the surface of each prepared scaffolds. To ad-
here the cell on the surface of PCL, plate was incubated at 37°C for 45 minutes. After this time 50 pl of culture
medium was applied to each cellular scaffold every 30 minutes until 3 h (300 uL).

2.4. Cell Morphology and Attachment Study on the PCL Scaffold

To study the morphology and cell adhesion on the surface of the scaffold electron Microscopic studies were
performed. In brief, after washing non-adherent cells with PBS, MensSCs has grown on scaffolds fixed in 3%
glutaraldehyde for 3 h at RT. The dehydration process is accomplished by passing the scaffold through a series
of graded alcohol solutions (diluted from 100% pure ethanol, Merk). All specimens were then coated with palla-
dium-gold (Au-Pd) and viewed under scanning electron microscope (Philips XL30, Amsterdam, The Nether-
lands).

For observation of the diffusion of cell-seeded samples, hematoxylin and eosin staining was performed. Spe-
cimens were fixed at 10% v/v buffered formalin. Dehydration of the scaffold was done by a graded ethanol se-
ries, and then the scaffold embedded in paraffin. The specimens were cut into 10 pm-thick sections and stained
with hematoxylin and eosin (H&E) [12].

2.5. MTT Assay

To compare proliferate capability of MensSCs in 3D with 2D, cells were seeded at a concentration of 5 x 10*
cells per well in 24-well plates on both scaffold and 2D culture systems. Cell proliferation was analyzed at days
4, 7 and 10 by MTT reduction test [13]. Culture medium was removed and replaced with 0.2 ml medium with-
out FBS; then, 20 ul of MTT stock solution (5 mg/ml) was added to each well. After 3 hours incubation, the
medium was removed and 100 pl DMSO added then up & down well to solve formazan crystal. Optical densi-
ties (OD) were measured at 570 using an ELISA reader (Labsystem Multiskan, Finland), with background sub-
traction at 670 nm.

2.6. Hepatic Differentiation Protocols

Hepatic differentiation was performed with two protocols. For 2 days cultured cells were treated with 20 ng/ml
EGF and 10 ng/ml bFGF, this is the same for both. Protocol 1: the cells were cultured in a culture medium con-
sisting of DMEM-F12 supplemented with, 40 ng/ml HGF, 10 ng/ml bFGF, and 50 pg/ml NTA for 14 days. The
second step also continued until 14 days with 20 ng/mL OSM, 107 Mol/L DEX, 1X ITS+1 premix and 50
pg/ml NTA. Protocol 2: in this protocol culture medium consisting of DMEM-F12 supplemented with, 40 ng/ml
HGF, 10" Mol/l DEX, 1X ITS+1 premix and 50 pg/ml NTA for 14 days. In the second phase, OSM was re-
placed by HGF at a concentration of 10 ng/ml and continued until 28 days of differentiation. The plate was in-
cubated at 37°C and culture media were replaced every second day for up to 30 days.

2.7. Immunocytochemistry (ICC)

After 30 days differentiation the culture, cells on the scaffold and 2D culture were fixed with 3% glutaraldehyde
for 1 hour at room temperature then washed with PBS. In the next step cell Permeabilized with 0.4% triton
X-100 for 20 min. Washed cells were incubated overnight at 4°C with primary antibodies, including monoclonal
mouse anti-human albumin (1:100), the cells were washed five times with PBS and incubated with fluorescein
isothiocyanate (FITC)-labeled sheep anti-mouse 1gG at 37°C for 45 minutes in the dark. After washing with PBS,
cells were incubated with DAPI (4', 6-diamidino-2-phenylindole; 1:1000) for nuclear staining. The cells were
visualized and observed by using a fluorescence microscope (Nikon, TE-2000, Tokyo, Japan).
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2.8. ELISA Assay

Study of albumin production was performed with ELISA assay. Conditioned media from the differentiated
MensSCs cultured in 3D and 2D culture’s system were collected at daysl4and 30 then frozen at -20°C until as-
say. The conditioned media were assayed for ALB production using a quantitative enzyme-linked immunosor-
bent assay kit (ELISA) according to manufacturer’s recipes. Finally, albumin concentration was calculated from
a standard curve prepared from different dilutions of albumin standard. The conditioned media of undifferen-
tiated MensSCs (day 0) was used as a negative control.

2.9. RNA Extraction and Reverse Transcriptase-Polymerase

Chain Reaction (RT-PCR) Analysis

RT-PCR was used to evaluate the expression of albumin (ALB), Alpha-fetoprotein (AFP), Tyrosine amino-
transferase (TAT), and cytochrome P4507A1 (CYP7AL) in differentiated cells on the scaffold. Total RNA was
isolated from cultured cells. Genomic DNA was digested from RNA samples by DNase I. Standard RT was
performed using a Reverse RevertAid™ First Strand cDNA Synthesis Kit and 2 ug of total RNA, 0.5 ug oligo
(dt18) per reaction, according to the manufacturer’s instructions. The cDNA samples were subjected to polyme-
rase chain reaction (PCR) amplification using human specific primers designed using different exons (Table 1).
Amplification conditions were as follows: Initial denaturation at 95°C for 3 min followed by 35 cycles of dena-
turation at 94°C (30 Sec), annealing at 60°C (30 Sec), extension at 72°C (45 Sec) and a final polymerization at
72°C for 7 min. Amplified DNA fragments were electrophoresed on 2% agarose gel and photographedon a UV
transilluminator (Uvidoc, Cambridge, UK). As a positive control, human hepatoma cell line, HepG2, (Pasteur
Institute, Tehran, Iran) was used.

2.10. Statistical Analysis

The data were analyzed by the Mann-Whitney test. The further analyses were performed by LSD. All grafts
were depicted by a prism. A p-value less than 0.05 were considered as significant.

3. Results
3.1. Characterization of Isolated MensSCs

MensSCs adhered to the tissue culture flask a day after isolation. Expanded MensSCs had fibroblast-like shapes
and morphologically conserved during passages. In order to find the cell characterization of the cultured cells,
the surface CD markers were analyzed. To eliminate of contamination, the cells were passaged 3 times prior to
experiments. Flow cytometric analysis of the cultured cells showed MensSCs regularly express the mesenchym-
al stem cell markers like CD73 (95.5% + 0.4%), CD90 (97.7% +* 2.1%), CD44 (99.4% + 0.55%), CD105 (97.6%
+ 0.9%), while lacking surface expression of CD34 (0.165% * 1.3%), CD45 (0.940% + 0.6%) as hematopoietic
markers. To evaluate the potential of the MensSCs, cells were differentiated into adipogenic and oesteogenic li-
neage. They were exposed to adipogenic and osteogenic media. The morphology of cells treated by adipogenic

Table 1. Primers and annealing temperatures used for reverse transcription polymerase chain reaction (RT-PCR) of liver
specific gene expression.

Annealing

Primer Sequence temperature ("C)

Product size (bp)

ALB F 5'-GATGAGATGCCTGCTGACTTGC-3' 60 147
R 5'-CACGACAGAGTAATCAGGATGCC-3'

AEP F 5'-CATGAGCACTGTTGCAGAGGAGA-3' 60 113
R 5-CGTGGTCAGTTTGCAGCATTCTG-3'

TAT F 5'-CTTCTGGGGCTATGTACCTCA-3' 55 165
R 5'-GGACTGTGATGACCACTCGGAT-3'

F 5'-CATGAGCACTGTTGCAGAGGAGA-3
CYP7AL R 5'-ACTCGGTAGCAGAAAGAATACATC-3' 60 388

F5'-CTCTCTGCTCCTCCTGTTCG-3'
R 5'-ACGACCAAATCCGTTGACTC-3'

GAPDH 60 142
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media was changed and intra-cytoplasmic lipid droplets which were positive stained with Oil Red O. Alizarin
red staining demonstrated the capability of the cells into osteablasts. In both staining procedures undifferentiated
MensSCs were negative controls (Figure 1).

3.2. Evaluation of the MensSCs Seeded on the Scaffold

The scanning electron microscopy (SEM) micrographs of the scaffolds before and after cell culture are shown in
Figure 2. The scaffold has 3D, non-woven structure and consists of randomly oriented nanofibers. The region of
diameter distribution of nanofibrous scaffold was ranging from 200 - 1500 nm that is similar to natural ECM.
(Figure 2(A)). Figure 2(B) and Figure 2(C) show typical SEM micrographs of cell attachment and interaction
with the surface of the scaffold. Morphology of the cells, migration, and proliferation is presented obviously.
The result of H&E staining indicated the proliferation and distribution of cultured cells on nanofibrous structure
(Figure 2(D) and Figure 2(E)). The absorbance of the seeded cells on the scaffold was significantly higher than
control cells in two dimensional culture systems (Figure 2(F)).

3.3. Immunocytochemical Staining

To confirm in vitro hepatic differentiation from MensSCs, we analyzed expression of ALB with two protocols in
2D and 3D culture systems. The differentiated MensSCs stained positively for ALB at day30. There was no dif-
ference between expression levels of ALB of cells differentiated under both protocols in 2D culture and also no
difference between two groups of hepatocyte-like cells on scaffolds. However, the cells differentiated on
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Figure 1. Characterization of MensSCs. (a) This figure shows the Spindle-like morphology of MensSCs at different times
and passages. The cells conserved their morphology even in high passages; (b) Demonstrating of adipogenic and osteogenic
capability of the cells with Oil Red O and Alizarin red staining; (c) Flow cytometric assay of MensSCs surface markers.
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Figure 2. Scanning electron microscopy (SEM). (A) Scanning electron microscopy (SEM) images of electrospun PCL. The
scaffold has 3D structure and similar to natural ECM; (B) (C) cells attachment and proliferation of MensSCs on the surface
of the scaffold. at first and 10th day after cell seeded; (D) (E) H&E staining results indicated the distribution of the cells on
PCL scaffold before and after of cell seeding; (F) MTT assay showed the high proliferation of MensSCs in 3D cultures
compared to 2D ones at 4th, 7th and 10th days.

scaffolds showed significantly higher expression levels of this protein compared with other groups. The percen-
tages of the differentiated cells and the intensity of the reactions of the antibodies were increased significantly
compared with those in undifferentiated cultures. The expression of these protein markers was detected in hu-
man hepG2 hepatoma cells, used as positive control (Figure 3).

3.4. ELISA Assay

Albumin was secreted into the culture media and significantly increased on day 30 of differentiation. As shown
in Figure 4, Undifferentiated MensSCs did not secrete ALB, whereas significantly increased In the process of
differentiation. The levels of ALB in culture media from differentiated cells on the scaffold were higher than the
2D culture system. Our data indicated that MensSCs differentiated under protocol 1 produced greater amounts
of ALB compared to cells induced with protocol 2 in both system cultures. On day 14 of differentiation, the dif-
ferences in albumin levels between differentiated cells in 2D and 3D systems were negligible in both groups (P
< 0.05).

3.5. Hepatic Gene Expression

Hepatocyte-like cell differentiation was confirmed by RT-PCR hepatocyte-specific genes, namely albumin
(ALB), a-Fetoprotein (AFP), cytochrome P450 subunits 7al (Cyp7al), tyrosine aminotransferase (TAT) and
GAPDH was used as an internal control. In this study, the undifferentiated MensSCs did not express mRNA of
the hepatocyte lineage genes. As shown in Figure 5 ALB expression in all groups was up regulated than undif-
ferentiated cells, but in comparison to hepatoma cells as positive control was less. Whereas no significant
change was detected in ALB expression between different protocols, however, expression of the gene was
slightly better on the scaffold. The semi-quantitative RT-PCR showed that the expression of TAT in differen-
tiated cells by Protocols 1 and cultured on the scaffold was at a higher level compared to others. The upper reg-
ulation of CYP7al as a liver-specific gene was shown in cultured cells on a scaffold which exposed to hepato-
genic media by protocol 1. However, other groups significantly expressed CYP7al at mRNA levels. In case of
AFP low expression of this gene was detected in differentiated cells by both protocols and culture systems to
compare to control positive cells.

4. Discussion

Many researchers are experimenting different adult stem cells to be used for tissue regeneration. Recently a

()
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Figure 3. ICC staining of albumin. Positive staining of aloumin was evidenced in the all groups of
differentiated cells on day 30. However, the cells differentiated on scaffolds showed approximately
higher expression levels of this protein compared with others. The human hepatoma cell line
(hepG2) as positive and undifferentiated cells as negative control groups were used.
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Figure 4. ELISA Assay. Albumin (ALB) production by MensSCs in 3D and 2D culture systems at
0, 14, and 30 days was shown. ALB product was increased during differentiation in the presence of
growth factors and significantly 30 days had higher level in 3D culture compared with 2D culture.
There was no significant difference between two differentiated protocols. The modification was

measured spectrophotometrically at a wavelength of 450 nm.
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Figure 5. Hepatic gene expression. RT-PCR analysis of liver-specific gene expression by MensSCs
in 2D and 3D culture systems in the presence of exogenous growth factors are shown on 30th day.
The expression of, aloumin (ALB), tyrosine aminotransferase (TAT), cytochrome P450 subunit 7al
(Cyp7al) and a-fetoprotein (AFP), during in vitro differentiation are shown. In the 3D culture sys-
tem, mRNA expression of ALB, TAT and CYP7AL were detected better than 2D system The AFP
gene was not expressed in both differentiated protocols and culture systems .The human hepatoma
cell line (hepG2) as positive and undifferentiated cells as negative controls was used.

(=)



F. Sani et al.

novel adult stem cell described that can be obtained from women’s menstrual blood derived from the endome-
trium. This source of stem cells non-invasively isolated to provide a renewable source of stem cells from child-
bearing women [10] [14]-[18]. In this study we, characterized and differentiated MensSCs to hepatocyte on na-
nofibrous scaffold PCL by two protocols and compared to 2D culture system. Ability to differentiate stem cells
into hepatocytes on natural scaffolds has been studied in various experiments [19]-[21]. However nanofibers are
gradually more being used for tissue engineering and have advantages over traditional scaffolds because of in-
creased surface area-to-volume ratio, which increases cell to scaffold interactions [10]. Nanofibrous PCL scaf-
folds are being extensively used as synthetic tissue by supporting matrices for various tissue regeneration [22]-
[24]. As described, we investigated the hepatic differentiation of MensSCs within a 3D PCL scaffold-culture
system on dishes supplemented with exogenous growth factors. The results of cell attachment and proliferation
revealed that this highly porous network is sufficient for the survival of cells for extended periods of time.

Characterization of MensSCs prior to assessment of the potential of MensSCs to differentiate into hepatocytes
was evaluated. High levels of mesenchymal stem cell markers [25] such as CD 44, CD 90, CD 73, and CD 105
and low expression of hematopoietic markers, CD 34 and CD 45, confirmed this source of stem cell as multipo-
tent stromal cells. The Differentiation ability of isolated cells to osteogenic and adipogenic lineages indicated
the nature of MensSCs. The electrospunnanofibrous scaffolds have been shown to promote cell attachment, pro-
liferation, and differentiation [26] [27]. The pore size of the hybrid polymer prepared by us was within 200 -
1500 nm range, which causes slow distribution of small molecules, metabolites and macromolecules. Data of
cell attachment and proliferation exposed that this highly porous scaffold is suitable for extended and differen-
tiation of cells. Expression of biochemical markers, particularly albumin in differentiated hepatocytes is com-
monly used to identify the performance of stem cell derived cells [28]. Expression of hepatic differentiation
marker of protein and mRNA levels in the differentiated cells dependent on the protocol and culture system. The
Level of albumin-positive cells was higher when MensSCs were cultured on the scaffold as compared to that the
2D culture system. Different protocols were not marked influence on the expression of albumin. Expression of
TAT at mRNA levels as late hepatic markers further confirms hepatocyte maturation. The Cells differentiated
under protocol 1 and 3D culture system displayed an upper level of TAT at the mRNA level while differentiated
cells by the 2D system had low expression of this. Oncoming Expression of CYP7al, unique marker of mature
hepatocytes [29] indicates the functional properties of the differentiated cells. Consistent with these results
CYP7A1 was significantly higher in differentiated MensSCs under Protocol 1 and it was high exertion on cul-
tured cells on the scaffold. On the other hand, the expression of AFP (early marker of fetal liver) during the dif-
ferentiation, reduced. Concentrations of this mMRNA decline from profuse levels in fetal liver in very low levels
in the adult organ and it can suggest hepatocyte-like cells were mature [30] [31]. Increasing in the levels of al-
bumin in the cultured cells 30 days after differentiation was used as evidence for the functionality of the diffe-
rentiated. In comparison with 2D culture, higher production levels of albumin, in differentiated cells on the
scaffold were obtained (P < 0.05) which may suggest the conductive effect of the ECM-like structure for
MensSCs differentiation. It seems that the elimination of FBS from different media creates the required condi-
tions for cells to switch to hepatic differentiation. Taken together, It assumes that the existence of biomimetic
nanofibers provide a nano environment similar to natural ECM, which would improve the biological activity of
growth factors and cytokines for inducing differentiation. Finding a suitable scaffold for connection increasing
growth and differentiation of hepatocytes cells can be an essential step on medicine, scientific goals in the field
of liver tissue engineering. So, introducing PCL scaffold as an ideal scaffold for differentiation of MensSCs as
plentiful and non-invasive source of stem cells in 3D culture is the best conclusion of innovation the present
study. In vivo studies regarding to functionality of this source will bring new insights into the future clinical ap-
plications based on stem cell technology for the treatment of chronic liver diseases.

5. Conclusion

The evidences presented in this paper clearly show that the PCL scaffold can support proliferation and hepato-
genic differentiation of MensSCs. However, very little is known about the stimulating effects of this hybrid po-
lymer on hepatic differentiation. In summary, our study demonstrates that a unique population of stromal stem
cells can be collected, isolated, characterized, expanded, from human menstrual blood and differentiation into
hepatocyte-like cell on three dimensional nanofibrous scaffolds.

©,
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