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ABSTRACT
Introduction: The acquisition of human mesenchymal stromal/stem cells (hMSCs) is imperative
for therapeutic interventions. These versatile cells can be sourced from various fetal tissues often
regarded asmedical waste post-delivery. Fetal hMSCs are also procurable from aborted fetuses dur-
ing the initial and early second trimesters, and amniotic fluid (hAF-MSCs) secured through amnio-
centesis aimed at prenatal diagnostics. This study endeavors to evaluate two economical strategies
for isolating hAF-MSCs: the one-step and the two-step method, emphasizing their efficiency and
potential applications in cell therapy and regenerativemedicine. Method: The comparative analy-
sis entailed isolating hAF-MSCs using both one-step and two-step techniques. Subsequent assess-
ment of the derived cells involved flow cytometry to detect MSCmarkers (CD44, CD90, and CD105)
and to ascertain their capability for adipogenic and osteogenic differentiation. This methodical ap-
proach enabled an evaluation of the effectiveness of each technique in deriving a homogeneous
population of hAF-MSCs suited for therapeutic applications. Results: Examination revealed that
the amniotic fluid harbors various stem/progenitor cell subpopulations characterized by distinct
adhesion properties. The two-step method proved superior in deriving hAF-MSCs, especially evi-
dent in the expansion of slowly adhering amniocytes into amore uniform population of hAF-MSCs.
Interestingly, prior literature scarcely addresses the adhesion characteristics of hAF-MSCs, under-
scoring a novel aspect of our findings. Conclusion: This study's outcomes highlight the two-step
method as amore efficacious approach for isolating hAF-MSCs, suggesting the importance of con-
sidering cell adhesion properties during isolation processes. While additional research is necessary
to fully understand the efficiency of cell adhesion in the derivation of hMSCs from various sources,
these initial findings pave the way for advancements in regenerative medicine and cell therapy,
proposing novel considerations for optimized hMSC isolation techniques.
Key words: Amniocentesis, Amniotic fluid stem cells, Cell adhesion, Human mesenchymal
stromal/stem cells, Mesodermal differentiation

INTRODUCTION
Recent advancements in regenerative medicine have
led to a continuous search for reliable and safe sources
of stem cells with therapeutic potential. Since the first
description of human mesenchymal stromal/stem
cells (hMSCs) derived from bone marrow (BM)1,
these cells have been considered a prominent option
for cell therapy. They are easy to use in human clini-
cal trials, banking, and cryopreservation, and possess
intrinsic features such as immunosuppressive prop-
erties, low immunogenicity, homing, and differentia-
tion capability 2,3. In addition to adult tissues like BM
and adipose tissue (AT)4, hMSCs have been found in
various fetal sources, including the placenta (Pl), um-
bilical cord (UC), and cord blood (CB), as well as in
various fetal tissues such as the spleen, lung, pancreas,
and kidneys5–7.

While hematopoietic stem cells (HSCs) can be ac-
cessed through an “isolation” process, obtaining hM-
SCs for cell therapy involves a time-consuming ex
vivo expansion process known as ”derivation,” which
varies depending on the tissue source and can im-
pact the success of the derivation process. The source
of hMSCs also plays a significant role in determining
their regenerative properties8. Fetal tissues are richer
in hMSCs compared to adults and can be easily ob-
tained from normally discarded fetal and extra-fetal
tissues at birth, such as the umbilical cord, cord blood,
placenta, amnion, and amniotic fluid9,10. Studies
have shown that fetal sources of hMSCs have sub-
stantial advantages over adult sources in terms of re-
generative capabilities. Fetal/neonatal hMSCs have
been found to possess a higher anti-inflammatory and
immunosuppressive capacity, advanced homing abil-
ity, and more efficient plasticity and potency, making
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them strong candidates for the future of regenerative
medicine11–14.
Amniotic fluid (AF) is an intriguing source of fetal
stem cells because it is situated near various tissues
in the developing fetus, including the skin, respira-
tory, digestive, and urogenital tracts, as well as the am-
nion15,16. During the second trimester of gestation,
AF is obtained through amniocentesis, a procedure
commonly used in prenatal diagnosis (PND)17. The
cells within the AF, known as amniocytes, comprise a
diverse group of stem cells and differentiated cells de-
rived from the three germ layers: endoderm, meso-
derm, and ectoderm18. Since the amnion develops
directly from the epiblast layer, it is believed that AF
may contain pluripotent stem cells originating from
epiblast stem cells during the pre-gastrulation pe-
riod19,20. Consequently, various clonal amniocytes
can form different morphological colonies in primary
and long-term cultures21–23. While some authors re-
fer to c-Kit+ cells as amniotic fluid stem cells (AFSCs),
others describe clonal amniocytes as human amniotic
fluid-derived MSCs (hAF-MSCs)24,25.
Amniotic clones exhibit various responses to long-
term culture. These differences are primarily due to
the cellular content of AF, the genetic background of
the individuals, and the gestational age26. Addition-
ally, the method used to isolate the AFSC popula-
tions can impact their self-renewal capacities, growth
rates, and differentiation ability 27. There are sev-
eral methods available for isolating AFSCs, as dis-
cussed by Klemmt and colleagues27. These meth-
ods include four main cultivation techniques: two
based on the propagation of enriched amniocytes pel-
leted by centrifugation, including one-step and two-
step culture methods; the third is the starter cell
culture method, which is a short-term clonal ex-
pansion approach used to isolate the fibroblastic-like
cell colonies physically; and the last involves an im-
munosorbent approach based on surface marker se-
lection by antigen-antibody interaction, for instance,
isolation of CD117+ 25 and CD133+ cells28.
Previous studies have shown that the method used
to isolate and culture amniocytes can significantly af-
fect their physical characteristics and surface mark-
ers21,27. The cost-effectiveness of the isolation
method is also important, especially for animalmodel
studies. For example, the third and fourth culture
methods are not cost-effective due to the need for
highly experienced personnel and expensive labora-
tory processes, respectively. With the presence of var-
ious subpopulations of stem/progenitor cells in the
amniotic fluid exhibiting different levels of adhesion,

it raises the question of whether cell adhesion influ-
ences the efficiency of hMSCs’ derivation. In our
research, we explored two methods for obtaining a
homogeneous population of hAF-MSCs without dis-
rupting prenatal diagnosis procedures. The twometh-
ods we studied involved using amniocytes that either
quickly attach to the culture dish in a one-step process
or slowly attach in a two-step process.

METHODS
Culture Methods
TheEthical Committee of YazdReproductive Sciences
Institute approved the study under the permission
number ”IR.SSU.REC.1396.169”. Accordingly, three
AF samples were collected from patients who had
signed the consent form. The samples were collected
from pregnant women aged 28 to 32 in their sec-
ond trimester (16-18 weeks of pregnancy) for routine
screening of fetal chromosomal abnormalities. The
PND (prenatal diagnosis) results indicated that the
samples had normal 46, XY karyotypes (male fetuses).
It’s important to note that high-risk pregnancies and
lifestyle-related issues were excluded from the study,
including tobacco, alcohol, and drug abuse, as well as
pregnancy-related diseases such as history of miscar-
riage, gestational diabetes, and preeclampsia. We col-
lected 16 ml of AF samples, centrifuged them at 400 g
for 15minutes, discarded the supernatant, and seeded
the cell pellets in two glass Leighton tubes using
AmnioMAX-II completemedium supplementedwith
20 mM HEPES, 1% penicillin-streptomycin (Pen-
Strep), and incubated them at 37◦C and 5% CO2. The
primary culture medium was refreshed on the 7th day
for the first time, and then the primary cultures were
subcultured after 12 to 14 days. Two days following
the first passage, the cells were harvested for chromo-
somal analysis and concluded the PND process.

One-stepmethod
It has been reported that amniocentesis procedures
can potentially cause miscarriage (approximately
0.25%–0.50%). Therefore, it is necessary to have a
valid medical reason for collecting human amnio-
cytes, and the use of these cells for research should
not interfere with the prenatal diagnostic process. In
our case, the remaining Leighton tubes from the diag-
nostic process were utilized to derive hAF-MSCs us-
ing a one-step method. For this, the cells were cul-
tured sequentially at a density of 104 cells/cm2 in a
T25 flask and incubated at 37◦C and 5% CO2. For
this purpose, a modified medium composed of 2:1
v/v DMEM/AmnioMAX-II was used since our previ-
ous study had shown its higher efficiency compared to
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the DMEM and AmnioMAX-II alone21. The DMEM
was supplemented with 4 mM L-glutamine, 10 mM
HEPES, 15% fetal bovine serum (FBS), and 1% Pen-
Strep (all from Gibco).

Two-stepmethod
Human amniocytes have varying adhesive proper-
ties, making it difficult for many cells to attach to the
surface of culture dishes during primary cultivation.
The non-adherent cells, which are typically discarded
during the first medium-refreshing step on the 7th

day of cultivation, were utilized to derive hAF-MSCs
through a two-step method without interfering with
the PND process. However, the number of these cells
is generally limited because they are removed from the
primary culture without undergoing cell expansion
(1-3 × 105 cells in each glass Leighton tube). They
were collected by centrifugation, then seeded at a den-
sity of 103 cells/cm2 into a 6-well plate (about 104

cells per well) using amodifiedDMEM-AmnioMAX-
II medium (2:1 v/v) supplemented in the same way as
the one-step method. The clones from each well were
seeded at a density of 104 cells/cm2 in a T25 flask us-
ing the same modified medium. The cell expansion
process was common to both methods and continued
until the third passage when the cells were harvested
for flow cytometry analysis and culturing under dif-
ferentiation conditions. The cells were subcultured at
a confluence of 70-80% by washing with phosphate-
buffered saline (PBS), treated with 0.05% Trypsin-
EDTA (Gibco), and deactivatedwith the same volume
of modified medium. The cultures were incubated at
37◦C and under 5% humidified CO2 in both meth-
ods. A detailed schematic illustration of the culture
methods can be found in Figure 1.

Molecular analysis
To assess the pluripotency of cells isolated by two
different methods, we conducted a qualitative anal-
ysis using RT-PCR to examine a panel of stemness
markers, including OCT4, NANOG, SOX2, C-KIT
(CD117), C-MYC, and THY1 (CD90). The thermal
cycling for gene amplification was carried out in Ap-
plied Biosystems thermal cyclers (VeritiProTM) with
the following protocol: an initial holding stage at 94◦C
for 5 minutes, followed by 35 cycles of 94◦C for 20
seconds, 58◦C for 30 seconds, and 72◦C for 1 minute.
The final stage involved holding at 72◦C for 7minutes.
Subsequently, the PCR products were separated on a
2% agarose gel stained with a fluorescent dye (DNA
Green Viewer) and visualized using a UV Gel Doc
system. Additionally, we used RT-PCR to quantita-
tively assess the expression of specific differentiation

markers, such as peroxisome proliferator-activated
receptor gamma (PPARγ) for adipogenic differentia-
tion and runt-related transcription factor 2 (RUNX2)
for osteogenic differentiation. The 18S rRNA served
as the reference gene for quantitative analysis. To
achieve this, we isolated total RNA from the cells
cultured under differentiation conditions (after 21
days) using the Qiagen RNeasyTM Mini Kit accord-
ing to the manufacturer’s manual. Next, the extracted
RNA (normalized to 200ng) was utilized to synthesize
cDNA with the RevertAid First Strand cDNA Syn-
thesis Kit (Thermo Scientific) following the manufac-
turer’s protocols. Quantitative RT-PCR analysis was
performed using the Applied Biosystems StepOne-
Plus Real-Time PCR System, which involved an ini-
tial denaturation step at 95◦C for 10minutes, followed
by 40 cycles of 95◦C for 10 seconds and 60◦C for
40 seconds. We employed the Applied Biosystems®
SYBR® Green PCRMaster Mix for the PCR reactions,
and human-specific, intron-spanning primers were
designed for the gene targets listed in Table 1.

Flow cytometry analysis
Thecharacterization of the cell isolates was performed
using flow cytometry by examining three well-known
MSCmarkersCD44, CD90, andCD105. We also used
the hematopoietic/endothelial marker CD31 as a neg-
ativemarker for analysis. Simultaneously with the dif-
ferentiation assay, we harvested the cells through cen-
trifugation and rinsed them twice in PBS with 0.2%
FBS. Following this, the cells were treated with des-
ignated conjugated antibodies in a PBS solution sup-
plemented with 1% BSA: fluorescein isothiocyanate
(FITC)-CD44 (from Immunostep), FITC-CD90, phy-
coerythrin (PE)-CD105 (both from Exbio), and PE-
CD31 (from Immunostep). Finally, we analyzed
the cells using a BD FACSCalibur and generated the
graphics in the FlowJo (v 10.1, Tree Star, Inc.) soft-
ware.

Differentiation capacity
We conducted an investigation to determine if iso-
lated cells could be converted into adipogenic and os-
teogenic lineages. For this purpose, the cells were
allowed to grow until the third passage, reaching
80% confluency, and then were placed under differ-
entiation conditions for 21 days. The medium was
changed every 3 days. The adipogenic medium con-
sisted of DMEM supplemented with 10% FBS, 1%
Penicillin-Streptomycin, 50 µg/ml indomethacin, 50
µg/ml ascorbic acid-2-phosphate, 10 IU/ml insulin,
and 100 nM dexamethasone. The osteogenic medium
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Figure 1: The schematic illustration of culture methods. Protocol A: one-step method; Protocol B: two-step
method.

contained DMEM supplemented with 10% FBS, 1%
Penicillin-Streptomycin, 10mM β -glycerophosphate,
50 µg/ml ascorbic acid-2-phosphate, and 10 nM dex-
amethasone, all from Sigma-Aldrich. To confirm
adipogenesis, the cells were stained with Oil Red
O (Sigma-Aldrich) to verify the presence of intracel-
lular lipid vacuoles. After washing with PBS, the cells
were fixed in 4% paraformaldehyde for 45 minutes
and then incubated with 60% isopropanol for 5 min-
utes, both at room temperature. For staining, the cells
were first incubated with Oil Red O and then coun-
terstained with hematoxylin for 15 and 1 minute, re-
spectively. Osteogenesis validation was observed by
staining the extracellular matrix mineralization with
Alizarin Red. Similarly, the cells were washed with
PBS and fixed in 4% paraformaldehyde for 10 min-
utes. For staining, the cells were first washed with dis-
tilledwater, then coveredwith a 2%Alizarin Red solu-
tion for 10 minutes, and finally washed with distilled
water three times29.

Statistical analysis

The RT-PCR results were quantitatively assessed us-
ing the 2∆CT methods, which take into account the
difference between reference and target CT values for
analysis. To compare the average expression levels

across three samples, a non-parametric t-test was per-
formed with a significance level at a p-value < 0.05.
Additionally, the lifespan of cells was calculated by
determining the mean value of passages during both
long-term cultures, and a comparison between the
two methods was made using a non-parametric t-test
(p-value < 0.05). Statistical analysis and illustration of
plots were carried out using GraphPad Prism 8 soft-
ware.

RESULTS
Outcome of Culture Methods on Primary
and Expanded Clones
Our daily microscopic observations unveiled a strik-
ing difference between the two culture methods, lead-
ing to the identification of various morphological
clones, including epithelioid and fibroblastoid cells,
in the primary cultures established through the one-
step process, namely in glass Leighton tubes as part
of the PND procedure (Figure 2A). However, only fi-
broblastoid clones emerged in the two-step primary
cultures in 6-well plates, which were developed from
non-adherent amniocytes collected during the initial
medium refreshment on the 7th day of primary cul-
tures in Leighton tubes considered as discarded left-
over from the PND procedure (Figure 2B). Interest-
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Figure 2: The cultivation of human amniocytes under the two methods in the primary cultures (A-D) and
during the three-passaged cultures (E&F).A) Different clones of epithelioid and fibroblastoid outlinedbywhite
rectangle and oval in the primary culture of the one-step method, respectively. B) Morphologically same clones
of fibroblastoid represented in the primary culture of the two-stepmethod. C) An interesting heart shape andD) a
mesh-like three-dimensional (3D) structure generated in the primary cultures of one-stepmethod (not seen in the
two-step). E) Heterogeneousmorphology of the cells under the one-step culturemethod after three passages, in-
cluding epithelioid, fibroblastoid, and the cells with the epithelial-to-mesenchymal transition (EMT) morphology.
F) Homogeneous fibroblastoid cells obtained following three passages under the two-step culture method.
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Table 1: The primers were designed for RT-PCR analysis of target genes

Gene Primer Product Size (base
pairs)

OCT4 Forward: GATGTGGTCCGAGTGTGGTT 245 bp

Reverse: AGAGTGGTGACGGAGACAGG

NANOG Forward: TTTGGAAGCTGCTGGGGAAG 194 bp

Reverse: GATGGGAGGAGGGGAGAGGA

SOX2 Forward: GCCGAGTGGAAACTTTTGTCG 154 bp

Reverse: GCAGCGTGTACTTATCCTTCTT

C-MYC Forward: TGGTCGCCCTCCTATGTTG 151 bp

Reverse: CCGGGTCGCAGATGAAACTC

C-KIT Forward: CCAACACCGGCAAATACACG 250 bp

Reverse: TTGATCATGATGCCCGCCTT

THY1 Forward: TCAGCATCGCTCTCCTGCTA 120 bp

Reverse: TGCTGGTATTCTCATGGCGG

PPARγ Forward: TTATTCTCAGTGGAGACCGCC 110 bp

Reverse: CTCAGGGTGGTTCAGCTTCA

RUNX2 Forward: GCGCATTCCTCATCCCAGTAT 120 bp

Reverse: TGCCTGGGGTCTGTAATCTG

18s rRNA Forward: AGAAACGGCTACCACATCCA 158 bp

Reverse: CCCTCCAATGGATCCTCGTT

Figure 3: Comparing the derived cells under the two methods in terms of MSC-characterizing indicators.
A) Stemness properties of derived cells from three samples (S1, S2, S3) using the two methods, as determined by
descriptive RT-PCR analysis. B) Proportion of derived cells from three samples (S1, S2, S3) using the two methods
expressing MSC-specific markers (CD44, CD90, and CD105 as positive and CD31 as negative), as determined by
flowcytometry analysis. C) Expression levels of PPARγ (adipogenicmarker) andRUNX2 (osteogenicmarker) during
differentiation of derived cells from three samples (S1, S2, S3) using the twomethods, as determined by quantita-
tive RT-PCR analysis. The significance levels of the t-test are marked by asterisks in the plots as the p-values < 0.05
(*), < 0.01 (**), and < 0.001 (***).
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Figure 4: The flow cytometry analysis of derived cells under the one-stepmethod. The proportion of derived
cells from three samples (S1, S2, S3) expressing MSC-specific positive markers of CD44, CD90, CD105, and the
negative marker of CD31, as illustrated in each row, respectively. Colored dot plots show the expression level of
markers in the target cell population and black and white dot plots show that in the negative control.

ingly, during the three-passaged culture of the one-
step method, two out of three samples displayed vis-
ible three-dimensional (3D) structures without the
need for magnification, as shown in Figure 2C andD,
whereas none were observed in the two-step method.

In the third passage, noticeable differences in the
morphology of cell populations were observed be-
tween the two methods. Specifically, when three
samples were cultured using the one-step method,
they contained various cell populations with different
appearances, including epithelioid and fibroblastoid
cells, and even cells displaying characteristics of ep-
ithelial to mesenchymal transition (EMT) (Figure 2
E). On the other hand, when the same samples were
expanded through the two-step method, the result
was a homogeneous population of fibroblastoid cells
at the end of the third passage (Figure 2 F). Beyond
the third passage, the experiment continued to de-
termine the point at which cells begin to lose their
ability to proliferate, a process known as replicative
senescence. The results, based on the average passage
numbers, showed that the samples cultured using the

two-step method had a longer lifespan (8.3 passages)
compared to the samples cultured using the one-step
method, which had a lower value (4.3 passages) (p-
value < 0.05).

Expression of Stemness Markers in Ex-
panded Clones from TwoMethods
To compare the stemness of cells obtained by the
two methods, we assessed the expression of stem cell
markers, focusing on the core regulatory circuit of hu-
man embryonic stem cells (hESCs): OCT4, NANOG,
and SOX2. Our findings indicated that these genes
were expressed in the clones obtained through the
one-step method. Conversely, SOX2 and OCT4 were
found to be unexpressed in clones S1 and S2, respec-
tively, obtained through the two-step method. Addi-
tionally, the expression of NANOG was significantly
lower in S2 compared to the other two samples. We
also observed that the C-KIT expression was absent
in S1 and S2 expanded through the one-step and two-
step methods, respectively. As illustrated in Figure 3
A, it is evident that the THY1 gene was expressed at a
low level in S1 obtained through the one-stepmethod.
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Figure 5: The flow cytometry analysis of derived cells under the two-stepmethod. The proportion of derived
cells from three samples (S1, S2, S3) expressing MSC-specific positive markers of CD44, CD90, CD105, and the
negative marker of CD31, as illustrated in each row, respectively. Colored dot plots show the expression level of
markers in the target cell population and black and white dot plots show that in the negative control.

MSC-Specific Markers in Expanded Clones
from TwoMethods

The flow cytometry analysis was used to character-
ize the expanded clones using two methods based on
MSC-specific markers. The results, shown in Fig-
ure 4 and Figure 5, indicated that over 95% of the
cells from both methods were negative for CD31,
suggesting their non-hematopoietic/endothelial ori-
gin. However, the analysis of markers CD44, CD90,
and CD105 in the cells from the two methods re-
vealed that the clones expanded using the one-step
method were highly diverse, with only a fraction of
the cells expressing the desired markers. In contrast,
the cells from the two-stepmethod formed a homoge-
neous population, with over 95% of the cells express-
ing the desired markers. A statistical comparison of
the percentage of cells expressing the desired mark-
ers showed that the two-step method significantly ex-
pressed MSC markers at a higher level compared to
the one-step method (p-value < 0.05) (Figure 3 B).

Differentiation Capabilities of Clones from
Two Culture Methods

The differentiation evaluation results showed that
cells obtained from both methods were able to differ-
entiate into adipocytes and osteocytes. As shown in
panel A of Figure 6, cells from both the one-step and
two-step methods exhibited intracellular lipid vac-
uoles, a typical characteristic of mature adipocytes.
Microscopic evaluation of cultures under osteogenic
conditions also showed similar results, with all sam-
ples from both groups displaying calcium deposits on
their surface (panel B: Figure 6A-F). However, quan-
titative RT-PCR analysis revealed a significant differ-
ence between the methods. The results indicated that
the adipogenic marker PPARγ was expressed nearly
two-fold higher in the two-step compared to the one-
step culture method (p-value < 0.05). Similarly, the
analysis of RUNX2, a well-known osteogenic marker,
showed a non-significant higher level in the cells de-
rived from the two-step method (p-value < 0.05)
(Figure 3 C).
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Figure6: Mesodermaldifferentiationofderivedcellsunder the twomethods. PanelA: Oil Red stainingmakes
lipid vacuoles obvious within the adipocytes differentiated in derived cells from three samples (S1, S2, S3) under
the one-step (A, B, and C, respectively) and two-step (D, E, and F, respectively) methods. Panel B: Alizarin Red
staining outlines the extracellular calcium deposits due to the osteogenic differentiation in derived cells from
three samples (S1, S2, S3) under the one-step (A, B, and C, respectively) and two-step (D, E, and F, respectively)
methods.
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DISCUSSION
Amniocytes released into the amniotic fluid (AF)
can range from fully differentiated and lineage-
committed cells to pluripotent and highly multipo-
tent stem cells capable of developing into various
cell types18. These amniocytes comprise a highly
diverse population with distinct biochemical, mor-
phological, and growth characteristics21,30. Previ-
ous research has shown that long-term culture of hu-
man AF has led to the expansion of highly clono-
genic cell types, including epithelioid and fibroblast-
like cells21,22. However, it is unclear whether these
cells can be classified as stem cells. Our previous
work on deriving hAF-MSCs led us to this study, as
we found that the culture protocol significantly influ-
ences the successful derivation of these cells. For ex-
ample, in our research involving 68 samples of hu-
man amniocytes cultured using a one-step method,
we found that only 70% of long-term cultures re-
sulted in the isolation of homogeneous cell popula-
tions, comprising various epithelioid and fibroblast-
like cells21,23. In contrast, a two-stepmethod demon-
strated higher efficiency (more than 85%) in achiev-
ing a homogeneous fibroblast cell population during
long-term cultures26. Based on these prior findings,
we designed the current study to objectively compare
two culture methods and their performance in deriv-
ing hAF-MSCs.
It is essential to carefully consider the method used
to obtain hMSCs based on the tissue source, as it
can affect the regenerative characteristics of hMSCs8.
Based on studies that have examined fetal and adult
MSCs from different aspects of regeneration, fetal
sources of MSCs seem to have substantial advantages
over adult MSCs18,31. Fetal tissues contain a higher
concentration of hMSCs compared to adults. It has
been demonstrated that hMSCs constitute a small
portion of the cell population in tissues that are more
abundant during fetal life than in adulthood. For ex-
ample, in the second trimester of pregnancy, hMSCs
account for about 1 in 3000 blood cells and 1 in 400
bone marrow cells. However, in a healthy newborn
and an 80-year-old individual, these ratios drop to 1
in 10,000 and 1 in 2 million cells, respectively 32,33.
Moreover, experimental studies have shown that fe-
tal/neonatal hMSCs have more potent therapeutic
properties compared to adult/somatic MSCs, includ-
ing higher anti-inflammatory and immunosuppres-
sive capacities, improved homing ability, and no-
tably greater plasticity and potency 11–13. Therefore,
these characteristics make fetal hMSCs promising
candidates for the development of future regenerative
medicine strategies.

Various methods have been suggested for deriving
hMSCs from fetal and adult tissues. Most of these
methods rely on the adhesion property of hMSCs for
their primary isolation from the tissue source. For ex-
ample, in some methods of deriving hAF-MSCs, the
cells are first passed through a 40-micrometer (µm)
cell strainer to remove tissue debris and subsequently
collected from the amniotic fluid (AF) by centrifuga-
tion. The cell pellet is then cultured during an in vitro
cell expansion process to derive hAF-MSCs. The cul-
turemedium used in this method isα-MEMmedium
supplemented with 18% Chang B and 2% Chang C
media34,35. Another commonly used technique in-
volves immunoselection targeting the CD117 (c-KIT)
tyrosine kinase receptor, pioneered by De Coppi et
al. to isolate CD117+ AF-MSCs from mice25. This
approach entails the initial adhesion of amniocytes
to culture dishes and their proliferation until reach-
ing 70% confluency. Subsequently, CD117-based
immunoselection is performed using magnetic mi-
crobeads tagged with its ligand, followed by a sequen-
tial in vitro cell expansion process to finally derive
CD117+ cells25,34,35. A mechanical isolation pro-
cedure, known as the “starter cell” method, is also
used to derive AF-MSCs27,35,36. Initially, amniocytes
are obtained from AF and filtered through a 40-µm
strainer. The collected cells are then plated in a culture
dish. When the first attached cells appear in the pri-
mary culture, they are observed for several days until
individual single starter cells form colonies. To pre-
vent confluence with neighboring colonies, cells that
grow too closely together are removed manually. Us-
ing an inverted microscope and fine-tipped pipettes,
each colony is mechanically isolated. Cells aspirated
from each colony are then transferred into individ-
ual wells until they reach 70% confluency, following
which they are sequentially sub-cultured onto plates
with larger surface areas36.
Several methods have been developed to isolateMSCs
from adult sources such as bone marrow and adi-
pose tissue. Ex vivo-expanded MSCs from these
sources have shown consistent characteristics in terms
of viability, morphology, proliferation rate, surface
marker expression, cytokine secretion levels, and dif-
ferentiation capacity 37. However, our previous stud-
ies on different clones of hAF-MSCs have revealed
significant differences in morphology, proliferation
rate, lifespan, and expression of stemness and im-
munomodulatory marker genes21–23. Some find-
ings suggest that the outcome of the culture method
depends on the adhesive properties of amniocytes,
which can be influenced by culture conditions, such
as medium, supplements, culture dish surfaces, and
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interactions with other cells27. Our current study
employed two adhesion-based approaches to de-
rive clonal amniocytes, comparing their efficiency in
achieving hAF-MSCs. The one-step method yielded
fast-adherent cells with strong adhesion properties
but greater heterogeneity following long-term culture.
The non-adherent cells were harvested by refreshing
the medium on the 7th day of primary culture as the
cell source of the two-step method. As a result, the
slowly adherent amniocytes are considered to lead to
a more homogeneous population of cells that express
the desired MSC markers, referred to as hAF-MSCs.
It is important to note that using the supernatant from
a 7-day primary culture may not be the optimal time
for isolating non-adherent cells as the cell source in
the two-step method. Additionally, obtaining human
amniocytes for research purposes raises ethical con-
cerns due to the risk of miscarriage associated with
amniocentesis. Therefore, one of the main objectives
of this study was to ensure that the cultivation meth-
ods align with the clinical process of PND to obtain
hAF-MSCs with minimal interference. Thus, we uti-
lized the discarded medium from the 7-day primary
culture. The two-stepmethod, established by Tsai and
colleagues in 2004, achieved the derivation of hAF-
MSCs by directly seeding human amniocytes from
the primary culture’s supernatant into T25 flasks38.
However, our pilot study using this approach did
not yield significantly better results than the one-step
method. As a result, we adapted the method by first
seeding the cells from the supernatant of the primary
culture onto a 6-well plate and then expanding them
in a T25 flask. In addition, MSC marker analysis
by flow cytometry shows that the two-step method
is more effective than the one-step method in de-
riving AF-MSCs. Moreover, RT-PCR analysis of the
adipocyte marker PPARγ suggests heightened differ-
entiation efficiency in cells derived using the two-step
method.
In the past ten years, various three-dimensional
(3D) cell culture methods have been developed, en-
abling the study of cell-cell or cell-extracellular ma-
trix (ECM) interactions in a microenvironment that
more closely mimics physiological conditions. These
methods are crucial for researching embryonic devel-
opment, tumor-stromal cell interactions in cancer in-
vasion, wound healing, and tissue engineering39. Re-
search has shown that spheroid aggregates of MSCs
have significant impacts on their signaling and func-
tion, particularly in stemness and immune modu-
lation40–43. Although research on hMSCs contin-
ues, understanding their potential for transformation

and tumorigenicity remains a gap in cell therapy ap-
proaches44. On the other hand, while undifferenti-
ated hESCs have the potential for treating disorders,
they may form benign or malignant masses in vivo,
known as teratomas and embryonic carcinomas, re-
spectively, possibly hindering future therapies45. Un-
like hESCs, hMSCs become senescent after long-term
expansion, which reduces their tumorigenic poten-
tial. Therefore, there has been a growing interest in
hMSCs due to the absence of concerns associatedwith
hESCs11–13.
Pluripotent stem cells (PSCs) are known for their abil-
ity to form spheroid structures in vitro, which de-
pend on the activation of the nuclear pluripotency cir-
cuit, namely OCT4, NANOG, and SOX246. Many re-
ports have suggested that AF-MSCs possess interme-
diate characteristics related to the expression of stem
cell markers associated with pluripotency and mul-
tipotency identity 13,47. The isolation of a subpopu-
lation of human amniocytes that express OCT4 and
C-KIT by Lee and colleagues suggests the possible
presence of PSCs or cells in a developmental stage
that can easily convert into pluripotent cells48. The
study by Moschidou et al. in 2012 found that cul-
turing CD117+ human amniotic fluid-derived MSCs
on Matrigel in an hESC medium supplemented with
valproic acid, a histone deacetylase inhibitor, repro-
grammed these cells into a pluripotent statewithmore
than 80% similarity in expression profile to hESCs
and the ability to form embryoid bodies in vitro and
teratomas in vivo49. Additionally, Ditadi and col-
leagues have demonstrated that CD117+ AFSCs ex-
hibit hematopoietic stem cell markers and the capac-
ity for myeloid and erythroid differentiation50. In
conclusion, some studies have shown that AF-derived
stem cells (AFSCs) can express both pluripotency and
MSC markers simultaneously 13,47,51,52, while other
reports have confirmed the isolation of AF-MSCs
with only specificMSCmarkers such as CD44, CD73,
CD90, and CD10538,53–56. These findings are con-
sistent with the idea that the amniotic cavity serves
as a cellular reservoir containing various cell subpop-
ulations released by different extra-embryonic mem-
branes and fetal tissues into the amniotic fluid.
It has been suggested that human amniotic epithelial
cells (hAECs) released by the amnion into the am-
niotic fluid may maintain characteristics of pluripo-
tency similar to epiblast stem cells30,47. As the am-
nion is separated from the epiblast during early em-
bryo development, epiblast stem cells may not receive
signals prompting differentiation into the germ lay-
ers, i.e., ectoderm, mesoderm, and endoderm15. Our
study on the nuclear pluripotency circuit revealed
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that all three samples cultured using the one-step
method fully expressed OCT4, NANOG, and SOX2
genes. This may be due to the presence of epithelioid
cells and the heterogeneity of cultures from the one-
step method. Spheroid structures, reported in pri-
mary cultures of human amniocytes as self-generating
structures21, were also observed in long-term cul-
tures from the one-step method. Nonetheless, the ab-
sence of spheroid structures in clones expanded via
the two-step method may be attributed to their de-
pendency on interactions with other cell types present
in the heterogeneous cultures of the one-stepmethod.
Additionally, our study indicated that homogeneous
fibroblastic clones from the two-step method did not
fully express the nuclear pluripotency circuit genes.
Our previous research showed that the keymarkers of
pluripotency were significantly more expressed in ep-
ithelioid clones compared to fibroblastic clones, sug-
gesting a closer similarity in expression profile be-
tween epithelioid clones and hESCs22, which could
account for the generation of spherical structures dur-
ing long-term cultures in the one-step method.

CONCLUSIONS
Deriving stem cells from human amniocytes has in-
volved several established methods, some of which
necessitate substantial practical skills or involve costly
techniques, such as physically isolating clones or em-
ploying immunoabsorbent approaches based on sur-
face marker selection. In this study, we used two se-
quential subculturing-based methods, and the results
imply differences in efficiency and cell characteris-
tics between the two methods. Besides their different
morphological appearances, the flow cytometry re-
sults showed that the two-stepmethod yielded homo-
geneous clones, whereas the one-stepmethod resulted
in a heterogeneous population of fibroblastic and ep-
ithelioid clones. It has been suggested that epithelioid
clones might have originated from hAECs with the
ability to express nuclear pluripotency circuit genes
(OCT4, NANOG, and SOX2). Our findings demon-
strated that all three long-term cultures obtained us-
ing the one-step method expressed these key pluripo-
tency markers. Additionally, the presence of spheroid
structures during long-term cultures of the one-step
method, which is believed to form due to interactions
with other cell types, especially PSCs, further rein-
forces the idea of the heterogeneous nature of one-
step cultures. According to our findings, the primary
culture of human amniocytes as the source of hAF-
MSCs plays a crucial role in the successful deriva-
tion process. As a result, the slowly adherent am-
niocytes collected through the two-step method may

have more potential to generate a homogeneous pop-
ulation of fibroblastic clones expressing the desired
MSC markers, referred to as hAF-MSCs.

ABBREVIATIONS
3D - Three-Dimensional, AF - Amniotic Fluid, AF-
SCs - Amniotic Fluid Stem Cells, AT - Adipose Tis-
sue, BM - Bone Marrow, CB - Cord Blood, DMEM -
Dulbecco’s Modified Eagle Medium, EMT - Epithe-
lial to Mesenchymal Transition, FBS - Fetal Bovine
Serum, FITC - Fluorescein Isothiocyanateh, AECs
- Human Amniotic Epithelial Cellsh, AF-MSCs -
Human Amniotic Fluid-derived Mesenchymal Stem
Cells, hESCs - Human Embryonic Stem Cells, HSCs
- Hematopoietic Stem Cells, hMSCs - Human Mes-
enchymal Stromal/Stem Cells, MSC - Mesenchymal
Stem Cell, PBS - Phosphate-Buffered Saline, Pen-
Strep - Penicillin-Streptomycin, PE - Phycoerythrin,
Pl - Placenta, PND - Prenatal Diagnosis, PPARγ -
Peroxisome Proliferator-Activated Receptor Gamma,
PSCs - Pluripotent Stem Cells, RT-PCR - Reverse
Transcription Polymerase Chain Reaction, RUNX2 -
Runt-Related Transcription Factor 2, UC - Umbilical
Cord
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