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through the main chamber of the bioreactor to perfuse to the adventitia of the scaffolds and out the top. A 

second media reservoir (F, not shown) holds additional media and acts as a compliance chamber that dampens 

the pulsation generated by the pump. 

 

 

 

Figure 5.3: Cannulated Decellularized Arterial Scaffolds in the Vascular Bioreactor. The vascular 

bioreactor was first designed for the conditioning of re-seeded decellularized bovine carotid and mammary 

arteries, which have internal diameters of 5-6 mm and total length of ~9 cm. The vascular bioreactor was 

adapted using a smaller barbed quick-turn coupling and tubing to accommodate for the length. 
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Figure 5.4: Normal and High Glucose Vascular Bioreactors in an Incubator Just Prior to Removal 

 

5.2.4 Assessment of Dynamically-Seeded TEVG Cellularity Following Bioreactor 

Conditioning 

Upon removal from the bioreactor, two TEVG from each bioreactor were cut in half and 

each half was snap-frozen in liquid nitrogen and stored at -80°C. Three TEVG from each 

bioreactor had a 1 mm-long piece cut off for assessing cellularity via Lead/Dead Cell 

Viability Assay (Invitrogen). Briefly, TEVG pieces were immersed in Live/Dead working 

reagent prepared per the manufacturer’s instructions for 35 min at room temperature and 

imaged under red and green filters at 100X magnification. The remainder of the TEVGs 
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left were cut in half. One half from each was immersed in 10% formalin for histological 

analysis, prepared as in 3.2.4 and the other half was fixed in Karnovsky’s Fixative for 24 

hours for scanning electron microscopy (SEM). Karnovsky’s Fixative was prepared by 

dissolving 0.1M Cacodylic Acid (Omni Pur), adjusting the pH to 7.4, then adding 2.5% 

Glutaraldehyde (Polysciences) and 2.0% Formaldehyde (VWR). Samples were then 

dehydrated in one change each of 50%, 70%, 85%, and 95% Ethanol Solution (200 proof 

anhydrous Ethanol, Acros Organics, in ddH2O) for 20 min each, then two changes of 100% 

Ethanol (200 proof anhydrous Ethanol, Acros Organics) for 30 min, followed by critical 

point drying in Hexamethyldisilizane (HDMS. Electron Microscopy) for 20 min. Samples 

were allowed to air dry, then were stored in a desiccator until further processing. 

 

5.2.5 Static Seeding of Decellularized Arterial Scaffolds 

Arterial scaffolds were neutralized and cannulated as in 5.2.2. The cannulated scaffolds 

were then filled with ~400 μL endothelial cell solution, prepared as in 5.2.2, and the ends 

were plugged with plug caps. Fibroblast solution, prepared as in 5.2.2 was pipetted onto 

the scaffolds with a sterile transfer pipette, ~500 μL. The scaffolds were incubated at 37°C 

with 5% CO2 for 15 min. The scaffolds were rotated ~60°, seeded with more fibroblast 

solution, and incubated 15 more min. This was repeated a third time, then the scaffolds 

were incubated for 4 hours before being immersed in DMEM + 10% FBS + 1% Pen/Strep 

and incubated overnight. Normal and high glucose vascular bioreactors were set up as in 

5.2.3 and the samples were processed as in 5.2.4. 
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To analyze protein expression in the drop-seeded TEVGs, the snap-frozen samples were 

homogenized in 600 μL RIPA Buffer with a rotary-tip homogenizer for ~5 min. The 

homogenates were then centrifuged at 12,000 xg for 15 min at 4°C and the supernatants 

were transferred and stored at -20°C until further processing. Protein concentration was 

measured by BCA Assay and protein expression was measured by Western Blot using the 

method described in 4.2.3.1. 

 

To analyze cellularity, scaffold pieces were prepared for Live/Dead Cell Viability Assay 

for fixed and dehydrated for SEM. Dehydrated and desiccated samples were fixed to 

aluminum stubs using double-sided carbon tape. The stubs were sputter-coated with 

platinum at 10 V, 15 mA for 2 min on a Hummer® 6.2 Sputtering System (Anatech, Ltd.). 

Images were acquired on an S-4800 Scanning Electron Microscope (Kawasaki) at 5 kV 

and 1000X and 2500X magnification. 

 

5.3 Results and Discussion 

5.3.1 Analysis of Cellularity of Dynamically-Seeded Scaffolds 

The drop-seeded scaffolds had very few cells anywhere on the pieces imaged after 

Live/Dead Assay (Figure 5.5). Histology using DAPI and H&E (results not shown) 

showed similar results. Similarly protein and RNA concentrations were too low to perform 

protein and mRNA expression analysis by Western Blot and RT PCR, respectively (results 

not shown). It is for this reason that the bioreactor experiment was repeated using the 

simplified seeding technique. Complications with the rotary seeding chambers may have 
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contributed to a lack of cells on the scaffolds prior to subjecting them to flow in the 

bioreactor, but experimental complications prevented examination of the scaffolds prior to 

starting the bioreactor.  

 

 

Figure 5.5: Live/Dead Cell Viability Assay of Dynamically-Seeded TEVG after Bioreactor 

Conditioning. Rings of the seeded scaffolds were cut from three scaffolds each from each bioreactor (normal 

and high glucose), cut to lie flat, and immersed in Live-Dead solution for 35 min. The scaffold pieces were 

placed between two slides and imaged through the thickness of the arterial scaffold wall. A, B, and C are 

samples taken from three different scaffolds conditioned in normal media. D, E, and F are samples taken 

three different scaffolds conditioned in diabetic media. 

 

5.3.2 Analysis of Cellularity of Statically-Seeded Scaffolds 

Analysis of cell viability by Live/Dead Assay on seeded scaffolds prior to starting the 

bioreactor failed to produce images. Rings were cut from the middle of the scaffold, then 

those rings were cut to lie the piece flat so that the scaffold lumen was facing up. The 

seeded scaffold piece was then placed between two slides to keep the piece flat. However, 
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this method blurred any signal produced by fluorescing cells. Gross manipulation of the 

scaffold while under filtered fluorescent light showed cell attachment on the scaffold, but 

images could not be taken. Live/Dead imaging following bioreactor conditioning (Figure 

5.6) showed that cells were indeed retained, but coverage was inconsistent (Figure 5.7) 

and there was not a confluent layer of endothelial cells on the luminal surface, as would be 

required to create a totally non-thrombogenic surface. Further, retained fibroblasts were 

not observed on the statically-seeded scaffolds. 

 

 

Figure 5.6: Live/Dead Cell Viability Assay of Statically-Seeded TEVG after Bioreactor Conditioning. 

Rings of the seeded scaffolds were cut and immersed in Live-Dead solution for 35 min. The rings were 

removed from the solution and placed on their side on a glass histology slide. Images are taken from above 

the ring. The middle portion of the image shows the luminal side of the scaffold. The left (A, D, E, and F), 

upper (B), or upper right (C) shows the adventitial side of the scaffold from above. A, B, and C are samples 

taken from three different scaffolds conditioned in normal media. D, E, and F are samples taken three 

different scaffolds conditioned in diabetic media. 
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Figure 5.7: Scanning Electron Micrographs of Statically-Seeded TEVG after Bioreactor Conditioning 

 

5.3.3 Analysis of Protein Expression 

Tissue homogenates contained sufficient amounts of protein to assay by Western Blot; 

however, no identifiable bands were present on blots for PPARγ, NFκB, or NOX1 (Figures 

A2, A3, and A4). mTOR was upregulated in diabetic conditions (Figure 5.7, 1.3-fold 

greater expression), but not as much as in cultured hAEC for one week in diabetic 

conditions (3.8-fold greater expression). 
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Figure 5.8: Expression of mTOR in Statically-Seeded TEVG in Normal and High Glucose Media after 

Bioreactor Conditioning. Bands correspond to a Mw of 250 kDa, the expected mass of the detected protein. 

Exposure to diabetic conditions resulted in a 1.3-fold increase in mTOR expression. N=2 for each group and 

15 μg protein were used per lane 

 

5.4 Conclusions 

Achieving a confluent layer of endothelial cells has been one of the grand challenges in the 

field of vascular tissue engineering. Among these challenges is adherence of seeded cells 

to the scaffold. A vascular seeding chamber was used in these studies was used, but had 

some design flaws. First, the material was 3D-printed, a platform that offers low cost and 

easy of low-quantity manufacturing. However, the material has not held up with use and 

warping has caused the seal to be compromised. It can hold liquid, but it slowly leaks 

uncontrollably. It is the opinion of this author that enough media was lost during seeding 
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that cells may have starved and died before being placed in the bioreactor. Further, the 

design makes handling the chamber with sterile-gloved hands without compromising 

sterility technically challenging, and thus the opportunity to assess cell coverage on the 

scaffolds prior to bioreactor conditioning. 

 

Because of the lack of cells on TEVG seeded using the seeding chambers, a simplified 

method for seeding was used. While not sophisticated or well controlled, this method did 

achieve moderation endothelialization, but did not achieve a confluent layer. This however, 

did demonstrate the potential of cells to adhere to this scaffold, and to remain adhered and 

viable under shear stress for an extended period. The small amount of cells did cause 

difficulty in protein expression analysis, however. Only expression of mTOR was apparent 

via Western Blot. The scaffolds were a small enough size and the relatively small amount 

of cells meant that troubleshooting and repeat experiments were impossible without simply 

having more samples. Curiously though, mTOR expression was increased diabetic 

conditions, a result that confirms what was observed 2D culture of endothelial cells in 

Chapter 4.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

 

6.1 Conclusions 

A decellularized and PGG-stabilized vascular grafts was successfully developed. This graft 

is free from cells, as assessed by histological analysis, and cellular debris, as assessed by 

DNA content of the scaffolds. Next, the potential for endothelial-differentiated adipose 

derived stem cells to resist diabetic conditions was assessed. Differentiated ADSCs showed 

weak, but noticeable expression of endothelial markers, and show similar trends in 

expression to endothelial cells in normal versus diabetic conditions. This pilot study 

demonstrates efficacy of the differentiation protocol and a promise that differentiated 

ADSCs can perform well in a diabetic environment. Control of inflammation is an 

important problem in cardiovascular tissue engineering, so results such as these merit 

further investigation. Lastly, scaffolds were successfully seeded and retained cells after 

exposure to shear force in a bioreactor. Insufficient endothelialization is a persistent 

problem and perhaps the most important parameter to overcome in the field of tissue 

engineering, and while there was insufficient cell coverage to consider the grafts non-

thrombogenic, this is a step in the right direction. 

 

6.2 Recommendations for Future Work 

Preliminary results suggest that differentiated ADSCs can mitigate transcription of 

inflammatory cytokines in diabetic conditions. Further cell studies should be conducted to 
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the degree of response in diabetic conditions. Although the glucose concentration was high, 

one week may be insufficient to see a wide array of effects from hyperglycemia. Cells 

should be cultured for 2 and 4 weeks with greater numbers of cells, then assayed to 

determine the longer term response of differentiated ADSCs to diabetic conditions. 

 

One of the key hindrances in the seeding methodology is in the use of seeding chambers. 

3-D printed materials have poor mechanical strength and fatigue quickly. Further, 

disassembly of chambers to transfer the seeded scaffolds to the bioreactor complicates an 

already delicate procedure. I would suggest developing a seeding chamber that can have 

duel functionality as a bioreactor. This could function as a mix in the design of the current 

bioreactor and other small bioreactors, such as the 3DKube® sold by Kiyatec, Inc. Such a 

seeding chamber could house a single (or multiple in the case of renal branches) arterial 

scaffold that could then be attached to the existing bioreactor setup without need to transfer 

the arteries from one chamber to another. Further, this would allow for easier upscale of 

studies, which is a limiting factor in the current bioreactor design. 

 

Finally, a subsequent bioreactor study should be performed using growth factor-

differentiated ADSCs. The scaffolds should be seeded in the same manner as endothelial 

cells and fibroblasts and conditioned for 4 weeks in normal or high glucose. The seeded 

scaffolds should then be assayed for the same metabolic and inflammatory markers as 

endothelial cell and fibroblast-seeded scaffolds to determine the 3D in vitro resistance of 

ADSC-seeded scaffolds to damage caused by diabetic inflammation. 
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Appendix B - Supplementary Tables 

 

Table A1: Protein Concentration of Cell and Tissue Lysates. For Western Blots, 5 μg of each sample 

was pooled for each lane. 

 

 

Concentration
(μg/μL)

A1NP 1.319

A2NP 1.319

A3NP 1.395

A1DP 2.269

A2DP 1.877

A3DP 1.395

E1NP 1.299

E2NP 2.561

E3NP 1.683

E1DP 3.459

E2DP 3.701

E3DP 3.632

Sample Conditions Sample

Differentiated ADSC in 

Normal Glucose Media

Differentiated ADSC in 

High Glucose Media

Endothelial Cells in 

Normal Glucose Media

Endothelial Cells in 

High Glucose Media


