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Figure 15: (A and B) represents staining for alpha-sma for cells from group 1: negative staining (A) 
and group 2: positive staining (B), while Figure 9(C and D) represents staining for vWF for cells from 
group 1: negative staining (A) and group 2: positive staining (B). DAPI (Blue) marks the nucleus of 
the cells, while Texas Red (Red) marks either alpha-sma (A and C) or vWF (B and D). The images 
were taken at 20X, on an upright fluorescent microscope.  
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Figure 16: (A and C) represents positive staining for alpha-sma for cells from group 3 (A) and group 
4 (B), while Figure 10(B and D) represents positive staining for vWF for cells from group 3 (A) and 
group 4 (B). Texas Red (Red) marks either alpha-sma (A and C) or vWF (B and D). The images were 
taken at 20X, on an inverted fluorescent microscope.  

  

Figure 17: (A) represents positive staining to alpha-sma for mooth muscle cells, while (B) represents 
positive staining for vWF for endothelial cells. DAPI (Blue) marks the nucleus of the cells, while 
Texas Red (Red) marks either alpha-sma (A ) or vWF (B). The images were taken at 20X, on an 
upright fluorescent microscope. 

alpha-sma vWF 
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Over the past decade, the potential of BMSCs to provide regenerative 

treatment strategies in cardiac disease have been investigated (1,5-9). 

Researchers have found that MSCs differentiate in vitro into cardiomyocytes and 

smooth muscle cells, however, there has not yet been clear evidence of MSCs 

differentiation to endothelial lineages under solely biomechanical environments 

(8, 43, 44). Embryonic stem cells (ESCs), on the other hand have been shown to 

have a high potency to develop cardiac phenotypes including both SMCs and 

ECs (13,14). In our study we utilized PDLSCs because subpopulations of this cell 

lineage have shown to express ESCs markers (Oct4, Sox2, Nanog, and Klf4), 

therefore exhibiting a higher differential potential than MSCs (12). Owing to their 

more primitive state, PDLSCs offer the possibility to differentiate into neurogenic 

(ectoderm), as well cardiomyogenic, osteogenic and chondrogenic (mesoderm) 

cell lineages suggesting extensive pluripotency capacities. To date, the only 

pluripotent stem cells with capacity to differentiate into the three germal layers 

(ectoderm, mesoderm and endoderm) are ESCs, however, based on recent 

findings by Huang et al (12) PDLSCs may provide similar pluripotency and 

perhaps the only cell type that can be derived from adults.  In addition, PDLSCs 

can easily be culture expanded and are potentially more immune-tolerant 

compared to BMSCs, and therefore could be used in an allogenic manner.  

These properties make PDLSCs an especially attractive cell source for 

cardiovascular tissue engineering therapeutics for use in applications such as 

severe congenital heart valve disease and anomalies. 
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             After examining phenotypic changes in the PDLSCs from all four groups 

using immunohistochemistry and RT-PCR we found out that there is a significant 

effect of culturing the cells with our differentiating cocktail media containing and 

dynamic conditioning by means of flow (1 dyne/cm2). Also, the use of only 

cocktail media, or shear stress  (1 dyne/cm2) also has an effect in valve like 

expression. However, flow has a much more dominant effect in comparison to  

biochemical stimulants in differentiating PDLSCs into valve phenotypes. 

7. RESULTS AND DISCUSSION PART III: VASCULAR CELL 

MIGRATORY ACTIVITY UNDER DYNAMIC STATES COMPARED TO 

STATIC CONTROLS BY SPIO-LABELED CELLS 

To observe cell behavior in a scaffold environment under static and steady flow 

states, we scaled up our studies to 3-D culture, with a focus on cell detection, 

visualization and distribution using the PDLSCs. 

MR Imaging: SPIO-labeled PDLSCs seeded in the PGA/PLLA scaffold 

under rotisserie culture for 1 week and subsequently housed in our u-shaped 

bioreactor were successfully labeled under a concentration of 200 μg/ml (Figure 

18).  The MRI scan parameters for the resulting T2*-weighted images that were 

acquired were with 60mm resolution and 11.2ms TE and 100ms TR. 
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Figure 18: MRI of PDLSC-seeded scaffolds in situ within the U-shaped bioreactor.  The figure shows 
axial and sagittal slices from T2*-weighted images.  Dark spots within the scaffold region are cells, 
which are hypointense due signal attenuation caused by the intracellular SPIO micro-particles. 

 Histology: We report representative histology for the PDLSCs, which 

were fixed and embedded with paraffin at different time points, cut in a 

microtome at 10µm in the axial direction, and stained for hematoxilyn and eosin 

(H&E) for general morphology (Figure 19). More cells were observed when 

cultured under flow conditions; meaning flow allows more cells to remain viable. 

Also, changes in morphology under flow states suggest induced differentiation. 
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Figure 19: H&E staining for general tissue assessment and organization of PDLSCs 2 weeks of 
culturing (A): Cultured under flow conditions. (B): Cultured under static conditions. Magnification is 
20x. 

 

Fluorescent Validation for PDLSC seeded scaffold: Sections were also 

mounted and stained for DAPI with Vectashield Mounting Media (Invitrogen, 

Carlsbad, CA)) and examined under an inverted fluorescent microscope to 

further validate the MR image for presence of the red tag contained in the Bangs 

particles for further validation of the iron oxide presence inside the cells (Figure 

20).   
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Figure 20: Immunofluorescence of PDLSC seeded scaffold  (A-B) Cultured under static conditions 
(C-D) Cultured under flow conditions. Magnification is 20x.  DAPI (nucleus), and Red (Bangs 
Particles). 

 DNA Quantification for SMC-EC-seeded Scaffolds: Based on our 

seeding density of 2x106 cells/scaffold, and results from Engelmayr et al (1) 

suggesting a seeding efficiency of 90% when utilizing PGA/PLLA as the 

scaffolding material we assumed that an average of 180,000 cells/scaffold were 

retained. Assuming a DNA content of 7.6 pg/cell (45), there was an initial DNA 

content of 13.68ug/scaffold. After 3 weeks of incubation the DNA concentration 

decreased to 4360 ng/g wet weight (68.1%) in the static group from the initial 

DNA concentration. Whereas in the group exposed to dynamic flow it decreased 

to 12720 ng/g wet weight (7.0%) as shown in Figure 21. The difference between 

the static and flow group is significantly different (p<0.05) meaning less cells died 

when they were exposed to flow. 

200um 200um 

200um 
200um 

A C 

B D 
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Figure 21: DNA content of SMC-EC seeded scaffolds after 3 weeks of incubation. Values presented 
are the mean of the measurements for 3 samples. Error bars indicate standard error. 

 

 Extra Cellular Matrix Quantification for SMC-EC-seeded Scaffolds: 

After the 3 week period, the collagen concentration was 436.8±15.04 ug/g wet 

weight in the group exposed to flow compared with 218.9±25.9 ug/g wet weight 

in the static group. There was a 99.5% increase in collagen in the group exposed 

to flow compared to the static group (p<0.05). On the other hand, the S-GAG 

concentration was 351.6±44.5 ug/g wet weight in the group exposed to flow, 

compared to 424.38±36.6 ug/g wet weight in the control group. This represents a 

17.1% decrease in the GAG production from the scaffolds exposed to flow in 

comparison to the static controls (Figure 22), which is not significantly different. 

P < 0.05 
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Figure 22: Composition content of SMC-EC seeded scaffolds after 3 weeks of incubation. Values 
presented are the mean of the measurements for 3 samples. Error bars indicate standard error. 
Insignificant comparisons are designated by ‘‘N.S.’’. The group exposed to flow exhibited a 99.5% 
increase in collagen compared to the static group (p <0.05) (n=3) (r=5). 

DNA Quantification for PDLSC-seeded Scaffolds: DNA was quantified 

in the same way as for the SMC-EC-seeded scaffolds. Similarly, a seeding 

density of 2x106 cells/scaffold was utilized, and 90% cell retention was assumed. 

Therefore based on the 7.6 pg DNA content/cell (45), there was an average initial 

DNA content of 13.68ug/scaffold. 3 weeks post culture of the scaffold, the DNA 

concentration decreased to 4130 ng/g (69.8%)wet weight in the static group and 

decreased 8830 ng/g wet weight (35.5%) in the group exposed to dynamic flow 

as shown on Figure 23. The difference between the static and flow group is 

significantly different (p<0.05) meaning less cells died when they were exposed 

to flow. 

N.S P < 0.05 
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Figure 23: DNA content of PDLSC seeded scaffolds after 3 weeks of incubation. Values presented 
are the mean of the measurements for 3 samples. Error bars indicate standard error. (n=3) (r=5). 

Extra Cellular Matrix Quantification for PDLSC-seeded Scaffolds: 

After the 3 week period, for the PDLSC-seeded scaffolds the collagen 

concentration was 400.2±13.2 ug/g wet weight in the group exposed to flow 

compared with 207.8±10.2 ug/g wet weight in the static group. There was a 

93.3% increase in collagen group exposed to flow compared to the static group 

(p<0.05). Furthermore, the S-GAG concentration was 296.0±15.6 ug/g wet 

weight in the group exposed to flow, compared to 307.5±15.6 ug/g wet weight in 

the control group. This represents a 3.7% decrease in the GAG production from 

the scaffolds exposed to flow in comparison to the static controls, which is not 

significantly different (Figure 24). 

P < 0.05 
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Figure 24: Composition content of PDLSC seeded scaffolds after 3 weeks of incubation. Values 
presented are the mean of the measurements for 3 samples. Error bars indicate standard error. 
Insignificant comparisons are designated by ‘‘N.S.’’. The group exposed to flow exhibited a 93.3% 
increase in collagen compared to the static group (p <0.05). (n=3)(r=5) 

 

Mechanical conditioning is believed to stimulate tissue formation in 

engineered tissues. It has been shown by researchers (9,18-21) that mechanical 

properties of engineered heart valves can be improved through bioreactor-based 

mechanical stimulation. The u-shaped bioreactor utilized in our study has the 

potential to provide physiological hemodynamic conditions during in vitro tissue 

development while keeping laminar conditions as shown by precise steady state 

states which is an essential aspect for tissue formation. The effects of fluid shear 

stress on tissue formation can then be evaluated by bulk protein, differentiation 

capacity, mechanical properties and cell signaling events.  

We were able to successfully image a 3D construct with ferumoxide-

labeled PDLSCs under MRI, and further validate the presence of iron oxide 
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indirectly via fluorescent microscopy. At the same time we showed the general 

distribution of the PDLSCs that were seeded onto a 50:50 PLLA/PGA blend of 

biodegradable scaffolds through H&E staining. Thus, cell visualization on 3-D 

scaffolds specimens could be successfully carried out in situ in the U-shaped 

bioreactor, intermittently, during the steady flow-conditioning period.  These 

findings demonstrate the ability to successfully conduct cell tracking studies on 

scaffolds that are undergoing a mechanical conditioning process in a longitudinal 

fashion, using MRI. 

An intrinsic goal of TEPV efforts is to recapitulate native valve extra 

cellular matrix protein concentrations, namely, collagen, GAG and elastin. In our 

study we found that mechanical stimulation by means of a physiological relevant 

flow (750 mL/min) augmented the collagen production in both EC-SMC and 

PDLSC seeded scaffolds after 3 weeks of culture (1 week static + 2 week 

dynamic). SMC-EC seeded scaffolds were subjected to dynamic flow exhibiting 

increased collagen mass production levels compared to our static controls. 

Similarly, PDLSC seeded scaffolds exposed to dynamic flow also displayed 

higher collagen formation than non-flow cultured scaffolds. This represents a 

similar behavior in tissue formation by both SMC-EC and PDLSC seeded 

scaffolds. Also, consistent with other researchers (1,5), we found a reduction in 

the GAG concentration when applying dynamic flow to the cell-seeded scaffolds. 

Flanagan et al and Balguid et al (46,47) performed some studies on GAG 

production, finding that the integration of a GAG constituent to the scaffold 

causes enhanced extracellular matrix production.   The accelerated collagen 
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formation rates in the flow-groups may limit the cells ability to synthesize large 

concentrations of GAGs simultaneously.  GAG concentrations in the TEPV 

constructs reflective of native valves may be reached by exogenous 

supplementation; alternatively, some level of initial static tissue culture may be 

necessary before initiating the dynamic conditioning protocols.  In addition we did 

not examine elastin levels in our experiments.  Thus, further investigations are 

needed in order to further optimize the tissue engineering protocol. 

DNA content of both SMC-EC and PDLSC scaffolds was decreased after 

3 weeks of culture on both static and dynamic groups. This would mean that less 

cells are retained in the tissue over time, however the ability of the cells to 

secrete more collagen increases with physiological flow conditioning.  

For future studies, we would like to incorporate the flex and stretch 

features of the u shaped bioreactor, and see how cyclic flexure affects tissue 

formation over a 3 week period.  

8. CONCLUSION  

In summary, we were able to detect spatial position of cells noninvasively 

using MRI.  The cells (SMCs, ECs and PDLSCs) were efficiently labeled with 

SPIO microparticles at an optimum concentration of 200µg/mL in combination 

with of transfection agents, protamine sulfate at a concentration of 4.5µg/mL for 

vascular cells and 12µg/mL for stem cells. The iron oxide presence inside the 

cells was confirmed   by fluorescence microscopy (red tag). We expect that the 
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cellular MRI techniques performed for the cell populations in this study will guide 

protocol optimization during in vitro to in vivo translation of TEPV constructs.  

 On a separate note, we found that PDLSCs subjected to differentiating 

media, and a shear stress of 1 dyne/cm2 induces differentiation to SMC and EC 

phenotypes. PDLSCs have the potential to become a single cell source feasible 

for the creation of tissue engineering pulmonary valves as they have the ability to 

support valve cell phenotypes (e.g. SMC s and ECs).  They can be easily culture 

expanded and possess sufficient plasticity to remodel into valve tissue thus 

making them an appealing cell source for heart valve tissue engineering.  

We studied the effects of mechanical stimulation by means of steady flow, 

by the use of our u-shaped bioreactor, in which we placed seeded SMC-EC and 

PDLSC seeded scaffolds and effectively obtained more robust collagen matrix 

production. Therefore, the study shows that both native cells (SMC-EC) and our 

viable cell source (PDLSC) both augmented levels of collagen production when 

stimulated by physiological levels of flow. Cellular scaffolds were also 

successfully visualized in situ in the u-shaped bioreactor and successfully 

validated by means of histology and fluorescence microscopy. 

Significance: This project has an overall impact in the field of TEPVs. 

Specifically, it leads to a better understanding of the cell distribution of vascular 

cells and stem cells under static as well as steady flow states.   Fluid shear 

stresses are one of the major physical stimulatory components of native heart 

valve and thus from a biomimetic viewpoint is relevant to heart valve tissue 
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engineering studies. Also, we introduced PDLSC into the heart valve tissue 

engineering field; they were presented as a potential allogenic cell source for 

creating heart valve constructs by demonstrating concomitant differentiation into 

EC and SMC phenotypes. In particular, more complete EC differentiation was 

observed under combined biochemical and flow states. VE-CADHERIN was 

uniquely expressed under these conditions, which is indispensable for proper 

vascular development. 

Future Work: We hope that future in vitro studies will include longitudinal 

MR imaging of SPIO-labeled cells (SMC-EC and PDLSC) seeded on PGA/PLLA 

to be able to understand further the migration of cells when exposed to flow 

conditions in the u-shaped bioreactor. These studies can be then compared to 

the findings from this project related to tissue formation, differentiative capacity, 

plus histological and fluorescent validation of the iron oxide presence inside the 

cells. In addition, other stress states such as pulsatile flow, cyclic flexure and 

dynamic tensile stresses individually or in a coupled manner, need to be further 

investigated.  Nonetheless this work has taken the first steps in delineating the 

role of a fluid-induced stress state on cells relevant to engineered heart valve 

tissue engineering and forms the basis for further work that will examine the 

mechano-biology of evolving heart valve tissues. 
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