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Abstract

While stem cell niches in vivo are complex three-dimensional (3D) microenvironments, the 

relationship between the dimensionality of the niche to its function is unknown. We have created a 

3D microenvironment through electrospinning to study the impact of geometry and different 

extracellular proteins on the development of cardiac progenitor cells (Flk-1+) from resident stem 

cells and their differentiation into functional cardiovascular cells. We have investigated the effect 

of collagen IV, fibronectin, laminin and vitronectin on the adhesion and proliferation of murine ES 

cells as well as the effects of these proteins on the number of Flk-1+ cells cultured in 2D 

conditions compared to 3D system in a feeder free condition. We found that the number of Flk-1+ 

cells was significantly higher in 3D scaffolds coated with laminin or vitronectin compared to 

colIV-coated scaffolds. Our results show the importance of defined culture systems in vitro for 

studying the guided differentiation of pluripotent embryonic stem cells in the field of 

cardiovascular tissue engineering and regenerative medicine.
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1. Introduction

Stem cells are defined by their ability to self-renew and differentiate into different cell types. 

They are the most promising cell source for transplantation therapy, tissue regeneration and 

drug development. However, despite the remarkable potential clinical applications of 

different stem-cell populations, their use is currently hindered by different hurdles that must 

be addressed [1]. Thus, a major goal is to develop new culture-based approaches, using 

advanced biomaterials that more closely mimic what the body already does so well and 

promotes differentiation of pluripotent cells or propagation of specialized adult stem cells 

without loss of ‘stemness.’
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The relative importance of specific substrate components for stem cell adhesion, survival, 

and undifferentiated growth is still insufficiently characterized. However, an increasing 

emphasis is on designing biomaterials, based on basic mechanisms of cell-matrix 

interactions and cell signaling for applications in stem cell biology. This application has the 

potential to revolutionize our understanding of extrinsic regulators of cell fate, as matrices 

can be made using technologies that recapitulate the features of stem-cell 

microenvironments, or niches, down to the molecular level [2].

During embryonic development, the extracellular matrix (ECM) plays a critical role in 

regulating stem cell differentiation into different lineages, as well as in cell migration and 

proliferation [3–7]. In vivo, stem cells reside within instructive, tissue-specific niches that 

physically localize them and maintain their stem-cell fate [8–10]. Within the niche, stem 

cells are exposed to complex, spatially and temporally controlled biochemical mixtures of 

soluble chemokines, cytokines and growth factors, as well as insoluble transmembrane 

receptor ligands and ECM molecules. While an important function of the ECM is to provide 

the structural framework to support cellular functions, this scaffold of proteins, 

proteoglycans, and glycosaminoglycans also provides cell adhesion sites and important 

signaling cues [10–12]. The ECM interacts with cells via cell surface receptors such as 

integrins; serves as a reservoir for growth factors; and provides a substrate for cell 

attachment and spreading, contact guidance for cell migration, and a scaffold for building 

tissues. The morphology of cells determined by their contact with ECM or with 

nonbiological surfaces may be associated with particular patterns of cell differentiation and 

proliferation [13–15].

The geometry of the matrix (i.e., 2D versus 3D) also plays an important role in determining 

how a cell will respond to biochemical and mechanical cues, since in many native tissues 

cells are completely surrounded by ECM [16,17]. Conventional 2D cell culture has provided 

important insight into how cells interact with their environment. The use of 3D culture 

systems is gaining popularity due to their promise as improved models of tissue physiology 

and because such systems can potentially be developed into engineered tissues for the 

treatment of the disease. The field of tissue engineering therefore is in need of a better 

understanding of how cells interact with 3D matrices and how cell function can be 

controlled via cell-matrix interactions.

In an effort to elucidate the mechanism through which the complex 3D ECM 

microenvironment enhances cardiovascular differentiation of ES cells, we have investigated 

the effect of collagen IV, fibronectin, laminin and vitronectin on the adhesion and 

proliferation of mES cells in 2D and 3D feeder free condition. Further, we have isolated 

Flk-1+ cells from partially differentiating mES cultured on vitronectin-coated substrates and 

investigated their ability to differentiate into cardiovascular lineage i.e. cardiac myocytes 

(CMs), smooth muscle cells (SMCs) and endothelial cells (ECs).
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2. Materials and methods

2.1. Human procurement and processing

First-trimester (7–12 week) human hearts were purchased from Novogenix laboratories (Los 

Angeles, CA). All heart tissues were fixed in 10% buffered formalin for 12 h and transferred 

to 70% ethanol prior to receiving. The fixed specimens were embedded in paraffin and cut 

into 5 μm sections by the UCLA Translational Pathology Core Laboratory (TPCL).

2.2. Mouse ES cell cultures, In vitro differentiation assays and magnetic cell sorting in 2D 
condition

Unless otherwise noted all reagents were purchased from Sigma Aldrich (St. Louis, MO). 

Murine Flk-1 GFP-labeled embryonic stem cells (mES) were a kind gift from Dr. 

MacLellan’s laboratory at the Department of Medicine/Cardiology at the University of 

California Los Angeles. mES cells were maintained in an undifferentiated state on 

mitomycin-C-treated primary mouse embryonic stem fibroblasts (MEF) in leukemia 

inhibitory factor (LIF) supplemented medium (Knockout Dulbecco’s modified Eagle’s 

medium (Invitrogen, Carlsbad, CA) supplemented with 10% ES-FCS (Invitrogen), 0.1 mM 

β-mercaptoethanol, 2 mM glutamine (Invitrogen), 0.1 mM nonessential amino acids 

(Invitrogen) and 1000 U/ml recombinant LIF (Chemicon, Temecula, CA) and HEPES (2 

mM, Invitrogen). For adaptation of the cells to a feeder free condition, the cells were 

detached from the culture dish using accutase (Chemicon) and cultured in 90% LIF-medium 

as described before and 10% ESGRO Complete medium (Chemicon) on gelatin coated 

(0.1% gelatin in PBS, coated for 2 h at 37 °C) T-75 flasks at 37 °C, 5% CO2, in a humidified 

incubator. All cells were passaged every other day and cultured in a reducing LIF-medium 

and increasing ESGRO combination. After several passagings all mES cells were cultured in 

100% ESGRO medium (Chemicon). The feeder free mES cells were then expanded for two 

additional passages before being used in experiments.

For differentiation assays, the mES cells were either introduced into a dynamic suspension 

culture system for generating embryoid bodies (EBs) or cultured on coated plates with 

collagen type IV (ColIV, 5 μg/cm2, BD Biosciences, San Jose, CA), vitronectin (50 ng/cm2, 

Chemicon), fibronectin (5 μg/cm2), laminin (5 μg/cm2, BD Biosciences) or Matrigel (BD, 4/

μg/cm2, used as a positive control for cell attachement). Briefly, for EB formation, the cells 

were dissociated, resuspended in α-minimum essential medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% ES-FCS (Invitrogen), 0.1 mM β-mercaptoethanol, 2 mM glutamine 

(Invitrogen), and 0.1 mM nonessential amino acids (Invitrogen) HEPES (2 mM, Invitrogen) 

and transferred into 60-mm ultralow-attachment dishes (4 × 105 cells per dish; Corning Life 

Sciences, Acton, MA), placed onto an orbital rotary shaker (Stovall Belly Button; ATR, 

Laurel, MD), and cultured under continuous shaking at approximately 50 rpm for up to two 

weeks. For morphometric analysis, phase-contrast images of mES-derived EBs were 

acquired every day during the course of culture.

Further for differentiation assay, mES cells were detached from the culture dishes and 

transferred to colIV- vitronectin-, fibronectin-, and laminin-coated plates for 2D culture. 

After 4 days, the cells were either harvested for FACS analysis, or they were detached and 
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the Flk-1-positive cells were isolated by indirect magnetic cell sorting using a purified rat 

anti-mouse Flk-1 antibody (BD Pharmingen, San Diego) and magnetic microbeads (Miltenyi 

Biotec, Auburn, CA). The Flk-1-positive progenitor (Flk-1+) cells were then plated on 

fibronectin-coated culture slides (BD Biosciences) in either α-MEM for cardiac 

differentiation, smooth muscle growth medium (SMGM-2; Lonza, Walkersville, MD) 

supplemented with 10 ng/ml platelet-derived growth factor-BB (PDGF-BB, R&D Systems 

Inc., Minneapolis) for SMC differentiation, or endothelial growth medium (EGM-2; Lonza) 

supplemented with 50 ng/ml vascular endothelial growth factor (VEGF, R&D Systems, 

Minneapolis, MN) for EC differentiation for up to 12 days at 37 °C and 5% CO2. To expand 

the mES cell-derived SMCs or ECs, cells were grown to >80% confluence in either 

SMGM-2 or EGM-2 and passaged into gelatin-coated plates with a 1:3 ratio every 3–4 days. 

Bright-field images and movies of undifferentiated and differentiated mES cells, as well as 

EBs, were acquired using the Olympus microscope (Center Valley, PA).

2.3. Alkaline phosphatase activity

The alkaline phosphatase (AP) activity of mES cells cultured in the ESGRO medium for 4 

days on gelatin coated plates was detected with a Fast Red substrate kit (Chemicon) 

according to manufacturer’s protocol. Briefly, the cells were fixed in 4% glutaraldehyde for 

1 min before incubating with the staining mix (Fast Red Violet:Naphthol:water (2:1:1)) for 

15 min in the dark. The cells were then rinsed with PBS and the red stem cell colonies were 

detected using Olympus microscope.

2.4. Scaffold fabrication, cell culture and in vitro differentiation assays in 3D condition

Electrospinning has been used to produce a scaffold with nano- to microdiameter fibers with 

similar structural properties to the ECM as described before [18]. Briefly, gelatin type B 

(bovine skin, 10% w/v) and PCL (10% w/v) were mixed together and dissolved in 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). The solution was then loaded into a 10 ml-

syringe, to which to an 18-gauge blunt ended needle (spinning nuzzle) was attached. A core 

solution of 5% w/v PU dissolved in HFIP was loaded into a 3 ml-syringe, to which a 25-

gauge needle was attached. This syringe and needle was then loaded into the 10 ml-syringe 

containing the sheath solution. The entire syringe system was then loaded into a modified 

syringe pump. The positive output lead of a high voltage supply (25 kV; Glassman High 

Voltage Inc., NJ, USA) was attached to the needle on the 10 ml-syringe, spinning nuzzle. In 

the created electric field, a thin jet was ejected from the solution in the syringe at a speed of 

70 μL/min. The grounded copper target (5 cm × 5 cm) was placed ∼15 cm under the needle 

tip and upon introduction of the electric field Taylor cone formation at the base of the 

spinning nuzzle was observed. A dry fibrous scaffold was collected in the form of a flat 3D 

mat (100–200 μm thick). The electrospun scaffolds were (1 cm × 1 cm) then sterilized by 

soaking scaffolds in 70% EtOH for 30 min, and then washed with sterile PBS three times 

and coated with colIV, fibronectin, laminin, vitronectin, Matrigel and gelatin for 3D in vitro 
studies.

2.5. Scanning electron microscopy

For ultrastructural analysis, unseeded, seeded scaffolds as well as EBs were processed for 

characterization by scanning electron microscopy (SEM) as described previously [19]. 
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Briefly, cell-seeded samples and EBs were rinsed with SEM buffer (0.1 M sodium 

cacodylate buffer, pH 7.2, supplemented with 5% sucrose) for 10 min. The samples were 

then fixed for 30 min in 2% paraformaldehyde/2% glutaraldehyde in SEM buffer, followed 

by dehydration through grades of ethanol, 30, 50, 70, 80 and 95% for 10 min each, followed 

by 3 incubations in 100% ethanol for 10 min and a final incubation in 100% ethanol for 40 

min. The samples were dried by incubating in one-half volume 100% ethanol and one-half 

volume hexamethyldisilazane for 20 min followed by 100% hexamethyldisilazane for 20 

min. Finally, the 100% hexamethyldisilazane solution was evaporated during 20 min air-

drying. Once dry, the samples were mounted onto stubs and sputter coated by gold/

palladium (Au/Pd, thickness of ∼10 nm) using JEOL JSM-6490 (JEOL USA, Inc. Peabody, 

MA) scanning electron microscope.

2.6. Immunofluorescent staining

The Flk-1+ cells, plated on fibronectin-coated culture slides, as well as undifferentiated, 

mES cells were washed and fixed with 4% paraformaldehyde in PBS, for 20 min and rinsed 

with PBS. The EBs were also fixed and mixed with 50 μL Histogel (Fisherscientific, 

Pittsburgh, PA) prior paraffin embedding and sectioning at TPCL. All the sections were 

deparaffinized using xylene for 10 min, rehydrated in an ethanol gradient by incubating for 5 

min in 100%, 90%, 85%, and 70% ethanol solutions and washed in deionized water for 3 

min. All the samples were then blocked with 1% bovine serum albumin (BSA) and 2% goat 

serum in PBS for 30 min at room temperatue, followed by incubation with primary 

antibodies (ES markers: Nanog, Oct-4, Sox-2, SSEA-1 (Abcam, Cambrige, MA)); smooth 

muscle specific markers: SM-α-actin (Dako, Carpinteria, CA), h-caldesmon (Dako), basic 

calponin (Dako), SM-myosin (Dako); endothelial specific markers: CD31 (Dako), VE-

cadherin (CD144, Santa Cruz Biotechnology, Santa Cruz, CA) and von Willebrand Factor 

(vWF, Dako); cardiomyocyte specific markers: MF20 (Developmental Studies Hybridoma 

Bank (DSHB), Iowa City, IA), connexin-43 (Santa Cruz Biotechnology, Inc), Troponin-C 

(Santa Cruz), Nkx2.5 (Santa Cruz) overnight at 4 °C followed by several washes with PBS. 

The feeder free mES cells were also stained for early markers for ectodermal (nestin 

(Abcam)), endodermal (β-catenin (Abcam), α-fetoprotein (Santa Cruz Biotechnology)), and 

mesodermal (brachyury (Santa Cruz Biotechnology), SM-α-actin (Dako)) markers. Alexa 

Fluor 488- or 546-conjugated secondary antibodies (Molecular Probes, Eugene, OR) were 

applied to the samples and incubated for 30 min at room temperature. After several washes, 

the cells were counterstained with 4′−6-diamidino-2-phenylindole (DAPI) followed by 

adding ProLong Gold antifade mounting medium (Molecular Probes, Carlsbad, CA). 

Staining without primary antibodies served as controls. Digital images were acquired using a 

Leica DM IRB inverted microscope system equipped with 20× (0.40 numerical aperture 

(NA)) and 40× (0.75 NA) objectives (Leica Microsystems Inc., Bannockburn, IL).

2.7. Fluorescence-activated cell sorter analysis

Cells were harvested from different 2D and 3D conditions using accutase (Chemicon), 

pelleted by centrifugation, washed in PBS, and stained with the purified rat anti-mouse Flk-1 

antibody (BD Pharmingen, San Diego) followed by fluorescein isothiocyanate (FITC) or 

phycoerythrin (PE). Nonspecific fluorochrome- and isotype matched IgGs (BD Pharmingen) 

served as controls. The cells were gated by forward scatter (FSC) versus side scatter (SSC) 
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to eliminate debris. A minimum of 10,000 events was counted for each analysis. All 

analyses were performed using a Becton Dickinson FACScan analytic flow cytometer (BD 

Bioscience, San Jose, CA) with FCS Express software (DeNovo Software, Thornhill, 

Ontario, Canada) at the UCLA Flow Cytometry Laboratory.

2.8. Smooth muscle and endothelial cell functionality assays

To assess the functionality of the cells, the contraction of SMC, EC uptake of acetylated 

low-density lipoprotein (acLDL) and ability to form tubes in vitro on Matrigel (BD 

Biosciences) were determined. ES cell-derived SMCs were subjected to the effect of 10−5 M 

carbamoylcholine chloride (carbachol) in SMGM-2 medium (Lonza) for up to 45 min. The 

contraction was observed by bright-field imaging.

ES cell-derived ECs were incubated with 10 μg/ml Alexa Fluor 594-labeled acLDL 

(Molecular Probes) for 4 h at 37 °C, washed in PBS, fixed with 4% paraformaldehyde, 

counterstained with 4′−6-diamidino-2-phenylindole (DAPI) and visualized. Also, Matrigel 

(BD Biosciences) was added to a few wells of a 24-well plate in 200-μl volumes and allowed 

to solidify for 30 min at 37 °C. After the Matrigel solidified, 50,000 ES cell-derived ECs 

were suspended in EC medium and added to each Matrigel-coated wells. The cells were then 

incubated at 37 °C and 5% CO2 for 24 h and observed for tube-like formations with a phase-

contrast microscope. Human umbilical vein endothelial cells (HUVEC) and smooth muscle 

cells (SMC) (American Type Culture Collection (ATCC), Manassas, VA) cultured in either 

SMGM-2 or EGM-2 (Lonza) served as controls.

2.9. Proliferation assays

Undifferentiated mES cells were detached from the culture dish and seeded in flat-bottom 

96-well plates for 2D experiments and on the scaffold (the scaffold covered the bottom of 

the wells in flat-bottom 96-well plates) for 3D experiments. The culture plates and the 

scaffolds were previously coated with colIV, fibronectin, laminin, and vitronectin as 

described before. Approximately 35,000 cells/well in triplicate per condition, in a mixture of 

α-minimum essential medium (Invitrogen) supplemented with 10% ES-FCS (Invitrogen), 

0.1 mM β-mercaptoethanol, 2 mM glutamine (Invitrogen), and 0.1 mM nonessential amino 

acids (Invitrogen) and alamar blue (Serotec, Raleigh, NC; in an amount equal to 10% of the 

total culture volume) were seeded on each well. Samples were incubated with medium-

alamar blue mix for 72 h. The metabolism levels were evaluated on a Benchmark Plus 

Microplate Spectrofluorometer (Bio Rad, Hercules, CA) at wavelengths of 570 and 600 nm 

(the amount of reduced alamar blue is Absorbance 570nm - Absorbance 600nm) after 2, 6, 

24, 48 and 72 h.

2.10. Statistical analyses

All results are presented as mean values ± standard error of mean (SEM). Statistical 

significance was assessed by Student’s t-test or ANOVA with Tukey’s multiple comparison 

tests. P-values less than 0.05 were defined as statistically significant.
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3. Results

3.1. Endogenous Flk-1+ cardiac progenitor cells and ECM proteins

Immunofluorescence staining of human first trimester (7–12 weeks) hearts showed the 

present of the endogenous Flk-1+ cells in the developing hearts (Fig. 1). To determine the 

present of different endogenous ECM proteins in the microenvironment surrounding these 

Flk-1+ cells we performed immunofluorescence staining. ColIV, laminin, fibronectin and 

vitronectin were found in the microenvironment. The basement membrane proteins ColIV 

and laminin were found within and around the Flk1+ (Fig. 1A, C, E, G). In contrast, 

fibronectin and vitronectin were predominantly found within the myocardium (Fig. 1B, D, F, 

H).

3.2. Characterization of feeder free mES cells

The feeder free mES cells in this study have shown a tighter and more closely packed 

morphology than the cells in a feeder dependent condition (Fig. 2A and B). The 

pluripotency of these cells after several passages was confirmed by staining for alkaline 

phosphatase, Oct-4, SOX-2 and Nanog (Fig. 2C–F).

Murine ES cells are able to differentiate into cell lineages of all three embryonic germ layers 

(mesoderm, endoderm, and ectoderm) when allowed to aggregate in suspension to form 3D 

embryoid bodies [20]. To characterize the differentiation potential of the feeder free mES 

cells, EBs were formed (Fig. 3 A–E). Immunofluorescent staining shows no signals for 

pluripotency markers such as Nanog and Oct 4 in the differentiating EBs. However, the 

presence of the early ectodermal (nestin), endodermal (α-fetoprotein), as well as 

mesodermal marker (brachyury) were detected by immunofluorescent staining (Fig. 3F–I).

3.3. ECM in mES-derived EBs

Mouse embryonic fibroblasts (MEFs) are most commonly used as feeder layers and produce 

a complex matrix of many structural ECM proteins, including laminins, different types of 

collagens, fibronectin, etc [21]. Understanding the composition of ECM components, which 

sustains undifferentiated proliferation of these cells are a very important issue. Detail is 

lacking on the exact composition of these ECM components, making it difficult to predict 

which components are essential and which are redundant in ES differentiation.

In vitro aggregation of murine ES cells initiates the formation of EBs, which structurally 

resembles the pregastrulation-stage embryo and can facilitate spontaneous, unguided 

differentiation analogous to that seen in developing mouse embryos. Scanning electron 

microscopy images of mES cell-derived EB showed the ECM deposition and the embedded 

cells in ECM which make a smooth outer surface (Fig. 3J–N). Immunofluorescence staining 

for ECM proteins in the mES-derived EBs showed the presence of ColI, ColIV, fibronectin, 

vitronectin and laminin within the developing and differentiating EBs (Fig. 4).

3.4. ECM and mES proliferation in 2D and 3D

To determine if the proliferation of the cells was affected by different ECM proteins and 

three-dimensionality of the environment, we measured the metabolic activity of the feeder 
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free undifferentiated mES cells cultured on different coated conventional 2D culture dishes 

as well as on coated 3D electrospun scaffolds, using an Alamar Blue assay.

The cells had similar proliferation rate after 2 h on colIV-, laminin-, fibronectin-and 

vitronectin-coated surfaces in both 2D and 3D culture condition. The metabolic activity of 

the cells was significantly increased after 6 h in 2D culture compared to 3D condition on all 

surfaces. By 24 h post-seeding, the proliferation rate increased in 3D conditions with 

significantly higher rates on colIV-coated scaffolds compared to vitronectin-coated 

scaffolds. This trend in metabolic activity changed by 48 h post-seeding and was followed 

by a higher proliferation rate on vitronectin-coated scaffold in 3D cultures to the end of 

experiment. The proliferation rate of the cells on 2D colIV-coated wells continued to 

increase and dropped slightly by 72 h in culture. On vitronectin-coated wells, in 2D 

condition, the proliferation rate decreased significantly between 24 and 48 h in culture. 

However, this metabolic activity increased and it was significantly higher after 72 h in 

culture compared to colIV-, laminin- and fibronectin-coated wells in 2D condition. No 

significant differences were observed between proliferation rates of the cells cultured on 

laminin- or fibronectin-coated surfaces in 2D or 3D cultures (Fig. 5).

3.5. Vitronectin and cardiovascular differentiation of mES cells in 3D

It has been demonstrated recently that culturing ES cells on ColIV coated culture dishes is a 

simple in vitro system to differentiate these cells toward the cardiovascular lineages [22–25] 

To determine whether our feeder free mES cells have a similar differentiation potential, we 

cultured undifferentiated mES cells for 4 days on ColIV-, laminin-, fibronectin- and 

vitronectin-coated culture plates (2D) as well as colIV-, laminin-, fibronectin- and 

vitronectin-coated electrospun 3D scaffolds. FACS analysis showed the presence of Flk-1+ 

cells in partially differentiated ES cells cultured on colIV (2D: 7.17 ± 1.49; 3D: 1.43 ± 0.21), 

laminin (2D: 1.41 ± 0.27; 3D: 3.46 ± 0.80), fibronectin (2D: 1.41 ± 0.27; 3D: 1.67 ± 0.36) 

and vitronectin (2D: 2.20 ± 0.20; 3D: 5.45 ± 0.91). The number of Flk-1+ cells were 

significantly higher (7.17 ± 1.49) in 2D colIV-coated dishes compared to other 2D cultures. 

However, the number of Flk-1+ cells in 3D vitronectin-coated scaffold was significantly 

higher than in 3D colIV- (1.43 ± 0.21), laminin- (3.46 ± 0.80) and fibronectin-coated 

scaffolds (1.67 ± 0.36). The number of Flk-1+ cells in 3D vitronectin- and laminin-coated 

scaffold was also significantly higher compared to 2D condition. ColIV-coated culture plates 

enhanced the number of Flk-1+ cells significantly in 2D compared to colIV-coated scaffolds 

in the 3D condition(Fig. 6).

3.6. Differentiation of mES-derived Flk-1+ progenitors cells into functional SMC, EC and 
cardiac cells

To determine whether vitronectin-differentiated mES cell-derived Flk-1+ cells had the 

capacity to differentiate into cardiovascular cells, we isolated the Flk-1+ cells and cultured 

them in differentiation-promoting conditions for smooth muscle, endothelial and cardiac 

cells (Fig. 7). When treated with VEGF, mES cell-derived Flk-1+ cells differentiated into EC 

cells and expressed specific markers, including CD31, CD144, vWF with typical 

cobblestone morphology of EC cells (Fig. 7A–D). These cells showed the ability to take up 

acLDL(Fig. 7E and F).
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The mES cell-derived Flk-1+ cells, cultured in PDGF-BB supplemented medium, as 

described before, differentiated into SMC cells and expressed αSMA, calponin, caldesmon 

and SM-myosin (Fig. 7G–J). To assess their functional capacity, these cells were exposed to 

carbachol for a total of 45 min and showed cell contraction after 15 min exposure (Fig. 7K–

N).

Flk-1+ cells which cultured in conditions to promote cardiac differentiation, developed 

spontaneously beating cell clusters after 10–12 days of culture. Immunofluorescent staining 

of the spontaneously beating areas revealed the presence of cardiac specific markers, 

including sarcomeric myosin (MF-20), gap junction protein connexin-43, Nkx2.5 and 

troponin C (Fig. 7O–R, Movie 1).

Supplementary video related to this article can be found at doi: 10.1016/

j.biomaterials.2011.11.065.

4. Discussion

The goal of regenerative medicine is to repair or replace damaged or diseased tissues or 

organs. Different strategies are being investigated for regenerative therapies such as cell-

based, tissue-engineered bioscaffolds seeded with selected cells prior to engraftment, to 

stimulate endogenous repair mechanisms. The source and availability of the cells for tissue 

engineering (TE) is very critical. The potential of ES cells, which have the capacity to 

differentiate into all somatic cell types, has attracted interest in the field of TE, regenerative 

medicine and drug screening [26].

The development and normal function of stem cells are likely to depend on interactions with 

molecules in their microenvironment, referred to as the stem cell “niche”. However, a major 

challenge in stem cell biology remains in defining the components of those niches crucial for 

stem cell regulation and exploiting this knowledge for therapeutic potential. Niches 

harboring stem or progenitor cells, have been described as anatomically protected 3D sites, 

consisting of neighboring cells that regulate the stem cell population through direct contact, 

secretion of soluble factors, and the production of specialized extracellular matrices with 

physical, structural or mechanical properties of the tissues they inhabit [27–29]. The 

development of simple tools for efficient ES cell differentiation into a particular lineage is 

critically important for all these applications. Today, such tools are not yet available. The 

ECM can be used as one such tool to guide ES cell differentiation into a particular lineage in 
vitro, since the ECM plays pivotal roles in cell differentiation, as well as in cell migration 

and proliferation in vivo. Unfortunately, neither the patterns of ES cell differentiation 

triggered by different ECM components nor the mechanisms mediating this differentiation 

are well known.

Cells, including stem cells, cultured in plastic dishes are typically exposed to soluble factors 

in liquid media. These culture conditions are very different from the conditions experienced 

by cells in the body, where they are associated with anchored molecules presented in close 

proximity to surrounding cell surfaces and contained within an ECM that creates a relatively 
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soft microenvironment. The constraints imposed on stem cells within the 3D niche have 

effects that are still being explored and should not be ignored.

Cell-cell (through cadherins and cell adhesion molecules) and cell-matrix (through integrins) 

interactions have been proven to play a crucial role during embryogenesis. For example, the 

compaction of the inner cell mass requires E-cadherin [30], laminin appeared as early as the 

2-cell stage, entactin/nidogen appeared at the 16-cell stage [31], and fibronectin and type 

ColIV appeared later in the inner cell mass of 3–4- day-old blastocysts [32]. The existence 

of these various ECM components makes it clear that at a given time and place, the ECM 

has the potential to provide specific environmental information to cells. Remarkably, 

regardless of whether ES cells are cultured on a biological ECM or on a nonbiological 

substrate, production of an endogenous ECM is required for cell survival.

Cells in their natural environment are anchored by discrete attachements to proteins in the 

ECM. Similarly, cell attachment to culture surfaces in vitro is usually mediated by adhesion 

proteins contained in serum-supplemented culture medium [33–35]. Because cells depend 

on specific proteins for anchorage and extracellular instructions, the composition of the 

adsorbed layer is a key mediator of cell behavior. In this manner, the required proteins, 

correctly presented, can stimulate a constructive cell response, favoring wound repair and 

tissue integration, whereas proteins in an unrecognizable state may indicate a foreign 

material to be removed or isolated.

To develop a cell culture platform based on defined ECM protein Ludwig et al used human 

ColIV, laminin, fibronectin and vitronectin to expand hES cells in a defined cell culture 

medium [36–41]. Vitronectin is a multifunctional ECM protein that promotes cell adhesion 

and spreading [42,43]. It has been shown that vitronectin adsorbed to tissue culture culture 

polystyrene is a viable substrate capable of supporting the long-term propagation of multiple 

hES cell lines [44].

With the emergence of a defined substrate as a realistic possibility, Braam et al and Rowland 

et al identified that surface-presented vitronectin enables the adhesion of hES cells and 

activates a key integrin which is believed to play a role in supporting the long-term 

propagation of hES cells [45,46].

It has been shown that mES cells cultured on ColI and IV or poly-D-lysine remained 

undifferentiated, whereas laminin or fibronectin induce differentiation [47].

When exposed to colIV, laminin, fibronectin and vitronectin, the mES cells partially 

differentiated into Flk-1 expressing progenitor cells in both 2D and 3D culture system, 

however, the proliferation rate in the 3D systems was lower than in 2D systems. The number 

of these Flk-1+ cells was significantly higher in 3D scaffolds coated with laminin or 

vitronectin compared to colIV-coated scaffolds. Although this work demonstrates that three-

dimensionality is sufficient to induce a similar number of progenitor cells such as Flk-1+ 

cells compared to conventional 2D in vitro culture systems, understanding the mechanisms 

underlying the effect that three-dimensionality has on cell fate decisions will require further 

studies. Enhanced cell-cell and cell-matrix interactions and improved cell signaling in 3D 

cultures may play an important role [48]. ColIV-coating in the 2D culture system described 
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here enhanced the number of Flk-1+ cells significantly compared to laminin and vitronectin. 

Vitronectin is a widely distributed high molecular weight glycoprotein found in most 

extracellular matrices and blood plasma that is known to promote cell adhesion and affect 

cell morphology, migration, differentiation, and cytoskeletal organization. It is also known to 

synergize with numerous growth factors to maintain both embryonic and adult stem cells in 

an undifferentiated state [49,50].

In the presented study, the isolated Flk-1+ cells from vitronectin-coated surfaces most likely 

represents a population of multipotent mesodermal progenitor cells which give rise to the 

cardiomyocyte, vascular endothelial, and smooth muscle lineages [51–54]. A cell capable of 

differentiating into all cardiovascular cell types has a theoretical advantage for more 

complete tissue regeneration, as has been demonstrated for the ES cells in the presented 

study [26]. Also, partially differentiated cardiovascular progenitor cells, such as the Flk-1+ 

cells described here, will likely reduce the tumor formation seen when transplanting 

undifferentiated ES cells into the heart [55]. To confirm that these Flk-1+ cells were capable 

of generating all cardiovascular cell types, we isolated Flk-1+ cells from vitronectin-coated 

dishes and exposed them to cardiac, smooth muscle, and endothelial cell-specific 

differentiation media. The presence of different cardiovascular markers as well as cell 

contraction, uptake of acLDL, in vitro tube formation and spontaneously beating cell 

clusters showed the differentiation capacity of mES-derived Flk-1+ cells into functional 

SMC, EC and cardiac cells similar to previously reported studies [22,23].

We have showed that the feeder free mES cells build colonies when maintained in 

undifferentiated conditions similar to the feeder dependent mES cells. We observed that 

feeder free mES cells reproducibly formed spherical EBs. They are able to differentiate into 

all three germ layers (mesoderm, endoderm, and ectoderm) when allowed to aggregate in 

suspension and form embryoid bodies. Further, we determined the effect of different ECM 

proteins on cardiovascular differentiation potential of feeder free murine ES cells in a 2D 

versus 3D culture system. The ongoing studies in our laboratory will determine the 

importance of cell-cell and cell-ECM interactions, via integrins, in pluripotency and self-

renewal of embryonic stem cells that can be further used in directing the differentiation of 

ES cells for different clinical applications.

5. Conclusion

We characterized mouse ES cells in a feeder free culture system and their differentiation 

capacity into cardiovascular lineages in the presented study. We reported the effect of three-

dimensionality on the differentiation of Flk-1+ progenitor cells using in vitro culture 

systems. The existence of various ECM components makes it clear that at a given defined 

microenvironment within the ECM has the potential to provide specific environmental 

information to cells. Remarkably, regardless of whether ES cells are cultured on a biological 

ECM or on a nonbiological substrate, production and existence of an ECM is required for 

cell survival and related to cell differentiation. The development of defined culture systems 

in vitro that exhibit features of natural 3D niche microenvironments, are critical issues for 

studying the role of the ECM in the guided differentiation of pluripotent embryonic stem 

cells in the field of tissue engineering and regenerative medicine. The present study provides 
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a way of designing in vitro systems for directing mES cell differentiation into cells of 

cardiovascular lineages.
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Fig. 1. 
Immunofluorescence staining of first-trimester human heart tissues shows the endogenous 

Flk-1 expressing CPC (red) as well as the expression of ColIV (A, E), fibronectin (B, F), 

laminin (C, G) and vitronectin (D, H) all in green. Cell nuclei are identified with DAPI 

staining (blue). Scale bars 50 μm.
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Fig. 2. 
Phase-contrast images of the feeder dependent (A) and the feeder free (B) mES cells show a 

rounder and tighter packed morphology for the cells in the feeder free condition. Alkaline 

phosphatase (C, pink) and immunofluorescence staining for Oct-4, SOX-2 and Nanog (D–F, 

green) confirm the pluripotency of these cells after several passages. Cell nuclei are 

identified with DAPI staining (blue). Scale bars 50 μm.
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Fig. 3. 
Phase-contrast images of EB formation and growth characteristics of murine ES day 1 to day 

6 (A–E). Immunofluorescence staining confirm the differentiation capacity of mES-derived 

EBs to endoderm (F, β-catenin (green); I, α-fetoprotein (AFP, red)), mesoderm (G, 

brachyury (green)) and ectoderm (H, nestin (green)). Cell nuclei are identified with DAPI 

staining (blue). Scanning electron micrographs of mES-derived EB show the ECM 

deposition (J–N).
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Fig. 4. 
Immunofluorescence staining of differentiating EBs shows the expression of major ECM 

proteins such as collagen I (A), collagen IV (B), fibronectin (C), laminin (D) and vitronectin 

(E) in green. Cell nuclei are stained with DAPI staining (blue). Scale bars 50 μm.
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Fig. 5. 
Proliferation of mES cells on colIV, fibronectin, laminin and vitronectin in 2D and 3D 

culture system for 72 h. The metabolic activity of the cells was significantly increased after 

6 h in 2D culture condition on all surfaces. By 24 h post-seeding, the proliferation rate 

increased in 3D conditions with significantly higher rates on colIV-coated scaffolds. This 

trend in metabolic activity changed by 48 h post-seeding and was followed by a higher 

proliferation rate on vitronectin-coated scaffold in 3D cultures to the end of experiment. The 

proliferation rate of the cells on 2D colIV-coated wells continued to increase and dropped 

Heydarkhan-Hagvall et al. Page 19

Biomaterials. Author manuscript; available in PMC 2020 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



slightly by 72 h in culture. On vitronectin-coated wells, in 2D condition, the proliferation 

rate decreased significantly between 24 and 48 h in culture. However, this metabolic activity 

increased and it was significantly higher after 72 h in culture compared to colIV-, laminin- 

and fibronectin-coated wells in 2D condition.
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Fig. 6. 
FACS analysis of differentiating mES cells cultured on colIV, fibronectin, laminin and 

vitronectin for showing the number of Flk1+ cells in 2D and 3D culture system after 4 days. 

The number of Flk-1+ cells were significantly higher in 2D colIV-coated dishes. However, 

the number of Flk-1+ cells in 3D vitronectin-coated scaffold was significantly higher than in 

3D colIV-, laminin- and fibronectin-coated scaffolds.
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Fig. 7. 
In vitro differentiation of mES-derived Flk1+ progenitor cells into functional cardiovascular 

cells i.e. endothelial cells CD31 (A, red), CD144 (B, green), vWF (C, red) and acLDL 

uptake (D, red), tube formation in matrigel (F) (HUVEC as control, E); smooth muscle cells 

α-actin (G, green), calponin (H, green), caldesmon (I, green), SM-myosin (J, green), cell 

contraction when incubated with carbachol for 30 and 45 min (K–N); cardiomyocytes 

connxtin 43 (O, red), troponin C (P, red), Nkx2.5 (Q, red) and MF-20 (R, green). Cell nuclei 

were stained with DAPI (blue). Scale bars 50 μm.
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