
 

 



 

 

 

ABSTRACT 

Amniotic Fluid-derived Stem Cell Isolation, Maintenance, and 

Differentiation for Cardiac Tissue Engineering 

by 

Jennifer Petsche Connell  

Cardiac tissue engineering is limited by the lack of a clinically relevant cell 

source. Amniotic fluid-derived stem cells (AFSC) are broadly multipotent and proliferate 

rapidly, making them a promising cell source for tissue engineering applications. AFSC 

can also be utilized autologously for congenital heart defects, the most severe of which 

are identified in utero, allowing for ample time to isolate and expand the cells to prepare 

a patch for implantation shortly after birth. This thesis focused on the characterization of 

AFSC and their potential to differentiate towards a cardiac lineage. For characterization 

studies, stem cells from amniotic fluid were sorted for c-kit protein expression at the first 

passage or left unfractionated and then expanded in 5 different media. Protein and gene 

expression of markers common to pluripotent stem cells were analyzed from passages 2 

through 6, and differentiation capacity of the stem cells towards osteogenic, endothelial, 

and neurogenic lineages were compared at passages 5 and 6. The unfractionated AFSC 

maintained higher expression of stem cell markers but displayed a significant decrease in 

those markers at passage 6. Correspondingly, indicators of the lineages of interest were 

higher following differentiation at passage 5 compared to passage 6.  To investigate the 

cardiac tissue engineering potential of AFSC, cells were differentiated in indirect co-



 

 

cultures with neonatal rat ventricular myocytes (NRVM) and under a small molecule-

based directed differentiation regime. NRVM induce AFSC to form functional gap 

junctions following indirect co-culture. AFSC undergoing directed differentiation also 

localized gap junctions to cell membranes and additionally demonstrated an up regulation 

in cardiac transcription factors and sarcomere proteins. In both co-culture and small 

molecule-based differentiation methods, however, no organized sarcomeres or 

spontaneously beating cells were observed. While AFSC hold great potential for 

regenerative medicine applications, particularly in congenital defect repair, functional 

cardiomyocytes have not yet been obtained, and it is likely that additional cues beyond 

chemical signaling and growth factors will be required. Overall, these studies led to a 

greater understanding of the cardiac potential of AFSC and the effect of sorting and 

culture conditions on maintenance of stem cell properties in AFSC.  
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Chapter 1 

Introduction and Objectives 

Heart related defects are the most common form of fatal birth defect [1], and birth 

defects are the leading cause of infant death in the United States [2]. The incidence of 

moderate and severe congenital heart defects (CHD) is approximately 3 of each per 1000 

births [3], and these defects are likely to require expert cardiology care, including 

surgeries and potentially patches.  

There are several options currently used in surgical repair of CHD when a patch is 

required, however none of these are ideal. Patch materials include autologous 

pericardium [4]; gluteraldehyde-treated xenografts, such as bovine pericardium [4, 5] or 

porcine small intestinal submucosa [5]; or synthetic materials, such as Dacron or 

expanded polytetrafluorethylene [4]. These patches share several shortcomings, including 

that they are non-conductive and non-contractile.  

The lack of ideal patch materials could be addressed with a tissue engineered 

cardiac patch. However, in the area of cardiac tissue engineering a suitable cell source is 
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still a major issue. Human embryonic stem cells (ESC) and induced pluripotent stem cells 

(iPSC) have been demonstrated to differentiation into functional cardiomyocytes capable 

of spontaneous contraction [6, 7]. Many issues prevent these cells from being used 

therapeutically, though, including difficulty of culture and potential teratoma formation 

following implantation. Mesenchymal stem cells (MSC) are also being investigated but 

have only demonstrated limited success in cardiac differentiation [8].  

Due to the shortcomings of current patch materials and potential stem cell sources 

for cardiac differentiation, we studied the potential of amniotic fluid-derived stem cells 

(AFSC). AFSC have the potential to be used autologously since they are genetically 

matched to the fetus and could be isolated during the second trimester, when many CHD 

are identified during an anatomy ultrasound. Autologous cells would reduce or eliminate 

immune reactions and, if first differentiated into cardiac cells, could provide conductive 

and contractile support to the tissue engineered cardiac patch.  

The overall objectives of this research were to investigate 1) the stem cell 

populations from amniotic fluid and 2) the potential of the cells for use as a 

cardiomyocyte cell source for cardiac tissue engineering. To address these objectives, the 

following specific aims were performed: 

1.1. Specific Aim 1 

Analyze stem cell populations in amniotic fluid in different culture medium. 

This aim was motivated by the variety of isolation and culture methods used for AFSC in 

the literature, an overview of which can be found in Chapter 2. To analyze the effect of 

these different isolation and culture conditions on the cells, AFSC sorted for c-kit 
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expression at the first passage were compared to the unfractionated, adherent cell 

population from amniotic fluid. Both groups were cultured in media supplemented with 

different concentrations of fetal bovine serum (FBS) and other media supplements, 

including Chang medium, basic fibroblast growth factor (bFGF), and epidermal growth 

factor (EGF). Gene and protein expression of stem cell markers were assessed for 

passages 2 through passage 6. Osteogenic, endothelial, and neurogenic differentiation 

was also evaluated at passages 5 and 6 to assess the correlation between changes in stem 

cell markers and differentiation capacity.  

1.2. Specific Aim 2 

Neonatal rat ventricular myocyte-mediated differentiation of amniotic fluid-

derived stem cells towards a cardiac lineage. This aim was motivated by research in 

the literature that suggested AFSC in direct co-culture with neonatal rat ventricular 

myocytes (NRVM) express cardiac proteins, but questions remained if there was 

differentiation or cell fusion occurring. This aim evaluated whether co-culture of NRVM 

and AFSC is sufficient for differentiation along a cardiac lineage when cell fusion is 

eliminated as a potential variable. Co-culture systems that did not allow for cell fusion 

were examined, including AFSC and NRVM on opposite sides of a porous membrane, 

separated in a shared media dish, and AFSC in conditioned media from NRVM. 

Expression of cardiac proteins and the formation of functional gap junctions were 

evaluated.  
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1.3. Specific Aim 3 

Small molecule modulation of Wnt signaling to induce amniotic fluid-derived 

stem cells towards a cardiac lineage. AFSC share some properties and similarities to 

ESC and iPSC, therefore we investigated the application of a method demonstrated 

highly successful in cardiac differentiation of ESC and iPSC to cells from amniotic fluid. 

AFSC were exposed to small molecule inhibitors of Wnt signaling in a time-dependent 

manner in an attempt to induce cardiac differentiation. AFSC were then evaluated for 

expression of cardiac proteins, including transcription factors, sarcomere proteins, and 

connexin 43, a key component in gap junctions.  
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Chapter 2 

Amniotic Fluid-derived Stem Cells for 

Cardiovascular Tissue Engineering 

Applications∗∗∗∗ 

2.1. Abstract 

Recent research has demonstrated that a population of stem cells can be isolated 

from amniotic fluid removed by amniocentesis that are broadly multipotent and non-

tumorogenic. These amniotic fluid-derived stem cells (AFSC) could potentially provide 

an autologous cell source for treatment of congenital defects identified during gestation, 

particularly cardiovascular defects. In this review, the various methods of isolating, 

sorting and culturing AFSC are compared, along with techniques for inducing 

differentiation into cardiac myocytes and endothelial cells. Though research has not 

demonstrated complete and high yield cardiac differentiation, AFSC have been shown to 

effectively differentiate into endothelial cells and can effectively support cardiac tissue. 

                                                
* This chapter was published as: Petsche Connell J, Camci-Unal G, Khademhosseini A, 

Jacot JG. Amniotic fluid-derived stem cells for cardiovascular tissue engineering 

applications. Tissue Eng Part B Rev. 2013 Aug;19(4):368-79. 
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Additionally, several tissue engineering and regenerative therapeutic approaches for the 

use of these cells in heart patches, injection after myocardial infarction, heart valves, 

vascularized scaffolds and blood vessels are summarized. These applications show great 

promise in the treatment of congenital cardiovascular defects, and further studies of 

isolation, culture, and differentiation of AFSC will help to develop their use for tissue 

engineering, regenerative medicine, and cardiovascular therapies.  

2.2. Introduction 

Birth defects are the number one cause of death in infants in the United States [9]. 

Approximately 9200 invasive procedures were performed in infants with congenital heart 

disease in the US in 2010 [10]. Many of these repairs require synthetic or acellular 

materials. Current myocardial patched repair, common for repair of septal defects and 

outflow tract obstructions, and conduit repair, or construction of a new conduit as in a 

Blalock-Taussig Shunt, generally uses Dacron, Teflon or fixed, acellular pericardium [4]. 

However, these patches have been shown to increase the risk of sudden cardiac death by 

25 to 100 times compared to a healthy population [11]. Additionally, valve repair in 

infants can often make use of autologous valves (as in a Ross procedure, which uses the 

patient’s pulmonary valve to replace a damaged aortic valve), but many times a 

mechanical valve is required as xenotropic (animal) valves are seldom used in children 

due to concerns of long-term durability [12]. These mechanical valves do not grow with 

the patient and require a lifetime of anticoagulation therapy with many side effects [13]. 

Tissue engineered, or regenerative therapies to treat these pathologies, which result in 

living tissue that grows with the child, could greatly benefit this population. 
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Many advances in biomaterials and decellularized tissues in the last decade have 

aimed to generate scaffolds for tissue engineering repair of congenital heart defects (see 

review in [5]). However, very few of these have used living cells. The use of live and 

functioning cardiac cells in tissue-engineered cardiac scaffolds could allow for correction 

of large, full-thickness defects, maintenance of the normal conduction pathways in the 

heart, the creation of highly patent valves that grow with pediatric patients, and many 

other transformative technologies that have been thoroughly reviewed elsewhere [5, 14, 

15]. Though some therapies have seeded constructs with bone marrow mesenchymal 

stem cells (MSC) [16], these can be very difficult and risky to obtain autologously in 

neonates. Additionally, concern about tumorogenesis has limited use of human 

embryonic and induced pluripotent stem cells. Because of the risks of immunorejection 

and the high risks of immunosuppressive drugs in infants, non-autologous transplanted 

cells are not a desirable option [17]. In this article, we will discuss the characterization 

and use of stem cells isolated from amniotic fluid, which can be obtained with relatively 

low risk when birth defects are diagnosed in utero and used to construct tissue engineered 

and regenerative therapeutic tissues, using the fetus’ own cells, for the correction of these 

defects in the newborn. 

2.3. Amniotic fluid  

Amniotic fluid (AF) fills the amniotic cavity and acts to prevent adherence of the 

embryo to the amnion, absorb jolts to protect the embryo or fetus, and allow for fetal 

movement [18]. Amniotic membrane cells produce some of the fluid, but the bulk of the 

liquid component comes from the maternal blood. Approximately one liter of AF 
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surrounds the fetus by birth. Beginning in the fifth month the fetus will consume an 

estimated 400 ml of AF a day, and fetal urine is then added back to the fluid. The fetal 

urine is mostly water, as metabolic waste is exchanged through the placenta [18].  

For research applications the most common method to obtain amniotic fluid is 

through amniocentesis [19–23]. Alternatively, fluid can be obtained from therapeutic 

amnioreductions in which large quantities of amniotic fluid are removed for treatment of 

conditions such as twin-twin transfusion syndrome [24] or amniotic fluid may be 

collected during elective caesarean sections [25]. 

2.4. Identification, isolation, and culture of undifferentiated stem 

cells in AF 

The cells contained in AF are a heterogeneous mixture of many cell types derived 

from and genetically matched to the fetus [21, 26]. The predominant phenotype observed 

is epithelial cells, but cells expressing mesenchymal, osteocyte, adipocyte, and neuronal 

markers are also present [26]. 

AF was first found to contain Oct-4 positive cells in 2003 [22]. Oct-4 is a 

transcription factor necessary for embryonic stem cell pluripotency [27]. In 2007, AF was 

determined to contain a population of broadly multipotent stem cells [21]. Adherent cells 

from amniocentesis were immunoselected for c-kit expression using magnetic 

microsphere assisted cell sorting. C-kit, or CD117, is a tyrosine-kinase transmembrane 

receptor for stem cell factor, also known as mast cell growth factor, which is a pleiotropic 

factor involved in development and known to be required in hematopoiesis in adults [28]. 

Clonal colonies were generated from adherent, c-kit-sorted cells and tracked by retroviral 
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marking. It was found that some clonal colonies were able to differentiate towards 

adipogenic, osteogenic, myogenic, endothelial, neuronal and hepatic lineages, 

representing cell types of all three germ layers [21]. Even though amniotic fluid-derived 

stem cells (AFSC) are broadly multipotent, they did not form teratomas when implanted 

in severe combined immunodeficiency (SCID) mice [21]. This non-tumor forming 

property, which is a similarity AFSC share with adult stem cells, could be an advantage 

over human embryonic stem cells when medical applications are considered.   

Despite this early promise with stem cells from AF, much work remains before 

their potential can be realized. Many differences still exist in the methods research labs 

use for culturing and isolating AFSC. While many researchers appear to use the same 

method as the Atala lab described above, variation does exist. A summary of isolation 

and culture conditions for maintaining undifferentiated AFSC currently published can be 

found in Table 1 (culture conditions used for AFSC tested for cardiovascular tissue 

engineering marked with *). In addition to the culture methods for maintaining 

undifferentiated stem cells, researchers are examining culture conditions to promote 

particular cell types, such as advanced Dulbecco’s minimal essential medium with 5% 

fetal bovine serum results in the enrichment of epithelial cell population [20]. 

  



 10 

 

Table 1 – Isolation methods and culture medium for undifferentiated amniotic fluid-

derived stem cell.  

 * indicates culture conditions tested for cardiovascular tissue engineering. 

 Sorting Medium References 

 - αMEM, 10% FBS 20, 44, 46 

 c-kit αMEM, 10% FBS 20 

* - αMEM, 15% FBS, 20% Chang (Irvine Scientific) 29, 58 

* c-kit αMEM, 15% FBS, 20% Chang (Irvine Scientific) 
21, 24, 38-40, 42, 43, 51-

54, 63, 70 

* - αMEM, 20% FBS, 4 ng/ml bFGF 23, 55, 56, 60 

 - M199 medium, 10% FBS 26, 57 

 - F-10 nutrient medium, 10% FBS 22, 47, 49 

 - F-10 nutrient medium, 20% FBS 50 

 - DMEM, 20% FBS 26, 45 

 - DMEM, 10% FBS, 10 ng/ml EGF 35, 104 

 - DMEM, 10% FBS, 10 ng/ml bFGF 36 

 - DMEM, 20% FBS, 5-10 ng/ml bFGF 32-34, 37, 102 

 - DMEM, 20% FBS, 10 ng/ml bFGF, 10 ng/ml EGF 25, 30 

* c-kit AmnioMax Medium (Invitrogen), 10% FBS 41, 57 

 - Mesencult medium (Stem Cell Technologies, Inc.) 31 

 - Amniomed (Euroclone) 26 

 

AFSC are the subject of ongoing interest and research. Isolation, culture, and 

cryopreservation of AFSC are ongoing areas of investigation in the field [25, 29–34]. 

Additionally, some researchers are comparing AFSC to other fetal-derived tissues such as 

umbilical cord blood and amniotic membrane [33, 35, 36]. AFSC are being explored for 

use in tissue engineering applications for a variety of tissue types. This review focuses on 

cardiovascular cell types and tissue engineering, which are addressed further below, but 
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AFSC are also being investigated for osteogenic [19, 37, 38], renal [39, 40], myogenic 

[41], epithelial [42, 43], and neuronal [20, 44–51] differentiation and tissue engineering.  

An area of contention that remains with AFSC is whether sorting for c-kit 

expression is necessary or appropriate. Approximately 1% of total amniotic fluid cells are 

positive for c-kit [21, 40]. One research group studying neuronal differentiation 

investigated the ability of c-kit sorted cells compared to unsorted cells to differentiate 

towards a neuronal lineage [20].  It was found that the unsorted population was better 

able to differentiate towards a neuronal lineage than the sorted population. However, the 

c-kit sorted population was better able to differentiate towards adipogenic, osteogenic, 

and chondrogenic lineages [20]. These findings, in combination with the lack of 

agreement in the field on isolation and culture procedures, indicate further research is 

needed to determine and validate the appropriate isolation procedures for cells from AF 

capable of differentiation into cardiovascular cell types. Furthermore, it may be necessary 

to distinguish distinct populations of AF cells that may be better suited for various 

therapeutic end points. 

Analysis of the undifferentiated AFSC populations is necessary to understand the 

starting populations of cells in differentiation experiments. Furthermore, the different 

culture conditions used for the undifferentiated stem cells necessitates analysis of the 

undifferentiated stem cells to determine if the starting populations across experiments are 

similar and comparable. A summary of markers analyzed on undifferentiated AFSC can 

be found in Table 2. AFSC were found to be positive for markers common of 

mesenchymal stem cells: CD29 or integrin beta-1 [23–25, 30, 31, 36, 46, 47, 52–57], 

CD44 or hyaluronate receptor [23, 24, 26, 29, 31, 33, 35, 36, 46, 47, 53–58], CD73 or 
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ecto-5’-nucleotidase [23–26, 29–31, 34, 46, 52–56] CD90 or Thy-1 [23–25, 29, 30, 34, 

46, 52–58], CD105 or endoglin [23–25, 29–31, 34, 46, 52–58], and CD146 or melanoma 

cell adhesion molecule [31, 53, 54]. The stem cells were also found to be negative for 

endothelial markers CD31 [24, 25, 30–32, 53, 55, 56, 59], CD144 [31], and CD309 [31] 

and for hematopoietic markers CD11b [23], CD14 [23, 31, 46, 57], CD34 [23, 31, 34, 36, 

47, 52–57], and CD45 [24, 25, 29–31, 34, 46, 47, 52–58]. AFSC were positive for 

vimentin [29, 32, 41, 46, 52, 53, 58–60], an intermediate filament commonly found in 

mesenchymal cells, and negative for desmin [32, 59], an intermediate filament found in 

the Z-line of sarcomeres in muscle cells. AFSC were positive for major 

histocompatibility complex I [23, 24, 29, 31, 34, 36, 47, 53, 56], also know as HLA-

ABC, and negative for major histocompatibility complex II [23, 24, 29, 36, 47, 53, 56, 

58], also known as HLA-DR. SSEA-4, a surface antigen commonly found on embryonic 

stem cells, was positive on AFSC by flow cytometry and immunostaining [24, 29, 36, 41, 

52, 55–58, 60]. Results for expression of c-kit or CD117 in AFSC were mixed: some 

research demonstrated positive gene expression by PCR [43], but flow cytometry results 

were negative [23, 55, 56] or slightly (~25%) positive [24]. Oct4, Sox2, and Nanog, 

transcription factors necessary for maintaining pluirpotency in embryonic stem cells, also 

displayed mixed results across different studies of AFSC [22, 23, 26, 29, 30, 35–37, 41, 

43, 45–47, 52, 54–58, 60].  
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Table 2 - Characterization of undifferentiated amniotic fluid-derived stem cell.  

Marker Description Results References 

Oct-4 

Transcription factor 
necessary for 

maintaining 

pluripotency of ESC 

Positive expression, generally at 

low levels, by PCR, FC, and 

immunostaining. Found by some to 

be only expressed in some fluid 
samples.  

22, 23, 26, 29, 
30, 35-37, 41, 

43, 45-47, 52, 

55-58, 60 

Sox2 

Transcription factor 

necessary for 

maintaining 

pluripotency of ESC 

Mixed results: both positive and 

negative expression by PCR 

reported, as well as positive 

immunostaining 

26, 45, 54 

Nanog 

Transcription factor 

necessary for 

maintaining 
pluripotency of ESC 

Positive expression at low levels by 

PCR, FC, and immunostaining 

45, 46, 55, 56, 

60 

SSEA-4 

Stage specific 

embryonic antigen 4; 

surface antigen found 
on ESC 

Positive expression by FC and 

immunostaining 

24, 29, 36, 41, 

52, 55-58, 60 

MHC I 

Found on every 

nucleated cell in the 
body 

Positive expression by PCR and FC 

23, 24, 29, 31, 

34, 36, 47, 53, 
56 

MHC II 
Found only on antigen 

presenting cells 
Negative by PCR and FC 

23, 24, 29, 36, 

47, 53, 56, 58 

CD29, CD44, 
CD73, CD90, 

CD105, CD146 

Markers common on 

MSC 

Positive expression by PCR, FC, 

and immunostaining 

23-26, 29-31, 
34-36, 46, 47, 

52-58 

vimentin 

Intermediate filament 

expressed in 
mesenchymal cells 

Positive expression by PCR and 

immunostaining 

29, 32, 41, 46, 

52, 53, 58-60 

CD11b, CD14, 
CD34, CD45 

Hematopoietic cell 
markers 

Negative by PCR, FC, and/or 
immunostaining 

23-25, 29-31, 

34, 36, 46, 47, 

52-58 

CD117/c-kit 

Stem cell growth factor 

receptor; expressed by 

hematopoietic stem 
cells as well as variety 

of other cell types 

Mixed results: positive expression 

by PCR, but negative to only slight 
(~25%) positive expression by FC 

23, 24, 35, 43, 

56  

CD31, CD144, 

CD309 

Endothelial cell 

markers 

Negative by FC and 

immunostaining 

24, 25, 30-32, 

53, 55, 56, 59 

vWF 

von Willebrand Factor; 

marker of endothelial 
cells 

Mixed results: negative by FC but 

both positive and negative 

expression by immunostaining 

reported 

31, 32, 53, 58 

desmin 

Intermediate filament 

found in the Z-line of 

sarcomeres in muscle 

Negative by immunostaining 32, 59 
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2.5. In vitro cardiac myocyte differentiation of AFSC 

AFSC have been investigated for cardiac tissue engineering [61]. AFSC 

applications to in vitro cardiac tissue engineering are summarized in this section and 

Table 3. The most common method tested for differentiation of AFSC towards a cardiac 

lineage is direct co-cultures of AFSC and neonatal rat ventricular myocytes (NRVM), in 

which the two cell types are mixed and plated together [52–54, 56, 58]. Additionally, 

some scientific groups have used AFSC for cell seeding of heart valves, such as seeding a 

fibrin gel as a cell carrier for AFSC for heart valve engineering [62].  

Table 3 - In vitro cardiac differentiation of amniotic fluid-derived stem cells.  

Method 
Length of 

culture 
Result References 

Human AFSC and 

NRVM co-culture, 1:4 

ratio 

10 days 

5% of AFSC displayed cTnI protein 

expression and sarcomere banding; bi-

nucleated cells observed 

53 

Human AFSC and 

NRVM co-culture, 
1:10 ratio 

7 days or 

10 days 

Functional gap junctions observed; 

Some cells observed to express human 

mitochondria as well as cTnT or α-

actinin 

54, 56 

Rat AFSC and NRVM 

co-culture, 1:4 ratio 
9 days 

Cardiac differentiation observed in 

3.5% to 16% of AFSC, determined by 
sarcomeric α-actinin, myosin heavy 

chain, cTnT, or cTnI protein 

expression; bi-nucleated cells observed 
 

52, 58 

Cardiomyogenic 

differentiation medium 
15 days No differentiation observed 53, 58 

NRVM-conditioned 

medium 
10 days No differentiation observed 52, 53, 58 

10 µM 5-aza-

2’deoxycytidine for 24 
hours 

10 days 

Increased cTnI and cTnT gene 
expression; decreased Sox2 gene 

expression; no mature sarcomeres or 

beating cells 

54 
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Undifferentiated c-kit sorted AFSC have been shown to express some genes 

common in cardiac cells, including sarcomeric proteins myosin light chain 2v (MLC2v) 

and β-myosin heavy chain (MHC); transcription factors Nkx2.5, Gata4, Mef 2C, and Mef 

2D; gap junction protein connexin 43; and adhesion proteins N- and H-cadherin [53, 54]. 

However, no protein expression was observed of MLC2v, β-MHC, Nkx2.5, or Gata4 

[53]. While connexin 43 and cadherins were observed at the protein level, they did not 

localize to the membrane in undifferentiated AFSC [53]. It is important for researchers to 

understand the common gene expression between AFSC and cardiomyocytes because 

during differentiation gene expression is commonly examined to evaluate the extent of 

differentiation. Therefore it is necessary to correctly understand the starting state of the 

AFSC in order to evaluate the effectiveness of tested differentiation methods. 

Additionally, expression of cardiac specific genes, even in the absence of protein 

expression, may support the hypothesis that AFSC are capable of cardiomyocyte 

differentiation [54].  

In 2007, Chiavegato et al. studied cardiac differentiation of c-kit sorted human 

AFSC [53]. The AFSC were labeled with a fluorescent dye and mixed with NRVM at a 

ratio of 1:4, respectively. These cells were plated on gelatin-coated surfaces and cultured 

for 10 days, at which time immunofluorescence was performed. Approximately 5% of 

labeled AFSC displayed cardiac troponin I (cTnI) expression and showed A and I bands 

of sarcomeres at high magnification. However, at least some of these cells also appeared 

to have double nuclei, which the authors suggest supports a cell fusion explanation, rather 

than differentiation of the stem cells [53]. Similarly, Iop et al. observed that in co-

cultures of rat AFSC with NRVM, approximately 3.5% of rat AFSC expressed 
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sarcomeric myosin or cardiac troponin T (cTnT). Again, many cells had more than one 

nuclei and the authors remained unsure if this occurrence of double nuclei is due to cell 

fusion or dividing cells [58]. 

Further co-culture studies of rat AFSC demonstrated additional promise of the use 

of AFSC in cardiac tissue engineering. In one example, rat AFSC were isolated by c-kit 

sorting from animals expressing green fluorescent protein (GFP), which facilitated 

separation of NRVM from GFP negative rats.  It was found that these undifferentiated rat 

AFSC had low levels of protein expression of both major histocompatibility complex I 

and major histocompatibility complex II [52]. After 4 days of co-culture with NRVM, 

some AFSC in cell clusters rich in NRVM expressed cTnI and MHC proteins, but only a 

minority of these clusters containing AFSC were beating. After 9 days, cardiac 

sarcomeric α-actinin was also detected in some AFSC. As in previously described co-

culture experiments, some bi-nucleated cells were detectable, suggesting that at least 

some of these events may be due to cell fusion. Furthermore, myocardial differentiation 

of the AFSC was found to be approximately 16% of AFSC after 9 days of co-culture. 

Electrical stimulation studies were also conducted to promote differentiation towards a 

cardiac lineage [52]. Undifferentiated AFSC could not be excited through electrical 

stimulation, but after co-culture they developed electrical excitability. Interestingly, only 

those AFSC that were in close contact with NRVM in the co-cultures developed this 

excitability, suggesting that either cell fusion or short range signals may be mediating this 

transformation.  

A later study by Guan et al. supported that co-cultures with NRVM could induce 

human AFSC to differentiate towards a cardiogenic lineage by observing observations 
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that AFSC in co-culture with NRVM could form functional gap junctions between the 

two cell types [54]. Additionally, connexin 43 and N-cadherin were seen to localize to the 

membrane in AFSC in co-culture with NRVM. Functional gap junctions and connexin 43 

or N-cadherin localization to the membrane were not observed in cultures of AFSC alone 

or AFSC-fibroblast co-cultures [54].  

AF cells cultured without a c-kit sorting step in a growth media of αMEM, 20% 

FBS, and 4ng/ml basic fibroblast growth factor (bFGF) have also been tested for ability 

to differentiate down a cardiac lineage [56]. Again the AF cells were directly mixed and 

plated with NRVM, then cultured for 10 days. Cells were stained with antibodies specific 

for human mitochondria, as well as antibodies to α-actinin and cTnT. Some cells stained 

positive for human mitochondria, α-actinin and cTnT. Connexin 43 was observed at the 

junctions between AFSC and NRVM [56]. 

NRVM-conditioned media and a cardiomyogenic differentiation medium (60% 

DMEM, 28% MCDB-201, 10-4M ascorbate phosphate, 10-9M dexamethasone, 10% fetal 

bovine serum, 1% antibiotics, and 1% ITS+ medium supplement) previously used on 

MSC [8] have also been tested on both human and rat AFSC [52, 53, 58]. No changes 

were observed in the protein expression of these two conditions, compared to 

undifferentiated AFSC after a 10-day culture period [52, 53, 58]. These results suggest 

that either fusion or specific features of NRVM, such as cell-cell contact or short range 

soluble signals may be the cause of observed differentiation behavior in co-cultures. 

Cardiac differentiation of AFSC using treatment with 10 µM 5-aza-

2’deoxycytidine for 24 hours has also been tested. After the 24-hour treatment, cell 

culture continued in DMEM with 10% horse serum, 10% fetal bovine serum, and 
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antibiotics, AFSC became enlarged and developed organized stress fibers. At days 5 and 

10 qRT-PCR showed progressive increases in cTnI and cTnT, as well as a reduction in 

Sox2, a transcription factor found in undifferentiated embryonic stem cells [54]. Despite 

these results, no mature sarcomeres or spontaneous beating was observed, suggesting that 

additional cues may be necessary to obtain complete cardiac differentiation.  

While these techniques have potential, they are also deficient in ways that merit 

future consideration.  First, while there has been some success with c-kit sorted cells, c-

kit expression is not maintained after subsequent passages [24, 53, 63]. This would seem 

to suggest that c-kit itself may not be the most important factor in determining cardiac 

differentiation potential and that future exploration and characterization of AFSC is 

necessary. Additionally, the differentiation of AFSC towards cardiomyogenic lineage 

versus cell fusion between AFSC and NRVM is an important issue that needs to be 

further addressed. This is particularly pertinent since, in other tissue systems, cell fusion 

has been shown to be the major reason for transdifferentiation of developmentally mature 

tissues from one tissue to another. The occurrence of cell fusion could limit the 

application of co-cultures for immunogenic reasons. 

2.6. Implantation of AFSC after myocardial infarct 

In addition to the differentiation of AFSC towards a cardiac lineage, another area 

of interest has been the implantation of cells into cardiac tissue following myocardial 

infarction (MI). This work is motivated by similar studies performed using MSC, which 

have been shown to improve cardiac function when injected into the heart post-MI [64–

67]. A summary of AFSC implantation studies and results can be found in Table 4. 
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Table 4 - Amniotic fluid-derived stem cell implantation in myocardium.  

Treatment Observed results References 

Dissociated AFSC Reduce fibrosis and enlargement 

of left ventricle compared to 

saline control but not as 

effective as aggregated 

AFSC structures  

Proliferation of AFSC observed  

AFSC found expressing Nkx2.5, 

cTnT, α-actinin, smooth 

muscle α-actin, or von 

Willebrand Factor  

Majority of cells are quickly lost 

after injection  

 

55, 56, 60 

 

 

 

 

52, 58 

52, 58 

 

 

 

52, 55, 58, 60 

Aggregated AFSC-ECM 

structures 

• Cell sheet fragments - 

AFSC plated on thermo-

responsive hydrogels to 

form confluent cells 

sheets, then separated into 

fragments 

• Cell bodies - AFSC plated 

in coated wells such that 

the cells were unable to 

attach and instead formed 

spherical cell bodies 

 

Undifferentiated state of AFSC 

maintained prior to 

implantation  

AFSC retained for 4 weeks in 

rats injected with aggregated 

structures  

Significant contractile function 

improvement over both 

saline controls and 

dissociated AFSC injections  

Increased density of vasculature  

55, 60 

 

 

55, 60 

 

 

55, 60 

 

 

 

60 

Short term effects of dissociated 

AFSC or AFSC-CM (2 hours 

post-MI) 

Reduced infarct size compared 

to saline treated control  

68 

  

2.6.1. Injection of dissociated AFSC 

Yeh et al. has previously demonstrated that injection of unsorted, undifferentiated 

human AFSC into rats at the border zone of infarct regions one week after MI caused by 

left coronary artery ligation led to superior cardiac function over saline injected controls 
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[56]. The AFSC treated group had significantly less myocardial fibrosis and enlargement 

of the left ventricle than the saline control group. Some cells double-stained positive for 

human nuclei and cardiac markers Nkx2.5, α-actinin, or cTnT. Again in this instance, the 

authors point out that it is unknown whether these double-positive cells resulted from 

differentiation of the AFSC or cell fusion of the AFSC with the rat cardiomyocytes [56].  

Other researchers observed cells double positive for human-specific anti-platelet non-

muscle myosin (hptMyosin) antibody and cTnT after injection of AFSC into rat hearts. 

However, the hptMyosin+ cells still had protein expression of SSEA4, so at best an 

incomplete transition to cardiomyocytes was achieved [53]. 

Iop et al. have also compared rat bone marrow MSC (BM-MSC) to rat AFSC for 

cell therapy by injecting each into the periphery of cryoinjured areas on rat hearts [58]. 

Fewer AFSC than BM-MSC were present in the injected area after 24 hours, but 

approximately equal numbers were found after 30 days. Through analysis of mitotic 

marker phospho-Histone H3 and apoptotic markers, the researchers investigated this 

occurrence. The amount of apoptotic cells was consistent between the two cell types, but 

more mitotic cells, and therefore more proliferation, were observed in AFSC. This 

difference between the two cell types resulted from the superior proliferative capacity of 

AFSC. It was also found that 34.6% of BM-MSC and 49.6% of AFSC underwent 

differentiation in vivo to express either cTnT, von Willebrand factor or smooth muscle α-

actin. BM-MSCs formed arterioles, but AFSC only formed capillaries as AFSC appeared 

to be unable to give rise to smooth muscle α-actin+ cells [58]. However, another study 

found that rat AFSC were observed to express smooth muscle α-actin and be located in 

both arterioles and capillaries several weeks after injection into a ischemia/reperfusion 
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injury in rats [52]. The conflicting results of differentiation of rat AFSC following 

injected into injured myocardium indicates that more work remains to be done on the 

differentiation potential and the in vivo beneficial effects of AFSC. 

2.6.2. Injection of aggregated AFSC-ECM structures 

While dilation of the left ventricle is significantly reduced in rats injected with 

dissociated AFSC post-MI, an even greater effect has been found by injecting fragmented 

cell sheets or cell bodies of AFSC [55, 60]. One week after acute MI, saline, dissociated 

AFSC, or aggregates of AFSC in the form of fragmented cell sheets or cell bodies were 

injected into the border of the infarct zone [55, 60]. Both forms of AFSC aggregates were 

compared to saline and dissociated AFSC, but not to the other type of aggregate. 

To form injectable cell sheet fragments, human AFSC were plated on collagen I 

coated thermo-responsive methylcellulose hydrogels. Once a confluent cell layer was 

obtained, a sterile mesh compressed the cell sheet to separate it into fragments. At room 

temperature the hydrogel system liquefied and the cell sheet fragments were collected 

[60]. To form AFSC aggregates, the cells were plated into a 96-well plate coated with 

methylcellulose hydrogel. Cells do not attach to the surface of the methylcellulose 

hydrogel and instead aggregate to form spherical cell bodies [55].  

In both the case of cell sheets and cell bodies, the undifferentiated state of AFSC 

was maintained, as evidenced by expression of vimentin, a common marker of MSC, and 

SSEA-4, a marker of embryonic stem cells (ESC) [55, 60]. Additionally these methods 

allowed for collection of cell sheets with the endogenous extracellular matrix (ECM) 

maintained, which improved cell retention and survival following injection [55, 60].  
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It was found that dissociated AFSC were quickly lost after injection. Lee et al. 

tracked injected cells using bioluminescene, and while AFSC remained for 4 weeks in 

rats injected with cell bodies, the signal was barely detectable after 7 days in rats injected 

with dissociated cells [55]. This finding is corroborated by the cell sheet fragment study, 

which found few AFSC by histological analysis in the dissociated AFSC injected rats at 

the end of the 4 week experiment compared to the large numbers of AFSC found in rats 

injected with cell sheet fragments [60]. In both cases, the authors hypothesized that the 

improved engraftment was due to the large size of the cell-ECM aggregates, thus 

allowing for entrapment in interstitial spaces [55, 60]. Additionally, evidence of 

proliferation of AFSC was found in the cell sheet fragment group [60].  

While injection of dissociated AFSC demonstrated improved contractile function 

of the left ventricle (LV), injection of AFSC aggregates led to a significant function 

improvement over both saline and dissociated AFSC injections. Improvement was seen in 

the reduced size of the infarct area and improved left ventricular function in the aggregate 

treated groups compared to the dissociated cell and saline treated groups [55, 60]. 

Density of vasculature was also higher in cell sheet fragment group than saline and 

dissociated AFSC injected groups [60]. 

2.6.3. AFSC are cardioprotective after MI 

AFSC have been demonstrated to be cardioprotective if injected immediately 

following acute MI [68]. In one experiment, immediately following MI caused by 

ligation of the left anterior descending coronary artery in adult rats, the hearts were 

injected with saline, human AFSC, or conditioned media from human AFSC (AFSC-
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CM), then reperfused for 2 hours. Following this protocol, the infarct size was 

significantly smaller in the AFSC and AFSC-CM treated groups compared to the saline 

control [68]. The infarct size was determined by treatment of the hearts with 2,3,5-

triphenyltetrazolium chloride, which identifies necrotic areas [69].  

After 2 hours of reperfusion, AFSC were found in the heart, spleen, and lungs of 

the rats, at increasing concentrations of cells in that order. Surprisingly, no AFSC were 

found in the liver. Furthermore, only 10% of AFSC in the cardiac tissue expressed 

apoptotic protein caspase-3, whereas approximately 32% of AFSC in the heart stained for 

von Willebrand factor, and approximately 82% of cells stained for alpha-smooth muscle 

α-actin. Rats treated with AFSC or AFSC-CM had significantly reduced levels of 

myocardial apoptosis, as demonstrated by reduced TUNEL-positive apoptotic cardiac 

cells and reduced apoptotic active caspase-3-positive cells. AFSC were found to secrete 

the actin monomer-binding protein thymosin β4, which has been shown to be 

cardioprotective. Given the short time over which AFSC provide a benefit and the finding 

that they secrete thymosin β4, the authors hypothesize that the benefit is provided through 

an in situ paracrine effect [68]. 

2.6.4. Immune response and pathologic differentiation of injected AFSC 

In studies without the use of immunosuppressants, human c-kit sorted AFSC were 

seen to be acutely rejected after injection into the infarct region of rats. An inflammatory 

response was evoked in the cell-injected region in rats with an induced MI or without, 

regardless of whether they were immuno-competent, immuno-suppressed, or immuno-

deficient [53]. This result was disappointing because researchers had hypothesized that 
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AFSC would be immune privileged in much the same way as MSC. The researchers 

speculated that sorting for c-kit may have actually made the cells more immunogenic, 

though it appears the cells that were used lacked c-kit expression after passaging and at 

the time of injection [53]. However, as this experiment was cross-species, with human 

AFSC injected into rats, it may still be possible to use AF cells in an allogenic fashion, in 

addition to a potential autologous use for congenital defects.  

A key issue in using AFSC for the therapeutic applications is to ensure that the 

cells differentiate properly based on the needs of the clinical application. Interestingly, 

chondro-osteogenic structures were observed in some hearts after injection of AFSC [53, 

70]. These masses were found in the subendocardial zone of infarct hearts, and the 

chondrogenic and osteogenic nature of the masses was confirmed with histology [70]. It 

was originally hypothesized that the chondro-osteogenic masses resulted due to AFSC 

injection [53], but it was later found that the masses appeared in approximately 50% of 

rat hearts with induced MI, regardless of AFSC injection, and infarct size was more 

correlated with formation of chondro-osteogenic masses than injection of AFSC [70]. 

Injection of AFSC in the absence of MI did not lead to the formation of any chondro-

osteogenic masses; therefore, it was concluded that chondro-osteogenic masses present 

independent of stem cell injection following MI [70]. 

2.7. Heart Valve Tissue Engineering with AFSC 

Disease or degeneration in the heart valves leads to morbidity and mortality [71] 

in both young and adult patients. Heart valve diseases range from congenital 

malformations to age-dependent tissue degenerations, constituting a significant clinical 
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challenge. Especially, there is a tremendous need to properly repair malfunctioning heart 

valves in pediatric tissue engineering since congenital heart defects usually require 

surgical procedures to correct the problem [72]. Therefore, there has been a growing need 

for living autologous grafts as tissue replacements [72, 73]. Current replacement heart 

valves include mechanical and bioprosthetic types with certain limitations [72, 74]. For 

example, mechanical valves may cause thrombogenesis [72] and are susceptible to 

infections [75]. Similarly, bioengineered heart valves may succumb to calcification and 

possess poor durability [76]. In addition, the existing strategies utilize prostheses without 

the capacity to grow [72]. Fabrication of autologous heart valve replacements is preferred 

particularly for pediatric applications [72, 77, 78] because clinically it is essential for an 

engineered tissue to have the ability to grow and remodel as the patient grows up [72]. It 

is of vital importance to correct congenital defects early on to prevent further damage 

[72]. Therefore, fabrication of prenatal autologous implants may be useful for hindering 

secondary damages in the newborn [73, 77, 79]. 

The ideal tissue engineered heart valves would allow for growth and remodeling, 

ensure complete closure and be nonthrombogenic. Tissue engineered heart valves can be 

fabricated using different approaches, such as seeding cells in decellularized tissues or 

synthetic scaffolds. For instance, autologous engineered heart valve constructs have been 

generated using the latter technique [80]. In another attempt to create an autologous heart 

valve, biodegradable scaffolds were seeded with MSC and implanted in the pulmonary 

valve position in a juvenile sheep model [81]. However, major limitations remain in the 

integrity of the ECM and functionality of the final valve construct [74]. Calcification, 
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stenosis, fibrosis, and inadequate elastin production in the engineered heart valves are 

additional major challenges. 

Finding an ideal cell source for engineering heart valves can be challenging in 

pediatric tissue engineering [72]. To avoid immunorejection problems, the use of 

autologous cells may be important. Although clinically important, a reliable cell source 

for generation of autologous grafts has not been identified yet [72]. There are a number of 

different cell sources to engineer heart valves, such as AFSC [73, 77–79], chorionic villi-

derived cells [72, 73, 79], umbilical cord blood cells [72, 73, 79, 82–86], endothelial 

progenitor cells [79, 87], bone marrow-derived cells [79, 86, 88], adipose-derived cells 

[79, 89], and pluripotent stem cells [79, 90]. Among these, adult stem cells have been 

reported to be promising cell sources to restore and maintain tissue function [73]. Adult 

stem cells are usually isolated from blood [73, 91] or bone marrow [73, 91]. 

Alternatively, fetal progenitor cells can be used as an autologous cell type for tissue 

growth and remodeling. The progenitor cells demonstrate plastic behavior with potential 

to differentiate into various lineages [78]. 

The use of an appropriate cell type is important to generate functional biological 

substitutes to treat congenital tissue malformations. Moreover, the choice of 3D scaffold 

and biological or mechanical stimuli are critical features for engineered implants. Human 

cells that are isolated from fetal sources have been shown to be feasible to generate neo-

tissues [73]. With advanced imaging techniques, it is now possible to detect congenital 

disorders prior to birth. Harvesting cells from AF during pregnancy may create unique 

opportunities to fabricate autologous tissue engineered heart valves, which could be ready 

by birth [72, 73]. Current strategies to repair congenital valvular defects require 
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reoperations as somatic growth progresses. For this reason, AFSC that are isolated during 

pregnancy could be a great alternative to treat such congenital disorders. AF has 

previously been used as a powerful source to isolate progenitor cells [73, 77, 78]. AFSC 

are readily accessible [92], easy to harvest, isolate and expand [73, 79, 92]. The protocol 

to isolate amniotic fluid is a simple, routine, and relatively low-risk procedure to the 

mother and the child [72, 73, 78], making this cell type more advantageous compared to 

the other available sources. Additionally, AFSC contain multiple types of stem cells, 

which can maintain their proliferation ability while differentiating into different lineages 

and do not lead to the formation of tumors [92].   

Studies have demonstrated that heart valve leaflets can be engineered using AFSC 

(Figure 1) [62]. In one report, AFSC were isolated from the AF by CD133-affinity 

magnetic beads [77]. Synthetic non-degradable polymers were used as scaffolds and 

seeded with both CD133+ and CD133- AFSC to fabricate tissue engineered valve 

leaflets. These valves were then conditioned in a bioreactor to mature the resulting 

constructs. It was found that the engineered construct was covered with AFSC and 

remained functional following 28 days of in vitro culture. In another study, AFSC were 

studied for their potential in adult heart valve tissue formation [78]. Here the authors used 

cryopreserved AFSC, which were frozen at their seventh passage for four months. They 

demonstrated that both CD133+ and CD133- AFSC preserved their stem cell phenotypes 

after cryopreservation. This in vitro study demonstrated that heart valve leaflets could be 

fabricated by seeding synthetic polymers with cryopreserved AFSC, indicating their high 

potential to be used as a long-term autologous cell source for heart valve tissue 

engineering. In a similar study, AFSC were used to seed synthetic leaflet scaffolds to 
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fabricate in vitro engineered heart valves [73]. The valve leaflets were then 

endothelialized by endothelial progenitor cells (EPCs), which were derived from 

amniotic fluid and conditioned in a bioreactor. The resulting constructs were analyzed for 

their chemical, biological and mechanical properties. These neo-tissues were shown to 

exhibit similar properties with native heart valves with functional endothelium 

demonstrating great potential for tissue engineering.  

 

Figure 1 - AFSC-seeded heart valve leaflets.  

Nonwoven polyglycolic-acid scaffolds were dip-coated using poly-4-hydroxybutric acid 

and seeded with AFSC. Reprinted from Weber et al. [62] 

Collectively, AFSC have been illustrated to be an effective cell source for 

fabricating engineered heart valves. This could potentially enable the generation of heart 

valve constructs ready by birth to treat congenital heart malformations with important 

implications for pediatric tissue engineering research.  
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2.8. Vascular therapies utilizing AFSC 

Cardiovascular diseases constitute a major focus in therapeutic and engineering 

approaches to treat vascular malfunctions [93, 94]. One of the main challenges in 

cardiovascular tissue engineering is to repair the damage in endothelium and further 

endothelialize artificial grafts or constructs for in vivo applications [82]. Engineering 

strategies could be utilized for generation of artificial tissue replacements for damaged or 

diseased vascular tissues by controlling cell-material interactions [95, 96].  Endothelial 

cell lines may be used with biomaterials to treat vascular diseases in therapeutic and 

engineering approaches. Endothelialization could be achieved with different types of 

cells, such as ESC, AFSC, EPC or human umbilical vein cord endothelial cells 

(HUVEC).   

Differentiation of AFSC into an endothelial lineage has been successfully 

demonstrated by Benavides et al. [24]. In this example, the AF, originally isolated for 

therapeutic purposes, was enriched by an immunoselection for expression of c-kit. 

Subsequently, these c-kit+ cells were cultured in endothelial growth medium 

supplemented by different doses of vascular endothelial growth factor (VEGF) (1-100 

ng/mL) for 14 days. AFSC-derived endothelial cells were shown to express endothelial 

markers, such as vascular endothelial growth factor receptor-2 (VEGF-R2), von 

Willebrand factor (vWF), CD31, endothelial nitric oxide synthase (eNOS), and vascular 

endothelial cadherin (VE-cadherin). These cells also demonstrated endothelial 

morphology and formed interconnected networks on Matrigel coated culture plates. 

Furthermore, uptake of acetylated low-density lipoprotein (ac-LDL), and production of 

nitric oxide and VEGF were assayed to confirm functionality of resulting endothelial 
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cells. Sample images of AFSC-derived endothelial cells are shown in Figure 2. This 

could have important implications in vascularization of artificial tissues. 

 

Figure 2 - Morphology of AFSC-derived endothelial cells.  

Formation of network by AFSC-derived endothelial cells on Matrigel coating (A). 

Cobblestone-like morphology of confluent AFSC-derived endothelial cells (B). 

 There are a number of different factors, such as mechanical forces [97], oxygen 

tension [57], growth factors, or cytokines [98] that can be used to promote differentiation 

of AFSC into an endothelial lineage. In one study, AFSC were cultured in endothelial 

media for three weeks to induce endothelial differentiation [57]. Expressions of vWF, 

CD31, and eNOS were used to confirm endothelial lineage by (real time) RT-PCR. The 

function of the resulting endothelial cells was demonstrated by the uptake of ac-LDL and 

formation of vascular networks on a Matrigel coating. Endothelial cell markers were 

shown to be over-expressed when AFSC were further exposed to physiological shear 

stress conditions. Moreover, exposure to hypoxic environment induced the expression of 

angiogenic factors, such as hepatocyte growth factor (HGF), placental growth factor 

(PGF), and VEGF by endothelial cells. This study demonstrates that AFSC are a 
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promising cell source, which can be differentiated into endothelial cells for potential 

applications in cardiovascular medicine.  

Another major limitation in cardiovascular tissue engineering is the 

vascularization of injured myocardium [58]. Cardiovascular type differentiation can be 

achieved by the use of isolated stem cells from different sources, such as adipose tissue 

[99], bone marrow [100], embryonic [101], or AF [21, 23, 57, 102–105]. AFSC offer 

several advantages over embryonic or adult stem cells. For instance, they proliferate 

quickly, have the ability to differentiate into cells from all three germ layers [21], express 

pluripotency markers indicative of embryonic and adult stem cells [59, 106, 107], and do 

not form teratomas [108]. For these reasons, AFSC are a promising cell source to 

vascularize cardiovascular tissues. This ability is of great importance for various 

applications. For example, it has been reported that the contractile function of the cardiac 

muscle could be restored through proper vascularization [109]. In addition, it may be 

possible to prevent deterioration of the muscle tissue by inducing angiogenesis in 

ischemic cardiac injuries.  

2.9. Limitations of AFSC 

AFSC have many potential advantages over alternative cell sources for 

cardiovascular tissue engineering including broad multipotency [21], lack of tumor 

formation [21], and the possibility of using autologous cells for congenital heart defects 

[24]. Despite the promise AFSC hold, there are still limitations to this cell source. The 

lack of agreement on isolation and culture method, as displayed in Table 1, is one limit 

on the use of AFSC as the differences in isolation and culture method make it uncertain if 
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the same populations of cells are being compared across experiments. Another limitation 

of AFSC for cardiac muscle tissue engineering is that functionally mature contracting 

cardiomyocytes have not yet been obtained [54, 56].  

2.10. Conclusion 

AFSC are a promising cell source for cardiovascular therapies, regenerative 

medicine and vascular tissue engineering. AFSC hold specific utility in the repair of 

congenital defects in a newborn infant or late-term fetus, because the fluid can be 

collected with relatively minimal risk, isolated stem cells have a greater differentiation 

potential than other adult stem cell sources, and generated cell-containing constructs are 

genetically matched to the fetus or newborn infant and can be used for repair without risk 

of immunorejection. Research studies have demonstrated that AFSC could induce or 

enhance the enothelialization and vascularization processes in engineered constructs, and 

can be used in cardiac muscle tissue, cardiac valve and vessel tissue engineering 

applications. However, research into the characterization, processing and use of these 

cells is limited, especially compared to other adult MSC and ESC sources. Further basic 

research in this area is necessary to lead us to these goals. 
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Chapter 3 

Effect of passage, isolation, and media 

on differentiation capacity and stem 

cell marker expression in amniotic 

fluid-derived stem cells* 

3.1. Abstract  

Amniotic fluid-derived stem cells (AFSC) represent a promising cell source for 

tissue engineering applications; however, wide variation exists in the isolation methods 

and culture medium used to obtain and expand AFSC.  To address the maintenance of 

stem cell markers and differentiation capacity of AFSC in different conditions, both c-kit 

sorted and unfractionated adherent AFSC from human patient samples were cultured in a 

variety of medium conditions and evaluated over six passages. Medium supplements 

including Chang medium, basic fibroblast growth factor (bFGF), epidermal growth 

                                                
* This chapter has been submitted as: Petsche Connell J, Augustini E, Moise KJ, Johnson 

A, Jacot JG. Effect of passage, isolation, and media on differentiation capacity and stem 

cell marker expression in amniotic fluid-derived stem cells. Stem Cells Transl Med. 

Submitted August, 2014.  
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factor, and both bFGF and EGF. Undifferentiated AFSC were analyzed for protein and 

gene expression of pluripotency markers, including c-kit, SSEA4, Sox2, Oct4, and cMyc. 

Differentiation capacities of AFSC towards endothelial, osteogenic, and neurogenic 

lineages were analyzed at passages 5 and 6. Expression of c-kit was found to be higher in 

c-kit sorted cells compared to unfractionated cells; however, SSEA4, Sox2, cMyc, Tra-1-

60, and Tra-1-81 were all observed to be higher in the unfractionated cell population. 

Pluripotency marker expression levels were found to be significantly lower at passage 6 

than earlier passages. Correspondingly, cells were observed to differentiate more 

effectively at passage 5 than at passage 6. Isolation and expansion medium were found to 

have distinct effects on differentiation towards each lineage. These results indicate that 

AFSC should be utilized prior to passage 6 and that it may be appropriate to choose 

isolation and culture conditions of AFSC depending on final differentiation intent.  

3.2. Introduction 

Amniotic fluid contains a population of broadly multipotent cells, which 

demonstrate capability to differentiate to lineages across all three germ layers [21]. 

Amniotic fluid-derived stem cells (AFSC) express markers characteristic of both 

embryonic stem cells and mesenchymal stem cells [21, 24, 104, 110]. These cells 

represent a promising source for tissue engineering applications because they can be 

easily obtained and have the potential for autologous use in the treatment of congenital 

defects; however, there are many differences in the isolation and culture medium used in 

published studies [111]. These differences complicate the comparison of results between 

studies. 
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Approximately 1-5% of total adherent amniotic fluid cells are positive for c-kit 

[21, 24, 40]. Whether or not c-kit sorting is appropriate for isolation of AFSC remains an 

area of contention and research. Many studies use unfractionated AFSC, which have not 

been sorted for c-kit or any other surface marker [23, 29, 44–46, 55, 56, 58, 60, 102, 

104]. One study found that unfractionated cells were better able to differentiate towards a 

neuronal lineage, compared to c-kit sorted cells [20]. The same study found that sorted 

cells were better able to differentiate towards mesodermal lineages including adipogenic, 

osteogenic, and chondrogenic differentiation [20]. Both c-kit sorted and unfractionated 

cells have been studied for cardiovascular tissue engineering applications [24, 52–56, 58, 

60, 70, 110]. The optimal isolation method of AFSC for general applications is not 

known.  

Published studies also vary in the culture medium used to expand and maintain 

AFSC. The most commonly published medium is α-Minimum Essential Medium 

(αMEM) with 15% fetal bovine serum (FBS), 18% Chang Basal Medium, 2% Chang C 

supplement, glutamine, and antibiotics [21, 24, 38–40, 42, 43, 52–54, 58, 63, 70, 110]. 

However, other studies have used AFSC maintained in medium containing 10% FBS [20, 

44, 46, 104] or 20% FBS [25, 34, 45, 55, 56, 60]. In addition to culture of AFSC in 

medium supplemented with Chang medium, studies have also cultured AFSC in medium 

with no additional supplements [20, 45, 46], 5-10 ng/ml basic fibroblast growth factor 

(bFGF) [32, 33, 102, 112, 113], 10 ng/ml epidermal growth factor (EGF) [35, 104], or 

10ng/ml each bFGF and EGF [25, 30].  

To address the maintenance of stem cell markers and differentiation capacity of 

AFSC isolated and cultured in different conditions, both c-kit sorted and unfractionated 
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AFSC from the same patient samples were cultured in a variety of medium conditions, 

including varying FBS concentration from 10-20% and testing different medium 

supplements. Undifferentiated AFSC were analyzed for protein and gene expression of 

pluripotency markers. Additionally, endothelial, osteogenic, and neurogenic 

differentiation capacities of c-kit sorted and unfractionated AFSC cultured in the various 

media were tested at passages 5 and 6. 

3.3. Materials and Methods 

3.3.1. AFSC isolation and culture in modified αMEM formulations 

Primary human amniotic fluid was obtained from patients in their second 

trimester undergoing planned amnioreduction as part of a therapeutic treatment for twin-

twin transfusion syndrome. Informed consent was obtained from all subjects, and the 

research was carried out according to the World Medical Association Declaration of 

Helsinki. The experimental protocol and informed consent form were approved by the 

Institutional Review Boards of Baylor College of Medicine and Rice University.  

AFSC were isolated as previously published [24, 110]. Briefly, amniotic fluid was 

centrifuged and cells were resuspended in a modified αMEM: 63% αMEM (HyClone, 

Logan, UT), 18% Chang Basal Medium (Irvine Scientific, Santa Ana, CA), 2% Chang C 

supplement (Irvine Scientific), 15% embryonic stem cell-tested fetal bovine serum (FBS; 

PAA Laboratories, Dartmouth, MA), 1% GlutaMAX (Invitrogen, Carlsbad, CA) and 

penicillin and streptomycin. Cells were plated at 2500 cells/cm2 on standard plastic Petri 
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dishes (BD Biosciences, Bedford, MA) and cultured at 37°C and 5% CO2 in a humidified 

environment.  

At the first passage, a subpopulation of cells was isolated through fluorescence-

activated cell sorting (FACS) using an antibody to the membrane receptor CD117/c-Kit 

(BD Biosciences) and a Dako MoFlo cell sorter. A portion of cells at the first passage 

was left unfractionated and did not undergo FACS, such that both c-kit positive and c-kit 

negative cells were present.  

C-kit sorted and unfractionated cells were then replated on untreated plastic 

multiwell plates (Greiner Bio-One, Monroe, NC) in one of several modified αMEM 

formulations. All media formulations contained 1% GlutaMAX and antibiotics. Three 

concentrations of FBS, 10%, 15% and 20%, were tested along with 5 media supplements 

in all combinations. Media supplements groups included none, with no additional 

supplements; Chang, with 18% Chang Basal Medium and 2% Chang C supplement; 

bFGF, with 10 ng/ml bFGF (Sigma-Aldrich, St. Louis, MO); EGF, with 10 ng/ml EGF 

(Sigma-Aldrich); and bFGF+EGF, with 10 ng/ml each bFGF and EGF.  

Cells were routinely passaged using 0.25% trypsin at approximately 70 to 80% 

confluence, approximately 5-7 days after plating. Cells were re-plated at a density of 

2500 cells/cm2 and maintained in the same medium from first through sixth passage.  

3.3.2. Flow cytometry 

Monolayers of adherent cells were detached with Accutase (Sigma-Aldrich) and 

resuspended in phosphate buffered saline (PBS) with 1% FBS.  
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For cell surface flow cytometry, cells were stained with specific antibodies for 15 

minutes at room temperature. After staining cells were washed and resuspended in PBS 

with 1% FBS. Antibodies used were AlexaFluor647-conjugated anti-SSEA-4 (clone: 

MC813-70), PE-conjugated anti-CD117/c-kit (clone: 104D2), FITC-conjugated anti-

CD44 (clone: G44-26), APC-conjugated anti-CD90 (clone: 5E10), FITC-conjugated anti-

CD31 (clone: WM59), APC-conjugated anti-CD45 (clone: HI30), PE-conjugated anti-

CD34 (clone: 581), PE-conjugated anti-Tra-1-81, and FITC-conjugated anti-Tra-1-60. 

Negative controls were primary antibody specific isotype controls. Antibodies and 

isotype controls were developed in mouse and purchased from BD Biosciences.   

For intracellular staining, suspended cells were fixed in 4% paraformaldehyde at 

4°C for 1 hour, washed with PBS, resuspended in permeabilizing buffer (PBS with 0.5% 

Tween20, Sigma-Aldrich), stained at room temperature for 30 minutes, washed, and 

resuspended in PBS with 1% FBS. Antibodies used for intracellular staining were PE-

conjugated anti-Sox2 (clone: 245610) and AlexaFluor488-conjugated anti-c-Myc 

(clone:9E10). Negative controls were primary antibody specific isotype controls. 

Antibodies and isotype controls were developed in mouse and purchased from R&D 

Systems, Minneapolis, MN. 

All samples were analyzed using a BD LSR II Flow Cytometer. FACSDiva 

software (BD Biosciences) was used for all flow cytometry data collection. FlowJo 

software (Tree Star, Inc., Ashland, OR) was used for data analysis.  
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3.3.3. Quantitative reverse transcription - polymerase chain reaction (qRT-PCR) 

Total RNA was extracted from cultured cells using Trizol, following 

manufacturer’s protocol (Invitrogen, Carlsbad, CA). DNA was removed from all samples 

using DNA-free kit, according to manufacturer’s protocol (Applied Biosystems, Foster 

City, CA). cDNA synthesis was performed using High Capacity cDNA Reverse 

Transcription Kit, according to manufacturer’s protocol (Applied Biosystems).  

Relative quantification of Oct4, Sox2, and Kit were performed using TaqMan 

Gene Expression Assays Hs04260367_gH, Hs01053049_s1, and Hs00174029_m1, 

respectively. Kit is the gene that encodes the c-kit protein. Expression was normalized to 

GAPDH using TaqMan Gene Expression Assay Hs99999905_m1. Briefly, 1 µl cDNA 

was amplified in TaqMan Gene Expression Master Mix with 250 nM TaqMan probe in a 

20 µl reaction using the Standard program for 60 cycles on an ABI ViiA 7 Real-Time 

PCR System. Data was analyzed using the comparative CT method, with all samples 

normalized to GAPDH and then to passage 2 cells cultured in medium containing 15% 

FBS and no additional supplements. All TaqMan reagents were purchased from Applied 

Biosystems. 

3.3.4. Differentiation 

Cells were differentiated toward osteogenic, endothelial, and neurogenic lineages 

after being expanded and maintained in different culture media to assess their multipotent 

potential. Differentiation was performed on cells at passages 5 and 6. For all 

differentiation experiments cells were plated at 3000 cells/cm2 on tissue culture treated 

plastic multiwell plates.  
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For endothelial differentiation cells were cultured in the Endothelium Growth 

Medium-2 kit (Lonza, Allendale, NJ) for 20 days. RNA was then collected in Trizol and 

PCR performed as described above. Relative quantification of platelet endothelial cell 

adhesion molecule-1 (PECAM/CD31) and von Willebrand Factor (vWF) were performed 

with TaqMan Gene Expression Assays Hs00169777_m1 and Hs00169795_m1, 

respectively (Applied Biosystems). Data was analyzed using the comparative CT method, 

with samples normalized to GAPDH and then to undifferentiated, c-kit sorted, passage 6 

AFSC cultured in medium with 15% FBS and no additional supplements. 

For osteogenic differentiation, cells were cultured with the StemPro Osteogenesis 

Differentiation Kit (Life Technologies) for 21 days, then analyzed by Alizarin Red S 

(Alfa Aesar, Ward Hill, MA) staining.  

For neurogenic differentiation, cells were cultured in low-glucose Dulbecco’s 

Modified Eagle Medium (Lonza) with antibiotics supplemented with 2% dimethyl 

sulfoxide, 200 mM butylated hydroxyanisol (Sigma-Aldrich), and 25ng/ml neurogenic 

growth factor (NGF; Sigma-Aldrich). After 2 days, the cells were cultured in αMEM 

supplemented with 15% FBS, 1% GlutaMAX, antibiotics, and 25 ng/ml NGF for an 

additional 8 days. Cells were then fixed and stained with rabbit anti-nestin primary 

antibody (ab27952, Abcam, Cambridge, MA) and AlexaFluor488-conjugated goat anti-

rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, 

PA). Cells were counterstained with DAPI (Invitrogen). Images were obtained using a 

DMI 6000B fluorescence microscope (Leica Microsystems, Bannockburn, IL). 

All image analysis was performed using Image J (NIH, Bethesda, MD). 
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3.3.5. Statistical analysis 

Results are presented as means ± standard errors. Sample numbers are presented 

in their respective figure legends. Multiway ANOVA with Tukey’s post-hoc tests were 

used to test for significant differences. Significance was determined as p < 0.05. All 

combinations of isolation, passage, and additive that are presented were tested in the 

multiway ANOVA, but for ease of presentation the results are presented as means ± 

standard error for the variable of interest. Statistics were performed using R statistical 

software.  

3.4. Results 

3.4.1. Effect of FBS amount in medium on SSEA4 and c-kit expression 

The percent of cells expressing SSEA4 and c-kit proteins on the cells surface was 

not significantly affected by the amount of FBS in the culture medium (p=0.545 and 

0.599, respectively; Figure 3). SSEA was expressed on the surface of 52.5±2.8%, 

50.0±3.0%, and 49.0±3.1% of cells cultured in 10%, 15%, and 20% FBS, respectively. C-

kit was expressed on the surface of 10.8±1.5%, 12.4±1.9%, and 12.2±2.0% of cells 

cultured in 10%, 15%, and 20% FBS, respectively. Given the lack of significance and the 

pattern of results, subsequent experiments were performed with medium containing 15% 

FBS.  
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Figure 3 - Percent of fetal bovine serum  in medium did not affect SSEA4 and c-kit 

protein expression in AFSC.  

Percent of cells expressing each protein was analyzed via flow cytometry. Amount of 

FBS in expansion medium did not have a significant effect on the percent of cells 

expressing (A) c-kit or (B) SSEA4 on their surface (p=0.599 and 0.545, respectively; 

n=85-97). For further experiments 15% FBS was used. Error bars are SEM. Significance 

was determined using a multiway ANOVA.  

3.4.2. Effect of isolation on protein and gene expression  

C-kit sorted and unfractionated populations of AFSC had significantly different 

protein expression of c-kit, Sox2, cMyc, SSEA4, Tra-1-60, and Tra-1-81 (Figure 4). Cells 

sorted for c-kit at the first passage maintained a higher percentage of cells expressing c-

kit, compared to the unfractionated cells (unfractioned: 4.9±0.7% vs. sorted: 18.6±2.0%). 

All other analyzed proteins were expressed on a larger percentage of unfractionated cells 

vs. c-kit sorted cells (Sox2: 12.1±1.1% vs. 8.0±0.4%; cMyc: 3.7±0.4% vs. 2.6±0.2%; 

SSEA4: 65.8±2.3% vs. 43.2±2.1%; Tra-1-60: 16.0±1.4% vs. 4.0±0.4%; Tra-1-81: 

12.7±1.5% vs. 4.4±0.6%).  
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Figure 4 - Effect of isolation on protein expression in AFSC.  

Percent of cells expressing each protein was analyzed via flow cytometry. Isolation, 

sorting for c-kit at first passage vs. no sorting step, had a significant effect on the percent 

of cells displaying protein expression of c-kit, Sox2, cMyc, SSEA4, Tra-1-60, and Tra-1-

81 (n=95-97 for c-kit and SSEA4; n=37-49 for other proteins).  A larger percentage of 

unfractionated cells expressed all proteins except c-kit when compared to the c-kit sorted 

cells. C-kit was expressed in a larger percentage of c-kit sorted cells, though still not in 

the majority of cells. Error bars are SEM. * indicates bars are significantly different from 

each other with p<0.005. 

Sorted and unfractionated AFSC had significantly different relative gene 

expression of Kit, Sox2, and Oct4 (Figure 5). Relative Kit gene expression was higher in 

sorted cells than unfractionated cells (2.82±0.24 and 1.19±0.14, respectively). Relative 

Oct4 and Sox2 gene expression were both higher in unfractionated cells than sorted cells 

(Oct4: 1.46±0.10 vs. 0.93±0.16; Sox2: 16.55±4.18 vs. 0.96±0.13).  
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Figure 5 - Effect of isolation on gene expression in AFSC.  

Relative gene expression was measured using quantitative reverse transcription-

polymerase chain reaction. Isolation had a significant effect on the relative gene 

expression of Kit, Sox2, and Oct4. Kit gene expression was significantly higher in cells 

sorted for surface c-kit at first passage while Oct4 and Sox2 gene expression were 

significantly higher in the unfractionated cells (n=135-144). Error bars are SEM. * 

indicates bars are significantly different from each other with p<0.005. 

3.4.3. Effect of passage on protein and gene expression 

Passage had a significant effect on protein expression of c-kit, Sox2, Tra-1-60, 

and Tra-1-81 (Figure 6), which was particularly apparent at passage 6. The percent of 

cells expressing c-kit decreased from passage 3 to passage 6 (14.7±2.9%, 11.0±2.0%, 

13.0±1.9%, 5.1±2.2% for passages 3, 4, 5, and 6, respectively). The percent of cells 

expressing Tra-1-81 increased to passage 5 and then significantly decreased in passage 6 

(4.6±0.5%, 9.7±1.2%, 16.1±2.0%, 1.7±0.5% for passages 3, 4, 5, and 6, respectively). A 

similar pattern was observed in Sox2 protein expression (6.7±0.4%, 7.9±0.5%, 

13.8±0.8%, 10.1±1.8% for passages 3, 4, 5, and 6, respectively). Tra-1-60 expression on 

cells increased from passage 3 to passage 4 and eventually decreased at passage 6 

(7.0±0.9%, 15.8±2.1%, 13.9±1.9%, 2.8±0.8% for passages 3, 4, 5, and 6, respectively). 

Passage did not have a significant effect on SSEA4 expression (Figure 7).  
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Figure 6 - Effect of passage on protein expression in AFSC.  

Percent of cells expressing each protein was analyzed by flow cytometry. Passage was 

found to have a significant effect on the percent of cells expressing c-kit, Sox2, Tra-1-60, 

and Tra-1-81 (n=40-50 for c-kit; n=19-30 for other proteins). For c-kit, Tra-1-60, and 

Tra-1-81 the percent of cells expressing the protein of interest was lowest at passage 6. 

Percent of Sox2 expressing cells was significantly lower at passage 6 than the high point 

of passage 5. Tra-1-81 and Sox2 expression increased between passages 3 and 5 but then 

decreased at passage 6. Bars that do not share a letter are significantly different from each 

other with p<0.05. Error bars are SEM.  
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Figure 7 - Non-significant protein expression results for passage of AFSC. 

Percent of cells expressing protein was analyzed via flow cytometry. Passage did not 

have a significant effect on SSEA4 expression (p=0.091; n=40-50).  Error bars are SEM. 

Significance was determined using a multiway ANOVA. 

Passage also had a significant effect on gene expression of Oct4 at passage 6 

(Figure 8). Relative gene expression of Oct 4 increased significantly from passage 2 to 

passage 5 and then significantly decreased at passage 6 (0.86±0.12, 1.12±0.16, 

1.50±0.33, 1.74±0.21, 0.71±0.08 for passages 2, 3, 4, 5, and 6, respectively). Passage did 

not have a significant effect on relative Sox2 or Kit gene expression (Figure 9).  

 

Figure 8 - Effect of passage on gene expression in AFSC.  

Relative gene expression of Oct4 was measured using quantitative reverse transcription-

polymerase chain reaction. Oct4 relative gene expression was significantly impacted by 

passage. It was the highest at passage 5 with a significant drop to the lowest expression 

level at passage 6 (n=47-60). Bars that do not share a letter are significantly different 

from each other with p<0.05. Error bars are SEM.  
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Figure 9 - Non-significant gene expression results for passage of AFSC.  

Relative gene expression was measured using quantitative reverse transcription-

polymerase chain reaction. Passage did not have a significant effect on Sox2 or Kit gene 

expression in AFSC (p=0.059 and 0.197; n=47-60). Error bars are SEM. Significance 

was determined using a multiway ANOVA. 

3.4.4. Effect of culture medium on protein and gene expression 

Media supplement had a significant effect on the percent of cells expressing 

SSEA4, c-kit, Sox2, and cMyc proteins (Figure 10). The percent of cells expressing 

SSEA4 was significantly lower for cells cultured in EGF-supplemented medium than for 

cells cultured in medium supplemented with Chang, bFGF, or both bFGF and EGF 

(Chang: 59.6±3.6%, bFGF: 56.7±4.2%, bFGF and EGF: 61.1±4.2%, EGF: 42.1±3.6%, no 

supplement: 53.4±3.5%). The percent of cells expressing c-kit was significantly higher 

for cells cultured in EGF-supplemented medium than those cultured in bFGF-

supplemented medium (Chang: 9.4±2.1%, bFGF: 8.5±1.9%, bFGF and EGF: 10.1±1.9%, 

EGF: 17.2±3.6%, no supplement: 13.4±2.9%). The percent of cells expressing Sox2 was 

highest in Chang-supplemented medium and significantly lower in medium 

supplemented with only bFGF or bFGF and EGF (Chang: 12.7±1.9%, bFGF: 7.8±0.7%, 

bFGF and EGF: 8.1±0.9%, EGF: 9.7±1.3%, no supplement: 11.1±1.2%). Similarly, cMyc 

was expressed on the largest percent of cells grown in Chang-supplemented medium and 
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significantly lower percent of cells grown in medium supplemented with bFGF, EGF, or 

bFGF and EGF (Chang: 4.42±0.75%, bFGF: 2.79±0.30%, bFGF and EGF: 2.28±0.26%, 

EGF: 2.51±0.20%, no supplement: 3.43±0.57%). Media supplement did not have a 

significant Tra-1-60 and Tra-1-81 protein expression in cells (Figure 11).  

 

Figure 10 - Effect of media supplement on protein expression in AFSC.  

Media supplement had a significant effect on the percent of cells displaying protein 

expression of c-kit, SSEA4, Sox2, and cMyc (n=37-40 for SSEA4 and c-kit; n=14-23 for 

Sox2 and cMyc), as measured by flow cytometry. C-kit was expressed on a significantly 

higher percent cells cultured in EGF-supplemented medium than bFGF-supplemented. 

Percentage of cells expressing SSEA4 was significantly lower for cells cultured in EGF-

supplemented medium than for cells cultured in medium supplemented with Chang, 

bFGF, or both bFGF and EGF. Percentage of cells expressing Sox2 was significantly 

higher for cells cultured in Chang-supplemented medium than those cultured in bFGF 

only or bFGF and EGF supplemented medium. Percentage of cells expressing cMyc was 

significantly higher in Chang-supplemented medium than in that supplemented with 

bFGF, EGF, or bFGF and EGF. Bars that do not share a letter are significantly different 

from each other with p<0.05. Error bars are SEM.  
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Figure 11 - Non-significant protein and gene expression results for media 

supplement of AFSC cultures.  

Percent of cells expressing protein was analyzed by flow cytometry. Media supplement 

did not have a significant effect on Tra-1-60 or Tra-1-81 expression (p=0.116 for both; 

n=17-21). Error bars are SEM. Significance was determined using a multiway ANOVA. 

Media supplement had a significant effect on relative Sox2 and Kit gene 

expression (Figure 12). Relative Sox2 gene expression was significantly higher in cells 

cultured in medium supplemented with both bFGF and EGF, compared to medium 

supplemented with Chang, bFGF, or no additional supplements (Chang: 3.74±0.83, 

bFGF: 0.97±0.16, bFGF and EGF: 24.32±9.61, EGF: 13.04±3.44, no 

supplement:1.56±0.22). Relative Kit gene expression was highest in cells cultured in 

medium with no additional supplements, compared to cells cultured in medium 

supplemented with Change, only bFGF, or both bFGF and EGF (Chang: 1.37±0.23, 

bFGF: 1.69±0.15, bFGF and EGF: 1.56±0.12, EGF: 2.31±0.39, no supplement: 

3.01±0.52).  Media supplement did not have a significant effect on relative Oct4 gene 

expression (Figure 13).  
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Figure 12 - Effect of media supplement on gene expression in AFSC.  

Relative gene expression was measured using quantitative reverse transcription-

polymerase chain reaction. Kit gene expression was significantly higher in medium with 

no additional supplements than in media supplemented with Chang, bFGF, or both bFGF 

and EGF (n=53-59). Sox2 gene expression was significantly higher in medium 

supplemented with both bFGF and EGF than in Chang, bFGF, or no supplement medium 

(n=53-59). Bars that do not share a letter are significantly different from each other with 

p<0.05. Error bars are SEM.  

 

Figure 13 - Non-significant gene expression results for media supplement of AFSC 

cultures.  

Relative gene expression was measured using quantitative reverse transcription-

polymerase chain reaction. Media supplement did not have a significant effect on Oct4 

gene expression in AFSC (p=0.349; n=53-59). Error bars are SEM. Significance was 

determined using a multiway ANOVA. 
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3.4.5. Effect of isolation, passage, and culture medium on CD31, CD34, CD44, 

CD45 and CD90 protein expression 

In additional to analysis of pluripotency markers, AFSC were analyzed for 

expression of markers of differentiated cells. Undifferentiated AFSC were negative for 

CD31, or PECAM, a marker of endothelial cells; CD34, a marker of hematopoietic 

progenitor cells; and CD45, also known as leukocyte common antigen. Additionally, 

AFSC were analysed for expression of two markers common on mesenchymal stem cells: 

CD44 and CD90. CD44 and CD90 were expressed at high levels across all samples – at 

least 93% and 70% of analyzed cells in all samples, respectively (Figure 14). Isolation 

did not have a significant effect on the percent of cells expressing either CD44 or CD90. 

Passage had a significant effect on the percent of cells expressing CD44 and CD90. 

CD44 expression was significantly lower at passages 5 and 6 than passage 3 (99.7±0.1%, 

99.1±0.3%, 98.3±0.3%, 98.5±0.4% for passages 3, 4, 5, and 6, respectively). CD90 

expression was significantly lower at passage 5 than at passages 3 and 6 (99.4±0.1%, 

95.8±1.7%, 91.1±1.7%, 95.9±1.4% for passages 3, 4, 5, and 6, respectively). 
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Figure 14 - CD44 and CD90 protein expression on AFSC surface.  

Percent of cells expressing each protein was analyzed via flow cytometry. Isolation did 

not have a significant effect on the percent of cells positive for either (A) CD44 or (D) 

CD90 (p=0.118 and 0.576, respectively; n=47-49). (B) Passage had a significant effect on 

percent of cells positive for CD44, with significantly more cells expressing CD44 at 

passage 3 than at passages 5 and 6 (n=20-30). (E) Passage also had a significant effect on 

CD90 protein expression, with significantly less cells expressing CD90 at passage 5 than 

at passages 3 and 6 (n=20-30). Media supplement did not have a significant effect on (C) 

CD44 expression (p=0.336), but it did on (F) CD90 expression (n=17-22). The percent of 

cells positive for CD90 was significantly higher for cells cultured in Chang-supplemented 

medium than for cells cultured in medium supplemented with basic fibroblast growth 

factor (bFGF) or both bFGF and epidermal growth factor (EGF). The fraction of cells 

positive for CD90 in medium supplemented with both bFGF and EGF was also 

significantly lower than for cells cultured in EGF-supplemented medium or medium with 

no additional supplement. Though significant differences were observed, all samples 

were at least 70% positive for CD90 and 93% positive for CD44. Bars that do not share a 

letter are significantly different with p<0.05.  Error bars are SEM. 
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3.4.6. Effect of isolation, passage, and media supplement on endothelial 

differentiation of AFSC 

Following endothelial differentiation, relative gene expression was quantified 

using qRT-PCR for PECAM and vWF (Figure 15). Relative gene expression of PECAM 

was not significantly affected by the passage at which the cells were differentiated. After 

differentiation, relative PECAM gene expression was significantly and drastically higher 

in c-kit sorted cells vs. unfractioned cells (88.9±13.3 vs. 14.4±2.3). Additionally, cells 

expanded in media supplemented with EGF prior to being differentiated had significantly 

more PECAM gene expression than all other expansion media groups (Chang: 52.9±15.2, 

bFGF: 21.4±6.1, bFGF and EGF: 49.5±13.8, EGF:  110.1±28.6, no supplement: 

21.2±4.6).  

Relative gene expression of vWF was significantly higher for cells differentiated 

at passage 5 than those differentiated at passage 6 (10.0±1.2 vs. 4.1±0.7). Like PECAM, 

relative vWF gene expression after differentiation was higher in c-kit sorted cells than 

unfractioned cells (9.7±1.4 vs. 4.6±0.5). Relative vWF gene expression was significantly 

higher in medium supplemented with both bFGF and EGF than in medium with no 

supplement or bFGF only (Chang: 7.9±2.5, bFGF: 5.2±1.0, bFGF and EGF: 10.4±1.9, 

EGF: 9.0±1.8, no supplement: 3.2±0.6). 
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Figure 15 - Effect of isolation, passage, and media supplement on endothelial 

differentiation of AFSC.  

Endothelial differentiation of AFSC was analyzed through quantitative reverse 

transcription-polymerase chain reaction analysis of PECAM and vWF. (A) Passage did 

not have a significant effect on PECAM gene expression following endothelial 

differentiation (p=0.487; n=29-30). Passage did have a significant effect on vWF gene 

expression, with passage 5 cells expressing significantly more vWF than passage 6 cells 

after differentiation (n=29-30). (B) Isolation had a significant effect on PECAM and vWF 

gene expression. Cells sorted for c-kit had significantly higher PECAM and vWF gene 

expression after differentiation than the unfractionated population (n=29-30). (C) 

Expansion media used prior to differentiation also had a significant effect on both 

PECAM and vWF gene expression following differentiation (n=11-12). Cells expanded 

in EGF-supplemented medium had significantly more PECAM expression following 

endothelial differentiation than all other groups. Cells expanded in medium supplemented 

with both bFGF and EGF expressed significantly more vWF after endothelial 

differentiation than cells expanded in bFGF-supplemented medium or medium with no 

additional supplement. Representative images of c-kit sorted (D) and unfractionated (E) 

cells following endothelial differentiation. Scale bar = 100 µm. In the graphs, bars that do 

not share a letter are significantly different with p<0.05. Error bars are SEM.  
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3.4.7. Effect of passage and media supplement on osteogenic differentiation of 

AFSC 

Following Alizarin Red S staining and imaging, the percent area stained was 

analyzed (Figure 16). Sorting did not have a significant effect on generation of calcium 

deposits following osteogenic differentiation, as measured by the area stained with 

Alizarin Red S. Passage had a significant effect, with cells differentiated at passage 5 

stained more than those differentiated at passage 6 (49.7±3.2% vs. 33.5±4.6%). 

Expansion media supplement used prior to differentiation had a significant effect on 

osteogenic differentiation capacity, with cells expanded in bFGF-supplemented media 

developing significantly greater areas covered by calcium deposits than cells expanded in 

other media, as measured by area stained for calcium deposits (Chang: 35.7±6.9%, bFGF: 

64.3±5.2%, bFGF and EGF: 39.6±6.2%, EGF: 30.5±3.3%, no supplement: 38.0±7.3%). 
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Figure 16 - Effect of passage and media supplement on osteogenic differentiation of 

AFSC.  

To analyze osteogenic differentiation, cultures were stained with Alizarin Red S, which 

stains calcium deposits. (A) Representative images of unfractionated cells are provided. 

(C) Isolation did not have a significant effect on the percent area stained (p=0.133; n=30). 

(B) Passage did have a significant effect, with more area stained in cells differentiated at 

passage 5 than those differentiated at passage 6 (n=30). Expansion media supplement 

prior to differentiation had a significant effect on the area stained, with cells expanded in 

bFGF-supplemented medium having significantly more stained area than all other 

expansion media (n=12).  * indicates bars are significantly different from each other with 

p<0.005. # indicates bar is significantly different from all others with p<0.05. Error bars 

are SEM. Scale bar = 100 µm.  

3.4.8. Effect of passage on neurogenic differentiation of AFSC 

Following differentiation, cell cultures underwent nestin immunostaining and 

fluorescence imaging (Figure 17). The fluorescence intensity of stained cells in each 

image was then determined using ImageJ and normalized to the number of nuclei in the 
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image and then to unsorted passage 5 cells cultured in medium with no additional 

supplement and not differentiated. Isolation and expansion media supplement were found 

to not have a significant effect on the neurogenic differentiation capacity of the cells, as 

assessed by nestin protein expression. Passage did have a significant effect, with cells 

differentiated at passage 5 expressing significantly more nestin after differentiation than 

those differentiated at passage 6 (1006±208 vs. 307.5±49.8 relative intensity per 

nucleus). 

 

Figure 17 - Effect of passage on neurogenic differentiation of AFSC.  

To analyze neurogenic differentiation, cultures underwent immunostaining for nestin, an 

early neurogenic lineage marker. Secondary antibody conjugated to DyLight488 was 

used. (A) Representative images of unfractionated cells are provided. (C) Isolation and 

(D) expansion media supplement did not have a significant effect on the relative intensity 

of staining per nucleus (p=0.170 and 0.530, respectively; n=14-44). Passage did have a 

significant effect (B), with a significantly higher relative intensity per nucleus observed 

in cells differentiated at passage 5 than those differentiated at passage 6 (n=29-56). * 

indicates bars are significantly different from each other with p<0.05. Error bars are 

SEM. Scale bar = 100 µm. 
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3.5. Discussion 

3.5.1. Markers of pluripotent stem cells expressed more in unsorted AFSC 

Markers of pluripotent stem cells, including SSEA4, Tra-1-60, Tra-1-81, Sox2, 

and cMyc, were expressed in a significantly higher percentage of the unfractionated 

populations of adherent cells from amniotic fluid than in the population of cells from 

amniotic fluid sorted for c-kit surface expression at the first passage. Additionally, gene 

expression of pluripotent stem markers Oct4 and Sox2 were significantly higher in the 

unfractionated cells than the c-kit sorted cells. These results indicate that if the desired 

result is an increase in markers common to pluripotent stem cells, the adherent and 

expanded unfractionated cell population better achieves this result.  

Another area to consider is the maintenance of these markers over time. Tra-1-60, 

Tra-1-81, and Sox2 protein expression decreased at the sixth passage, compared to earlier 

passages. A similar result was observed in Oct4 gene expression. This loss of stem cell 

markers may indicate a loss of differentiation capacity. To assess this hypothesis, we 

compared cells differentiated at passage 5 and those differentiated at passage 6.  

3.5.2. AFSC differentiation significantly improved at earlier passage 

Differentiation towards the endothelial, osteogenic, and neurogenic lineage was 

significantly lower at passage 6 compared to passage 5. These results support the 

hypothesis that a decrease in stem cell markers in the AFSC between passages 5 and 6 

corresponds to decreased differentiation potential. While differentiation capacity was 

clearly affected, we have observed in our lab that growth does not slow until passage 13. 
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Others have found similar results, growing cells out to passage 25 [63]. Therefore growth 

dynamics alone are not enough to indicate that AFSC retain their stem cell properties, 

and rather antigen analysis should be performed prior to differentiation experiments.  

3.5.3. Isolation and culture medium choice may depend on final application 

While passage was found to have a clear and consistent effect on all 

differentiation lineages test, sorting and culture medium were less consistent. In the case 

of endothelial differentiation, c-kit sorted cells clearly resulted in a higher relative 

expression of endothelial genes. This is logical given the contribution of c-kit+ cells to 

the generation of cardiac endothelial cells in vivo [114] and the contribution of c-kit to 

regulation of hemogenic endothelial cell specification [115]. In contrast, unfractionated 

cells were observed to have better osteogenic and neurogenic differentiation; however 

neither of these results were significant.  

Maintenance and expansion culture medium similarly displayed mixed results in 

the effect on differentiation capacity. Osteogenic differentiation, as measured by Alizarin 

Red S staining, was much more successful in cells expanded in bFGF-supplemented 

medium than in any other media. For neurogenic differentiation though, the medium had 

no significant effect. For endothelial differentiation, the effect on relative gene expression 

of PECAM and vWF was different. Cells expanded in EGF-supplemented medium had 

significantly higher PECAM expression than cells expanded in any other media, but vWF 

gene expression of cells expanded in EGF-supplemented medium was not significantly 

different from those expanded in medium supplemented with Chang medium or both 

bFGF and EGF. In fact, vWF gene expression was highest in cells cultured in both bFGF 
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and EGF-supplemented medium. EGM-2, which was used to differentiate the AFSC 

towards endothelial cells, contains both bFGF and EGF, therefore it is unsurprising that 

these proteins may have an effect on endothelial gene expression.  

 Taken together, these results indicate that it may be appropriate to choose 

isolation and culture conditions of AFSC depending on final differentiation intent. 

However, none of the differentiations performed were observed to be most successful for 

AFSC expanded in Chang-supplemented medium, therefore, given the proprietary nature 

of this medium, more defined media formulations for AFSC are worth further study.  

3.6. Conclusion 

Expression of pluripotency markers in AFSC is significantly affected by isolation, 

culture medium, and passage. AFSC differentiate better at passage 5 than at passage 6; 

however, selection of isolation and culture medium conditions for future experiments 

should be selected based on final differentiation intent of the AFSC.  
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3.7. Supplemental Data 

 

Figure 18 - Representative flow cytometry histograms.  

Representative flow cytometry histograms for all proteins examined, c-kit, Sox2, cMyc, 

SSEA4, Tra-1-60, Tra-1-81, CD44, and CD90, are provided. All presented samples are 

from passage 5 and were cultured in medium containing 15% fetal bovine serum. C-kit 

sorted (blue) and unfractionated (red) cells in the same media supplement are plotted 

together, along with the isotype control (grey, filled).  
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Chapter 4 

Evaluation of endothelial cells 

differentiated from amniotic fluid-

derived stem cells*‡ 

4.1. Abstract 

Amniotic fluid holds great promise as a stem cell source, especially in neonatal 

applications where autologous cells can be isolated and used. This study examined 

chemical-mediated differentiation of amniotic fluid-derived stem cells (AFSC) into 

endothelial cells and verified the function of AFSC-derived endothelial cells (AFSC-EC). 

AFSC were isolated from amniotic fluid obtained from second trimester amnioreduction 

as part of therapeutic intervention from pregnancies affected with twin-twin transfusion 

                                                
* This chapter was published as: Benavides OM, Petsche JJ, Moise KJ, Johnson A, Jacot 

JG. Evaluation of endothelial cells differentiated from amniotic fluid-derived stem cells. 

Tissue Eng Part A. 2012 Jun;18(11-12):1123-31. 
‡ The doctoral candidate performed portions of this work including isolation, expansion, 

and analysis of undifferentiated AFSC and flow cytometry analysis of AFSC-derived 

endothelail cells. 
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syndrome. Undifferentiated AFSC were of normal karyotype with a subpopulation of 

cells positive for the embryonic stem cell marker SSEA4, hematopoietic stem cell marker 

c-kit, and mesenchymal stem cell markers CD29, CD44, CD73, CD90, and CD105. 

Additionally, these cells were negative for the endothelial marker CD31 and 

hematopoietic differentiation marker CD45. AFSC were cultured in endothelial growth 

media with concentrations of vascular endothelial growth factor (VEGF) ranging from 1 

to 100 ng/mL. After 2 weeks, AFSC-EC expressed von Willebrand factor, endothelial 

nitric oxide synthase, CD31, VE-cadherin, and VEGF receptor 2. Additionally, the 

percentage of cells expressing CD31 was positively correlated with VEGF concentration 

up to 50 ng/mL, with no increase at higher concentrations. AFSC-EC showed a decrease 

in stem cells markers c-kit and SSEA4 and were morphologically similar to human 

umbilical vein endothelial cells (HUVEC). In functional assays, AFSC-EC formed 

networks and metabolized acetylated low-density lipoprotein, also characteristic of 

HUVEC. Nitrate levels for AFSC-EC, an indirect measure of nitric oxide synthesis, were 

significantly higher than undifferentiated controls and significantly lower than HUVEC. 

These results indicate that AFSC can differentiate into functional endothelial-like cells 

and may have the potential to provide vascularization for constructs used in regenerative 

medicine strategies. 

4.2. Introduction 

Human amniotic fluid-derived stem cells (AFSC) offer distinct advantages for use 

in the field of regenerative medicine when compared with other stem and progenitor cell 

types. AFSC have been shown to express markers characteristic of both embryonic stem 



 64 

 

cells (ESC) and mesenchymal stem cells (MSC) [21, 53] and have the ability to 

differentiate across all three germ layers, including cardiovascular lineages [21, 23, 106], 

while maintaining the nontumor forming properties of adult stem cells [116, 

117]. Additionally, AFSC are capable of maintaining prolonged undifferentiated 

proliferation at rates similar to ESC [21, 118].  

AFSC lack a unique surface antigen that can be used for positive selection; one 

strategy for the enrichment of AFSC is based on the adherence of cells to plastic dishes 

within 24 to 48 hours [53, 119]. This subpopulation can be further enriched by 

immunological selection based on expression of the membrane receptor c-kit, which is 

present in 1.0% to 5.0% of total cells in amniotic fluid (AF) and placenta [21, 53, 

118]. In bone marrow-derived MSC, c-kit+
 selection has been shown to be a marker of 

cardiovascular progenitor cells and also serves to remove mature cells from the adherent 

population [120]. The use of growth factors, such as vascular endothelial growth factor 

(VEGF), to induce chemical-mediated endothelial differentiation of ESC and MSC is 

well characterized [100, 121, 122]. In these stem cell populations, incubation with VEGF 

at concentrations of 50 ng/mL or higher has been shown to trigger production of proteins 

constitutively expressed in endothelial cells, such as von Willebrand factor (vWF) [100, 

123–125], endothelial nitric oxide synthase (eNOS) [124, 125], PECAM-1/CD31 [124, 

126, 127], vascular endothelial cadherin (VE-cadherin) [100, 124, 126], and VEGF 

receptor 2 (VEGFR2/KDR/Flk-1) [100, 126] and acquisition of functional markers 

characteristic of endothelial cells, such as uptake of acetylated low density lipoproteins 

(ac-LDL) [126, 127] and network formation when plated on Matrigel [100, 124–

126]. While several groups have reported that AFSC exposure to similar VEGF 
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concentrations results in certain endothelial phenotypes [56, 57], the functionality of 

endothelial cells differentiated from human AFSC compared to a primary mature cell 

source, such as human umbilical vein endothelial cells (HUVEC), has yet to be 

thoroughly documented. 

To determine whether AFSC were capable of differentiation into functional 

endothelial cells, we cultured c-kit+human AFSC in an endothelial growth medium with 

supplemental VEGF. We then quantified expression of the endothelial specific proteins 

vWF, eNOS, CD31, VE-cadherin, and VEGFR2, assessed morphological changes, 

evaluated the loss of stem cell specific markers postdifferentiation, and evaluated cell 

function through network formation, acetylated-LDL uptake, VEGF basal levels, and 

nitric oxide production. 

4.3. Materials and Methods 

4.3.1. Isolation of human AFSC 

Primary human AF was obtained from patients in their second trimester 

undergoing planned amnioreduction as part of a therapeutic treatment for twin-twin 

transfusion syndrome (TTTS). Collection from TTTS cases provides at least an eightfold 

increase in AF per patient compared with routine amniocentesis while maintaining a cell 

population with a normal karyotype. The experimental protocol and informed consent 

forms were approved by the Institutional Review Boards of Baylor College of Medicine 

and Rice University. Isolation of AFSC was modified based on previously published 

studies [53, 119, 128]. AF was centrifuged at 1200 rpm for 10 min, and collected cells 
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were plated at 2500 cells/cm2 on standard plastic Petri dishes and cultured in a modified 

α-Minimum Essential Media: 63% αMEM (Invitrogen, Carlsbad, CA), 18% Chang Basal 

Medium (Irvine Scientific, Santa Ana, CA), 2% Chang C supplement (Irvine Scientific), 

15% fetal bovine serum (PAA Laboratories, Dartmouth, MA), and GlutaMAX 

(Invitrogen) at 37°C and 5% CO2 in a humidified environment. Media was changed 

every 2–3 days, and cells were passaged at 60%–70% confluence. At the first passage, a 

subpopulation of progenitor cells was isolated through fluorescence-activated cell sorting 

for expression of the membrane receptor CD117/c-kit (BD Biosciences, Bedford, MA). 

Cell colonies were detached into single cells (Accutase; Sigma-ALdrich, St. Louis, MO; 

37°C, 10 min), and c-kit+ cells were collected using a Dako MoFlo sterile cell sorter. 

4.3.2. Analysis of undifferentiated, C-kit+ AF Cells 

Standard G-banding karyotyping was performed on undifferentiated AFSC at 

passage 5. Additionally, flow cytometry using a BD LSR II Flow Cyotmeter was 

performed to evaluate the expression of the embryonic stem cell marker SSEA4, 

hematopoietic stem cell marker c-kit, mesenchymal stem cell markers CD29, CD44, 

CD73, CD90, and CD105, endothelial marker CD31, and hematopoietic differentiation 

marker CD45. All flow cytometry antibodies and corresponding isotype controls were 

purchased from BD Biosciences, specific to human proteins, and used at manufacturer 

recommended concentrations. FACSDiva software (BD Biosciences) was used for all 

flow cytometry data collection. FlowJo software (Tree Star, Inc., Ashland, OR) was used 

for data analysis. 
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4.3.3. Endothelial differentiation of AFSC 

C-kit+ AFSC at passage 4 were plated on gelatin coated 12-well plates at a 

density of 3000 cells/cm2, allowed to attach for 24 h in the modified αMEM, then 

cultured in Endothelial Growth Media 2 (EGM-2; Lonza, Walkersville, MD) with a total 

concentration of either 1, 5, 10, 25, 50, or 100 ng/mL VEGF (VEGF165, Pierce 

Biotechnology, Rockford, IL). EGM-2 contained epidermal growth factor, 

hydrocortisone, GA-1000 (gentamicin, amphotericin-b), fetal bovine serum, basic 

fibroblast growth factor, insulin-like growth factor, ascorbic acid, and heparin at 

manufacturer concentrations. All VEGF concentrations are final concentrations and not 

in addition to the 2 ng/mL supplied by Lonza. 

Media was changed every 2–3 days, and the degree of differentiation was 

assessed after 14 days. HUVEC (courtesy of Nancy Turner, Rice University) cultured in 

EGM-2 without supplemental VEGF were used as a positive control while c-kit+ AFSC 

in modified αMEM were used as a negative control. Both controls were analyzed at 

passage 4. 

4.3.4. Immunostaining 

To observe the presence and localization of endothelial-like cells, the 

differentiated AFSC population was fixed with 4% paraformaldehyde (Alfa Aesar, Ward 

Hill, MA), permeabilized with Triton ×100 (CalBioChem, San Diego, CA), blocked with 

1% bovine serum albumin (BSA; EMD Chemicals, Gibbstown, NJ) for 1 hr at 25°C, and 

stained with antibodies against human vWF, (V8 Protease Fragment II; QED Bioscience 

Inc., San Diego, CA), eNOS (Abcam Inc., Cambridge, MA), VEGF receptor 2 
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(VEGFR2, Sigma-Aldrich), and VE-cadherin (BD Bioscience). Primary antibodies were 

used at a concentration of 1:100 overnight at 4°C, with secondary antibodies (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) diluted to 1:800 used for 30 min at 

25°C. Cells were then counterstained with 4′,6-diamidino-2-phenylindole (DAPI) with 

Vecta Shield (Vector, Burlingame, CA). Undifferentiated AFSC and differentiated AFSC 

incubated with secondary antibodies alone served as negative controls, while HUVEC 

served as positive controls. Images were obtained using a DMI 6000B (Lieca 

Microsystems, Bannockburn, IL) fluorescence microscope. 

4.3.5. Morphology 

ImageJ was used to process phase contrast images through thresholding and 

calculate the circularity index, computed as 4π*area/(perimeter)2, of each in-frame cell. 

4.3.6. Postdifferentiation flow cytometry 

Using the flow cytometry protocol and equipment previously described, 

differentiated AFSC were detached into single cells and stained with fluorescently 

conjugated antibodies. Targets and their respective isotype controls were as follows: 

CD31 (FITC IgG1κ), VE-cadherin (PE IgG1κ), VEGFR2 (AF647 IgG1), SSEA4 (PE 

IgG3κ), c-kit (PE IgG1κ). All flow cytometry antibodies and corresponding isotype 

controls were purchased from BD Biosciences, specific to human proteins, and used at 

manufacturer recommended concentrations. 



 69 

 

4.3.7. Western blotting 

Western blot antibodies were purchased from Abcam Inc., electrophoresis and 

transfer materials were purchased from Bio-Rad (Hercules, CA), and developing 

materials were purchased from Thermo Scientific. After 14 days of differentiation, total 

protein lysates were isolated from AFSC and analyzed using a bicinchoninic acid kit 

(BCA; Thermo Scientific, Rockford, IL). Extracts were denatured using β-

mercaptoethanol and boiling for 5 min, then diluted to equal concentrations of total 

protein. The samples were electrophoresed by 0.1% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and blotted onto nitrocellulose membranes at 100 V 

for 1.5 and 1.0 h, respectively. Membranes were washed in tris-buffered saline with 

0.05% Tween-20 (TBST), then blocked with 5% nonfat milk in TBST to reduced 

nonspecific binding. Membranes were incubated overnight at 4°C with rabbit polyclonal 

antibodies against eNOS (1:300 dilution in TBST) and mouse monoclonal antibodies 

against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1000 dilution in TBST). 

Membranes were washed and incubated for 30 min at 25°C with secondary antibodies 

conjugated to horseradish peroxidase (HRP) at a dilution of 1:1000. A 1 min Luminol 

reagent exposure was used to provide chemiluminescence, and images were developed 

using high-sensitivity x-ray film. Western blots were normalized to GAPDH expression. 

Western blot analyze was performed using Image J (NIH, Bethesda, MD). 
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4.3.8. Functional analysis of differentiated AFSC 

4.3.8.1. Network formation on Matrigel 

The potential for differentiated AFSC to form networks was assessed using 

Growth Factor Reduced Matrigel Matrix (BD Biosciences) according to the 

manufacturer's instructions. Briefly, Matrigel was allowed to thaw on ice overnight, and 

then added to culture plates at a concentration of 50 µL/cm2. The coated plates were then 

incubated at 37°C for at least 30 min to allow for solidification. AFSC cultured for 14 

days in EGM-2 supplemented with VEGF were dissociated with trypsin (Thermo 

Scientific), replated at 7500 cells/cm2 on the Matrigel substrate, and incubated at 37°C 

for 24 h. Network formation was assessed using standard light microscopy and the 

percentage of cells connected was determined by thresholding using ImageJ, then 

manually counting cells that were constituents of networks. In all functional assays, 

samples were compared to undifferentiated AFSC and HUVEC under the same protocols. 

4.3.8.2. Ac-LDL uptake 

Endothelial function was measured in terms of uptake of acetylated low density 

lipoprotein (ac-LDL). AFSC cultured for 14 days in EGM-2 supplemented with VEGF 

were incubated with 10 µg/mL Alexa Fluor 488 conjugated ac-LDL (Invitrogen) for 4 h, 

then fixed with 4% paraformaldehyde and counterstained with DAPI. For statistical 

analysis, in-frame cells were manually scored in terms of degree of metabolized ac-LDL 

and categorized as either negligible fluorescence, marginal to moderate fluorescence, or 

strong fluorescence (similar to HUVEC). The percentage of cells in each category was 

averaged across multiple frames, and then compared by cell type. 
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4.3.8.3. VEGF production 

Basal levels of VEGF production were assessed using a human VEGF-specific 

enzyme-linked immunosorbent assay (Quantikine kit, R&D Systems, Inc., Minneapolis, 

MN). Cells were rinsed and incubated in EGM-2 without supplemental VEGF for 48 h. 

According to manufacturer protocols, cell culture supernatants were collected and 

centrifuged, then incubated with HRP-conjugated antibody against VEGF for 2 h. A 

substrate solution was added to the wells and color developed in proportion to the amount 

of bound VEGF. The optical density of each well was determined at 450 nm, with a 

correction wavelength of 540 nm, using an Infinite M1000 PRO microplate reader 

(Tecan, Männedorf, Switzerland). 

4.3.8.4. Nitric oxide production 

The Measure-iT High-Sensitivity Nitrite Assay Kit (Invitrogen) was used 

according to manufacturer recommendations to provide a surrogate for detection of nitric 

oxide. Briefly, the total byproduct of nitric oxide was measured in the form of nitrites 

after conversion of nitrates via nitrate reductase. Total nitrite levels for differentiated 

AFSC were calculated based on a nitrite calibration curve, then normalized to total 

protein levels for each sample. 

4.3.9. Statistical analysis 

Data are expressed as mean±standard deviation. The sample numbers for each 

experiment are represented in their respective figures. Analysis of variance analysis 

followed by a post-hoc student t-test with a Dunn–Bonferroni correction for multiple 
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comparisons was performed for all comparisons. A value of p<0.05 was considered 

significant in all tests. 

4.4. Results 

4.4.1. Isolation and characterization of AFSC 

Adherent AFSC were successfully isolated from 100 mL samples of AF and had a 

fibroblast-like, spindle-shaped morphology similar to that of MSC (Figure 19-A). 

Standard G-banding karyotyping revealed a normal diploid male karyotype in 18/20 

metaphase spreads. The remaining 2 spreads showed a tetraploid karyotype (Figure 19-

B). 

Flow cytometry on undifferentiated AFSC, sorted for c-kit+ at passage 2 and then 

cultured through passage 5, showed the cells were strongly positive for the ESC marker 

SSEA4, MSC markers CD29, CD44, CD73, CD90, and CD105, and the immunological 

marker HLA-ABC, while a subpopulation (25.5%) of these cells expressed c-kit. 

Additionally, AFSC were negative for the immunological marker HLA-DR, the 

hematopoietic differentiation marker CD45, and the endothelial marker PECAM-1/CD31 

(Figure 19-C). These results are comparable to those of other groups [21, 53, 56, 57].  
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Figure 19 - Characterization of undifferentiated AFSC.  

AFSC were sorted for c-kit+ cells at passage 2, cultured to passage 5, and analyzed. (A) 

Light microscopy reveals a spindle-shaped morphology similar to MSC. Scale bar is 

100 µm. (B) Standard G-banding karyotyping of AFSC shows a normal diploid male 

karyotype. (C) FACS analysis reveals expression of immunological marker HLA-ABC, 

but not HLA-DR, expression of embryonic and mesenchymal stem cell markers SSEA4, 

c-kit, CD29, CD44, CD73, CD90, and CD105, and no significant expression of 

endothelial and hematopoietic differentiation markers.  

4.4.2. Differentiation of AFSC into endothelial-like cells 

Differentiation of AFSC into endothelial-like cells (AFSC-EC) was induced by 

incubating AFSC in the presence of VEGF concentrations of 1, 5, 10, 25, 50, or 

100 ng/mL. Immunofluorescence showed protein staining and localization characteristic 

of endothelial cells. Undifferentiated AFSC showed no specific staining for vWF, eNOS, 

VEGRF2, or VE-cadherin, while AFSC after incubation in 50 ng/mL VEGF for 2 weeks 

had significantly enhanced expression of each of these proteins (Figure 20-A,B). Staining 

localization in differentiated AFSC was similar to that of HUVEC, though the percentage 

of cells expressing these markers, and therefore overall intensity, was reduced. Incubation 
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of AFSC-EC with secondary antibodies alone resulted in negligible fluorescence (Figure 

20-C). 

 

Figure 20 - Protein localization within AFSC-derived endothelial cells.  

(A) Immunostaining for von Willebrand factor (green) and endothelial nitric oxide 

synthase (red) and (B) VEGFR2 (green) and VE-cadherin (red) in (from top to bottom) 

undifferentiated AFSC, AFSC-EC after 2 weeks of culture at 50 ng/mL VEGF, and 

HUVEC controls. (C) Images taken of AFSC-EC at identical exposures without primary 

antibodies, as negative controls. Nuclei counterstained with DAPI (blue), overlap shown 

at right. Scale bars are 100 µm.  
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Based on a circularity index between 0 and 1, AFSC-EC morphology after 14 

days was significantly different when compared with undifferentiated AFSC (n=10 

frames; 0.61±0.08 vs 0.21±0.08, respectively; p<0.001) and similar to that of HUVEC 

(0.64±0.17) (Figure 21). 

 

Figure 21 - Morphological analysis of AFSC, AFSC-EC differentiated at 50 ng/mL 

VEGF for 14 days, and HUVEC based on a circularity index between 0 and 1.  

n=10 frames; 0.21±0.08, 0.61±0.08, 0.64±0.17, respectively. *p<0.001 compared with 

AFSC. Scale bars are 100µm  

The ability to form interconnected networks was assessed by plating 

undifferentiated AFSC, differentiated AFSC cultured in 50 ng/mL VEGF, and HUVEC 

on Matrigel thin films. Few undifferentiated AFSC showed network formation (n=10 
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frames; 5.2%±3.6%) and the vast majority of the cells maintained a rounded morphology. 

After differentiation, significantly more AFSC-EC formed networks 

(72.6%±6.8%; p<0.001), though less than HUVEC controls (94.5%±4.3%; p<0.001) 

(Figure 22). 

 

Figure 22 - Assessment of network formation by AFSC, AFSC-EC, and HUVEC on 

Matrigel.  

(n=10 frames; 5.2%±3.6%, 72.6%±6.8%, 94.5%±4.3%, respectively; *p<0.001 vs AFSC, 

#p<0.001 vs AFSC-EC). Confocal fluorescence imaging of phalloidin (green) 

counterstained with DAPI (blue). Scale bars are 200 µm.  

Functional characterization was also performed by assessing uptake of AF488-

conjugated ac-LDL. Undifferentiated AFSC showed little to no phagocytosis of ac-LDL 

(n=10 frames; 0.02%±0.04%), while AFSC after incubation in 50 ng/mL VEGF after 2 

weeks showed a varying degree of ac-LDL uptake. A majority of the total population of 

AFSC-EC showed some degree of ac-LDL uptake (64.5%±10.9%; p<0.001 vs AFSC), 

whereas a smaller, yet still significant population (43.9%±7.1%; p<0.001 vs AFSC) 
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showed similar ac-LDL uptake patterns to those of the HUVEC positive control 

(93.7±6.0) (Figure 23-A,B). 

The levels of basal VEGF expression (pg/106 cells) over 48 h by AFSC-EC 

across all VEGF incubation concentrations (n=5; 742±28, 787±58, 815±52, 836±33, 

828±7, 796±51) was significantly greater than undifferentiated AFSC (151±14; p<0.005 

for all conditions) and significantly lower than HUVEC controls (1470±267; p<0.005 for 

all conditions) (Figure 23-C). 
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Figure 23 - Functional analysis of AFSC-derived endothelial cells.  

(A, B) Fluorescence imaging of acetylated low-density lipoprotein (green) and 

percentage of AFSC, AFSC-EC, and HUVEC metabolizing ac-LDL (n=10 frames; 

0.02%±0.04%, 66.5%±11.4%, 93.7±6.0, respectively; *p<0.001 vs AFSC, #p<0.001 vs 

AFSC-EC). Nuclei counterstained with DAPI (blue), overlap at right. Scale bars are 

50 µm. (C) Basal VEGF expression (pg/106 cells) over 48 h by AFSC (n=5; 151±14), 

AFSC-EC across all VEGF incubation concentrations (742±28, 787±58, 815±52, 

836±33, 828±7, 796±51), and HUVEC (1470±267). *p<0.005 compared with AFSC-EC 

across all concentrations. Error bars are ±SD.  
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Quantitative flow cytometry of CD31 expression compared to VEGF 

concentration in culture conditions showed a positive correlation. Undifferentiated AFSC 

had a minimal CD31 expressing cells (n=5 with 5×105 cells/run; 1.6%±0.6%), whereas 

AFSC-EC showed increased CD31 expression at VEGF incubation concentrations of 1, 

5, 10, 25, 50, and 100 ng/mL after 2 weeks (5.8%±2.5%, 6.2%±3.3%, 8.1%±3.8%, 

9.6%±2.7%, 22.6%±7.4%, 13.5%±3.4%, respectively) (Figure 24-A,B). AFSC-EC 

incubated with 50 ng/mL VEGF displayed significantly increased CD31 expression 

compared with AFSC (p<0.05), and decreased compared with HUVEC 

(85.8%±6.7%; p<0.001 vs AFSC-EC). Similarly, the percentage of VE-cadherin and 

VEGFR2 positive AFSC-EC at 50 ng/mL VEGF (n=1 run with 5×105 cells; 21.7% and 

30.7%, respectively), were higher than those of AFSC (0.9% and 1.2%) and lower than 

those of HUVEC (38.3% and 99.6%) (Figure 24-C), and a subpopulation of AFSC-EC 

that was triple positive for CD31, VE-cadherin, and VEGFR2 expression were identified 

(8.9% of total population) (Figure 24-D). AFSC-EC also showed a decrease in expression 

of the stem cell markers c-kit and SSEA4 compared with undifferentiated AFSC (0.3% 

and 35.0%, respectively, down from 25.5% and 74.2%) (Figure 24-E). 
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Figure 24 - Flow cytometry analysis of AFSC-derived endothelial cells.  

(A, B) CD31 expression in AFSC, AFSC-EC across all VEGF concentrations, and 

HUVEC shown as percentage increase versus isotype controls (n=5 with 5×105 cells/run; 

1.6%±0.6%; 5.8%±2.5%, 6.2%±3.3%, 8.1%±3.8%, 9.6%±2.7%, 22.6%±7.4%, 

13.5%±3.4%; 85.8%±6.7%; *p<0.05 vs AFSC, #p<0.001 vs AFSC-EC). (C) VE-

cadherin and VEGFR2 expression in AFSC-EC at 50 ng/mL VEGF (n=1 run with 5×105 

cells; 21.7% and 30.7%, respectively) and HUVEC (38.3% and 99.6%). (D) 

Subpopulation of AFSC-EC at 50 ng/mL VEGF triple positive for CD31, VE-cadherin, 

and VEGFR2 expression (8.94% of total population). (E) Reduced expression of stem 

cell markers c-kit and SSEA4 postdifferentiation in AFSC-EC (0.3% and 35.0%, 

respectively). Error bars are±SD.  

ENOS expression in AFSC-EC at 50 ng/mL VEGF was significantly greater than 

in undifferentiated AFSC controls (n=5; fluorescence intensities of 3000±320 and 

157±61, respectively, normalize to GAPDH; p<0.001), although significantly less than 

HUVEC controls (3870±130; p<0.05). The expression of eNOS significantly correlates 

with VEGF concentration (Figure 25-A,B). Note also the double-banding pattern present 
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in HUVEC controls and AFSC-EC (�130 kDa and 110 kDa). This pattern has been 

previously observed in other studies [129, 130] and possibly results from alternative 

splicing or degradation. Correspondingly, eNOS activity of AFSC-EC at 50 ng/mL 

VEGF, analyzed through measurement of nitrite levels normalized to total protein 

concentration, was significantly greater than in undifferentiated AFSC controls 

(17.33±1.44 vs 9.88±0.82 nmol/mg; p<001), and significantly less than HUVEC controls 

(19.81±1.25 nmol/mg; p<0.05) (Figure 25-C). Agreement between eNOS production, the 

formation of nitric oxide, and CD31 expression confirms a correlation between VEGF 

concentration and acquisition of endothelial-like properties by differentiated AFSC. 
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Figure 25 - Analysis of nitric oxide synthesis in AFSC-derived endothelial cells.  

(A) Western blot analysis of endothelial nitric oxide synthase expression in AFSC, 

AFSC-EC, and HUVEC (B) GAPDH-normalized expression of eNOS for AFSC, AFSC-

EC at 50 ng/mL, and HUVEC (n=5; 157±61, 3000±320, 3870±130; *p<0.001, #p<0.05) 

(C) Nitrate levels of AFSC, AFSC-EC at 50 ng/mL, and HUVEC normalized to total 

protein concentration (n=5; 9.88±0.82 nmol nitrite/mg, 17.33±1.44 nmol nitrite/mg, and 

19.81±1.25 nmol/mg; *p<0.001, #p<0.05). Error bars are ±SD.  

4.5. Discussion 

Broad potential for differentiation, a high rate of proliferation, and the ease of 

isolation make AFSC well suited for use in autologous or allogeneic regenerative 
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medicine therapies [36, 131, 132]. This study illustrates the capability of c-kit+ AFSC to 

differentiate into endothelial-like cells on both the protein expression and cell function 

levels. Growth factor induced-differentiation of AFSC was augmented by 

supplementation of VEGF in EGM-2, and a plateau in the acquisition of endothelial-like 

characteristics was determined to occur between 25 and 50 ng/mL VEGF over the course 

of 2 weeks. These findings are consistent with recent literature that has examined VEGF-

induced differentiation of embryonic and MSC [100, 121–125].  

Several distinct subpopulations of AF-derived cells express mulitpotency 

markers, but c-kit+ AFSC have been consistently shown to have the potential to 

differentiate into endothelial-like cells [21, 53, 118]. This immunoselection method is 

effective at deriving stem cell-like AFSC from the initial heterogeneous cell population. 

However, this technique is limited in its clinical application due to the use of xenogenic 

antibodies. While the method used in this paper is appropriate for the current 

investigation, isolation without xeno-immunogenic substances would be necessary to 

make differentiated cells safe for human use [133]. C-kit+ endothelial progenitor cells 

such as these could be utilized for the development of engineered blood vessels, 

vascularization of engineered tissues, and promotion of vessel growth in ischemic tissue. 

Previous studies have observed endothelial differentiation of AFSC when cells 

were cultured in EGM-2 supplement with 2 ng/mL recombinant human basic fibroblast 

growth factor for 8 days, as determined by CD31 expression alone, or either 10 or 

50 ng/mL VEGF for 14 days, with results quantified by combined CD31 and vWF 

expression [56, 57, 128]. Although the molecular mechanisms responsible for 

vasculogenesis and angiogenesis are currently not fully understood, the importance of the 
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VEGF signaling pathway for both processes is evident [134]. Therefore, VEGF is often 

used as the primary stimulus for chemical-mediated differentiation of AF-derived, 

mesenchymal, and ESC into endothelial cells in vitro. Additionally, the effect of shear 

force and hypoxia on the stimulation of vWF, eNOS, and VEGF production has been 

examined in ESC, MSC, and AFSC [97, 128, 135]. Across these studies, including our 

own, endothelial marker expression was seen as early as 1 week, though expression was 

significantly increased within the second week of VEGF exposure. 

The enzyme eNOS plays an essential role downstream of VEGF signaling 

pathway, stimulating migration, proliferation, and vasodilation in vivo through nitric 

oxide production. Genetic upregulation of eNOS has been shown to increase VEGF-

dependent neovascularization, suggesting eNOS expression in our differentiated cells can 

further promote the endothelial phenotype [136].  

When AFSC were cultured in media without VEGF, immunofluorescent staining 

did not reveal vWF, eNOS, VE-cadhern, or VEGFR2 expressions, which are all 

constitutively expressed in mature endothelial cells. However, significant expression of 

these markers was present with the addition of VEGF at 50 ng/mL to EGM-2 for 2 

weeks, and localization of vWF in Weibel-Palade bodies, and eNOS, VE-cadherinin, and 

VEGFR2 in cell membranes was observed in these samples. Incubation of differentiated 

AFSC in secondary antibodies alone did not reveal significant fluorescence, confirming 

the specificity of the primary antibodies used. Analysis using Western blotting revealed 

increased expression of eNOS as a function of VEGF concentrations ranging from 1 to 

50 ng/mL with no significant increase in marker expression at higher concentrations. To 

our knowledge, this study shows for the first time that AFSC-EC are capable of 
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producing functional eNOS, as determined by nitric oxide production, at physiologically 

relevant concentrations. 

Further examination revealed that CD31 expression by AFSC-EC was also 

dependent on VEGF. Over a range of VEGF concentrations from 1–100 ng/mL, 

50 ng/mL resulted in maximal expressions of eNOS and CD31 expression, with little to 

no added acquisition of endothelial properties at higher VEGF concentrations. In some 

cases, concentrations of VEGF as high as 100 ng/mL had the potential for reduced 

efficacy, as shown in this study through CD31 expression and prior studies with ESC 

[122]. Additionally, the basal level of VEGF production by AFSC-EC across all VEGF 

concentrations was negligible compared with supplemental concentrations. At the 

optimal VEGF concentration, postdifferentiation analysis showed a decrease in the stem 

cell markers SSEA4 and c-kit and the presence of a subpopulation of AFSC-EC that were 

triple positive for CD31, VE-cadherin, and VEGFR2, which supports the hypothesis of 

endothelial differentiation. 

AFSC-EC were morphologically similar to HUEVC and, in addition to nitric 

oxide production, displayed other functional characteristics of fully mature endothelial 

cells. Vasculogenic potential of these cells was shown by assessing the formation of 

networks when plated on a semi-solid substrate, and internalization of ac-LDL distinctly 

identified endothelial cells based on metabolic activity. The primary advantages of using 

ac-LDL metabolism as a marker are that it allows for labeling of live endothelial cells 

without the need for fixation or permeabilization to optimize staining, does not affect cell 

viability, and is not removed during trypsinization due to incorporation into lysosomal 
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membranes; therefore, the use of fluorescently labeled ac-LDL will allow for isolation of 

AFSC-EC from the undifferentiated AFSC population. 

AFSC isolated through adherence and c-kit+ immunoselection, then exposed to 

50 ng/mL VEGF for 14 days, express key endothelial molecular markers (vWF, eNOS, 

CD31, VE-cadherin, and VEGFR2), were morphologically similar to HUVEC, and 

display functional phenotypes associated with endothelial cells (nitric oxide production, 

network formation, and ac-LDL uptake). These results suggest that AFSC are able to 

differentiate into functional endothelial cells in vitro and are suited for evaluation for 

vasculogenic potential within a tissue-engineered construct in vivo. 

 

 

 

 

 

 

 



 

87 

Chapter 5 

Formation of Functional Gap Junctions 

in Amniotic Fluid-derived Stem Cells 

Induced by Transmembrane Co-

culture with Neonatal Rat 

Cardiomyocytes* 

5.1. Abstract  

Amniotic fluid-derived stem cells (AFSC) have been reported to differentiate into 

cardiomyocyte-like cells and form gap junctions when directly mixed and cultured with 

neonatal rat ventricular myocytes (NRVM). This study investigated whether culture of 

AFSC on the opposite side of a Transwell membrane from NRVM, allowing for contact 

and communication without confounding factors such as cell fusion, could direct cardiac 

differentiation and enhance gap junction formation. Results were compared to shared 

                                                
* This chapter was published as: Petsche Connell J, Augustini E, Moise KJ, Johnson A, 

Jacot JG. Formation of functional gap junctions in amniotic fluid-derived stem cells 

induced by transmembrane co-culture with neonatal rat cardiomyocytes. J Cell Mol Med. 

2013 Jun;17(6):774-81. 
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media (Transwell), conditioned media and monoculture media controls. After a two-week 

culture period AFSC did not express cardiac myosin heavy chain or troponin T in any co-

culture group. Protein expression of cardiac calsequestrin 2 was upregulated in direct 

transmembrane co-cultures and media control cultures compared to the other 

experimental groups, but all groups were upregulated compared undifferentiated AFSC 

cultures. Gap junction communication, assessed with a scrape-loading dye transfer assay, 

was significantly increased in direct transmembrane co-cultures compared to all other 

conditions. Gap junction communication corresponded with increased connexin 43 gene 

expression and decreased phosphorylation of connexin 43. Our results suggest that direct 

transmembrane co-culture does not induce cardiomyocyte differentiation of AFSC, 

though Calsequestrin expression is increased. However, direct transmembrane co-culture 

does enhance connexin-43 mediated gap junction communication between AFSC. 

5.2. Introduction 

Amniotic fluid has been reported to contain a population of broadly multipotent 

stem cells that express markers characteristic of both embryonic stem cells (ESC) and 

mesenchymal stem cells (MSC), can differentiate across all three germ layers, maintain 

prolonged undifferentiated proliferation at rates similar to ESC, and do not form tumors 

when implanted [21, 23, 53]. The existence of such cells would provide a promising new 

cell source for tissue engineering applications, as they have many of the advantages of 

both ESC and MSC, without some of the negatives, like limited proliferation of MSC or 

tumor formation of ESC. Additionally, stem cells in amniotic fluid could provide an 
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autologous cell source of tissue engineering repair approaches for congenital defects 

identified during gestation when fluid could be removed and cells collected.  

Cardiac potential of AFSC has been reported upon direct co-culture with neonatal 

rat ventricular myocytes (NRVM), resulting in expression of cardiac markers such as 

sarcomere proteins, though the effect decreases when cells are separated in a Transwell 

system or grown in NRVM-conditioned media [53, 54, 56]. Research in other progenitor 

cell types has found that apparent cardiac differentiation in co-culture conditions is the 

result of cell fusion as opposed to cell differentiation [137, 138], and this possibility has 

not been eliminated in AFSC studies.  

AFSC in mixed co-cultures with NRVM have been observed to aggregate 

connexin 43 at the cell membrane, suggesting the formation of functional gap junctions 

[54, 56]. Gap junctions, transmembrane protein channels formed by connexins, with 

connexin 43 being the most commonly expressed in the heart [139], are responsible for 

the propagation of electrical signals, initiating contraction of cardiomyocytes [140]. Even 

in the absence of functional contraction of cells in a tissue engineered cardiac construct, 

electrical propagation of signals through the constructs would be of the utmost 

importance. In cases of surgical repair of congenital heart defects, for which it may be 

possible to use these cells autologously, unusual electrical properties often arise in the 

heart around implanted patches. Patients with acellular patch repair of congenital heart 

defects have a 25-100 times higher chance than the general population of dying of 

arrhythmias [11]. 

To address the ability of AFSC to differentiate in the absence of fusion with 

NRVM, we cultured AFSC in NRVM-conditioned media, shared media co-cultures, and 



 90 

 

in direct contact through a Transwell membrane with insufficient pore size to allow for 

cell fusion (Figure 26). Through studying these culture conditions we tested whether 

cardiac differentiation can be induced in AFSC by NRVM in the absence of cell fusion. 

Furthermore, since conductive cells used in a cardiac therapy could reduce the occurrence 

of arrhythmias, we tested whether intercellular gap junction communication was 

enhanced in AFSC when co-cultured with NRVM or cultured in NRVM-conditioned 

media.  

5.3. Materials and Methods 

5.3.1. AFSC isolation and cell culture 

Primary human amniotic fluid was obtained from patients in their second 

trimester undergoing planned amnioreduction as part of a therapeutic treatment for twin-

twin transfusion syndrome. Informed consent was obtained from all subjects, and the 

research was carried out according to the World Medical Association Declaration of 

Helsinki. The experimental protocol and informed consent form were approved by the 

Institutional Review Boards of Baylor College of Medicine and Rice University.  

Undifferentiated AFSC were isolated, cultured and analyzed as previously 

published [24]. Briefly, amniotic fluid was centrifuged and cells were resuspended in a 

modified α-Minimum Essential Media: 63% αMEM (HyClone, Logan, UT), 18% Chang 

Basal Medium (Irvine Scientific, Santa Ana, CA), 2% Chang C supplement (Irvine 

Scientific), 15% fetal bovine serum (FBS; PAA Laboratories, Dartmouth, MA), 1% 

GlutaMAX (Invitrogen, Carlsbad, CA) and penicillin and streptomycin. Cells were plated 
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at 2500 cells/cm2 on standard plastic Petri dishes and cultured at 37°C and 5% CO2 in a 

humidified environment. After one passage, a subpopulation of progenitor cells was 

isolated through fluorescence-activated cell sorting with an antibody to the membrane 

receptor CD117/c-Kit (BD Biosciences, Bedford, MA) using a Dako MoFlo cell sorter. 

We have previously shown that these cells have a normal diploid male karyotype and are 

strongly positive for embryonic stem cell marker SSEA4; mesenchymal stem cell 

markers CD29, CD44, CD73, CD90, and CD105; and the immunological marker HLA-

ABC, with a subpopulation (25.5%) of AFSC retain c-kit expression through multiple 

passages [24]. These results are comparable to those of other groups [21, 53, 54, 56, 57]. 

5.3.2. NRVM isolation 

All animal studies were performed in accordance with Rice University and Baylor 

College of Medicine guidelines, and experimental protocols were approved by the 

IACUC of each institution. Cardiomyocytes were harvested from freshly dissected 

ventricles of 1 to 3 day-old Sprague-Dawley rats using an isolation kit (Cellutron, 

Highland Park, NJ). Cells were plated onto gelatin coated dishes in a high-serum plating 

media of Dulbecco’s Modified Eagle Media (DMEM; HyClone), 17% M199 (HyClone), 

10% donor horse serum (PAA Laboratories), 5% FBS, and penicillin and streptomycin. 

Approximately 24 hours later, cells were transferred to a low-serum maintenance media 

of DMEM, 18.5% M199, 5% horse serum, 1% FBS, penicillin and streptomycin. Cell 

cultures were maintained at 37°C and 5% CO2 in a humidified environment. Media was 

changed every two days.  
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5.3.3. Experimental culture conditions and set up 

AFSC were cultured in a direct contact, shared media and conditioned media co-

culture with NRVM, as well as non-conditioned media and undifferentiated controls 

(Figure 26), similar to previous co-culture studies [141]. For direct transmembrane co-

cultures, 5000 AFSC were plated on the underside of gelatin-coated 12-well Transwell 

membrane inserts (Corning, Lowell, MA) and allowed to attach for 4 hours. For shared 

media co-cultures, 5000 AFSC were plated in the lower well portion of the gelatin-coated 

Transwell system. Approximately 24 hours later, 50,000 NRVM were plated on the top 

side of all inserts of Transwell cell culture dishes. For conditioned media cultures, AFSC 

were plated at 5000 cells per well in gelatin coated 12-well plates and allowed to attached 

for approximately 24 hours before changing to NRVM-conditioned media. NRVM were 

plated at 80,000 cells/cm2 and cultured in low serum maintenance media. Conditioned 

media was collected from the NRVM cultures every two days then used on the AFSC 

conditioned media cultures. As a control, AFSC were cultured in low serum maintenance 

media, described above. All groups were cultured for 14 days before analysis.  
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Figure 26 - Experimental culture conditions.  

(A) In the direct transmembrane co-culture, AFSC were plated on the underside of a 

Transwell membrane with 0.4 µm pores and NRVM plated on the top surface of the 

membrane. This culture condition allowed for cell contact, but not cell fusion. (B) In the 

shared media co-culture, AFSC are plated on the bottom of wells with NRVM plated 

inside a Transwell insert. This culture condition allowed for secretion of factors and 

crosstalk by both cell types, but no cell contact. (C) In conditioned media cultures, 

NRVM were grown in T-flasks. Every 48 hours, the media from the NRVM cultures was 

transferred to the AFSC cultures. This culture condition allowed AFSC to be exposed to 

factors secreted by the NRVM but no contact or crosstalk. (D) A control was performed 

of AFSC cultured in low-serum maintenance media. 

5.3.4. Scrape-loading dye transfer assay 

Formation of functional gap junctions between AFSC was assessed by the scrape-

loading dye transfer assay as described previously [142], with some modifications. Cells 

were washed twice with PBS without calcium or magnesium. Cell monolayers were 
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covered with PBS without calcium or magnesium containing 0.1% Lucifer yellow 

(Invitrogen), a molecule that is small enough to travel through gap junctions but is too 

large to penetrate intact cell membranes, then scrape-loaded with a scalpel. After 5 

minutes in the dye solution, cultures were rinsed twice with PBS containing calcium and 

magnesium. Cells were fixed with 4% paraformaldehyde at room temperature for 10 

minutes. Dye transfer through gap junctions was observed and imaged along the length of 

the scrape using a DMI 6000B fluorescence microscope (Lieca Microsystems, 

Bannockburn, IL). Images were assessed in a blinded fashion and measurements of 

lateral spreading of dye and count of cells away from scrape that dye spread were made 

using Image J (NIH, Bethesda, MD). For each group 12 wells were analyzed, with an 

average of 15 images per well and 111 measurements per group.  

5.3.5. Immunostaining 

To observe the presence and localization of proteins in the differentiated AFSC 

populations, differentiated cells were washed in cold (4°C) PBS and fixed with 4% 

paraformaldehyde (Alfa Aesar, Ward Hill, MA) for 20 minutes at 4°C. Cells were 

washed with PBS and permeabilized with 0.5% Triton X100 (CalBioChem, San Diego, 

CA). Cells were again washed with PBS, blocked with 1% bovine serum albumin (BSA; 

EMD Chemicals, Gibbstown, NJ) for 1 hour at 25°C, and then stained overnight at 4°C 

with primary antibodies against: connexin 43/GJA1 (rabbit polyclonal; Abcam, 

Cambridge, MA), SSEA-4 (mouse monoclonal; Santa Cruz Biotechnology, Santa Cruz, 

CA), sarcomeric α-actinin (mouse monoclonal; Sigma-Aldrich, St. Louis, MO), cardiac 

myosin heavy chain (mouse monoclonal; GeneTex, Irvine, CA), and cardiac troponin T 
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(rabbit polyclonal, Abcam). Cells were again rinsed with PBS then stained with DyLight-

conjugated goat secondary antibodies (Jackson ImmunoResearch Laboratories, West 

Grove, PA) diluted to 1:1000 for 30 minutes at 25°C. Cells were counterstained with 

DAPI with VectaShield (Vector, Burlingame, CA). Images were obtained using a DMI 

6000B fluorescence microscope (Lieca Microsystems, Bannockburn, IL).  

5.3.6. Quantitative reverse transcription – polymerase chain reaction 

All reagents for qRT-PCR were purchased from Applied Biosystems (Carlsbad, 

CA), except the RNeasy Mini Kit from Qaigen. Total RNA was extracted from cultured 

cells using the RNeasy Mini Kit, according to the manufacturer’s protocol. DNA was 

removed from all samples using the DNA-free kit, according to manufacturer’s protocols. 

cDNA was prepared from 450 ng total RNA, reverse transcribed in a 30 µl reaction mix 

using the High Capacity cDNA Reverse Transcription Kit, according to manufacturer’s 

protocol. Relative quantification of connexin 37/GJA4, connexin 40/GJA5, connexin 

43/GJA1, connexin 45/GJC1, and GATA-4 were performed using TaqMan Gene 

Expression Assays Hs00704917_s1, Hs00270925_s1, Hs00748445_s1, Hs00271416_s1, 

and Hs00171403_m1 respectively. Expression was normalized to GAPDH using TaqMan 

Gene Expression Assay Hs99999905_m1. Briefly, 15 ng cDNA was amplified in 

TaqMan Gene Expression Master Mix with 250 nM TaqMan probe in a 20 µl reaction 

using the Standard program for 60 cycles on an ABI ViiA 7 Real-Time PCR System. 

RNA was extracted from 9 total culture wells, over 3 separate experimental trials, and all 

samples were run in 4 replicates. Human cardiac RNA was isolated from a sample 

removed as part of a surgical treatment and was collected under an IRB approved 
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protocol from Baylor College of Medicine and Rice University and used as a positive 

control. Data was analyzed using the comparative CT method with software from Applied 

Biosystems, with all samples normalized to GAPDH and an undifferentiated AFSC 

sample in the case of connexins and the human cardiac tissue for the GATA-4 analysis. 

5.3.7. Western blot 

Western blot electrophoresis and transfer materials were purchased from Bio-Rad 

(Hercules, CA), and developing materials were purchased from Thermo Scientific 

(Rockford, IL). After 14 days of differentiation, total protein lysates were isolated from 

each experimental culture group in RIPA buffer with protease and phosphotase inhibitor 

cocktails (Thermo Scientific). Lysate concentrations were analyzed using a bicinchoninic 

acid kit (BCA; Thermo Scientific). Extracts were denatured using β-mercaptoethanol and 

boiling for 5 minutes, then diluted to equal concentrations of total protein. The samples 

were electrophoresed by 0.1% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred onto nitrocellulose membranes at 100 V for 1.5 and 1.0 

hours, respectively. Membranes were washed in Tris-buffered saline with 0.05% Tween-

20 (TBST), then blocked with 5% non-fat milk in TBST to reduced non-specific binding. 

Membranes were incubated overnight at 4°C with primary antibodies: Connexin 43 

(Abcam, Cambridge, MA), Connexin 43 phosphorylated at residue serine 368 

(pCx43s368; Cell Signaling Technology, Beverly, MA), calsequestrin (Abcam) and 

GAPDH (Abcam). Membranes were washed and incubated for 30 minutes at 25°C with 

secondary antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch 

Laboratories). A 1-minute Luminol reagent exposure was used to provide 
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chemiluminescence, and images were developed using high-sensitivity x-ray film. 

Western blots were normalized to GAPDH expression. Western blot analysis was 

performed using Image J (NIH, Bethesda, MD). 

5.3.8. Intracellular flow cytometry 

After 14 days of differentiation, cells were detached from culture dishes using 

0.125% trypsin (HyClone). Cells were then resuspended in 4% paraformaldehyde (Alfa 

Aesar) and refrigerated for 1 hour. Cells were then centrifuged, supernatant removed, 

resuspended in PBS, and stored at 4°C for future staining. For staining for intracellular 

flow cytometry, cells were permeablized with 0.5% Tween 20 in PBS at 37°C for 15 

minutes. Cells were rinsed with PBS, then blocked with 10% FBS in PBS containing 

0.5% Tween 20 at room temperature for 5 minutes. Cells were then incubated at room 

temperature for 30 minutes with the primary antibody: calsequestrin-2 (Santa Cruz 

Biotechnology). Samples were washed twice with PBS containing 10% FBS and 0.5% 

Tween 20 then incubated with PE-conjugated goat anti-rabbit secondary antibody 

(Jackson ImmunoResearch Laboratories) for 30 minutes at room temperature. After 

samples were again washed twice they were analyzed using a BD LSRII flow cytometer. 

FACSDiva software (BD Biosciences) was used for all flow cytometry data collection. 

FlowJo software (Tree Star, Inc., Ashland, OR) was used for data analysis. 

5.3.9. Statistical analysis 

Results are presented as means ± standard deviations. Sample numbers for each 

experiment are represented in their respective figures. One-way ANOVA and Student’s t-
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tests with a Bonferroni correction for multiple comparisons were used to test for 

significant differences. Significance was determined as p < 0.05. 

5.4. Results 

5.4.1. Markers of cardiac differentiation 

AFSC did not express the cardiac transcription factor GATA-4 in any culture 

conditions (Figure 27) and little to no GATA-4 expression was observed in Western blots 

(Figure 28). No co-culture conditions showed positive staining for the late-stage cardiac 

sarcomere proteins cardiac myosin heavy chain, cardiac troponin T, and sarcomeric α-

actinin (results not pictured). 

 

Figure 27 - GATA-4 gene expression.  

Gene expression analysis via qRT-PCR showed that all experimental conditions have 

GATA-4 gene expression levels that are not significantly different from zero. All samples 

were compared relative to RNA extracted from a human right ventricular outflow tract 

sample (n=2 for undifferentiated AFSC, 4 for media control, and 5 for all other 

experimental samples). 
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Figure 28 - Representative western blots of GATA4 protein expression in rat heart 

lysate, undifferentiated AFSC, maintenance media control, conditioned media, 

shared media co-cultures, and direct transmembrane co-cultures.  

Calsequestrin 2, the cardiac specific isoform of the protein that stores calcium 

ions in the sarcoplasmic reticulum, was analyzed through flow cytometry. All samples 

had calsequestrin 2 expression above background, therefore comparisons were done 

using the median fluorescence intensity of each sample, normalized to the 

undifferentiated AFSC median fluorescence intensity. Calsequestrin 2 was increased in 

the maintenance media control and direct transmembrane co-cultures compared to the 

relative median fluorescence intensities of all other samples (26.238±5.542 and 

22.677±0.156 for media control and direct transmembrane, respectively, vs. 4.908±0.389, 

0.931±0.099, 11.199±2.352, and 5.242±0.318 for NRVM, undifferentiated AFSC, 

conditioned media, and shared media co-cultures, respectively; p≤0.002; Figure 29). 

Conditioned media cultures also showed an elevated level of calsequestrin 2 compared to 

undifferentiated AFSC (p<0.001).  
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Figure 29 - Calsequestrin 2 protein expression.  

Representative histograms of flow cytometry results for undifferentiated AFSC and 

cultured NRVM (A) and experimental samples (B). The dashed lines indicate the median 

fluorescence intensities of undifferentiated AFSC (red) and NRVM (blue). Relative 

median fluorescence intensity, representing relative protein expression, was significantly 

higher in the media control and direct transmembrane cultures compared to all other 

group (p≤0.002; C). All bars that do not share at least one letter label in common have 

significant statistical difference. Protein expression of calsequestrin was confirmed via 

western blots (D). For flow cytometry experiments, n=2 for direct transmembrane co-

culture and 4 for all other groups; 100,000 cells were analyzed per sample. 

Undifferentiated AFSC showed expression of SSEA4, an embryonic stem cell 

marker, in both flow cytometry and immunostaining. After 2 weeks in culture, the 

maintenance media control group maintained SSEA4 expression in immunostained 

samples. By contrast, the conditioned media, shared media co-culture, and direct 
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transmembrane co-culture groups showed a decreased level of SSEA4, observed through 

immunostaining (Figure 30).   

 

Figure 30 - SSEA4 protein expression.  

(A) SSEA4 expression was maintained in AFSC after culture in the maintenance media 

control for two weeks. Expression was reduced in (B) conditioned media cultures, (C) 

shared media co-cultures, and (D) direct transmembrane co-cultures. Scale bars: 50 µm.  

5.4.2. Intercellular gap junction communication 

AFSC cultured in a direct transmembrane co-culture with NRVM had 

significantly higher dye diffusion distance than all other groups (178±46 vs. 95±20, 

116±16 and 86±15 µm for direct transmembrane, shared media, conditioned media and 

maintenance media control, respectively; p<0.001; Figure 31). Additionally, the dye 

diffused through an increased number of cells in the direct transmembrane co-culture 

compared with the other experimental groups (7.92±4.71 vs. 2.59±0.34, 3.52±1.07, and 

2.50±0.67 cells for direct transmembrane, shared media, conditioned media and 

maintenance media control, respectively; p<0.001). These increased measures of dye 

diffusion indicate an increased level of intercellular gap junction formation and 

communication in the direct transmembrane co-cultures.  
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Figure 31 - Diffusion of Lucifer yellow dye between cells through gap junctions.  

A scrape-loading dye transfer assay was performed on confluent cultures, which allowed 

for Lucifer yellow to enter damaged cells along the scrape, and then diffuse between cells 

through gap junctions. Wells were imaged along the length of scrapes and the distance of 

dye diffusion from the scrape was measured as a representation of gap junction 

functionality. Representative images of (A) maintenance media control, (B) conditioned 

media, (C) shared media co-culture, and (D) direct transmembrane co-culture. 

Measurements of distance of dye diffusion and number of cells dye diffused through 

found all groups to be significantly different from direct transmembrane co-cultures (*, 

p<0.001). N=12 for all groups. Scale bars: 100 µm. 

5.4.3. Expression and localization of connexin 

To elucidate possible mechanisms for increased functional gap junction 

formation, expression levels of connexin genes commonly found in cardiac tissue were 

analyzed.  

Immunostaining for connexin 43 showed localization to the membrane in the 

conditioned media, shared media co-culture, and direct transmembrane co-culture groups. 

No localization of connexin 43 to the cell membrane was observed in the maintenance 

media control or undifferentiated AFSC (Figure 32-A-D).  
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Connexin 43 gene expression was significantly increased in direct transmembrane 

co-culture compared with undifferentiated AFSC (2.33 ± 0.81 vs. 1.04 ± 0.24 normalized 

to undifferentiated AFSC control, p=0.016; Figure 32-E). Connexin 43 expression was 

also increased in maintenance media control (2.86 ± 0.43, p<0.001), shared media co-

culture (2.29 ± 0.40, p=0.021), but not in conditioned media cultures (1.43 ± 0.57). 

Connexin 45 expression in all experimental cultures was significantly lower than in the 

undifferentiated AFSC (p<0.001, Figure 32-E). Connexin 37 was not found to be 

significantly different across undifferentiated AFSC or any of the experiment culture 

groups, by a one-way ANOVA (p=0.2, Figure 32-E). Connexin 40 expression in all 

cultures was too low to be consistently amplified under the qRT-PCR conditions used 

and results were not analyzed. 

Protein levels of connexin 43, analyzed by Western blotting, were correlated with 

gene expression, but were not statistically different across samples (ANOVA, p=0.79, 

Figure 32-G). The fraction of pCx43s368/Cx43 was inversely correlated with dye transfer 

lengths, but not statistically different between samples (ANOVA, p=0.39, Figure 32-H).  
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Figure 32 - Connexin gene and protein expression and cellular location.  

(A) Cx43 immunostaining of maintenance media control shows no localization of Cx43 

to the cell membranes. Localization of Cx43 to cell membranes and junctions between 

cells is observed in (B) conditioned media cultures, (C) shared media co-cultures, and (D) 

direct transmembrane co-cultures. Gene expression analysis (E) via qRT-PCR showed no 

difference between groups for Cx37. Cx43 gene expression was significantly increased in 

media control, shared media co-culture, and direct transmembrane co-culture compared 

to undifferentiated AFSC (*, p<0.05). Cx45 gene expression was significantly decreased 

in all groups compared to undifferentiated AFSC (#, p<0.001). Western blots were 

performed for Cx43 and pCx43s368, and representative blots are shown (F). Relative 

Cx43 protein expression was not significantly different between any groups, but was 

correlated with gene expression (G; n=3 for undifferentiated AFSC; n=7 for all 

experimental groups). pCx43s368/Cx43 ratio was not significantly different between 

groups, but was inversely associated with dye diffusion (H; n=3 for undifferentiated 

AFSC; n=7 for all experimental groups). Scale bars: 50 µm.  
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5.5. Discussion 

Our experiments have shown that cell contact between NRVM and AFSC 

produces greater functional gap junction formation than co-culture systems without cell 

contact. Increased gap junction formation likely results from increased connexin 43 

expression, decreased phosphorylation of connexin 43, and increased homing of connexin 

43 to the cell membrane. Despite the increased in gap junctions in this culture system, co-

cultures of AFSC with NRVM in a manner that does not allow for cell fusion was 

insufficient for inducing complete cardiac differentiation of AFSC, as demonstrated by 

the lack of cardiac transcription factor GATA-4 and cardiac sarcomere proteins.  

The lack of cardiac sarcomere protein expression in AFSC co-cultured with 

NRVM in this study is consistent with other conditioned or shared media studies and 

suggests that full differentiation either requires full cell-cell contact or cell fusion. 

Previous studies have found that direct mixing of AFSC and NRVM results in a small 

population of cells expression both human protein markers or cell labels and late-stage 

cardiac markers troponin T, troponin I, or α-actinin [53, 54, 56]. In direct transmembrane 

co-culture conditions, which allowed for cell contact but did not allow for cell fusion or 

exchange of nuclei between cells, we were unable to observe expression of myosin heavy 

chain or troponin T after 14 days in culture. This result is consistent with conditioned 

media results in previous studies, which also demonstrated no expression of myosin 

heavy chain or troponin T that could be verified by gene expression or protein content 

[53].  

Though calsequestrin was observed to be upregulated in some experimental 

groups, this increase was not present in all groups. The upregulation of calsequestrin in 
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the absence of additional markers of cardiac differentiation re-emphasizes that the 

expression of several cardiac proteins is necessary to confirm a cardiac phenotype in 

differentiated cells. The lack of late-stage cardiac sarcomere proteins suggests that close 

proximity cell culture and limited cell contact is insufficient to induce complete cardiac 

differentiation.  

The membrane aggregation of connexin proteins in direct transmembrane co-

cultures leads to functional gap junctions. Scrape-loading dye transfer assay 

demonstrated that AFSC in direct contact co-cultures had significantly stronger gap 

junction communication than in other types of culture, and immunostaining of connexin 

43 verified that AFSC in direct contact co-culture had significant connexin aggregation at 

the cell membrane. This result mirrors immunohistochemical results in co-cultured AFSC 

in previous studies [54, 56]. Additionally, though trending and not statistically 

significant, conditioned media AFSC cultures had an increase in gap junction 

communication compared to maintenance media control and this increase was not 

apparent in the shared media co-cultures. This result suggests that cross-talk between 

AFSC and NRVM in culture may have a significant effect on the behavior and possibly 

cytokine release of each cell type. 

Changes in gene expression of common cardiovascular gap junction proteins 

suggest the involvement of connexin 43, but cannot fully explain gap junction 

functionality. The dominant connexins expressed in cardiovascular tissue are connexin 

37, 40, 43, and 45 [143]. Of these, the only gene to show significant upregulation in 

differentiated AFSC compared to undifferentiated controls was connexin 43, which 

increased in every tested condition except conditioned media. The lack of correlation 
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between gene expression levels and amount of intercellular gap junction communication 

indicates that gene expression alone cannot explain the variations in the formation of gap 

junctions. Analysis of post-translational modification or trafficking of gap junction 

proteins may be necessary to elucidate the mechanism underlying the functionality 

variations. Interestingly, the ratio of phosphorylated connexin 43 at serine 368, which has 

been shown to mark the protein for intercellular location or degradation [144, 145], is 

inversely related with observed gap junction functionality and could suggest a possible 

mechanism for lower gap junction activity, independent of connexin 43 gene expression, 

in shared media co-cultures. 

Statistical analysis of PCR samples from different experimental trials revealed 

that every co-culture condition had significant variation in the expression levels of at 

least one connexin gene between experiments using different batches of NRVM. This 

significant difference suggests that one source of gene expression level variation is the 

isolation of primary NRVM, which is another reason that differentiation methods 

dependent on NRVM may be less ideal. Other differentiation methods that are not cell 

dependent would likely allow for increased reproducibility of results and additional 

factors could be added to induce production of cardiac sarcomere proteins.  

The ease of isolation, rapid proliferation rate, and broadly multipotent nature of 

AFSC make them a promising cell source for tissue engineering. This study demonstrates 

the capability of AFSC to create functional gap junctions. Though no cardiac sarcomere 

proteins were observed in any of the culture conditions tested, AFSC demonstrated 

potential in cardiac applications due to their ability to form functional gap junctions. 
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However, additional cues, or fusion of AFSC with cardiomyocytes, are likely required for 

complete cardiac differentiation. 
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Chapter 6 

Amniotic fluid-derived stem cells 

demonstrate limited cardiac 

differentiation following small 

molecule-based modulation of the Wnt 

signaling pathway* 

6.1. Abstract 

Amniotic fluid-derived stem cells (AFSC) are a promising cell source for 

regenerative medicine and cardiac tissue engineering. However, a non-xenotropic 

differentiation protocol has not been established for cardiac differentiation of AFSC. We 

tested a small molecule-based modulation of Wnt signaling for directed cardiac 

differentiation of AFSC. Cells were treated with inhibitors of glycogen synthase kinase 3 

and Wnt production and secretion in a time-dependent and sequential manner, as has 

                                                
* This chapter has been submitted as: Petsche Connell J, Ruano R, Jacot JG. Amniotic 

fluid-derived stem cells demonstrate limited cardiac differentiation following small 

molecule-based modulation of the Wnt signaling pathway. Biomed Mater. Submitted 

October, 2014. 
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been demonstrated successful for cardiac differentiation of embryonic and induced 

pluripotent stem cells. Cells were then analyzed for gene and protein expression of 

markers along the cardiac lineage at multiple days during the differentiation protocol. At 

the midpoint of the differentiation, an increase in the percentage of AFSC expressing 

Islet-1, a transcription factor found in cardiac progenitor cells, and Nkx-2.5, a cardiac 

transcription factor, was observed.  After a 15-day differentiation, a subpopulation of 

AFSC upregulated protein expression of smooth muscle actin, myosin light chain-2, and 

troponin I, all indicative of progression down a cardiac lineage. AFSC at the end of the 

differentiation also demonstrated organization of connexin 43, a key component of gap 

junctions, to cell membranes. However, no organized sarcomeres or spontaneous 

contraction were observed.  These results demonstrate that small molecule-based 

modulation of Wnt signaling alone is not sufficient to generate functional cardiomyocytes 

from AFSC, though an upregulation of genes and proteins common to cardiac lineage 

cells was observed. 

6.2. Introduction 

Heart related defects are the most common form of fatal birth defect [1], and birth 

defects are the leading cause of infant death in the United States [2]. The incidence of 

moderate and severe congenital heart defects (CHD) is approximately 3 of each per 1000 

births [3], and these defects are likely to require expert cardiology care, including 

surgeries, which may involve the use of patches. Current patches available for surgical 

repair have several shortcomings, including being non-conductive and non-contractile. 

These shortcomings could be addressed by development of a tissue engineered cardiac 
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patch, but an ideal cell source for cardiac tissue engineering remains an issue. While 

pluripotent stem cells, such as induced pluripotent stem cells (iPSC) and embryonic stem 

cells (ESC), have been demonstrated to successfully differentiate into functional 

cardiomyocytes [6, 146], issues remain that prevent these cells from being used 

therapeutically, including potential teratoma formation following implantation. 

Amniotic fluid-derived stem cells (AFSC) present a possible alternative cell 

source. Amniotic fluid has been reported to contain a population of broadly multipotent 

stem cells that have traits and express markers characteristic of both mesenchymal stem 

cells (MSC) and pluripotent stem cells. AFSC can differentiate across all three germ 

layers and maintain proliferation rates similar to pluripotent stem cells, but do not form 

teratomas when implanted [21]. Because AFSC have many of the advantages of ESC, 

iPSC, and MSC without some of the disadvantages of each cell type, they represent a 

promising cell source for tissue engineering applications, including potential autologous 

application to congenital defect repair.  

AFSC have been investigated for a variety of cardiovascular applications, 

including in vitro cardiomyocyte differentiation, implantation after myocardial infarction, 

heart valve tissue engineering, and vascular therapies – see review in ref. [111]. Of 

particular interest is the cardiac potential of AFSC in vitro. Upon direct co-culture of 

AFSC with neonatal rat ventricular myocytes (NRVM), human cells positive for cardiac 

markers such as sarcomeric proteins have been observed [53, 54, 56]. However, when 

AFSC are co-cultured with NRVM in systems that do not allow for cell fusion, including 

on opposite sides of a porous membrane, in shared media dishes, and AFSC in 

conditioned medium from NRVM, it is observed that AFSC form functional gap 
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junctions but do not express sarcomere proteins [110]. It has also been observed that 

treatment of AFSC with the demethylating agent 5-aza-2’-deoxycytidine for 24 hours at 

the beginning of a 10 day culture period results in phenotypic changes of the cells 

consistent with muscle cells and protein expression of cardiac troponin I (cTnI) and 

cardiac troponin T (cTNT), but no mature sarcomeres or spontaneous contraction [54].  

Given the limited success of cardiac differentiation observed in AFSC using the 

above methods, we proposed to test a method of defined small molecule-based 

modulation of the Wnt signaling pathway for cardiac differentiation of AFSC. It has been 

repeatedly demonstrated that modulation of the Wnt signaling pathway by small 

molecules or protein growth factors leads to cardiac differentiation of ESC and iPSC [90, 

147–157]. These cardiac differentiation methods are based on the roll of Wnt signaling in 

cardiac development. Inhibition of canonical Wnt signaling induces cardiomyogensis 

[158].  

To address the ability of AFSC to differentiate towards a cardiomyocyte lineage 

following directed differentiation using small molecule-based modulation of Wnt 

signaling, we cultured AFSC at varying densities on Matrigel-coated surfaces and added 

a glycogen synthase kinsase 3 (GSK3) inhibitor and Wnt processing inhibitor 

sequentially in a specific time course. Expression of mesodermal transcription factor 

brachyury was assessed to select the appropriate GSK3 inhibitor concentration. Then 

expression of cardiac specific transcription factor and sarcomere genes and proteins were 

evaluated at time points during the differentiation process to evaluate success of the 

differentiation protocol.  
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6.3. Materials and Methods 

6.3.1. Isolation and culture of AFSC 

Human amniotic fluid was obtained from second trimester pregnancies from 

patients undergoing planned amnioreduction for treatment of twin-twin transfusion 

syndrome. The research was carried out according to the World Medical Association 

Declaration of Helsinki, and informed consent was obtained from all subjects. The 

experimental protocol and informed consent form were approved by the Institutional 

Review Boards of Baylor College of Medicine and Rice University.  

Amniotic fluid was centrifuged and cells were resuspended in a modified α-

Minimum Essential Medium (αMEM): 63% αMEM (HyClone), 18% Chang Basal 

Medium (Irvine Scientific), 2% Chang C supplement (Irvine Scientific), 15% embryonic 

stem cell-tested fetal bovine serum (FBS; Gemini Bio-Products), 1% GlutaMAX 

(Invitrogen) and antiboitics. Cells were plated at 2500 cells/cm2 on standard plastic Petri 

dishes (BD Biosciences) and cultured at 37°C and 5% CO2 in a humidified environment.  

Cells were routinely passaged using 0.25% trypsin at approximately 70 to 80% 

confluence, approximately every 5-7 days. All differentiation experiments were 

performed on cells at passage 5. 

6.3.2. Small molecule-based cardiac differentiation of AFSC 

Differentiation was performed as has previously been published for iPSC [157]. 

On day -4 of the differentiation, AFSC were plated in 12-well cell culture plates coated 

with ESC-qualified Matrigel (Corning). For initial studies to determine optimal cell 
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seeding density cells were plated at 50,000, 100,000, 150,000, and 200,000 cells per cm2. 

Cells were maintained in modified αMEM, and the medium was changed every day for 3 

days. Throughout the differentiation, cells were maintained with 2 ml of medium per 

well.  

On day 0, medium was changed to RPMI1640 with GlutaMAX (Gibco) 

supplemented with B-27 supplement minus insulin (Gibco). A small molecule inhibitor 

of GSK3, CHIR99021 (Selleckchem), was tested at concentrations varying from 0 to 12 

µM. Exactly 24 hours later (day 1) the cell culture medium was changed to 

RPMI1640+B-27 minus insulin. Forty-eight hours after that (day 3), the second small 

molecule, Inhibitor of Wnt Processing and Secretion 2 (IWP2; R&D Systems, 

Minneapolis, MN), was added. At this media change, one ml from each well was 

transferred to a sterile secondary container and 1 ml of 10 μM IWP2 in RPMI1640+B-27 

minus insulin was added, for a final concentration of 5μM IWP2. After aspiration of the 

second ml of media from the cell culture well, the combined media was added back to the 

corresponding original well. After forty-eight hours in media containing 5 μM IWP2, the 

media was changed to RPMI1640+B-27 minus insulin (day 5). On day 7 of the 

differentiation, media was changed to RPMI1640 with GlutaMAX supplemented with 

complete B-27 supplement. Cells were maintained in this media to day 15, with media 

changes performed every 2-3 days. 
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6.3.3. Flow cytometry  

Monolayers of adherent cells were detached with Accutase (Sigma-Aldrich) or 

0.25% trypsin (for intracellular staining only) and resuspended in phosphate buffered 

saline (PBS) with 1% FBS.  

For cell surface proteins, cells were stained with fluorophor-conjugated antibodies 

in the dark at room temperature for 15 minutes then rinsed twice with PBS containing 1% 

FBS. Antibodies used were Alexa Fluor 647-conjugated anti-SSEA4, FITC-conjugated 

anti-Tra-1-60, PE-conjugated anti-CD117/c-kit, PE-conjugated anti-Islet-1, PE-

conjugated anti-CD29, FITC-conjugated anti-CD44, APC-conjugated anti-CD90, PE-

conjugated anti-CD105, PE-conjugated anti-CD140a, Alexa Fluor 647-conjugated anti-

CD309, FITC-conjugated anti-CD31, APC-conjugated anti-CD45, PE-conjugated anti-

HLA-ABC, and FITC-conjugated anti-HLA-DR. Antibodies and corresponding isotype 

controls were developed in mouse and purchased from BD Biosciences.  

For analysis of intracellular proteins, suspended cells were fixed in 4% 

paraformaldehyde for 20 minutes at room temperature, washed with PBS, and 

resuspended in permeabilizing buffer (PBS with 0.5% Tween20, Sigma-Aldrich). Cells 

were then incubated with fluorophor-conjugated antibodies for 30 minutes at room 

temperature and rinsed twice with PBS with 1% FBS. These antibodies included PE-

conjugated anti-Sox2 (mouse IgG2a, R&D Systems), Alexa Fluor 488-conjugated anti-

cMyc (mouse IgG1, R&D Systems) and PE-conjugated anti-brachyury (goat IgG, R&D 

Systems). Unconjugated primary antibodies were incubated with cells at 4°C overnight, 

rinsed, incubated with fluorophor-conjugated secondary antibodies for 30 minutes at 

room temperature, and rinsed again. Primary antibodies used were anti-Nkx-2.5 (rabbit 
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IgG, Santa Cruz Biotechnology, Inc.), anti-myosin light chain 2 (MLC2, rabbit IgG, 

ProteinTech), anti-Troponin I (TnI, rabbit IgG, Santa Cruz Biotechnology, Inc), anti-

smooth muscle actin (SMA, mouse IgG2a, Thermo Scientific), and anti-cardiac Troponin 

T (cTnT, mouse IgG1, Thermo Scientific). Secondary antibodies used were Alexa Fluor 

488-conjugated goat anti-rabbit, Alexa Fluor 488-conjugated goat anti-mouse IgG1, 

Alexa Fluor 647-conjugated goat anti-mouse IgG2a, and Alexa Fluor 647-conjugated 

goat anti-rabbit. All secondary antibodies were purchased from Life Technologies. 

Controls of primary antibody specific isotype controls or secondary antibody only were 

performed.  

Data collection was performed on a BD LSR II Flow cytometer with FACSDiva 

software (BD Biosciences). Data analysis was performed using FlowJo software (Tree 

Star, Inc.). 

6.3.4. Quantitative reverse transcriptase – polymerase chain reaction (qRT-

PCR) 

Total RNA was extracted from AFSC at days 0, 5, and 15 of the differentiation 

protocol using the RNeasy kit according to manufacturer’s protocols (Qaigen). cDNA 

synthesis was performed using High Capacity cDNA Reverse Transcription Kit, 

according to manufacturer’s protocol (Applied Biosystems).  

Relative quantification of GATA4, NKX-2.5, TNNT2, and ACTN2 were 

performed using TaqMan Gene Expression Assays Hs00171403_m1, Hs00231763_m1, 

Hs00943911_m1, and Hs00153809_m1, respectively. Expression was normalized to 

GAPDH (TaqMan Gene Expression Assay Hs02758991_g1). Briefly, 1 µl cDNA was 
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amplified in TaqMan Gene Expression Master Mix with 250 nM TaqMan probe in a 20 

µl reaction using the Standard program for 60 cycles on an ABI ViiA 7 Real-Time PCR 

System. Data was analyzed using the comparative CT method, with all samples 

normalized to GAPDH and then to a Day 0 sample group. All TaqMan reagents were 

from Applied Biosystems. 

6.3.5. Immunostaining 

Immunostaining was performed to observe the presence and localization of 

proteins in the differentiated AFSC populations. At day 14 of the differentiation protocol, 

cells were lifted with 0.25% trypsin and replated in RPMI 1640 medium with 20% FBS 

on 1% gelatin coated dishes at 100,000 cells per well in 12-well plates. Two days later 

the media was changed to RPMI 1640 with complete B27 supplement, and three days 

after that the cell cultures were washed with PBS and fixed with 4% paraformaldehyde 

(Alfa Aesar) for 20 minutes at 4°C. Cells were washed with PBS and permeabilized with 

0.5% Triton X100 (Sigma-Aldrich). Cells were again washed with PBS, blocked with 1% 

bovine serum albumin (BSA; CalBioChem) for 1 hour at 25°C, and then stained 

overnight at 4°C with primary antibodies against: connexin 43/GJA1 (rabbit polyclonal; 

Abcam), SSEA-4 (mouse monoclonal; Santa Cruz Biotechnology), smooth muscle actin 

(Thermo Scientific), troponin I (Santa Cruz Biotechnology), and myosin light chain 2 

(ProteinTech). Cells were again rinsed with 1% BSA in PBS then stained with Alexa 

Fluor 488-conjugated goat secondary antibodies (Life Technologies) diluted to 1:1000 for 

30 minutes at room temperature. Cells were counterstained with 4’,6-diamidino-2-

phenylindole (DAPI) with Vecta Shield (Vector). Undifferentiated AFSC and 
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differentiated AFSC incubated with secondary antibodies alone served as negative 

controls, while NRVM served as positive controls. Images were obtained using a DMI 

6000B (Lieca Microsystems) fluorescence microscope. 

6.3.6. Statistical Analysis 

Results are presented as means ± standard deviations. Sample numbers are 

presented in their respective figure legends. ANOVA with Tukey’s post-hoc tests or 

Student t-tests were used to test for significant differences, as appropriate. Significance 

was determined as p<0.05. Statistics were performed using R statistical software.  

6.4. Results 

6.4.1. Characterization of AFSC 

Flow cytometry on undifferentiated AFSC cultured through passage 5, showed 

the cells were strongly positive for the pluripotent stem cell marker SSEA4 (68%) but 

negative for pluripotent stem cell marker Tra-1-60. Subpopulations of cells expressed the 

transcription factors Sox2 (12%) and brachyury (17%). Sox2 is a transcription factor 

characteristic of pluripotent stem cells while brachyury is indicative of a mesodermal 

lineage. Unfractionated AFSC at passage 5 were negative for c-kit/CD117 and the 

transcription factor Islet-1, a marker for cardiac progenitors. C-kit is also known as stem 

cell growth factor receptor and is expressed on the surface of hematopoietic stem cells 

and other cell types. AFSC were negative for CD309, also known as vascular endothelial 

growth factor receptor-2 (VEGFR2) or kinase insert domain receptor (KDR), and 20% of 

cells were positive for CD140a, or platelet-derived growth factor receptor alpha 
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(PDGFRα). VEGFR2 and PDGFRα  are co-expressed on cells of the cardiac mesoderm 

and on embryonic or induced pluripotent stem cells undergoing cardiac differentiation 

through Activin A and BMP4 treatment [159].AFSC were positive for MSC markers 

CD29, CD44, CD90, and CD105. The stem cells were positive for the immunological 

marker HLA-ABC and mostly negative for the immunological marker HLA-DR. AFSC 

were also negative for protein expression of the hematopoietic differentiation marker 

CD45 and the endothelial marker PECAM-1/CD31 (Figure 33).  
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Figure 33 – Analysis of protein expression in undifferentiated AFSC.  

AFSC expanded out to passage 5 underwent flow cytometry analysis for protein 

expression of surface markers and transcription factors.  

6.4.2. Effect of cell density and CHIR99021 concentration 

To determine the optimal cell seeding density and CHIR99021 concentration, 

brachyury protein expression at day 0 and day 1 was analyzed by flow cytometry. 

CHIR99021 is the small molecule inhibitor of GSK3. Cells were plated at 50,000, 
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100,000, 150,000, and 200,000 cells per cm2 in Matrigel-coated 12-well plates. At day 0, 

CHIR99021 concentrations of 0, 4, 8, and 12 µM in RMPI1640 medium with B-27 

supplement without insulin were added to the cell cultures.  

Cell density did not have a significant effect on protein expression of brachyury 

(p=0.12). CHIR99021 concentration did have a significant effect of brachyury expression 

(p<0.001). Cells cultured in medium containing 8 µM CHIR99021 had significantly 

higher brachyury expression than those at day 0 or cultured in 0 µM CHIR99021 or 12 

µM CHIR99021. Cells cultured in medium containing 4 µM CHIR99021 had 

significantly higher brachyury expression than those cultured in medium containing 0 µM 

CHIR99021 or 12 µM CHIR99021 (Figure 34-a).  

All tested cell seeding densities resulted in highly confluent cultures at day 0. 

Even so, the higher cell seeding densities appearred to maintain higher cell density by 

day 0.  After 24 hour culture in medium containing 12 µM CHIR99021, some cell death 

was observed in all cell density groups. In the 8µM CHIR99021 medium group some cell 

death was observed, but at lower levels. In all groups containing CHIR99021 an increase 

in granularity of the cells was observed under white light microscopy. Representative 

images of all groups can be found in Figure 34-b.  

For all further experiments cells were plated at 200,000 cells per cm2 and a 

concentration of 8µM CHIR99021 was used. This cell seeding density is recommended 

for iPSC undergoing directed cardiac differentiation using small molecules [157]. 
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Figure 34 – Effect of cell seeding density and CHIR99021 concentration on 

brachyury expression.  

Cells were plated on Matrigel-coated tissue culture plates at 50,000, 100,000, 150,000, 

and 200,000 cells per cm2. At day 0 cells were treated with 0-12 µM CHIR99021 for 24 

hours and then analyzed for percentage of cells expressing brachyury using flow 

cytometry. (a) The percentage of cells expressing brachyuyr was not significantly 

effected by cell seeding density, but CHIR99021 concentration did have a significant 

effect. Graph is mean ± standard deviation. Groups that do not share a letter are 

significantly different, with p<0.05. (b) Representative white light microscopy images are 

provided. Cell death was observed in the 8 and 12 µM CHIR99021 groups. Scale bar is 

provided on bottom right images (50µm) and applies to all images.  
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6.4.3. Cardiac gene expression 

Significant changes in gene expression were observed during the differentiation 

period (Figure 35). Relative GATA4 gene expression was significantly higher in day 15 

samples than undifferentiated AFSC or day 0 samples (undifferentiated AFSC: 

0.818±0.563; day 0: 1.15±0.51; day 5: 3.25±1.03; day 15: 6.83±4.05).  Relative NKX-2.5 

gene expression was significantly higher in day 0 and day 5 samples, compared to day 15 

samples (undifferentiated AFSC: 0.701±0.175; day 0: 0.951±0.244;  day 5: 0.787±0.346; 

day 15: 0.278±0.211). GATA4 and NKX-2.5 are both cardiac transcription factors. 

Relative ACTN2 gene expression was significantly higher in day 5 samples compared to 

all other samples (undifferentiated AFSC: 0.0847±0.0117; day 0: 1.20±0.17; day 5: 

5.80±1.66; day 15: 0.684±0.410). ACTN2 is the gene that encodes α-actinin 2, the 

specific isoform expressed in skeletal and cardiac muscle. Relative TNNT2 gene 

expression was significantly higher in both day 5 and day 15 samples compared to 

undifferentiated AFSC and day 0 samples (undifferentiated AFSC: 1.90±0.66; day 0: 

1.70±0.44; day 5: 7.56±0.44; day 15: 5.87±1.01). TNNT2 is the gene that encodes cTnT. 
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Figure 35 – Gene expression in AFSC following differentaition.   

Relative gene expression was measured using qRT-PCR. (a) GATA4 gene expression 

was  increased in cells at day 15 of the differentiation compared to undifferentiated AFSC 

and day 0 cells. (b) NKX-2.5 gene expression was decreased in cells at day 15 of the 

differentiation compared to cells from days 0 and 5. (c) ACTN2 gene expression was 

significantly increased in cells at day 5 compared to all other groups. (d) TNNT2 gene 

expression was  increased in both day 5 and 15 groups compared to the undifferentiated 

AFSC and Day 0 group. N=6 for all groups. Error bars are standard deviation. * indicates 

bars are significantly different from each other with p<0.05. # indicates that bar is 

significantly different from all other bars with p<0.05. 

6.4.4. Cardiac protein expression 

6.4.4.1. Transcription factors 

Cells were analyzed by flow cytometry to assess protein expression of cardiac 

transcription factors. Islet-1 was analyzed on samples from day 0 and day 8 of the cardiac 
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differentiation. The percentage of cells expressing Islet-1 significantly increased in the 

day 8 samples (p = 0.02; day 0: 1.41± 0.25%; day 8: 10.38±3.85%; Figure 36-a). Nkx-2.5 

was analyzed for samples from days 0, 5, and 8 of the cardiac differentiation. Samples 

from days 5 and 8 contained a significantly larger percentage of cells expressing Nkx-2.5 

compared to the samples from day 0, but no significant difference was observed between 

samples from days 5 and 8 (day 0: 2.75±1.82%; day 5: 24.6±12.5%; day 8: 35.1±13.4%; 

Figure 36-c). All samples stained for Nkx-2.5 were shifted to the right (higher 

fluorescence intensity) on the histogram of analyzed cells compared to the secondary 

only controls. Therefore gating was done based on a day 0 sample. Representative 

histograms of each day and the gate used are provided in Figure 36-d.    
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Figure 36 – Cardiac transcription factor proteins in AFSC following differentiation.  

Following small molecule-based cardiac differentiation for 0, 5, or 8 days, cells were 

analyzed by flow cytometry for expression of transcription factor proteins. (a) Islet-1 was 

expressed in a larger percentage of cells at day 8 than at day 0 (n = 4 for both groups). (b) 

Representative histograms and gate for Islet-1 analysis. (c) Nkx2.5 was strongly 

expressed in more cells in day 5 and 8 samples, compared to day 0 samples. No 

significant difference was observed between days 5 and 8 (n = 7 for day 0 and 8 for days 

5 and 8). (d) Representative histograms and gates for Nkx2.5 analysis. Bar graphs are 

means±SD. * indicates bars are significantly different from each other with p<0.05.  

6.4.4.2. Sarcomeric proteins 

Cells were also analyzed by flow cytometry to assess the percentage of cells 

expressing sarcomeric proteins at days 0 and 15 of the cardiac differentiation (Figure 37). 

Day 15 samples stained for MLC2, TnI, and SMA showed a bimodal distribution, with a 

larger population at the lower fluorescence intensity, corresponding to lower amounts of 

the protein of interest per cell. Though the portion of cells positive for the protein of 

interest was smaller than the negative portion, cells at day 15 still had a significantly 
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higher percentage of cells expressing MLC2, TnI, and SMA compared to day 0 samples 

(MLC2: 2.22±0.43% vs. 21.4±4.7%; TnI: 1.46±0.78% vs. 15.3±3.3%; SMA: 1.07±0.10% 

vs. 11.1±2.1%). While the percentage of cells positive for cTnT was also statistically 

significantly lower at day 0 compared to day 15 (0.163±0.462% vs. 3.22±0.57%), the 

percentage of cells expressing cTnT was still less than 5% at day 15. Additionally, there 

was not a bimodal distribution observed like was observed in the other markers, so even 

the positive cells were not strongly positive. A small percentage of cells were double 

positive for SMA and cTnT, an evaluation used to determine the success of this protocol 

in pluripotent stem cells [157]. The difference between day 0 and day 15 was statistically 

significant (0.0433±0.0148% vs. 2.04±0.41%). The gating was based off of the day 0 

samples; representative histograms and plots, including gating, can be seen in Figure 37-

f-j.  
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Figure 37 – Sarcomeric protein expression in AFSC following differentiation.   

Following small molecule-based cardiac differentiation for 0 or 15 days, cells were 

analyzed by flow cytometry to determine the percentage of cells expressing the 

sarcomere proteins of interest. (a) MLC2, (b) TnI, and (c) SMA analysis indicated a 

significant increase in expression of the proteins of interest. Representative histograms (f-

h) exhibit a bimodal distribution in cells differentiated for 15 days. (d) cTnT was 

expressed in significantly more cells at day 15 compared to day 0, but no bimodal 

distribution was observed (i).  There was also a small percentage of cells that were double 

positive for cTnT and SMA (e, j). Bar graphs are means±SD with n = 4 for day 0 and 6 

for day 8. * indicates bars are significantly different from each other with p<0.05. 
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6.4.4.3. Protein organization 

Immunostaining was performed following the directed differentiation regime to 

observe the protein organization within cells (Figure 38). TnI and MLC2 immunostaining 

revealed a subpopulation of cells that were positively stained for the proteins of interest 

by with no organization into sarcomeres. SMA immunostaining revealed a strongly 

stained subpopulation, with most of the positively stained cells exhibiting organization of 

the actin into filaments. Connexin 43 immunostaining of the differentiated cells revealed 

connexin 43 preferentially located between cells. While some undifferentiated AFSC 

displayed connexin 43 expression, no organization to the cell membrane was observed. 

Controls of secondary antibodies only contained no staining.  
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Figure 38 – Protein organization in AFSC following differentiation.  

Immunostaining for TnI in (a) undifferenitated AFSC, (b) differentiated AFSC, and (c) 

NRVM. Sarcomere structures are present in NRVM while differentiated AFSC show a 

population of cells stained for TnI but without any sarcomere organization. Similarly, 

immunostaining for MLC2 in (d) undifferenitated AFSC, (e) differentiated AFSC, and (f) 

NRVM show a large portion of NRVM positive stained and with more organization than 

the AFSC following the differentiation regime. Undifferentiated AFSC are negative for 

both TnI and MLC2. Immunostaining for SMA shows weak and unorganized staining in 

(g) undifferentiated AFSC with more filament like organization in (h) differentiated 

AFSC and a larger proportion of strongly positive cells in (i) NRVM cultures. (j) 

Undifferentiated AFSC stain for connexin 43 but with no organization while (k) 

differentiated AFSC and (l) NRVM exhibit localization of connexin43 to cell 

membranes. Scale bars are 100 µm.  
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6.5. Discussion 

AFSC provide a promising cell source for tissue engineering applications to repair 

of congenital defects because they can be used autologously after defects are identified in 

utero. Amniotic fluid is routinely collected following detection of a congenital defect 

with minimal risk [160, 161]. AFSC are also well-suited for tissue engineering and 

regenerative medicine because of their broad differentiation potential and high 

proliferation rate [21].  

This study supports previous studies that indicate AFSC can be induced to express 

cardiac specific genes and proteins, but lack organized sarcomere structures and 

spontaneous contraction [53, 110]. The chemically defined method studied here provides 

higher potential to examine the specific roles of the involved factors, compared to co-

culture systems dependent on a primary cardiac cell source.  

A subpopulation of AFSC expresses brachyury prior to any differentiation 

protocol, indicating that there is a portion of cells that may already be directed towards a 

mesoendodermal lineage. This subpopulation warrants further study. If an isolation 

method were determined to preferentially select these cells, it may be possible to skip the 

first step of the differentiation and instead proceed directly to second small molecule for 

inhibition of Wnt processing and signaling.  

Results of this study indicated that AFSC can be induced to increase gene 

expression of GATA4; ACTN2, the skeletal and cardiac muscle form of α-actinin; and 

TNNT2, the cardiac specific troponin T gene. NKX-2.5 gene expression was decreased 

on day 15 compared to days 0 and 5, which supports the idea that small molecule 

modulation of Wnt signaling is not enough to fully commit AFSC to a cardiac lineage. 
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However, Nkx2.5 protein expression remains at least as strong at day 8 as at day 5, and 

based on the data presented here it is not known if Nkx2.5 protein expression does 

ultimately decrease significantly, corresponding to gene expression.  

In iPSC and ESC, it is expected that the directed differentiation protocol tested 

here will lead to contracting cardiomyocytes at approximately day 12 of the 

differentiation [157]. In AFSC, no spontaneous contraction was observed at any point in 

the 15-day differentiation culture. Additionally, it is expected that more than 90% of cells 

will express Nkx-2.5 and Islet-1 at day 8 of the differentiation [157]. From AFSC we 

were only able to achieve approximately 10% of cells expressing Islet-1 and less than 

40% of cells expressing Nkx-2.5 at the same time point.  

A fraction of AFSC can be induced to increase protein expression of TnT, SMA, 

and MLC2 following small molecule-based modulation of canonical Wnt signaling. 

However, the larger portion of cells were negative for sarcomere proteins. And despite 

the observed increases in the percentage of cells expressing large amounts of sarcomere 

proteins TnT and MLC2, no organized sarcomere structures or spontaneous contraction 

were observed.  

Following the attempted differentiation protocol, connexin 43 preferentially 

located to the cell membranes between cells. This occurrence has been observed 

following other cardiac differentiation attempts in AFSC [54, 56, 110]. Connexin 43 is a 

dominant connexin expressed in cardiovascular tissue and is a key component to gap 

junctions [143]. Gap junctions are necessary for action potential transfer between cells 

within the heart [162]. One of the current shortcomings of patch materials for congenital 

heart defect repair is that it is non-conductive, which leads to increased risk of 
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arrhythmias and sudden cardiac death later in life [11]. Therefore, the preferential 

location of connexin 43 to the cell membranes, indicated possible formation of gap 

junctions, indicates that even in this limited differentiated state AFSC may be able to 

support to conductive properties necessary of cardiac cells.  

While a limited cardiac phenotype has been obtained from AFSC following the 

small molecule-based modulation of Wnt signaling, the cells are not functional or fully 

differentiated. This method of differentiation requires further investigation and 

refinement to be useful for cardiac tissue engineering applications. Possible areas for 

further investigation include addition of demethylation agents, such as 5-aza-2’-

deoxycytidine, or biophysical cues. Differentiation of ESC on substrates mimicking 

cardiac stiffness has been shown to improve the yield of cTnT+ cardiomyocytes 

compared to both more and less stiff surfaces [163]. And independent application of a 

demethylating agent to AFSC has been shown to lead to a limited cardiac phenotype [54]. 

By combining a demethylating agent, substrate stiffness control, and the directed 

differentiation protocol tested here it may be possible to obtain a more mature cardiac 

phenotype from AFSC.  

6.6. Conclusion 

While AFSC hold promise for regenerative medicine, and particularly for 

application to congenital defect repair, this study demonstrates that directed 

differentiation using small molecule-based modulation of Wnt signaling is not sufficient 

to generate functional cardiomycotyes from AFSC.  

 



 

134 

Chapter 7 

Conclusions and Future Directions 

The overall objectives of this thesis was to investigate the stem cell populations 

from amniotic fluid and the potential of the cells for use as a cardiomyocyte cell source 

for cardiac tissue engineering. To that end, we demonstrated the following regarding the 

stem cell populations in amniotic fluid: 1) the unfractionated cells from amniotic fluid 

contain a higher proportion of cells positive for markers common to pluripotent stem 

cells; 2) passage had a significant effect on the stem cell properties for AFSC, including 

ability to differentiate into osteogenic, endothelial, and neurogenic lineage; and 3) 

expansion medium composition has a significant effect on the expression of stem cell 

markers in AFSC, but it may be necessary to choose an expansion medium based on 

intended application. We also demonstrated that in the absence of cell fusion, AFSC co-

cultured with NRVM are able to form functional gap junctions but are not able to form 

organized or functional sarcomeres. Similarly, following directed differentiation towards 

a cardiac lineage based on small molecule modulation of Wnt signaling, connexin 43 was 

preferentially located in cell membranes and a fraction of AFSC expressed transcription 
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factors and sarcomere proteins common to cardiomyocytes but no organized sarcomeres 

were observed.  

7.1. Potential limitations 

While the work presented here contributes significantly to stem cell and tissue 

engineering research, there are some limitations that should be noted.  

One potential limitation of the work presented here is the handling of the amniotic 

fluid. Human amniotic fluid was removed by clinical staff as part of the treatment for 

twin-twin transfusion syndrome. This fluid was collected into a sterile bottle and placed 

on ice. The nursing staff then notified the researchers. The researchers walked two 

buildings over to the surgical suites, retrieved the fluid, and then walked back to the 

laboratory, all within climate-controlled buildings and connecting bridges.  

Researchers were not in the procedure room, therefore it is not known how long 

after fluid removal the fluid was placed on ice or the researchers were called to retrieve 

the fluid. Additionally, the fluid was collected into 1-liter bottles, and the large size of the 

bottle may have resulted in a cooling rate of the fluid that was too slow to preserve all the 

cells. Finally, the fluid was not maintained in an environment which controlled the 

carbon dioxide, whereas cells are cultured in temperature and carbon dioxide-controlled 

environments. This lack of control of the fluid handling process may have resulted in 

large amounts of cell death, and it is possible that some of those dead cells may have 

been stem cells. Fluid handling processes across institutions may also account for 

differences in the cells of different laboratories, such as some laboratories observing 

larger proportions of Oct-4-positive AFSC, as discussed in Chapter 2. For AFSC to 
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achieve potential as a therapeutic tool, a closer look will need to be taken at the logistics 

of obtaining and handling fluid, and tighter controls of the processes will need to be 

established.  

Mouse studies would allow for more control of amniotic fluid removal and 

handling and, as such, could be used to investigate the significance of these limitations. 

Mouse AFSC have been found to be positive for Nanog and Oct3/4 [21, 164], with all 

cells expressing Oct4 as measured by flow cytometry in one study [21], but there is 

limited research on AFSC derived from mice. This lack of murine AFSC research may be 

due to the relative ease of obtaining human amniotic fluid, compared to many other 

tissues. Since murine and human cells do often react differently to culture and 

differentiation protocols, the availability of human AF may have led researchers to do 

fewer studies on mouse AF cells.  

Another potential limitation of the study is the lack of demographic information 

on the amniotic fluid donors. Though studies were performed on amniotic fluid obtained 

from multiple patients, the sample size may still be too small to generalize conclusions 

about the stem cells to the general population, especially since demographic information 

was unknown. For example, though gestational age of the fetus was controlled for, it may 

be possible that the stem cells from older vs. younger mothers could have behaved 

differently. 

7.2. Future directions 

While significant advances have been made, much work remains if AFSC are to 

be a useful cell source for cardiac tissue engineering. There are a variety of areas for 
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future investigation described in further detail below, including application of 

demethylation agents, biophysical cues, and induced pluirpotency. Given the limited 

cardiac differentiation of AFSC observed, it is likely that induced pluripotency will be a 

necessary step in order to obtain fully functional autologous cardiomyocytes from AFSC 

for treatment of congenital heart defects, and then the application of biophysical cues 

could be used to enhance the maturity of AFSC-derived cardiomyocytes.  

7.2.1. Application of demethylation agent for 24 hours prior to start of directed 

differentiation regimes. 

AFSC are more mature cells than ESC, so it may be that segments of DNA are 

methylated that need to be demethylated for successful cardiac differentiation. 

Application of 5-aza-2’-deoxycytinde, a demethylation agent, has demonstrated some 

limited success in cardiac differentiation of AFSC even in the absences of specifically 

directing proteins or small molecules [54]. By combining the two approaches it may be 

possible to achieve a synergist outcome.  

7.2.2. Application of biophysical cues 

When cells differentiate in vivo, they are subjected to particular 

microenvironments, which provide cues directing differentiation and maturation of cells. 

One factor of the microenvironment which has been found to have a significant effect on 

cell differentiation and maturation in vitro is the stiffness of the surrounding matrix or 

substrate [163, 165–168]. Of particular interest to the future of this work, NRVM have 

been shown to generate the most force when cultures on polyacrylamide gels with an 

elastic modulus of 10 kPa [167], and ESC have been demonstrated to be most sensitive to 
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substrate stiffness at early stages of mesodermal induction during cardiac differentiation 

[163].  

Of particular interest to cardiac tissue engineering are the electrophysiological 

properties of cells. Therefore it is likely that electrical stimulation could have an effect on 

the cardiac differentiation of AFSC, as it has been shown that an effective stimulation 

regime can lead to improved contractile behavior, greater cellular interconnectivity, and 

greater electrical excitability in cardiomycytes and stem cell-derived cardiomyocytes 

[169, 170].  

Mechanical stimuli, including application of cyclic mechanical stretch, have been 

shown to have significant effects on primary cardiomycyte cultures, but fewer studies 

have been published to assess the effect on stem cell differentiation towards 

cardiomyocytes [171]. However, given the cyclic mechanical forces that native 

cardiomyocytes are routinely subjected to this is an area worth further investigation for 

improvement of AFSC differentiation towards cardiomyocytes.  

7.2.3. Culture in 3-dimensional hydrogels 

ESC have been shown to undergo cardiac differentiation at a higher efficiency in 

3-dimensional gels compared to 2-dimensional cultures [172]. This could be another 

possible method by which to improve the cardiac differentiation of AFSC.  

7.2.4. Induced pluripotency and transdifferentiation 

Generation of iPSC from cells derived from amniotic fluid still provides the 

potential for an autologous treatment for CHD or other congenital defects. However, 

induce pluripotency would reintroduce many of the shortcomings outlined earlier for 



 139 

 

ESC and iPSC, such as difficulty of culture and teratoma potential. Transdifferentiation 

may be a way to avoid those issues of pluripotent stem cells. There are some methods 

which induce transient expression of pluripotency factors in fibroblasts [173], which may 

be applicable to AFSC and cardiac differentiation and allow for the avoidance of 

teratoma issues if pluripotency factors are no longer expressed at the time of 

implantation.  

7.2.5. Further identification of optimal isolation and culture procedures for 

AFSC for use in cardiac differentiation.  

Results from specific aim 1 illustrate that it may be necessary to culture cells in 

medium selected specifically based on the final application intent for the cells. 

Additionally, while unfractionated AFSC contained the higher percentage of cells 

positive for pluripotent stem cell markers, compared to c-kit sorted cells, there may be 

more appropriate markers to look for when investigating specific applications. For 

example, if a surface marker could be identified that cells could be sorted for which 

would also optimize the percentage of brachyury expression, and therefore 

mesoendodermal direct cells, that may be beneficial for achieving a cardiac phenotype 

since achieving brachyury expression is the first step in many direct cardiac 

differentiation regimes.  

7.3. Conclusions and overall impact 

The work presented here shows the promise of AFSC for tissue engineering, 

particularly for cardiovascular applications. Culture conditions were observed to have a 
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significant effect on the properties of the cells and, therefore, must be carefully selected 

and monitored. However, in all studied cases, expression of Oct-4 was low or absent. 

Given the importance of this transcription factor for development and maintenance of 

pluripotency in stem cells, it may be necessary to induce AFSC to express Oct-4. Even in 

the absence of the other factors commonly used to induce full pluripotency in stem cells, 

induction of Oct-4 expression may lead the AFSC to be more pluripotent-like stem cells 

due to the many other markers of those cells they already expression. This could 

potentially increase the yield over traditional induced pluripotency methods.    

The results for cardiac differentiation of AFSC reveal the promise of these cells to 

electrically couple with the native heart tissue if they are implanted as part of a tissue 

engineered patch, since they are able to form functional gap junctions. This is a critical 

step in the development of a novel patch to overcome the limitations of the current 

patches, which can lead to arrhythmias because they are not electrically coupled with the 

heart.  

While generation of fully functional cardiomyocytes from AFSC was not 

achieved, the work presented here demonstrates a significant contribution to the field of 

tissue engineering and particular to the area of research on AFSC. Generation of cells 

capable of producing functional gap junctions and therefore communicating electrical 

with cardiac tissue is an importation step in cardiac tissue engineering. Additionally, the 

in-depth evaluation of the effect of sorting and expansion medium on stem cell marker 

expression in AFSC may make it easier to compare across different studies on AFSC, as 

a variety of isolation procedures and culture medium are often used. No such comparison 

of the different procedures for undifferentiated AFSC has been published previously. 
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Amniotic fluid-derived stem cells represent a promising cell source for treatment of 

congenital defects, at the very least as a cell source for generation of induced pluripotent 

stem cells, and the work presented here are critical steps to understanding the cells and 

achieving that potential. 
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Appendix A: AFSC cultured on 

polyacrylamide gels to examine the effect 

of substrate stiffness on differentiation 

Objective 

Investigate AFSC differentiation towards a cardiac lineage on polyacrylamide 

gels of different stiffness.  

Materials and Methods 

Formation of 18mm polyacrylamide gels 

Polyacrylamide hydrogels were fabricated as previously published [167] using 

three formulations of acrylamide monomer and bisacrylamide crosslinker and 

polymerized with TEMED and ammonium persulfate. Gel stiffness is related to percent 

composition of acrylamide and bisacrylamide in a 20:1 ratio, as shown in Figure 39. 
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Figure 39 - Varying acrylamide monomer concentration causes corresponding 

variations in the Young’s modulus of elasticity.  

Red boxes indicate the concentrations used in this experiment. (figure from Jacot et al. 

[165]) 

Isolation and culture of AFSC 

AFSC were isolated from human amniotic fluid as previously described in this 

thesis. Briefly, cells were plated at 2500 cells/cm2 on untreated plastic in a modified 

AFSCs were plated on untreated Petri dishes at 2500 cells/cm2 in a modified αMEM 

(63% αMEM, 18% Change Basal medium, 2% Chang C supplement, 15% FBS, 1% 

Gluta-MAX, 100 units/ml penicillin, 100 mg/ml streptomycin). After 3 days non-

adherent cells were removed and remaining cells were maintained in subconfluent 

cultures.  

Differentiation 

Cells expanded for 6 passages were plated at 5000 cells/cm2 on gelatin-coated 

wells, tissue culture plastic wells, and 1kPa, 10kPa, and 50 kPa polyacrylamide gels. At 
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~50% confluence cells were changed to Cardiac Differentiation Medium (60% DMEM, 

28% MCDB-201, 10% FBS, 100 units/ml penicillin, 100 mg/ml streptomycin, 10-9M 

dexamethasone, 10-4M ascorbate phosphate, 10 mg/L insulin, 5.5 mg/L transferrin, 5 

µg/L selenium, 0.5mg/L BSA, 4.7 µg/L linoleic acid) [8].  

Cells were cultured in cardiac differentiation medium for 10 days and then 

Western blot assays for GATA-4, Nkx2.5, α-actinin, and GAPDH were performed.  

Results and Discussion 

AFSC were cultured on polyacrylamide gels, gelatin coated plastic and tissue 

culture plastic for up to 10 days in cardiac differentiation medium. Regular microscopy 

examination and imaging of the cells demonstrated that after 4 days, AFSC on 10 kPa 

gels had a more elongated and spread appearance compared to all other surfaces (Figure 

40). 
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Figure 40 - AFSC grown in cardiac differentiation media on 1, 10, and 50 kPa 

polyacrylamide gels.  

Western blot assays following 10 days of cardiac differentiation showed 

expression of GAPDH and Nkx2.5 across all groups, including undifferentiated AFSC. 

GATA4 was also weakly expressed in undifferentiated AFSC and expressed more 

strongly in the differentiated groups, regardless of culture surface. Alpha-actinin 

displayed similar results but with overall much weaker expression than GATA4. When 

normalized to GAPDH, gel stiffness did not appear to have an effect on protein 

expression.  
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Figure 41 – Western blot assay results. 

These preliminary results for cardiac differentiation of AFSC using a cardiac 

differentiation medium shown to have some success in MSC demonstrate limited success 

in AFSC. Substrate stiffness is not observed to have a significant effect on protein 

expression in this differentiation regime, though cell morphology did differ across the 

substrates. With regards to protein expression, Nkx2.5 and GATA4 expression in even 

undifferentiated AFSC does fit with some of the literature that suggests that 

undifferentiated AFSC may already be expressing some cardiac markers (see review in 

Chapter 1). However, the lack of significant expression of sarcomeric α-actinin indicates 

that this differentiation medium is not sufficient to induce differentiation of AFSC to 

functional cardiomyocytes. Therefore this method was not further investigate; 

alternatives were instead examined, as detailed elsewhere in the thesis.  
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Appendix B: Culture of AFSC on PEGDA 

hydrogels 

Introduction 

Poly(ethylene glycol) diacrylate (PEGDA) hydrogelscould provide the basis for a 

cardiac patch that can be preloaded with cells and integrated with native heart tissue. 

PEGDA hydrogels are biocompatible and readily modified to present a variety of 

extracellular matrix and growth factor signals. Varying prepolymer concentrations can 

control the rigidity of PEGDA hydrogels. Due to their biocompatibility and tunable 

properties, PEGDA hydrogels could be used to grow and differentiate cells in vitro and 

then be implanted. The objectives of this study were to quantify the control of the 

Young’s modulus of PEGDA hydrogel with varying prepolymer concentrations and to 

evaluate the viability of AFSC on these hydrogels. These are early steps toards the goal 

of engineering a cardiac patch using PEGDA and AFSC.  

Materials and Methods 

Synthesis and mechanical testing of PEGDA hydrogels 

Prepolymer solutions of 35 kDa PEGDA were prepared. For 2-D studies, 

solutions of 2.5%, 5%, 10% and 15% (w/v) were used; for 3-D studies solutions of 3%, 

9%, and 15% (w/v) were used. PEGylated-RGDS (arginine-glycine-aspartic acid-serine) 

was added to prepolymer solution. Addition of RGDS to the hydrogel incorporates 

bioactivity into the hydrogel and allows for cell attachment and survival. Next a 
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photoinitiator was added at 10 µL per 1 mL prepolymer solution. For 2-D surface culture 

the photoinitiator was 2-2-dimethoxy-2-phenyl-acetophenone and for 3-D encapsulation 

it was Eosin Y. Mixtures were then cast in molds and exposed to UV or intense white 

light to crosslink.  

For encapsulation studies, AFSC were mixed with the prepolymer soluations at 

1.5 x 106 cell/ml prior to crosslinking. For surface culture studies, AFSC were plates on 

the PEGDA hydrogels in ultra-low attachement plates at 7500 cells/cm2. 

Mechanical testing was performed using an INSTRON machine (model: 3342). 

 

Figure 42 - Schematic of PEGDA hydrogel fabrication procedure.  

(Top) PEGDA hydrogels used for surface culture experiments. (Bottom) PEGDA 

hydrogels used for encapsulation experiments. 

Assessment of cell viability, proliferation, and apoptosis.  

A live/dead assay was used according to manufacturer’s instructions to measure 

cell viability by identification of live and dead cells. Calcein AM stained lived cells green 

while ethidium homodimer-1 stained dead cells red. 
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A bromodeoxyuridine (BrdU) incorporation assay was used to detect actively 

proliferating cells through bromodeoxyuridine incorporation into newly synthesized 

DNA. Bromodeoxyuridine is a synthetic analog of the nucleic acid thymidine. Cells were 

incubated with standard growth medium containing 10 µM BrdU for 4 hours, then fixed 

with 4% paraformaldehyde at 4°C for 20 minutes. Cells were then permeabilized with 

0.5% Triton X100 for 5 minutes at room temperature, and then the DNA structures were 

broken open to allow antibody access using 2M HCl for 30 minutes are room 

temperature. Samples were then blocked with 1% BSA for 1 hour at room temperature, 

incubated with a primary antibody against BrdU overnight at 4°C, incubated with a 

secondary antibody conjugated to a fluorophor for 30 minutes at room temperature, and 

final counterstained with VectaShield Mounting Medium with DAPI.  

A terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) assay 

was used according to manufacturer’s instructions to identify apoptotic cells by detecting 

fragmented DNA.  

Results and Discussion 

Mechanical testing 

Varying prepolymer concentration causes corresponding variations in the 

Young’s modulus of elasticity; a higher initial pre-polymer concentration corresponded to 

stiffer gels. The average elastic modulus of each type of gel was: 1.60 ± 0.20 kPa (3%), 

11.2 ± 1.61 kPa (9%) and 23.16 ± 2.26 kPa (15%) (n=15) for eosin Y photoinitiator, and 

1.56 ± 0.33 kPa (2.5%), 6.7 ± 0.73 kPa (5%), 13.1 ± 0.67 kPa (10%) and 25.6 ± 3.39 kPa 
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(15%) (n=7) for acetophenone photoinitiator. Using this information we can fabricate 

PEGDA hydrogels with an elastic modulus to match normal native heart tissue, 

approximately 10 kPa. 

 

Figure 43 - Varying prepolymer concentration causes corresponding variations in 

the Young’s modulus of elasticity. 

2-D Culture  

AFSC on softer gels, 2.5% and 5% prepolymer, maintained a more rounded 

morphology while cells on stiffer gels, 10% and 15% prepolymer, spread in a manner 

similar to cells on plastic. This observation matched expected results.  

Following culture on tested surfaces, cells were analyzed by a live/dead assay and 

fluorescence microscopy (Figure 44). Live cells are stained green and dead cells are 

stained red. Very few dead cells were seen on any hydrogel surface in 2-D cultures. Live 

and dead control samples of ASFSC were both grown on untreated plastic surfaces, with 

dead controls then treated with methanol prior to staining. The percentage of dead cells 
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was observed to not be significantly different between any of the hydrogels or live 

controls.  

 

Figure 44 – Live/Dead assay results for 2-D AFSC cultures on PEGDA.  

(right) Representative images of AFSC grown on 2.5%, 5%, 10%, and 15% prepolymer 

35kDa PEGDA, as well as live and dead controls. Scale bars = 100 µm. (left) Graph of 

mean ± standard deviation for the percent of dead cells observed in the total observed 

cells. No significant difference was observed. Control group in this graph is the AFSC on 

untreated plastic live control.  

Cells were also analyzed by TUNEL assay to determine the percentage of 

apoptotic cells in the cultures (Figure 45). Cell nuclei were all stained blue with DAPI 

while cell nuclei containing DNA fragments, indicating apoptosis, were stained green. 

Very few apoptotic cells were observed on any hydrogel surface. Control samples were 

AFSC grown on untreated plastic with the apoptotic control being treated with DNase. 

The percentage of apoptotic cells was observed to not be significantly different between 

any of the hydrogels or live controls. 
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Figure 45 – TUNEL assay results for 2-D AFSC cultures on PEGDA.  

(right) Representative images of AFSC grown on 2.5%, 5%, 10%, and 15% prepolymer 

35kDa PEGDA, as well as live and apoptotic controls. Apoptotic cells are green and all 

cell nuclei are stained blue with DAPI. Scale bars = 100 µm. (left) Graph of mean ± 

standard deviation for the percent of apoptotic cells observed in the total observed cells. 

No significant difference was observed. Control group in this graph is the AFSC on 

untreated plastic live control.  

Cells were also analyzed by a BrdU incorporation assay to determine the 

percentage of proliferating cells in the cultures (Figure 46). Cell nuclei were all stained 

blue with DAPI while cell nuclei containing DNA with BrdU incorporated, indicating 

newly synthesized DNA and therefore proliferation, were stained green. Control samples 

were AFSC grown on untreated plastic. The percentage of proliferating cells was 

observed to not be significantly different between any of the hydrogels or live controls. 
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Figure 46 – BrdU assay results for 2-D AFSC cultures on PEGDA.  

(right) Representative images of AFSC grown on 2.5%, 5%, 10%, and 15% prepolymer 

35kDa PEGDA, as well as an AFSC on untreated plastic control. Cells with newly 

synthesized DNA, indicating proliferation is occuring, are green and all cell nuclei are 

stained blue with DAPI. Scale bars = 100 µm. (left) Graph of mean ± standard deviation 

for the percent of proliferating cells observed in the total observed cells. No significant 

difference was observed.  

Overall, culture of AFSC in 2-D on the surface of PEGDA hydrogels did not have 

a significant effect on the fraction of dead, apoptotic, or proliferating cells observed, 

compared to controls cultured on untreated plastic. AFSC on softer hydrogels had a more 

rounded morphology than those on stiffer gels or plastic. Also of note, the cells attached 

to the surface of the hydrogels at relatively low densities. This may be due to the fact that 

RGDS sequences were incorporated through the hydrogel, but only a fraction of those 

would be available to the cells for adhesion on the surface of the hydrogel.  
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3-D culture 

Live/dead assay on AFSC encapsulated in PEGDA hydrogels for one week 

displayed many cells stained for both red and green, indicating that the cells have 

damaged plasma membranes (Figure 47). Many more dead cells were observed in 

encapsulated samples than when AFSC were cultured on the surface of any of the 

hydrogels.  

 

Figure 47- AFSC encapsulated and grown in PEGDA hydrogels for one week.  

While it is possible that the encapsulation process or one of the necessary 

components to the process is toxic to the cells, concerns were discovered about the 

particular batches of PEGDA and PEG-RGDS used. It may have been the case that the 

particular batches used in these experiments contained a toxic byproduct that was not 

removed during purification steps. While the same batches were also used in the 2-D 

studies presented here, the toxic byproducts may have been washed away once gels were 

crosslinked for 2-D applications but still had a toxic effect on cells encapsulated during 

the crosslinking.  
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