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ABSTRACT 

 Sight is the most powerful of all human senses. For the vast majority of people on 

Earth, the loss of that sense would be unimaginable. Without assistive technology, it 

would separate them from their ability to work, their ability to travel, and their ability to 

interact with their loved ones. And yet, this extraordinary process, carefully refined by 

billions of years of evolution, is threatened for millions of people all over the world from 

a wide array of diseases of the retina. Many of these diseases arise from malnutrition and 

infection and are being rapidly eradicated. However, many dozens more result from 

convoluted permutations of genetics, age, and diet that threaten blindness for millions 

more with little hope of treatment, even with the best of modern medicine. As our life 

expectancies extend and our population ages, these diseases will only become more 

prevalent. In humanity’s ever-present pursuit of medicine and knowledge to improve our 

quality of life, cutting-edge treatments offer promise that one day soon, even these 

diseases may be eradicated.  

 One key technology capable of treating these devastating illnesses, on the 

precipice of being translated to real-world clinical treatments, is pluripotent stem cell-

derived therapies. Patient-specific pluripotent stem cells, meaning pluripotent stem cells 

sourced directly from the patient, have a wealth of applications ranging from drug 

identification to disease modeling to implantation and regeneration. This research has 

been developed and advanced remarkably in the approximately two decades since the 

early isolation of pluripotent stem cells. Naturally, this advancement has predominantly 

been focused on cell and molecular biology. However, this focus has left significant 
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research questions to be answered from engineering perspectives across a wide latitude of 

sub-disciplines.  

 This dissertation explores three independent avenues of engineering principles as 

they relate to improving 2D and 3D retinal tissues derived from pluripotent stem cells in 

materials, devices, and computation. The first aim explores how plant protein-based 

nanofibrous scaffolds can marry the advantages and minimize the disadvantages of 

synthetic and animal-derived scaffolds for the culture of 2D retinal pigment epithelium 

(RPE) constructs. The second aim describes the development and testing of a novel, 

perfusing rotating wall vessel (RWV) bioreactor to support culture of 3D retinal 

organoids. Finally, the third aim performs a meta-analysis of published RNA-Seq 

datasets to determine the precise mechanisms by which bioreactors support organoid 

growth and extrapolate how these conclusions can support future experiments.  
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on the bioreactor core. The filling ports prime the device with media for operation. The 
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is running. Not shown: a port for adding and removing cells. .......................................... 64 

Figure 3.5 – A CAD diagram showing the complete bioreactor excluding motor and fluid 

circuit components. The light gray components indicate 3D printing objects, dark gray 
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yellow components are purchasable rotary stopcocks. ..................................................... 65 
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motor. Not shown, the power supply and the motor proper. ............................................ 68 

Figure 3.7 – CFD Results. A) The CAD model used for CFD. B) The generated mesh. C) 
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Figure 3.13 – IHC Results – A, B, C, D) Organoids collected from the bioreactor at 

various magnifications. E) An example of a static organoid. F) Sections of a P6 retina 

taken from a mouse. All images are stained for GFP (tagged to NRL – photoreceptor 

marker – only visible in those A-E) in green. Brn3A (a ganglion cell marker) in red, and 
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Figure 4.3 – Example GSEA Visualization of the Reactome Glycolysis Process – A-C) 

Enrichment plots for the Reactome Glycolysis Process. D-F) Ranked heatmaps (unitless) 
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Figure 4.6 – The implications on changes in metabolic processes as a result of the revised 

model of bioreactor function on organoids. .................................................................... 133 

file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358963
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358963
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358964
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358964
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358964
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358965
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358965
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358966
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358966
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358966
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358967
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358967
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358967
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358967
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358967
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358967
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358968
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358968
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358968
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358969
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358969
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358969
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358970
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358970
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358970
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358970
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358970
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358971
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358971
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358971
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358971
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358972
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358972
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358973
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358973


xviii 

 

Figure 4.7 – The proposed outcomes of static hypoxia, static normoxia, and dynamic 

normoxia under the revised model of bioreactor function, with a hypothetical 4th 

condition of dynamic hyperoxia that could be experimentally evaluated. ..................... 135 

Supplementary Figure 1.1 – An example of a co-axial electrospinning arrangement. A-B) 

Just the needle. C) Setup on a syringe pump with two needles. Length of the needle is 

approximately 9 cm......................................................................................................... 180 

Supplementary Figure 1.2 – SEMs of the surface of the Transwell membranes. ........... 181 

Supplementary Figure 1.3 – The arrangement of the scaffold in a Transwell holder and 

well. Panel E shows how the scaffold is fixed to the well for cell culture. .................... 182 

Supplementary Figure 1.4 – Other properties of the scaffolds. A) Examples of scaffolds 

cut to size. B) Appearance of the soy scaffolds post crosslinking. C-D) Cross images 

showing the thickness of the soy and PCL scaffolds, respectively. E) Scaffold thicknesses 

quantified. Scale bars A/B) = 2 cm. C/D) 0.5 mm. ......................................................... 183 

Supplementary Figure 2.1 – An example of the exterior channel of the bioreactor shape 

and the path of the fluid flow. Taken from previous thesis work. .................................. 184 

Supplementary Figure 2.2 – Bioreactor CAD Details – A) An exploded complete view of 

the bioreactor – 1) the “leg” or bearing holder, connected to the base, 2) the stopcock 

cover that affixed the rotary stopcock to the bearing holder, 3) the metal bearing, 4) the 

machined timing gear, 5) the “cage” that holds the acrylic, 6) the laser-cut acrylic. B) The 

“cage” component of the bioreactor that holds the acrylic, nests in the metal bearing, and 

holds the rotating part of the rotary stopcock. C) The primary support post of the 

bioreactor that holds the bearing, affixes to the base and mates with the stationary part of 

the rotary stopcock. Note, the channels cut into the base allow it to slide open to release 

the core for loading and maintenance. ............................................................................ 185 

Supplementary Figure 2.3 – Examples of the bioreactor CFD excluding forces due to 

rotation. Arrows in the main volume drive interior mixing. ........................................... 186 

Supplementary Figure 2.4 – Examples of the timing belt gear before and after machining.

......................................................................................................................................... 186 

Supplementary Figure 2.5 – The components of the bioreactor core required for 

assembly. The 3D printed parts are pre-attached to the timing belt gears. ..................... 187 

Supplementary Figure 2.6 – Rates of oxygenation in the bioreactor circuit. Error parts 

represent standard deviation with an n = 3. .................................................................... 187 

Supplementary Figure 2.7 – Examples of mouse pluripotent stem cell cultures growing 

on mouse embryonic fibroblast feeder layers. Figure scale 200 um ............................... 188 

file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358974
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358974
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358974
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358975
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358975
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358975
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358976
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358977
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358977
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358978
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358978
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358978
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358978
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358979
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358979
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358980
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358981
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358981
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358982
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358982
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358984
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358984
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358983
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358983
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358985
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358985


xix 

 

Supplementary Figure 2.8 – Examples of organoids suspended in the novel bioreactor 

during culture. ................................................................................................................. 189 

Supplementary Figure 3.1 – PCA plot for GSE123498. ................................................. 190 

Supplementary Figure 3.2 – PCA plot for GSE161549. ................................................. 190 

Supplementary Figure 3.3 – PCA plot for GSE153191. ................................................. 191 

Supplementary Figure 3.4 – PCA plot for GSE144656. ................................................. 191 

Supplementary Figure 3.5 – PCA plot for GSE102727. ................................................. 192 

Supplementary Figure 3.6 – PCA plot for GSE156237 .................................................. 193 

 

 

 

  

file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358986
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358986
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358988
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358987
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358990
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358989
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358991
file:///C:/Users/mikep/Desktop/Desktop%20Cleanup%208.28.21/Dissertation%20-%20M%20Phelan%20v5%20-%20Final%209.12.21.docx%23_Toc82358992


xx 

 

LIST OF ABBREVIATIONS 

2-ME  β-mercaptoethanol  

A/A  Antibiotic-Antimycotic  

AMD  Age-related Macular Degeneration 

ANOVA Analysis of Variance 

BSA  Bovine Serum Albumin 

CFD   Computational Fluid Dynamics 

DEGs  Differentially Expressed Genes 

DHA   Docosahexaenoic Acid 

DKY  Donkey Serum 

DMEM Dulbecco's Minimum Essential Medium 

DPBS  Dulbecco's Phosphate Buffer Serum 

EA  Expression Atlas  

EBI  European Bioinformatics Institute 

ECM  Extracellular Matrix 

ELISA  Enzyme-Linked Immunosorbent Assay 

ESC  Embryonic Stem Cell 

FBS  Fetal Bovine Serum 

FDR  False Discovery Rate 

FEA  Finite Elements Analysis 

FIJI  FIJI Is Just ImageJ 

GEO  Gene Expression Omnibus 



xxi 

 

GFP  Green Fluorescent Protein 

GO  Gene Ontology 

GSEA  Gene Set Expression Analysis  

HARV  High-Aspect Ratio Vessel 

HFIP  1,1,1,3,3,3-hexafluoro-2-isopropanol  

HIPRO Hypoxia-Induced Generation of Photoreceptor in Retinal Organoids 

i-CTERM Integrated Laboratory for Cellular Tissue Engineering 

and Regenerative Medicine 

ID  Inner Diameter 

IFM  Immunofluorescence Microscopy 

IHC  Immunohistochemistry 

IPM  Interphotoreceptor Matrix 

iPSC  induced Pluripotent Stem Cell 

iRPE  induced Retinal Pigment Epithelium 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

LIF  Leukemia Inhibitory Factor  

MSC  Mesenchymal Stem Cell 

NCBI  National Center for Biotechnology Information 

NEAAs Non-Essential Amino Acids 

NEI  National Eye Institute 

NGS  Next-Generation Sequencing 

NIM  Neural Induction Medium 



xxii 

 

NNRL  Neurobiology Neurodegeneration & Repair Laboratory 

OD  Outer Diameter 

OPL  Outer Plexiform Layer 

OS  Outer Segments 

PCA  Principal Component Analysis 

PCL  Polycaprolactone 

PCR  Polymerase Chain Reaction 

PDX  Patient Derived Xenograft  

PEDF  Pigment Epithelium-Derived Factor 

PETG  Polyethylene Terephthalate Glycol Copolymer  

PFA  Paraformaldehyde 

PLA  Polylactic Acid 

PLGA  Poly Lactic-co-Glycolic Acid 

poly-HEMA  Poly(2-hydroxyethyl methacrylate)  

RA  Retinoic Acid/9-cis Retinal 

RDM  Retinal Differentiation Medium 

Rho  Rhodopsin 

RI  Rock Inhibitor (Y-27632) 

RMM  Retinal Maturation Medium 

RNA-Seq RNA (Ribonucleic Acid) Sequencing 

RPE  Retinal Pigment Epithelium 

RWV  Rotating Wall Vessel 



xxiii 

 

scRNA-Seq single cell RNA-Seq 

SEM  Scanning Electron Microscopy 

TCP   Tissue Culture Plastic 

VEGF  Vascular Endothelial Growth Factor 



1 

 

CHAPTER 1: INTRODUCTION 

1.1 The Retina, Vision Loss, and Available Treatments 

Sight is nearly universally regarded as the most important and most valued of all 

human senses.1 The value of vision is demonstrated in every facet of our society. In our 

art, in our communication, in our travel, and in our stories. For those of us born with 

sight, the prospect of losing this sense is daunting. It would separate us from the simple 

task of reading to the most complicated task of reading emotion on the faces of our loved 

ones. It would separate us from appreciating the brushstrokes of the Old Masters to 

appreciating the dangers of oncoming traffic when crossing the street. With 

approximately 50% of the brain dedicated to sight in primates, far more than any other 

sense, it is no wonder we revere vision so and have come to rely on it so heavily in our 

day-to-day lives.2 

The retina, as an extension of the brain and nervous system, is perhaps one of the 

most complicated tissues in the body and possesses one of its most impressive 

architectures. The complexity of the retina is produced by one of the most tightly 

controlled and extended embryonic developmental processes in nature.3 The structure of 

the adult, human retina (as shown in Figure 1.1) is a tightly interconnected circuitry, 

linking at least 12 different cell types. It allows for light to be converted to an electrical 

signal, preprocessed to improve response time and decrease metabolic and cognitive 

requirements, then transmitted to the optic nerve, and ultimately the brain. 
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1Figure 1.1 – A highly simplified representation of the structure of the human retina. 

Underlined layer names indicate acellular membrane layers. Relative to a living 

retina, light would approach from the bottom of the image. 
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The photoreceptor cells, divided into high-sensitivity black and white rod cells 

and lower sensitivity cone cells (in three types to account for the primary colors of sight), 

catch photons at wavelengths specific to their functions. This is enabled by a class of 

transmembrane proteins, called opsins, that coordinate with the molecule 11-cis-retinal, 

the product of Vitamin A, which absorbs photons and converts to all-trans-retinal.4 

Although thousands upon thousands of opsins are packed into the high membrane surface 

areas discs of the Outer Segments (OS), when situationally appropriate, the absorption of 

as little as a single photon can cause a cascade effect hyperpolarizing (opposite to 

neuronal cells) the photoreceptor.5 This then triggers an action potential-like effect that is 

communicated through the Outer Plexiform Layer (OPL) to the circuitry cells of the inner 

retina.6 Here, the cells of the inner retina act, quite literally, like a modern circuit board. 

Depending on external and internal conditions, incoming signals from the photoreceptors 

are amplified, diminished, neutralized, integrated, split, and/or otherwise processed to 

maximize relevant information while minimizing processing time in the brain and 

metabolic requirements. The resulting signals are then transferred to the retinal ganglion 

cells which then connect and bundle into the optic nerve, delivering the message to the 

visual cortex of the brain. 

Meanwhile, the freshly converted all-trans-retinal in the photoreceptors is 

exported to the cell of the retinal pigment epithelium (RPE), the pigmented portion at the 

back of the eye that is connected to the blood supply and provides nutrients and oxygen 

to the photoreceptors. In the RPE, the all-trans-retinal is converted back into 11-cis-

retinal and continuously transported back into the photoreceptor to allow the cycle of 
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vision to continue uninterrupted. Although this description is a dramatic 

oversimplification of the mechanism of action of the retina, it should serve to underscore 

the degree of complexity of the physiology of sight. 

The complexity associated with sight is the consequence of over a billion years of 

evolution towards the detection of light.7 The diversity of vision in the animal kingdom 

and the significant metabolic, developmental, and cognitive resources dedicated to sight 

have proven, time and time again, the benefit sight provides to survival. Unfortunately, 

the natural consequence of such a complex and ordered system is its propensity for 

disease and damage. And so, the loss of the sense of sight is a reality for millions of 

people all over the world. This problem is particularly pronounced in modern society, 

with the average person in our aging population living far, far longer than one of our 

ancestors.8 Subsequently, our most complex systems, such as our retina, are being 

expected to survive for significantly longer than evolutionary selection necessitated these 

systems to function for. 
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Causes of vision loss and blindness are as complex as they are varied and are 

highly dependent on geography and income level. In industrialized countries, diseases 

like glaucoma and age-related macular degeneration (AMD) (Figure 1.29) lead in vision 

loss, while more preventable issues like cataracts, malnutrition, and infectious diseases 

like river blindness (onchocerciasis) are major factors in lower-income countries.10,11 

However, humanity’s story in the 21st Century could be best exemplified by massive 

improvements in income and quality of life in developing nations, with an accompanying 

increase in access to high-quality medical care and life expectancy. As a result, since 

1990, the prevalence of poverty-associated (that is, preventable) causes of vision loss has 

been rapidly decreasing while age-associated causes have been increasing.10 The result of 

all these factors is an escalating unmet need for better research, models, and therapies for 

the most complex and most difficult to treat diseases of the retina. 

 
2Figure 1.2 – A healthy retina (left) as compared to a retina with age-related macular 

degeneration (AMD) (right).9 
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1.2 Stem Cell Models and Therapies 

 Fortunately, and likely as a result of improving global socioeconomic conditions, 

the increase in age-related diseases of the retina happens to coincide with an 

unprecedented revolution in biomedical research and technology.12 Dozens of cutting-

edge technologies across virtually every discipline of biotechnology are beginning to 

experience developmental breakthroughs and are either approved or in the process of 

regulatory approval for clinical technology. Some of these technologies include gene 

therapies, microfluidic organ-on-a-chip models, patient-derived xenograft models (PDX), 

in situ tissue engineering approaches, 3D bioprinting, AI and computational approaches 

for medical investigation, and, particularly relevant to this dissertation, patient-derived 

stem cells, with top-down implications in each step from bench to bedside.13-16 

 In the simplest possible sense, a stem cell can be defined as an undifferentiated 

cell, capable of either self-renewal (replication without differentiation) or differentiation 

into other cell phenotypes.17 However, this definition does not fully represent the breadth 

of stem cell types nor adequately describe the significance of those types in biomedical 

contexts. Although there are many types of stem cells as they relate to differentiation 

potential, for the purposes of this dissertation, it is sufficient to describe the two most 

discussed categories: pluripotent and mesenchymal. Pluripotent stem cells are those cells 

that have a breadth of potency to become virtually any type of cell in the body and are 

naturally only found in the developing embryo. This is contrasted by mesenchymal stem 

cells (MSCs) which are lineage-restricted and can be found in adults. The scope of this 

dissertation will be limited to the discussion of pluripotent stem cells. Pluripotent stem 
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cells can then be further subdivided into two major categories based on source, those 

derived from a fertilized embryo, embryonic stem cells (ESCs), and induced pluripotent 

stem cells (iPSCs), which are sourced by obtaining adult cells, typically from a biopsy, 

and using a set of complex chemical and biological treatments to induce the adult cells to 

gain pluripotency.18 Although ESCs were identified first and are generally easier to use 

than iPSCs, current trends favor the use of iPSCs due to their greatly diminished ethical 

concerns (particularly with human cell lines) and, increasingly importantly, the ability to 

source cells from individuals with unique genetic profiles or even from the patients for 

whom the ultimate treatments are intended.19 

 Innovative applications of pluripotent stem cell technologies for in vitro and in 

vivo applications have begun to appear at faster and faster rates, with broader and more 

significant implications for the treatment of human diseases.20 Critical to advancing these 

treatments and applications will be the radical overhaul of the science, engineering, and 

computation used in stem cell development and analysis, from cell culture to devices, and 

from materials to mathematics. 

1.3 Two and Three-Dimensional Stem Cell-Derived Tissues 

 In vitro stem cell-derived tissue models can be broadly categorized into two major 

types (excluding single cell suspensions) – 2D models, which are those differentiated in a 

single mono-layer, typically on completely flat surfaces such as tissue culture plastic 

(TCP), and 3D models, which are models in which cells can interact with other cells or 

materials in three dimensions, that is, in layers or clusters, sometimes suspended in or 

reinforced with scaffolding materials.21-23 Each approach has its advantages and 
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disadvantages. Historically, even before the broad use of stem cell cultures, 2D cell 

culture was identified and popularized decades before 3D culture. This historical 

difference is explained by the core differences between 2D and 3D systems. Generally, 

2D cell cultures are easier to prepare, maintain, and analyze, cheaper to produce, faster to 

bring to maturity, and more consistent and reproducible.24 This is opposed to 3D cell 

cultures which are considered v complex, slower growing, and significantly more 

difficult to produce and evaluate. 

Despite these reasonable arguments for the use of 2D instead of 3D culture, the 

trend in modern cellular and molecular biology is for the wide-scale adoption of 3D cell 

culture technology.25 This is motivated by the unparalleled advantages of 3D cell culture. 

The number one advantage of 3D cell culture is simple: the human body is three-

dimensional. 3D cell culture reproduces the structure and function of biological tissues 

far better than 2D culture. This principle can be expanded to specific improvements: 

better cell-cell interactions including interactions between heterogeneous cell 

populations, better reproduction of the molecular profiles including gene expression up to 

the entire transcriptome, and, when applied to stem cells, the possibility of simultaneous 

differentiation of multiple cell types, organized in the correct biological arrangement and 

function up to the near-perfect recreation of in vivo tissues.26-28 Ironically, it is these 

advantages which drive up costs and complexity versus 2D systems.  

The veritable explosion in interest in 3D cell culture in recent years has resulted in 

dozens of different methods and uses for 3D cell culture with a range of outcomes. This 

range includes simple clusters of homogenous cell populations in small aggregates 
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(called spheroids), to immortalized cells embedded in hydrogels that simulate the native 

tissue environment, to microfluidic devices replicating the mechanical and physical 

properties of the body down to vascular flow, to 3D bioprinting’s piecemeal rebuilding 

the structures of the body.29 These 3D models can originate from differentiated, specific 

adult cells pulled directly from a living in vivo system to the most tantalizing target, 

whole 3D tissues grown from pluripotent stem cells. 3D models broadly take two 

approaches, a) cells differentiated inside or in conjunction with artificial scaffolds or 

structures, in all the types listed above, and b)s one of the most groundbreaking and 

scientifically promising technologies developed in the past 10 years: the organoid.  

Organoids start out as simple aggregates of a few thousand pluripotent stem cells, 

brought together by simple sedimentation or centrifugation. Then, through careful 

application of the correct proteins, growth factors, and environmental cues, the aggregate 

of stem cells will begin to behave as if they were in a developing blastocyst.28 The 

organoid will undergo all the relevant stages of the developmental process found in 

specific targeted tissues, finally ending with a mass of cells, not just containing multiple 

types of cells found in mature adult tissue, but also arranged in an architecture resembling 

that of the tissue. These organoids, encompassing virtually every tissue type imaginable, 

from brain to bowel and spleen to salivary gland, can even perform some of the functions 

of the target tissue. Salivary gland organoids will produce saliva, mammary organoids 

will produce milk, and retinal organoids can detect and respond to light.30-32 With broad 

applications for replicating the tissues and organs of the human body, all stem cell-

derived 3D tissues, particularly organoids, hold significant potential for translational 
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medicine. These include discovering novel drugs specific to an individual patient, to 

uncovering the precise developmental mechanisms of poorly understood congenital 

illnesses, to replacing and regenerating diseased organs with custom-built healthy 

ones.25,26,28,33 

However, despite the interest in 3D systems, 2D cell culture is also experiencing 

its own advancements and potentially even a specific resurgence in relevance in stem cell 

research. The only caveat of this relevance is that it is more limited to the specific types 

of tissues that exist in monolayers in the body, typically epithelial layers. Together with 

advances in culture conditions, treatments, and improved medium compositions, 

advances in engineered scaffolds, mimicking the extracellular matrix (ECM) represent 

one of the most significant advances in 2D cell culture since its earliest development. 

1.4 Engineered Scaffolds 

 In recreating the structures of specific tissues and organs in the living body, cells, 

in all their forms and functions, often take center stage. However, in virtually every 

mature tissue in the human body, cells are never alone. They are supported, protected, 

organized, and directed by the extracellular matrix in conjunction with signaling from 

other cells. The ECM is a highly complex and ordered mix of structural proteins and 

special polysaccharides known as glycosaminoglycans, crosslinked with intramolecular 

and intermolecular forces to form a variety of 2D and 3D structures.34,35 The mechanical 

components of the ECM give the structure and strength to our long bones, the elasticity to 

our skin, and the tension in our arteries that are intrinsic to its role in signaling 
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(particularly through mechanotransduction) a variety of responses from nascent and 

recruited cells ranging from proliferation or apoptosis to inflammation or quiescence.36 

 To tissue engineers, the proposition of manually manipulating the positioning and 

fate of every cell in an engineering tissue is beyond impractical. These systems are 

simply too complex. The only way to ensure that pluripotent or differentiated cells can 

behave like true tissues is to provide the correct environment for those cells and allow 

them to spontaneously reorganize and interconnect to become mature tissue. Although 

nutrients, oxygen concentration, and external stimuli (like electric fields) are often 

necessary, the presence of an engineered ECM, commonly called a scaffold, is often one 

component of successful maturation of an in vitro engineered tissue. Even with cutting-

edge 3D bioprinting techniques, the success of the printed cells is only as certain as the 

presence of a mechanically and chemically-relevant scaffold printed with them.37 Figure 

1.3 shows one example of a 2D-style matrix of nanofibers made via electrospinning, with 

a human hair overlaid on top for scale. Regardless of the ultimate matrix output, 

nanofibers in the tens to hundreds of nanometer diameters are typical for tissue 

engineering scaffolds, as these sizes closely resemble the structure and dimensions of 

collagen fibers and other ECM components in the body.  
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 Along with the diversity of matrix types and organizations of the different tissues 

of the human body, a vast array of materials, arrangements, and techniques exist for the 

preparation of engineered biomimetic scaffolds. In their broadest possible categorization, 

types of scaffolding materials can be considered either naturally or synthetically 

derived.38 Polymeric materials of synthetic origin are the most commonly applied for 

most tissue engineering applications due to their ease of use, consistency between batches 

and suppliers, and, more recently, expanding regulatory approval for implantable 

treatments.39 However, synthetic scaffolds bring distinct disadvantages, including 

improper mechanical profiles, incorrect or absent molecular binding profiles for cell 

surface receptors, and potentially harmful or cytotoxic degradation products.  

 
3Figure 1.3 – A scanning electron microscopy image (SEM) of a human hair 

overlayed on a nanofibrous electrospun scaffold. The individual fibers are 

approximately 500 nm in diameter. 
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This is contrasted by naturally derived materials, particularly those found in the 

ECM of mammalian tissues, like collagen, fibronectin, elastin, laminin, or hyaluronic 

acid. These materials, by definition, match the mechanical and chemical properties of the 

tissue of origin and can be customized to precisely mimic the specific tissue being 

targeted. Unfortunately, natural materials, particularly those sourced from animals, are 

rarely if ever clinically approved..39,40 There are several reasons for this. First, sourcing 

medical materials from animals inherently brings the risk of transmitting zoonotic 

diseases to the patient.41 Second, predictably, injury in the body typically results in the 

degradation of the native ECM and the release of peptide fragments which are used to 

recruit immune cells to respond to the damage.40 The processes of isolation and 

fabrication of scaffolds can lead to the accumulation of these peptides and can potentially 

cause inflammation upon implantation. Finally, the purification of large biological 

molecules is notoriously difficult, even for compounds recovered from single cells 

cultured in vitro for manufacturing purposes, like monoclonal antibodies or recombinant 

tropoelastin.42,43 These considerations together leave a critical unmet need for identifying 

novel materials suitable for tissue engineering that marry the advantages of both material 

classes. 

These concerns are brought to the forefront with one of the most cutting-edge 

implantable tissue engineered constructs, 2D scaffolds seeded with differentiated RPE 

cells to regenerate the diseased retina.44 This treatment just recently has advanced to the 

point of commencing clinical trials on humans and shows early promise in reversing 

some vision loss from AMD and diabetic retinopathy, and some retina damage from 



14 

 

glaucoma.45 However, while the cellular and surgical processes have seen dramatic 

advancement, the relative merits of materials used to support them are still hotly debated 

and room still exists for optimization. 

1.5 Bioreactor Systems in Cell Culture and Stem Cell Differentiation 

 Although cells grown on 2D engineered scaffolds offer significant promise for 

treating a wide array of illnesses, including several retinal diseases, very few tissues in 

the body are limited to a single layer. In the case of the retina, photoreceptor cells, 

typically the cells for which most research is directed, are notoriously difficult to culture 

in 2D.46 Although early differentiation of photoreceptor precursors is possible on highly 

specialized constructs, they lack the support of native structures like the 

interphotoreceptor matrix (IPM) or the microvilliated apical surface of the RPE. This 

precludes the possibility of photoreceptor maturation or the formation of functional 

elements of the cells, like the critical outer segments. Subsequently, attempts to fully 

recreate the retina must be completed in the third dimension. 

 In the pursuit of a more perfect facsimile of human tissues, we inevitably 

encounter the problem that when we culture a particular tissue or organ, all those systems 

of the body necessary to support those tissues are conspicuously absent. However, typical 

cell culture conditions attempt to recreate some of the systems necessary to maintain 

homeostasis. We use incubators to keep the cells aseptically and precisely at body 

temperature. We add antibiotics and antimitotics to reduce the need for an innate immune 

system. Buffers added to the media, along with CO2 added to the incubator air, remove 

the pH-regulating aspects of the blood and kidneys. However, perhaps the most important 
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organ system, the cardiopulmonary system, is totally absent. Typical in vitro cell culture, 

most often found in a Petri dish, culture flask, or well-plate, can be considered “static”.47 

Certainly, typical cell cultures aren’t expecting cells to grow in the absence of oxygen 

and nutrients. Instead, traditional cell culture, particularly 2D cell culture, relies on a few 

physical phenomena to bridge the gap. Oxygen and carbon dioxide will passively enter 

any liquid in which there is an interface with air, which gives a mechanism for even static 

liquids to exchange respiration gases, if slowly. In the liquid, the gases will passively 

diffuse to and from the surface of the liquid and the surface of the cells, allowing 

constant, but limited, transfer. This diffusion also applies to larger molecules like 

glucose, ensuring the availability of these molecules to the cells at rates approximately 

equivalent to the dissolved gases. Regular media changes then replace losses before they 

become sufficiently severe as to impede growth. 

 However, this is not to say an equivalent of a cardiopulmonary system is not 

necessary. There are several major limitations with the static method. First, it is entirely 

possible that the rate of oxygen replenishment into the liquid or its diffusion to the cell 

layer is lower than the rate at which cells are consuming oxygen. This can be true if cells 

are confluent, if there is not enough area for gas exchange, or if the cells are particularly 

metabolically active. In these conditions, the cell culture may exist in a near-permanent 

state of hypoxia (below physiological levels oxygen availability) and of nutrient 

depletion, with wide-reaching implications for experimental outcomes and 

reproducibility.48 Worse yet, 3D tissues add further complications. In 3D, oxygen 

delivery can have rate-limiting steps in crossing the air-liquid interface, in passively 
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diffusing through the media, and even worse, in the difficulty of diffusing through what 

amounts to a solid tissue.49 In a biologically active tissue, the absolute limit of oxygen 

diffusion through a tissue is between 100 and 200 µm, with oxygen concentrations 

decreasing within tens of µm.50 Similar concerns are noted for the availability of nutrients 

or growth factors, including high molecular weight signaling proteins and the removal of 

waste molecules. Taken together, these concerns cause significant limitations for the 

growth of 3D cell cultures in static conditions. 

 Although some form of vascularization may seem the obvious solution to these 

issues, it is notoriously difficult. It has only recently been achieved in limited settings and 

requires direct genetic manipulation of stem cells.51 One alternative to vascularization 

that has been in use for decades is a class of devices called bioreactors. The term 

bioreactor has different meanings in different fields and can even be used to describe 

systems for fermentation, fuel production, and wastewater treatment. In the context of 

tissue engineering, “bioreactor” can still be a catchall term. Broadly, it is any “device or 

system which applies different types of mechanical or chemical stimuli to cells”.52,53 For 

the purposes of this research, we will be focusing on bioreactors used for dynamic cell 

culture. Very simply, these are devices that introduce dynamic motion of the cell culture 

medium, allowing for flow of medium around individual cells or cell assemblies.27 There 

is a wide diversity of devices that meet this category, including stirred tank bioreactors 

(both at benchtop and industrial scales), rocking plate systems, microfluidic devices, 

hollow-fiber perfusion bioreactors, rotating wall vessel bioreactors, and a host of others.27 

Different motivations exist for employing each type depending on size, desired 
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mechanical inputs, and tissue type, but the most important function is what links all these 

types, dynamic mixing of nutrient-containing media around the cell surfaces. Figure 1.4 

describes the impact of this flow in 3D cell culture. Briefly, the mixing at the surface of 

the cells removes “dead” regions (unstirred layers) of low nutrients concentrations that 

may form at the surface if the consumption of these nutrients by cells is faster than can be 

replaced by diffusion. Bioreactors, as a field, have had a resurgence in recent years as the 

number of 3D tissue models continues to increase. However, with the ever-evolving field, 

there is a need for optimization and customization. 
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4Figure 1.4 – An example of the canonical explanation of the action of dynamic 

bioreactors on 3D cell culture. Mixing at the surface prevents stagnation of nutrients 

and waste at the cell surface, improving intra-tissue gradients (green to red wedges) 

and cell function. 
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1.6 Bioinformatics and Meta-Analysis 

 Scientific and engineering advances in stem cell culture and differentiation have 

been mirrored by a newer, third discipline: bioinformatics. Bioinformatics is the 

application of computational and statistical methods to mathematically evaluate large 

datasets generated from biological experiments. One of the defining features of all 

biological systems is their overwhelming complexity.54 This complexity exists across 

multiple, interconnected scales from the sub-molecular to the tissue scale, compounded 

by environmental and time-dependent dynamic responses, forming networks of 

interaction that even the most powerful modern supercomputers have difficulty 

predicting.55 And yet, biological research still widely relies on methodologies that can 

only evaluate one gene or protein at a time at “known hotspots”. Techniques like PCR 

(polymerase chain reaction) or Western Blot, while revolutionary in their time, are 

gradually seeing their status as “gold standards” being replaced by a more holistic 

approach in which they are simply one necessary part to a larger picture completed by 

high-throughput approaches. Their implicit limitation of looking at limited numbers of 

pre-identified targets fundamentally restricts in-depth probing of entire biological 

systems and leaves us blind to changes in unknown targets or higher-order interactions of 

genes and proteins.56-58 This limitation hides data that could give a more complete 

explanation of our experimental results or redefine our understanding of well-studied 

fields.  



20 

 

 Fortunately, our acknowledgment of this limitation has become sharper in recent 

years, only due to the advancement of techniques intended to solve the problem. “Omics” 

broadly refers to “a comprehensive, or global, assessment of a set of molecules” typically 

in the context of biological or biomedical experimentation.59 This can then be further 

subcategorized to describe any potentially massive system of data that could be drawn 

from biological systems, typically using some form of high-throughput technology. 

Genomics, perhaps the term most familiar to scientists and certainly the most advanced, 

encompasses reading and mapping the entire genome of a living system, with initial 

publications from the Human Genome Project in 2001 having read over 1 billion base 

pairs. Other types of omics include proteomics (the evaluation of all proteins and/or their 

isoforms in a sample) and metabolomics (the evaluation of all small molecule metabolites 

in a sample). Most relevant to this dissertation is transcriptomics, the evaluation of a 

transcription (also known as gene expression) in a sample. Any or all these forms of 

omics can also be combined to form multi-omics, allowing for even broader analysis and 

conclusions from the same samples or experiments, such as integrating genomics with 

proteomics and metabolomics to obtain a more complete understanding of the link 

between cancer mutations and phenotypes.59 

 Transcriptomics has seen a massive interest in recent years for its wide array of 

applications in science, industry, and medicine.60 Modern transcriptomics is largely based 

around two technologies, microarrays and next-generation sequencing (NGS). 

Microarrays use a series of microwells, with each well containing bound RNA strands 

that are complementary (anti-sense) to specific RNA targets that will quantitatively 
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fluoresce if the complementary strands are present in a sample. Compared to the NGS 

techniques, microarrays are generally cheaper and easier to use, but somewhat less 

accurate. The NGS methodologies largely employ similar methods to genomics 

methodologies. RNA NGS currently has two major sub-types, traditional RNA-

Sequencing (typically called bulk RNA-Seq) and single-cell RNA-seq (scRNA-Seq).61,62 

Bulk RNA-Seq starts by completing a biological experiment, then lysing all the cells and 

isolating the total RNA using methods similar to those used for traditional PCR. The 

RNA is then fragmented and converted to DNA, where traditional genomics 

methodologies can read and count the presence of each fragment. By mapping those 

fragments to a reference genome, accurate expression levels of every gene from the 

targeted species can be quantified. This is opposed to scRNA-Seq, which separates every 

cell in the sample, then quantifies most of the genes in each cell and clusters like cells 

together, resulting in reasonably accurate quantification of the expression levels of every 

cell in a sample, which is particularly useful for tissue (and tissue-like) samples of 

heterogeneous cell populations. However, while scRNA-Seq is generally more powerful, 

it is also approximately ten times as expensive as bulk RNA-Seq and substantially more 

intensive in terms of the analysis. Subsequently, references to RNA-Seq in this work will 

primarily be in reference to bulk RNA-Seq. 

 Regardless of the methodology, most forms of omics will result in massive 

quantities of data.63,64 For example, a single sample of a typical bulk RNA-Seq 

experiment can provide numbers quantifying the relative expression levels of 15,000 

genes simultaneously. Full experiments can provide gigabytes of data (in spreadsheet 
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format), far too much for a human to interpret, let alone draw conclusions from. This 

problem necessitates the use of bioinformatics. Commercially available and open-source 

bioinformatics tools allow for the processing of the data to eliminate errors, 

normalization, the identification of relevant information, and the visualization of that data 

for ease of interpretation. One such example, the identification of differentially expressed 

genes (DEGs), is a fundamental function of transcriptomics.65 By identifying which 

genes change the most between our control and experimental variables, correcting for 

false discovery rates, and then determining which specific genes exhibit statistically 

significant changes, the system can cut through the thousands upon thousands of less 

relevant genes to interpret only those we can infer statistical correlations from. This 

function can be performed by a variety of bioinformatics tools and represents just one 

small facet of one subset of the omics landscape.  

Inherently, building the software to analyze and interpret large biological datasets 

is extremely complex. It involves countless hours of research and troubleshooting by an 

array of biologists, data and computer scientists, statisticians, and engineers. But perhaps 

one of the defining features of the bioinformatics field (even more so than the scientific 

community at large) is its unique propensity towards collaboration and exchange of 

techniques, software, and data.66,67 The effect of this is a high availability of tools to 

evaluate transcriptomic and NGS data along with online communities, such as the 

BioStars forum, that assist in the use and implementation of those tools by laypeople.68 

But perhaps the most revolutionary aspect of this collaborative community is the 

uploading and publishing of the raw data of thousands upon thousands of NGS and high-
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throughput experiments in online repositories like the Gene Expression Omnibus 

(GEO).69 Inevitably, some of these experiments experience overlap in some aspects of 

their design, opening the door to meta-analysis, or the statistical analysis of like datasets 

to draw inferences from their similarities and differences.70 

1.7 Specific Aims and Hypotheses 

 With the consideration of the above perspectives, this dissertation will explore 

three independent areas of study related to the application of pluripotent stem cells in 

retinal differentiation. 

Aim 1: To engineer soy protein nanofiber scaffolds to enable uniform maturation of 

hiPSC-derived retinal pigment epithelium. 

 Due to the need for identifying materials to optimize the differentiation of iRPE 

(induced RPE) on 2D nanofibrous scaffolds for implantation that marry the biochemical 

and mechanical aspects of synthetic and natural materials, we proposed the following 

hypothesis: 

Primary hypothesis: Naturally, soy protein-derived nanofibrous scaffolds can provide 

favorable conditions for the maturation of RPE monolayers in vitro, at or above the 

outcomes of synthetic scaffolds commonly used in medical and research applications. 

Aim 2: The development of a novel perfusion rotating wall vessel (RWV) bioreactors 

for accelerated growth and differentiation of retinal organoids. 

 Because of the need to develop novel bioreactor devices to optimize retinal 

organoid differentiation, specifically as it relates to cost, ease of use, and specificity to 

retinal organoid differentiation and maturation, we investigated the following hypothesis: 



24 

 

Primary hypothesis: We hypothesize that a custom-built perfusion RWV bioreactor, 

modified to allow perfused gas and nutrient to mix off the central axis, will significantly 

reduce operational medium volumes and dramatically reduce costs of construction and 

experimental operation in the culture of retinal organoids 

Aim 3: A retrospective, multi-study bioinformatic analysis of organoid 

transcriptome data to reveal underlying mechanisms of bioreactor advantages. 

 Since the mechanism(s) by which bioreactors improve the outcomes of 3D cell 

culture have been poorly investigated, we used next-generation sequencing techniques to 

investigate the following hypothesis by meta-analysis of publicly available datasets: 

Primary hypothesis: If multiple different organoid-bioreactor experiments with 

previously published NGS sequencing data can be cumulatively re-analyzed, then 

broader conclusions about currently unrecognized mechanisms of improved outcomes of 

organoids grown in bioreactors may be identified and described.  
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CHAPTER 2: AIM 1 - SOY PROTEIN NANOFIBER SCAFFOLDS FOR 

UNIFORM MATURATION OF HIPSC-DERIVED RETINAL PIGMENT 

EPITHELIUM 

 

2.1 Rationale and Hypothesis 

2.1.1 Need for Alternative Scaffold Materials 

 Although synthetic fibrous and nanoporous materials have been identified that are 

currently considered suitable for clinical trials, it is reasonable to suggest that the 

available materials still have limitations in vivo. Subsequently, unmet needs in the field 

can be evaluated to identify potential candidate materials. One important unmet need for 

iRPE differentiation scaffolding is finding a material whose chemical and physical 

properties better recapitulate the native environment of Bruch’s membrane than current 

synthetic materials while avoiding some of the limitations of animal-derived natural 

scaffolds.71 The limitations of naturally-derived materials for in vivo implantation are 

well-described and include the risk of animal illness being transferred to the patient, 

batch consistency of animal proteins, and perhaps the most difficult to resolve, the high 

probability of peptide fragments released from animal scaffolds producing a pro-

inflammatory response in the target tissue.72-74 Although artificially-derived scaffolds 

avoid these issues, they also bring the risk associated with improper mechanical 

properties, including elasticity and stress-strain profiles, and the release of pH-altering 

products during degradation.71 However, a possible compromise material exists in plant-

based materials. While naturally derived, thus potentially conveying more natural-like 
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mechanical behavior, biochemical interactions, and degradation, their animal-free origins 

eliminate the risk of human-transmissible illnesses and are noted to have the potential for 

lower inflammatory profiles in degradation.40,75 

2.1.2 Lab Backgrounds in Electrospun Materials and iRPE 

 The i-CTERM lab at Temple University – directed by Dr. Peter Lelkes, the 

primary advisor of this work – has significant experience in the development of plant-

based scaffolds and hydrogels with a special focus on soy-derived electrospun nanofiber 

scaffolds, from multiple types and suppliers of soy protein isolates. This line of 

investigation has resulted in several major publications on the application of soy-based 

nanofibrous scaffolds for sub-dermal implantation to induce improved wound healing and 

skin regeneration.72,74 Simultaneously, the NNRL, Dr. Swaroop’s lab at the NEI, has 

significant experience with the culture and maturation of iRPE and its subsequent 

evaluation, but limited experience in the fabrication of electrospun scaffolds.  

 These considerations prompted us to establish a collaboration between the two 

laboratories to investigate the hypothesis that plant protein-derived nanofibrous scaffolds 

can provide favorable conditions for the maturation of RPE monolayers in vitro, at or 

above the outcomes of scaffolds commonly used in medical and research applications.  

 

2.2 Methods 

2.2.1 Scaffold Candidate Materials and Initial Testing 

 In preparation for testing suitable biologically based scaffolds for the maturation 

of iRPE, a range of different materials were tested. Table 2.1 gives an overview of 
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attempted material types, manufacturing methods, and outcomes. Briefly, we focused on 

materials taken from natural protein sources, with some additional synthetic candidates 

for controls. Various methods were tested for different material types including standard 

electrospinning with volatile organic solvents, electroblowing with air currents, and co-

axial spinning (Supplementary Figure 1.1).76,77 Ultimately, issues with consistent 

manufacturing of elastin-, fibrin-, and collagen-based materials resulted in their rejection 

from this study. The italicized materials in Table 2.1 were the two selected to continue 

analysis. Complete descriptions of the rejected methods are outlined in the supplement. 

Although soy was the target material and polycaprolactone (PCL) an acceptable control 

as an industry standard, a secondary control of an animal-derived protein fiber would 

have been preferable, but ultimately was deemed unnecessary due to the adequate 

production of PCL, a current, functional commercial standard. 

Material Spinning Method Outcomes 

Soy Protein Isolate Electroblowing 
Consistent nanofibers 

produced 

Polycaprolactone Electrospinning 
Consistent nanofibers 

produced 

PLGA Electrospinning 
Consistent nanofibers 

produced 

Collagen 
Electrospinning and 

electroblowing 

Inconsistent fiber 

formation 

Elastin 
Electrospinning and 

electroblowing 
No fiber formation 

Collagen/Elastin 
Electrospinning and co-

axial electrospinning 

Inconsistent fiber 

formation 

Fibrin 
Co-axial 

electrospinning 
No fiber formation 

1Table 2.1 – A description of attempted electrospinning candidate materials, methods 

of spinning, and outcomes. Note, attempted solute concentrations, solvent types, and 

settings like voltage and flow rate are not listed. 
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2.2.2 Fabrication and Sterilization of Scaffolds 

  

  

 
5Figure 2.1 – A description of the setups of traditional electrospinning (A) as it differs 

from air-assisted blow electrospinning (B). 
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Soy scaffolds and PCL scaffolds were fabricated via blow electrospinning (also 

called electroblowing) and traditional electrospinning, respectively. A diagram describing 

the difference in the two setups is shown in Figure 2.1. Traditional electrospinning slowly 

pumps a viscous solution containing a desirable solute through a needle tip charged by a 

high voltage, which is then drawn towards a grounded target, forming nanofibers in the 

air. Alternatively, blow electrospinning differs from traditional electrospinning in that a 

pressurized air hose is connected in line with the solute pumped through the 

electrospinning needle, forming an air jet that assists in carrying the solute/solvent 

droplets and drying forming nanofibers. This method is preferably used for aqueous 

electrospinning solutions (most common for protein solutes) to ensure complete 

evaporation of the water solvent before the fibers land on the targets.  

 For soy scaffolds, a 10% (w/v) of CLARISOY™ (ADM, Chicago, IL), a water-

soluble soy protein isolate was dissolved with magnetic stirring overnight in deionized 

water with 1.25% w/v poly(ethylene oxide) (Mw 900,000, Sigma-Aldrich). The solutions 

were then centrifuged at 14,000 RPM in a high-speed benchtop centrifuge for 15 minutes 

to allow non-dissolved particulates to precipitate with the supernatant collected for use. 

The solution was then moved to a 3 mL syringe (BD) coupled to a blunted 25-gauge 

needle (McMaster-Carr, Princeton, NJ) with a modified T-connector (Cole-Palmer) 

added as a gas line. The setup was then pressurized to 10 PSI air pressure using the house 

air line, with a 5 kV electric field supplied by a high voltage power supply 20 cm from a 

grounded 2 cm copper target and extruded at 1 mL/hr. Scaffolds were spun for 3 minutes 

before removal.  
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Soy scaffolds were then crosslinked to prevent dissolution in culture. Briefly, the 

scaffolds were submerged in a 95% (v/v) ethanol-water solution with 100 mM EDC (1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) and 100mM NHS (N-

hydroxysuccinimide) (Thermo Fisher Scientific) in a 12-well plate with one scaffold per 

well. The scaffolds were left for 4 hours on an orbital shaker then rinsed 3X with DPBS 

and stored at 4°C. If floating became problematic, rubber O-rings slightly smaller than 

the well diameter were used to keep the scaffolds at the bottom of the wells.  

For PCL scaffolds, 7.5% (w/v) PCL (Mn 80,000, Sigma-Aldrich) was dissolved 

in 1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP) under magnetic stirring until fully 

dissolved (at least 8 hours). Because HFIP can dissolve syringe rubber plungers, the 

solution was loaded into plunger-less Norm-Ject (VWR) 3 mL syringes with 20-gauge 

blunted syringes (McMaster-Carr). Under a fume hood, the solution was then extruded at 

1 mL/hr at a 10 cm working distance and 15 kV at a 2 cm copper target. A non-

conductive wiper to remove errant fiber buildup around the target. Scaffolds were 

collected after 5 minutes of spinning. 

Because of the low melting point of PCL, temperature-based sterilization methods 

like autoclaving were not feasible. Furthermore, the porosity of the fibers combined with 

the potential susceptibility of soy protein to chemical sterilization eliminated methods 

like ethylene oxide sterilization. Ultimately, all scaffolds were sterilized by simply 

soaking them in 70% ethanol for at least 24 hours prior to use in sterile plates and rinsed 

5 times with DPBS before the cells were seeded onto them. 
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2.2.3 Scaffold Characterization 

 Four primary metrics were selected to characterize the physical and mechanical 

properties of the scaffolds: fiber diameter, contact angle (hydrophobicity/hydrophilicity), 

Young’s Moduli, and total thickness.  

 Measuring the diameters of the scaffold nanofibers required high magnification 

microscopy, in a scanning electron microscope (SEM). Four types of samples were 

analyzed, the PCL scaffolds, soy scaffolds pre-crosslinking, soy scaffolds post-

crosslinking, and those of the Transwell™ membrane, a nonporous material used in 

typical culture of iRPE cells. Samples were obtained immediately after manufacture and 

cut into small strips (approximately 5 x 5 mm) and adhered to SEM pin stub specimen 

mounts using double-sided conductive carbon tape (SPW Industrial). Stubs were then 

sputter-coated with ultra-thin layers of gold using a custom-built low-pressure sputter 

coater. Samples were then imaged using 9320B 8500B field emission scanning electron 

microscope (SEM) (Keysight Technologies, Santa Rosa, CA) at 10,000X magnification. 

Fiber diameters were then quantified using FIJI (FIJI Is Just ImageJ) software using the 

“measure” tool in 10 samples (each sample measuring and averaging 5 individual fibers) 

per batch across three batches per sample type.78 

 Contact angle was obtained by mounting two sample types, PCL scaffold and 

crosslinked soy scaffold, to flat surfaces (pre-crosslinked soy could not be evaluated due 

to its tendency to dissolve in contact with water). 3 µL droplets of water were then 

pipetted onto the surfaces of the scaffolds. After settling for 60 seconds, the water 

droplets were then visualized with a Leica Camera stereoscope and images were taken. 
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Images were quantified using the Contact Angle plugin for ImageJ. A total of 10 

measurements were taken from 3 batches of each sample type (n = 3).  

 The Young’s moduli of the scaffolds were evaluated using an Instron Mini 55 

tensile tester (Norwood, MA). PCL and crosslinked soy were evaluated by preparing 1 

cm x 3 cm strips and applying tension on the tester at a rate of 1 mm per minute. 

Recorded stress-strain data were then plotted in Excel and the slopes of identified elastic 

regions were calculated and reported as Young’s moduli.79 

 Finally, total thickness was obtained by taking 10 samples each of PCL and pre-

crosslinked soy, cutting the length with a sharp razor blade. The exposed cross-sections 

were then visualized with a Leica Camera stereoscope and the cross-sections measured 

using FIJI’s “measure” 10 times for each sample, then averaged. 

2.2.4 Stem Cell Culture Protocols 

 iPSC cell line used was the iPSC 377E line derived from skin biopsies and 

reprogrammed via integration-free Sendai virus with the canonical Yamanaka factors.80 

Cells were maintained on feeder-free 6-well plates coated with stem cell-qualified 

Matrigel™ (Corning). Cells were fed with Essential 8 medium (Thermo Fisher Scientific) 

and passaged when colonies became confluent, as judged by colony size, approximately 

every 3-4 days, using an established EDTA method.81 

2.2.5 iRPE Differentiation and Maturation Protocols 

 Figure 2.2 shows a summarized timeline of the differentiation of the iPSCs into 

iRPE, their subsequent maturation, and seeding onto the different scaffold types based on 

established protocols.82,83 Briefly, when ready for use, iPSCs were allowed to approach 
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100% confluence, then the medium was changed from Essential 8 to Essential 6 (Thermo 

Fisher Scientific) for 48 hours. The medium was then changed again to a Neural 

Induction Media (NIM) composed of DMEM/F12 (1:1 v/v) (Gibco), with 1% N2 

Supplement (Gibco), 1% nonessential amino acids (NEAAs, Gibco), 1% antibiotic-

antimycotic (A/A) (Thermo Fisher Scientific), and 20 µg/mL heparin (MilliporeSigma). 

Media was changed every 2 days for at least 6 weeks but up to 22 weeks, depending on 

the visible appearance of melanin (seen as dark patches of pigment), indicating early 

differentiation to an RPE phenotype. Cells were then detached from their 6-well plates 

using 0.25% Trypsin/EDTA (Thermo Fisher Scientific) for 5 minutes. After 

centrifugation (5 m 200 G) and re-suspension, the cells were then seeded on 5 µg/mL 

(rhLN521, BioLamina) laminin-coated dishes at ~200,000 cells per cm2 in Retinal 

Differentiation Medium (RDM) composed of DMEM/F12 (3:1 v/v), 2% B27 Supplement 

with vitamin A (Gibco), 2 mM GlutaMAX™ (Gibco), 1% A/A, and 10% fetal bovine 

serum (FBS) (Atlanta Biologics), with 10 µg/mL ROCK Inhibitor (RI) (Y-27632, Tocris) 

for the first 24 hours. The FBS was removed from this medium after approximately 1-2 

weeks, after cell-cell interactions were observed indicating 100% confluence, as shown 

by all cells touching with no or limited visibility of the tissue culture plastic. 

  

 
6Figure 2.2 – A brief timeline of the differentiation and maturation protocol for iRPE 

from iPSCs. All iRPE characterization took place at the end of this timeline. 
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After reaching near-full maturation was approached (5-25 weeks), as evidenced 

by full confluence and high pigment density (see Figure 2.6, left panels), the cells were 

then trypsinized according to the above protocol and re-seeded on one of the four 

condition types (soy scaffold, PCL scaffold, Transwell™ control, or cell culture chamber 

slide) at as near to 178,000 cells per cm2 as possible in RDM with ROCK Inhibitor (RI) 

(Y-27632) and FBS. The RI was removed after 24 hours and the FBS was removed after 

full confluence with full cell-cell junctions was observed (1-2 weeks). Finally, cells were 

cultured on their respective surfaces for a full 8 weeks before subsequent analysis.  

 Except when seeding them on the chamber slide, cells were seeded on standard 

Transwell™ inserts, either left blank or with an attached scaffold. This setup is shown 

visually in Supplementary Figure 1.3, where the scaffolds were sandwiched in between 

the holder and the insert to keep the scaffold affixed to the growing surface. Cells were 

then seeded directly on top of these scaffolds. This arrangement was important for 

maintaining high nutrient availability for iRPE metabolism and created apical and basal 

supernatant layers. Although both layers were RDM supplemented, this segregation led 

to a differential accumulation of secreted apical and basal signaling proteins which were 

used for subsequent ELISA (enzyme-linked immunosorbent assay) evaluation to 

establish cellular polarity (the cell side being considered “apical”).  

2.2.6 Characterization of iRPE 

 Several traditional methods of analysis were used to characterize the scaffold-

grown iRPE, phase-contrast microscopy, immunofluorescence microscopy (IFM), SEM, 

and ELISA.84 Because ELISA measurements required polarization measurement from 
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different layers of media, the “chamber” slide was not included in these more simple 

analyses, however, it was included in later RNA-Seq analysis. Phase-contrast microscopy 

and IFM were both performed using an Olympus confocal microscope. IFM 

immunostaining was performed by first fixing fully matured cell samples in 4% 

paraformaldehyde (PFA) for 20 minutes followed by blocking in a solution of 2.5% TX-

100, 1% bovine serum albumin (BSA), and 5% donkey serum (DKY) in 1X PBS for 1 

hour. All primary antibodies were incubated at 4 °C overnight in 0.5% TX-100 and 1% 

BSA in 1X PBS. Secondary antibodies, either 488 or 568 Alexa Fluor, Ms or Rb IgG 

(Invitrogen) at 1:1000 concentrations, were incubated for 1 hour at room temperature and 

mounted with Fluoromount-G (SouthernBiotech). The following primary antibodies were 

used at the accompanying concentrations: PMEL17 (1:250) (Novus Biological, NBP2–

44520), RPE65 (1:250) (this was a custom antibody produced by Dr. Michael Redmond 

at NIH NEI),85 ZO-1 (1:50) (Invitrogen, 40–2200), Ezrin (1:250) (Thermo Scientific, 

MS-661-P1ABX), DAPI (1:1000) (Invitrogen, D1306), and F-actin (1:250) (405 

Phalloidin, Abcam). 

 SEM imaging of the cells was performed externally by Mr. Tyler Pfister of Dr. 

Brian Brooks’ lab at the NEI. Briefly, critical point drying was used to remove moisture 

from the cell-laden scaffolds post-fixation. Cells were then gold sputter coated and 

imaged at 5,000 X magnification using a Zeiss scanning electron microscope. 

 ELISA was performed to compare the translation of RPE-relevant secretory 

proteins in the apical and basal supernatants of the cell culture to establish correct 

phenotype and cell polarization typical of native RPE.86 Two proteins were analyzed, 
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vascular endothelial growth factor (VEGF), typically secreted in higher concentrations in 

the basal side of RPE, and pigment epithelium-derived factor (PEDF), typically secreted 

in higher concentrations in the apical side of RPE. Three replicates of ELISA for each 

condition were performed for human VEGF (Cat# KHG0111; Thermo Fisher Scientific) 

and human PEDF ELISAs (Cat.# RD191114200R; Bio-Vendor) according to the 

manufacturers’ protocols.  

2.2.7 RNA-Seq 

 To better characterize the complete cellular profile of the scaffold-grown iRPE, 

transcriptomic analysis was performed using bulk RNA-Seq (RNA Sequencing). Three 

broad steps were necessary to accomplish this analysis, RNA isolation, RNA-Seq proper, 

and then data processing. First, RNA was isolated using the Qiagen RNeasy Mini Kit 

according to the manufacturer’s protocol. RNA concentrations and integrity were 

validated using a bioanalyzer (Agilent Technologies, Inc.). RNA was isolated for three 

biological replicates on all four condition types.  

 To perform the sequencing of the isolated RNA, RNA-Seq libraries were 

constructed from 100 ng of total RNA using the TruSeq Stranded mRNA Kit (Illumina) 

followed by pair-end sequencing of 125 bases using a HiSeq 2500 sequencer (Illumina). 

An inline quality control chastity filter was implemented to reject irrelevant or incorrect 

sequences. Data were processed by using previously described gene quantitation 

protocols.87 Briefly, Kallisto v0.44.0 and Tximport v1.8.0 were used to align and perform 

quantification of genes using the Ensembl v94 annotation with differentially expressed 

genes (DEGs) identified using EdgeR.88,89 Analysis was performed in R v3.6.1 with 
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visualization using ggplot2. Signature RPE marker genes were identified for visualization 

using canonical gene lists.90 Other biological processes (e.g. vitamin A process) were 

identified using Gene Ontology (GO).91,92 Principal component analysis (PCA) was 

performed using gProfileR v0.6.7.93 

2.2.8 Statistical Analysis 

 All mechanical characterization comparisons containing two groups were 

evaluated using an unpaired Student’s t-test. Where crosslinked soy was also analyzed 

(creating a third group), a one-way analysis of variance (ANOVA) was performed. 

ELISA results were plotted and analyzed using Prism7 with a one-way ANOVA. 

Whenever ANOVA was used, normality was confirmed first using the Shapiro-Wilk 

method. In all methods, results were considered statistically significant for p-values less 

than 0.05. All error bars shown represent plus or minus standard deviation.  
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2.3 Results 

2.3.1 Scaffold Fabrication and Characterization 

 

 
7Figure 2.3 – SEM images comparing the two nanofibrous scaffold types. A) Soy 

scaffold pre-crosslinking. B) Soy scaffold post-crosslinking. C) PCL scaffold. D) A bar 

chart showing average fiber diameters. All comparisons not significant p-value >0.05. 



39 

 

 Results indicate successful and consistent fabrication of both the PCL and the soy 

nanofibrous scaffolds. SEM images taken of both types of scaffolds (before and after 

crosslinking for the soy) demonstrate consistent, bead-free fiber formation with 

approximately comparable diameters (~400 nm) between material types, as shown in 

Figure 2.3. The observed fiber diameters were in line with values reported in the 

literature and similar to the natural diameters of in vivo collagen fibers.72,94 Of note, 

although the diameter of the soy fibers were shown to increase post-crosslinking (likely a 

result of swelling), this effect was minor (less than 10% change in average diameter) and 

ultimately not statistically significant. For comparison, Supplementary Figure 1.2 shows 

an SEM image of the Transwell™ surface that was used as a secondary control (5,000X 

left panel, 10,000X right panel). 

 Physical similarities between the two scaffold types diverge for mechanical tests. 

Results for contact angle, a measure of surface wettability, indicate significant 

 
8Figure 2.4 – Contact angle results. A) Contact angle of a water droplet on a 

crosslinked soy scaffold. B) Contact angle of a water droplet on a PCL scaffold. C) 

Average contact angle between the two scaffold types. Scale bars are 0.5 mm. Asterisk 

denotes significance for p-value <0.05. 
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differences between soy and PCL. Figure 2.4 shows the results for contact angle. Contact 

angle for crosslinked soy scaffold showed a contact angle approximately 50% that of the 

PCL. This indicates the PCL is highly hydrophobic when compared to the soy scaffolds. 

Even more dramatic is the difference between the stress-strain evaluations 

between soy and PCL scaffolds. The results are summarized in Figure 2.5. Two major 

differences are discernible in these results. First and most obvious is the difference in 

observed Young’s moduli. The observed Young’s modulus of the PCL scaffold is 

approximately ten times that of the soy scaffold, indicating the PCL is significantly 

stiffer. However, more subtle and perhaps even more significant, is the differences in the 

profiles of the stress-strain curves. The PCL scaffold shows a curve characteristic of 

synthetic polymers, with an immediate and linear elastic region followed by a 

significantly flatter plastic region followed by its breaking point. This is compared to that 

of the soy scaffold, which does not have a perfectly linear elastic region and has no clear 

demarcation between elastic and plastic regions on the curve. Instead, the soy scaffold 

exhibits a “J-shaped curve”.95 

 
9Figure 2.5 – A summary of stress-strain results between the two scaffold types. A) An 

example stress-strain curve for the soy scaffold. B) An example stress-strain curve for 

the PCL. Average obtained Young’s moduli of the two scaffold types. Asterisk denotes 

significance for p-value <0.05. 
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2.3.2 Cell Culture 

  

 
10Figure 2.6 – Brightfield and fluorescence microscopy results. Images shown are 

indicative of the listed microscopy method (for brightfield) and the primary antibody 

stain for all others. Both scale bars are 50 µm. 
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 Culture and maturation of iRPE was generally successful on all scaffold and 

material types. Uniform epithelial sheets with the presence of pigment were observed in 

all samples. Figure 2.6 shows a summary of the cell culture results on soy and PCL 

scaffolds and on the Transwell™ controls, using standard light and immunofluorescence 

microscopy. Of note, the surface topography of both the soy and the PCL scaffolds are 

far more complex than that of cells growing on the Transwell™ membranes. This results 

in a slightly less uniform appearance of some aspects of the scaffold conditions as 

compared to the Transwell™. Broadly, all three evaluated conditions show the presence 

of pigment as well as key RPE markers ZO-1 (tight junction protein), RPE65 (key 

metabolic protein), PMEL17 (indicative of melanosomes), and Ezrin (indicative of 

microvilli). Of note, both soy and Transwell™ appear to have a more uniform 

distribution of pigment, ZO-1, RPE65 and PMEL17, though this may be an artifact of the 

PCL surface topography or its inherent autofluorescence. However, these stains may 

indicate that the soy scaffolds result in a more uniform maturation (as is accomplished by 

standard Transwell™ culture) than on the PCL scaffold. 

   

 
11Figure 2.7 – SEM results of cultured cells. A) Soy scaffold. B) PCL scaffold. C) 

Transwell™. Scale bar is 10 µm. 
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SEM results are shown in Figure 2.7. These images focus on showing the apical 

surface of the cultured iRPE cells in the three listed conditions. Briefly, microvilli are 

readily observed in all three conditions. Notably, the “cracks” shown in the Transwell™ 

image are likely an artifact of the harvesting, drying, or imaging process. The scaffold 

conditions (as proven in Figure 2.5) are flexible and elastic (as evidenced by apparent 

“cracking” between cells in the more rigid Transwell™ condition). The Transwell™ 

material is simply a polycarbonate sheet with nanopores. Subsequently, any bending or 

stretching likely breaks cell-cell interactions. Subsequently, the SEM can only confirm 

the presence of the microvilli.  

 The final method of standard cell culture analysis was by ELISA, the results of 

which are described in Figure 2.8. In support of the suggestion that the observed 

differences in the IHC images of Figure 2.6 were a result of the far flatter surface of the 

Transwell™, the ELISA results appear to suggest that the Transwell™ condition shows 

substantially or (at least in one case) significantly lower levels of polarization of the iRPE 

layer. This reinforces the significance of culturing iRPE on nanofibrous scaffolds, 

producing polarization more like the native RPE. Panel A of Figure 2.8 shows the most 

marked difference between the two conditions, with a significant change between the soy 

and Transwell™ conditions resulting from a four-fold decrease in hVEGF concentration. 

Although the PCL layer showed a similar average value to that of the soy, the high 

degree of variability in the sample resulted in an insignificant statistical comparison to 

either of the other two conditions.  
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12Figure 2.8 – Results of ELISA analysis. A) hVEGF ELISA results comparing soy, 

PCL, and Transwell™. B) hPEDF ELISA results comparing soy, PCL, and 

Transwell™. Asterisk denotes significance for p <0.05.  
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2.3.3 RNA-Seq Analysis 

 RNA-Sequencing was carried out nominally with sufficiently high concentration 

and purity of RNA to permit analysis across all samples. Results of the analysis of the 

output data have been divided into two broad categories for easier visualization. Figure 

2.9 represents the RNA-Seq results which demonstrate similarities across all sample 

types and their fidelity to native RPE tissue, while Figure 2.10 represents the differences 

between the samples. As seen in Figure 2.9, there is a significant number of broad 

similarities between all groups and conditions. For panel B of that figure, we see that the 

signature genes of RPE expression appear to show a general upregulation, with 

commonalities in the intensity of that expression between all sample types. This trend 

appears to hold true for panels C and D. This similarity in the gene processes associated 

directly with RPE is likely the result of well-defined culture processes that may lose 

power post-implantation.  
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13Figure 2.9 – Similarities in RNA-Seq results in the iRPE experiment for four 

conditions. A) Sequencing depth per sample. B) Heatmap representing relative 

expression levels of known RPE signature genes, per Strunnikova.82 C-D) Relative 

expression levels of each sample as compared to melanin metabolic process 

(GO:0006582) and vitamin A metabolic process (GO:0006776) respectively. Please 

note, all heatmaps are scaled to the legend shown left of panel B. 
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This prompts the evaluation of Figure 2.10 to find where the differences appear. 

Starting first with the PCA plot, the most readily observable difference is the disparity 

between the blue and red dots (PCL and Soy) and the gray and yellow dots (Chamber and 

Transwell™). PCA, being an indicator of variance between samples would suggest that a 

higher degree of overall variability exists in the RNA-Seq data of the non-nanofibrous 

conditions (Chamber and Transwell™) than in the nanofibrous conditions (PCL and 

Soy). This pattern appears to be reflected similarly across other forms of visualization. In 

the Pearson correlation plot shown in panel B, a clear delineation is shown in the bottom 

right quadrant indicating, again, the higher degree of similarity between the Soy and PCL 

conditions while also showing a limited correlation between the Chamber and 

Transwell™ conditions. The reasoning for this variation may be a result of the outcomes 

of panels C and D, which show two example processes (though not all differences) of the 

Chamber and Transwell™ that demonstrate conditions do indeed track with the 

nanofibrous conditions on the highest variability GO processes, but also demonstrate that 

this effect is not uniform across all replicates.  
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14Figure 2.10 – RNA-Seq Differences. A) A PCA plot comparing conditions. B) A 

Pearson correlation plot. C/D) Heatmaps of the highest variability processes Dynein 

Complex (GO:0030286) and Translational Elongation (GO:0006414) respectively. E) 

Processes enrichment of the top 500 genes associated with PCA loadings. 
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2.4 Discussion and Conclusion 

2.4.1 Considerations on Biological Similarities and Differences 

 Comparing only the outputs of the cell and RNA-Seq analysis, the most 

immediately visible conclusion, particularly that of Figure 2.10, is that it appears that 

nanofibrous scaffolds, seemingly regardless of mechanical characteristics yield far more 

uniformity and better overall cellular phenotype than when the cells are grown either on 

standard flat tissue culture plastic (chamber condition) or on flat nanoporous materials 

(Transwell™). This trend appears particularly acute in panels A and B of Figure 2.10. 

However, while this appears to be true for the two nanofibrous scaffold types evaluated 

in this study, PCL and soy, this does not appear to hold true in previous evaluations in 

experiments containing alternate scaffold types. Notably, differences appear between 

material selections across nanofibrous scaffolds despite similar thicknesses and nanofiber 

diameters.40,71,94,96  

There are three possibilities that could explain the observed similarity between 

our scaffold types despite the knowledge that significant differences are detectable. First, 

it is possible that our evaluation methodology is insufficient to properly characterize the 

differences between the two nanofibrous conditions. I consider this possibility unlikely 

for two reasons. First, the use of both ELISA and immunofluorescent staining for RPE 

markers is an established methodology and these same analyses were able to detect 

differences previously.40 Second, the addition of RNA-Seq is above and beyond other 

forms of analysis and should be able to easily catch major differences in expression. 

Subsequently, the argument that our assays were insufficiently sensitive may not be 
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tenable. Alternatively, it is possible that despite significant mechanical differences, the 

performance of the soy and PCL are virtually identical regarding iRPE maturation. While 

this is certainly a possibility, this seems rather unlikely considering the vast mechanical 

differences on multiple scales (nano and macro) and the seemingly low probability of two 

dramatically different material types possessing that similarity when even mildly 

different polymers exhibit detectable differences. This ultimately suggests similarities in 

the nano-topography (fiber arrangements and diameters) may have a substantial role in 

deciding iRPE maturation and fate. 

Finally, there is a reasonable possibility that the selected iRPE differentiation 

protocol is extremely robust and is able to generate remarkably similar results, despite 

chemical and mechanical differences of the ECM mimicking substrate, if any amount of 

surface flexibility is present in conjunction with fibers of approximately the diameter of 

collagen fibrils. I believe this is the most likely reasoning, as the employed differentiation 

method for this analysis is highly refined and likely more accurate than those employed 

in different papers and benefited from hands-on assistance from preeminent experts in 

iRPE differentiation. It is also likely that a combination of the second and third reasoning 

may explain our results. Regardless, as PCL is a well-established and tested material for 

iRPE maturation and clinical implantation, it is reasonable to assume that the similarity in 

biological outcomes should serve to support the argument that our novel application of 

this soy scaffold could be successful in clinical grade iRPE for the purpose of maturation 

with preferable long-term integration (due to mechanical forces), biocompatibility, and 

degradation profiles. While this claim would require far more analysis and evidence 
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should clinical translation be attempted, it should be considered sufficient from 

mechanical and chemical perspectives for speculation of the outcomes of that translation.  

2.4.2 Significance of Mechanical and Chemical Differences for Implantation 

 Despite observing no obviously significant differences in the outcomes of the soy 

and PCL scaffolds, their base mechanical and chemical properties likely do have tangible 

implications for their success in translation implantation. In the use of implantable stem 

cell-derived tissues, potentially equally important to the success of stem cell 

differentiation is the degree to which the implanted tissue matches the mechanical and 

chemical properties of the target anatomical site and the rate and controllability of the 

degradation profile of the scaffold.53,97,98 With these considerations in mind, and our 

awareness that, in our hands, the soy scaffold performs comparably to the industry-

standard PCL, it is possible to broadly speculate on how their mechanical and chemical 

differences may impact implantation success.  

 First, the most immediately noticeable differences between the two materials are 

the differences in stress-strain profiles and their Young’s moduli as shown in Figure 2.5. 

Typically, the absolute Young’s modulus is the first and foremost consideration in the 

comparison of mechanical differences. The large difference between our two scaffold 

types, approximately 600 kPa for the soy and approximately 6,000 kPa (6 MPa) for the 

PCL, is quite substantial. Importantly, the stiffness of the soy scaffold appears to increase 

(second line, Figure 2.5A) when stress is applied to obtain a second modulus of 

approximately 2.5 MPa. This is likely a function of the “J-shaped” curve observed, which 

is a typical response of both natural tissues and naturally derived tissue scaffolds. This is 
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an inherent outcome in natural systems where nanofibers of high stress are oriented 

loosely in a scaffold. As stress is applied, the fibers first tighten, accounting for the low 

value, then the tension of the scaffold allows the mechanical properties of the fibers to 

take over, yielding the higher value.99,100 This process is present in virtually all tissues 

and can occur on the cellular level all the way up to the macroscopic level. It is critical to 

the correct function of living tissues in their native environments.95 Although the extreme 

high end of the Young’s modulus on the soy’s “J-shaped” curve is non-physiological, it is 

unlikely to be experienced by cells during culture and implantation due to lack of 

mechanical pressures (cell motility/muscle strain) that would cause the shift to the higher 

range. 

Experimentation and results on accurate physiologic ranges for Bruch’s 

membrane stiffness are highly varied. Massive differences in ranges are reported (from 1 

kPa up to 20 MPa), including some groups suggesting diseases like AMD cause 

membrane stiffening while others suggest membrane softening.101,102 Indeed, the nature 

of the Bruch’s membrane’s extreme thinness (~ 5 µm), softness, multi-protein 

composition, and the difficulty in separating it from its accompanying cells layers have 

led some groups to suggest getting an accurate measurement of its stiffness may be 

impossible.103 

 However, more recent publications have had more success in obtaining an 

accurate value of Bruch’s membrane’s stiffness, especially by accounting for the changes 

in Young’s moduli as stress is applied. While a range of values still exists, it has been 

tightened significantly. First, a 2018 publication by Wang, et al. evaluated the stiffness of 
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porcine Bruch’s membranes, accounting for the non-linear “J-shaped” curves of its 

outputs.104 They found that the non-stressed membranes had moduli of approximately 1.6 

MPa, increasing to 2.44 MPa when stressed. Although this is not perfectly modeled by 

the soy (0.6 to 2.5 MPa), it is substantially closer to physiologic values than standard 

synthetic scaffolds. Second, a 2017 publication by White, et al. evaluated the response of 

RPE cells to scaffolds of different stiffnesses.96 They found that increasing substrate 

modulus ultimately resulted in higher inflammatory responses, a known cause of implant 

rejection.105 

 Coincidentally, the significance of inflammation-inducing implant rejection could 

potentially be further compensated by the chemical characteristics of the soy scaffold. 

Inherently, any tissue engineering scaffold that is implanted into the human body will 

degrade due to natural processes.53,106 One of the worst possible outcomes of this process 

is the possibility of the chemical products of that degradation having a local 

inflammatory or cytotoxic effect on nearby tissues. While this effect has been observed in 

some capacity with nearly every form of scaffold (of both synthetic and natural origin), 

one of the unique degradation products of soy protein isolates, a peptide fragment called 

Lunasin, may allow soy to be the exception to this rule.107,108 With the unique peptide 

fragments and other unique chemical properties of the constituent proteins of soy protein 

isolate in conjunction with its mechanical properties more similar to natural tissues, it is 

possible that this material may represent a “best of both worlds” approach to scaffolds for 

the implantation of iRPE. 
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2.4.3 Broader Implications for the Field and Clinical Translation 

 Ultimately, more research and validation of this material will be required for 

translation to human clinical trials. This would start with better material isolation and 

characterization, followed by animal trials in successively more complex organisms. As it 

stands, very few materials for iRPE implantation are currently being investigated, all of 

which are synthetic in origin. However, based on the results of this study I propose that 

a), plant-based materials can be as suitable for the differentiation and maturation of iRPE 

as the synthetic materials typically used for this purpose and b), the mechanical properties 

of these plant-based materials more closely resemble the mechanical characteristics of 

natural Bruch’s membrane. With these conclusions in mind, we believe further 

investigation into the application of soy-based scaffolds for iRPE implantation is 

warranted. 

  



55 

 

CHAPTER 3: AIM 2 - NOVEL PERFUSION ROTATING WALL VESSEL 

BIOREACTORS FOR ACCELERATED GROWTH AND DIFFERENTIATION 

OF RETINAL ORGANOIDS 

 

3.1 Rationale and Hypothesis 

3.1.1 Previous Relevant Bioreactor Research 

 Prior to the research in the pursuit of this PhD thesis, my master’s project focused 

on the fabrication of a low-cost, semi-disposable rotating wall vessel (RWV) bioreactor 

intended to pair with a commercially available motor drive system. The concept of this 

design was inspired by the commercially available disposable high-aspect ratio vessel 

(HARV) produced by Synthecon, Inc. Some of the research for that project was 

published in a 2019 paper in Tissue Engineering Part C: Methods.109 Briefly, an 

established failure mode of traditional RWV bioreactors was the accumulation of bubbles 

due to the need for gas exchange in the media. These bubbles disrupt the solid body 

rotation required for the correct suspension of cells and induce significantly higher fluidic 

shear forces, which can be damaging to aggregate formation and subcellular structures. 

The novel design, shown in Figure 3.1, incorporates a bubble-catching channel around 

the exterior of the device that isolates the fluidic disruption caused by nascent bubble 

formation, preventing shear damage to sensitive cell constructs. 
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3.1.2 Motivations, Novel Bioreactor Objectives, and Design Constraints 

Concurrent with the completion of the novel RWV design of my master’s 

research, Dr. Swaroop’s lab at the NEI completed and published their work evaluating 

retinal organoids grown in a commercially available RWV bioreactor.26 They 

demonstrated considerable success in the generation of bioreactor-grown mouse ES 

retinal organoids, which appeared to surpass retinal organoids grown in devices with 

higher shear.110 The system used by the Swaroop lab, the continuous perfusion RCCMax 

bioreactor, also produced by Synthecon, functioned well, however, its design was of a 

general nature. While intended for long-term culture of 3D cells/aggregates, it was not 

ideally suited for retinal organoid culture for several reasons. First and foremost, the 

RCCMax has a significant number of plastic components that are either brittle or 

 
15Figure 3.1 – An example of the previously described novel HARV system.109 
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otherwise prone to wear. For extended cell culture, such as the weeks for murine, or 

months for human retinal organoids, there is a high likelihood of these components 

breaking or failing, typically causing contamination or another type of leak that results in 

the failure of the entire experiment. Second, the RCCMax and similar systems require a 

high volume of media (~200 mL) relative to the yield of cells and organoids. While this 

is not particularly problematic for short experiments in simple culture medium, like 

DMEM, longer experiments with specialty medium or expensive additives can cause 

even single experiments to be financially impractical. For example, a human retinal 

organoid study requires addition of retinoic acid and hIGF every other day for several 

months. With a 100 mL media change with corrective additive concentrations, the media 

costs alone could exceed five figures. Finally, though not a critical issue, protocols for the 

sterilization and use of this bioreactor can be complex, requiring significant training for 

multiple users. 

With these considerations in mind, the novel bioreactor had two primary 

objectives and one secondary objective. Primary objective one was to increase the 

reliability of the bioreactor by either eliminating fragile parts or by reinforcing them. 

Primary objective two was to substantially reduce the operational medium volume of the 

system. Although a specific volume was not targeted, a reduction of at least 50% would 

be considered a success with an improved target of approximately 75% medium volume 

reduction. These objectives must also be approached with several design constraints in 

mind. First and foremost, the system must be able to fit into a standard cell culture 

incubator and operate for an extended period in this high temperature and humidity 
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environment. Second, with an ultimate objective of cost reduction, the cost of materials 

and equipment should be reasonably low so that such a device could be easily reproduced 

by other groups if requested. This also extended to making all design files available upon 

request. Finally, as a cell culture device, all materials must be non-cytotoxic and capable 

of sustaining repeated sterilization with no negative impact on materials or culture. 

 

3.2 Methods 

3.2.1 Bioreactor Concept 

 The novel continuous perfusion bioreactor design was broadly inspired by our 

previously described novel, bubble-catching HARV design.109 A CAD diagram of the 

individual parts of that system is shown in Figure 3.2. The motivation for basing the new 

design on the previous model was two-fold. First, a significant amount of material, 

sterilization, cytotoxicity, and leak-proofing troubleshooting went into the design of the 

previously described HARVs. It was likely that any system designed from scratch would 

encounter similar problems. Second, and far more importantly, was that its inherent 

design incorporated two changes intended to solve one of our major design objectives 

(reduction of operational media volume), first, decreased bioreactor cylinder height 

without reduced radius, and second, an off-axis flow element for media perfusion. 
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The standard Synthecon, Inc. RCCS device uses an extended cylinder as its 

rotating bioreactor core. Perfusion in that system is achieved through a substantially 

lower diameter column running through the center composed of a hollow microporous 

plastic. This hollow tube then has a small plug or stopper inserted a set distance into the 

tube (as specified by the manufacturer). When the peristaltic pump of the system is in 

operation, media is forced down the length of the tube, then hits the stopper and is forced 

through the microporous plastic, circulated through the bulk of the media, then is drawn 

back through the microporous plastic on the outlet side of the stopper, thus completing its 

perfusion cycle. The degree to which the fresh media is perfused through the old media is 

a function of the flow rate of the pump, the position of the plunger in the tube, and (most 

importantly) the total length of the bioreactor cylinder. If this approximately 15 cm long 

 
16Figure 3.2 – A 2D CAD representation of the previous HARV design.109 
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cylinder had its length reduced to, say, 5 cm, the media flow could be reduced so 

drastically as to functionally eliminate the perfusion effect. Alternatively, the diameter of 

the cylinder cannot be reduced, because the larger diameter gives a “range” of velocities 

(across its angular velocity), enabling cell structures of different diameters or densities to 

stay in suspension, regardless of sedimentation rate. Finally, regardless of the ultimate 

redesign the bioreactor receives, great care must be taken to ensure the extremely delicate 

fluid dynamics generated in an RWV are not disrupted by the new design.  

Despite these limitations, the previously described novel design has been 

thoroughly evaluated to ensure it can produce the correct fluid dynamics for cell 

aggregate suspension.109,111 Moreover, the unique position of its exterior channel offers a 

significant opportunity to remove the need for perfusion from the central axis of the 

bioreactor. This provides the option of decreasing the length of the bioreactor cylinder, 

reducing volume without decreasing the diameter of the system and altering the range of 

rotational fluid velocities. The basic concept of the device is to run perfused, oxygenated 

media through the exterior channel of the bioreactor, and use diffusion to provide fresh 

media to the cell in the interior volume. By incorporating other redesign aspects, 

particularly the incorporation of steel bearings, we expect to also improve the robustness 

and reliability of the system substantially. 

3.2.2 Bioreactor Design 

 In the broadest possible context, the design of the novel bioreactor resembles 

some components of the perfusion bioreactor produced by Synthecon, Inc. The media is 

pushed by a peristaltic pump, providing pressure on a media reservoir. This pressure then 
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pushes the media through a length of thin-walled silicone tubing that serves as a gas 

exchange column. The media is then run through a rotary stopcock so it can perfuse 

through a central bioreactor core, which is being rotated by a motor. The media is then 

drawn back through another rotary stopcock and back into the peristaltic pump, thus 

completing the media cycle. However, past this point, several major aspects have been 

redesigned. First and foremost, the central bioreactor core, formerly a long cylinder with 

a microporous perfusion column, has been replaced by a system resembling the HARV 

with a similar diameter but radically reduced length, decreasing the volume of the central 

core to approximately 12 mL. The perfusion through the microporous column is replaced 

with tubing connecting the inlet rotary stopcock to a secondary stationary stopcock that is 

rotated with the entire central core. This stopcock can be changed to either fill the main 

volume of the bioreactor or exclusively perfuse the external channel. Similarly, the output 

rotary stopcock is connected, by tubing, to another stationary stopcock being rotated that 

can act either as an outlet for the main volume for emptying or as an outlet for channel 

perfusion. The complete “circuit” of the media through the system is shown in Figure 3.3, 

with the optional inlets and outlet positions of the central bioreactor core shown in Figure 

3.4.  

 Other changes were made to how the bioreactor core and rotary stopcocks are 

held in place. These changes were made to reduce pressure and wear on the plastic 

components, particularly the rotary stopcocks. The design accomplished this with the 

inclusion of metal bearings and metal timing belt pulleys. Importantly, the metal bearings 

had to have a large inner diameter (~ 19 mm) to allow for the full body of the rotary 
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stopcock to fit inside them. The intent was for the portion of the stopcock most likely to 

break (i.e., the intersection between the two moving bodies) to be positioned exactly in 

line with the bearing to maximize pressure offset. Further, to maximize this pressure 

offset, the solid plastic components of the bioreactor system were designed such that the 

rotary stopcock “fits” precisely in custom-made slots that equally distribute pressure 

across the surfaces. This was accomplished with a novel 3D printable design. 
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17Figure 3.3 – The media flow “circuit” of the novel perfusion bioreactor design. The 

“Bioreactor Cell Culture Core” is shown as a side view cross-section with the 

interior ports representing filling and the exterior ports representing perfusions. Each 

stopcock can be adjusted to set the correct flow path.  
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18Figure 3.4 – The position of the filling and running (perfusion) input and output 

locations on the bioreactor core. The filling ports prime the device with media for 

operation. The running ports will constantly perfuse media around the exterior 

channel while the system is running. Not shown: a port for adding and removing cells. 
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Figure 3.5 shows a CAD diagram indicating which parts were 3D printed and 

their general design. Supplementary Figure 2.2shows an exploded view of this diagram 

and demonstrates how the parts “nest” together to take tension off the rotary stopcocks, 

with each of the major parts labeled. Also important to the design is the modularity of the 

system and its ease of use. To aid that, multiple parts can be manipulated as needed. For 

example, the long channels shown in the feet of the bearing holders in Figure 3.5 enable 

the bearing holders to be slid to an “open” position, allowing for easier access to the 

bioreactor core for it to be loaded/unloaded, filled, or otherwise manipulated. Other 3D 

printed components were the gas exchange column, the rod holder for power transfer 

 
19Figure 3.5 – A CAD diagram showing the complete bioreactor excluding motor and 

fluid circuit components. The light gray components indicate 3D printing objects, 

dark gray indicates metal and machined parts, transparent indicates laser-cut acrylic. 

The blue and yellow components are purchasable rotary stopcocks. 
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from the motor, and the media reservoir holder. The motor was held in place with a laser-

cut 1/4” acrylic holder. 

 Although the fluid dynamics of the system had been evaluated for the previous 

HARV iteration, the addition of perfusion through the exterior column can possibly 

disrupt these dynamics and introduce potentially damaging shear or incorrect suspension. 

The fluid dynamics of the new perfusion system were modeled in ANSYS Academic 

2020 (version 20.2.0) using the CFD system Fluent. Briefly, modeling was carried out 

with a rotational rate of 15 rpm (similar to working rotational speeds) and a channel flow 

rate of 1 mL/min (approximately the nominal range of the selected peristaltic pump). The 

mesh was generated using adaptive sizing and resulted in 23,374 nodes with 106,972 

elements. The flow inlet was set for the port nearest the channel opening with the outlet 

at the end of the channel, like in the real device. Gravity was set to -9.81 m/s2. The solver 

was set to pressure-based, with absolute velocity formation, and steady time. The “k-

omega (2 equation)” viscous model was used in the solution. The fluid was set to the 

ANSYS database liquid water, with aluminum as the solid material. Solution methods 

were coupled pressure-velocity with the “PRESTO!” pressure setting for spatial 

discretization. Other settings were kept at default. A pseudo timestep was set to 0.1 

seconds and was solved for 10,000 iterations, which was more than enough for stable 

fluidic dynamics to be established. The model was also run with rotation turned off. 

 Finally, the design includes the addition of two powered components. First, a 

commercially available peristaltic pump was obtained to circulate the media. While it is 

an option to redesign and construct an alternate peristaltic pump system, personal 
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experience and implicit limitations of the design suggest that this would not be any better 

than an off-the-shelf design. Fundamentally, the peristaltic pump requires the 

compression of flexible tubing that must be purchased (typically Tygon™ tubing, Cole-

Palmer, 1/16” ID, 3/16” OD). This tubing, being the most common failure mode, would 

still need to be included in the device and thus could not be improved. The second 

powered system is that of the motor. Although there are multiple options for powering 

the system, the design tended towards ease of construction, and thus incorporated a 

brushed DC motor with a planetary gearbox to ensure high torque. The system is 

controlled by a simple Arduino microcontroller and H-bridge design. The circuit diagram 

of that design is shown in Figure 3.6. 
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3.2.3 Bioreactor Fabrication 

 Fabrication of the novel perfusion bioreactor required several manufacturing 

methods. This section will briefly detail the processes of standard filament 3D printing, 

acrylic laser-cutting, electronics fabrication with soldering, machining including mill and 

lathe work, and the bioreactor’s overall assembly.  

 Beginning with 3D printing, the light gray components shown in Figure 3.6 

represent the majority of the 3D-printed components in the bioreactor design. Briefly, all 

printed components were manufactured with 1.75 mm PETG (polyethylene terephthalate 

glycol) copolymer filament (Overture 3D). PETG was selected over the more traditional 

PLA (polylactic acid) due to its higher temperature, moisture, and wear resistance, with 

the expected use of these materials in a 37 °C, high humidity incubator. Components 

were printed on an Anycubic i3 Mega S printer (Anycubic). PETG was printed at a 

 
20Figure 3.6 – A diagram of the design of the electronic components for the 

bioreactor motor. Not shown, the power supply and the motor proper. 



69 

 

nozzle temperature of 240 °C with a bed temperature of 80 °C. Because PETG is highly 

hygroscopic, the filament was drawn from a custom-built “dry box” to prevent moisture 

accumulation in the material prior to printing. All component designs were drawn from 

Fusion360 (AutoDesk) and sliced in Cura 4.5.0 (Ultimaker). Generally, default slicer 

settings (for PETG) were used, with a minimum of 10% infill to ensure sufficient 

component strength. Minor post-processing was required, and was limited to the removal 

of support material and re-boring screw holes to ensure correct fit.  

 In total, two material types were laser-cut to construct the interior volume of the 

bioreactor, a) 3/16” continuous cast acrylic, and b) 1 mm transparent silicone sheet. All 

laser-cutting designs were completed in AutoCAD 2020 (AutoDesk) based on the design 

from Figure 3.2, as previously described.109 Laser-cutting was performed on a Universal 

Laser Systems VLS 6.60 laser-cutting system using a 2.0 objective cutting lens. Cutting 

settings were selected according to the relevant material types and thicknesses as listed in 

the VLS software with a +25% adjustment for thickness and a +10% vector cutting 

power to ensure a cleaner cut. Following laser-cutting, all ports in the acrylic design 

requiring threading were cut using a 3/16” tapping set. After tapping, acrylic parts were 

annealed (to decrease their propensity to fracture and increase their resistance to ethanol-

induced cracking). To anneal, the acrylic was kept on flat, heatproof surface (to prevent 

warping and imprints) and heated to at least 85 degrees Celsius in a laboratory oven. 

After one hour, the temperature of the oven was slowly reduced over the course of 

several hours. The oven was then turned off and the plastic allowed to slowly reach room 

temperature. 
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 Power transfer from the rotation motor to the cell culture core was accomplished 

using timing belts and gears typically used for 3D printing setups. Unfortunately, we did 

not find commercially available with the correct dimensions to meet the necessary design 

criteria. Although a correct shaft size is available for the motor, the inner diameter (ID) of 

the timing gear needed to be sufficiently large to accommodate for both the continuous 

perfusion tubing and its 3D printed connector. Subsequently, the 60-tooth, 8mm ID 

timing pulley (for 6mm timing belt) (BIQU GT2) was purchased commercially and 

machined down. Briefly, the gears were placed on a metal lathe, with care taken not to 

over-torque the chuck and damage the part. A series of drill bits, starting at 3/8” (3/8” = 

0.375”, 8 mm = 0.315”), were used to incrementally increase the ID of the gear until 

finishing with a 1-3/16” bit, the necessary ID of the part according to the design. The 

before and after of the part is shown in Supplementary Figure 2.4. Additionally, the entire 

bioreactor structure was built into 1/2” acrylic sheet to provide a robust foundation. For 

this, the acrylic was cut down to the appropriate size (11”x18”) on a table saw. Then, 

using baseline dimensions, the positions of all the screw holes for all components 

attached to the base (bearing holder arms, motor holder, shaft holder, etc.) were drilled 

into the acrylic using a Bridgeport mill and a 1/8” drill bit. 

Fabricated electronics components were the bioreactor driver and a modified 

ribbon cable. The bioreactor driver (design shown in Figure 3.6) was built into a simple, 

laser-cut acrylic box. The final major (commercially available) components were dual H-

bridge (L298N, HiLetgo), a 12V DC brushed motor with a 35:1 gear ratio planetary 

gearbox and rotary encoder (CQRobot), an Arduino Nano (ATMega328T), standard 9-
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pin male and female connectors, push buttons to control speed, and a 1-inch LCD screen 

for visual outputs. Parts were soldered together into a standard prototyping circuit board. 

The driver was powered by a 12V 5A laptop power supply. There are two things to note. 

First, the Arduino requires 5V of power (maximum 9V) so the selected H-bridge has both 

a 12V and 5V output, the latter of which was diverted to power the microcontroller. 

Second, the system runs its motor power through a ribbon cable with 28-gauge wires. 

This gauge is simply too low to handle the current required to power the motor, so three 

wires each were used to split the current for the positive and negative current, with the 

remainder used for ground and encoder control. 

 Prior to final assembly, all washable components were thoroughly washed with 

warm soapy water to remove major contaminants, greases, or oils accumulated during 

fabrication or machining. Assembly proceeded as expected, first with the construction of 

the interior bioreactor chamber, then the surrounding core, followed by installation of the 

remaining 3D-printed components, then the connecting of the timing belts to the motor 

shaft, ending with connection of all tubing and stopcocks. An air-filled syringe was used 

to pressurize the system to evaluate if air was being lost, indicating the possibility of 

leaks or improper sealing. If properly sealed, the pressurized syringe would exhibit 

resistance with increasing pressure, while a leaking system, the pressure would normalize 

with the syringe still depressed. All tubes and Luer lock connectors were double-checked 

before use.  
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3.2.4 Validation of Bioreactor Functionality 

 Prior to use of the bioreactor system for the culture of expensive and technically 

difficult organoid experiments, the system underwent a complete, practical validation. 

Each method of validation used is described briefly, below. 

 Materials cytotoxicity: Briefly, the lack of cytotoxicity of the majority of the 

materials used in the construction of this device had already been thoroughly established 

in previous research.111 This includes the acrylic, the silicone gasket material, and 

materials used for ports and barbs. Fortunately, the 3D-printed components do not come 

in contact with the culture media and ultimately did not require cytotoxicity validation. 

The only material that had not been evaluated was the tubing. However, the same tubing 

(Tygon silicone tubing, Cole-Palmer) is identical in material and brand used in the 

Synthecon, Inc. bioreactor. Subsequently, it was determined that cytotoxicity testing was 

not required.  

 Leak-proofing: The prevention of leaks was of critical importance to prevent 

contamination during operation. Additionally, if a device leaks significantly (in large 

volumes or from multiple places), it becomes extremely difficult to correct without a total 

disassembly and reconstruction or potentially a redesign of the system. Subsequently, 

leak-testing was performed in advance of all other forms of validation. Leak-testing was 

compartmentalized prior to full assembly, then performed again after assembly. To leak-

test smaller components, the devices were left empty (just air) and all but one intended 

exit port for the liquid were capped (with either male or female Luer lock caps). A 10 mL 

syringe was filled with air, then connected to the last remaining port. The entire 
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component was then submerged in water and the plunger depressed. The liquid was then 

observed for bubble formation. If no bubbles were observed, the pressure was released 

from the plunger and the plunger was observed to ensure positive pressure in the system 

returned it to its initial position. If bubbles were observed, the cause of the leakage was 

fixed (described in results) and the test was repeated until no leakages were observed.  

Because the assembled bioreactor was too cumbersome and sensitive to 

completely submerge, another method was used. The final device was filled completely 

with DI water and all ports were closed except for one end of a 3-way stopcock, 

connected in-line with the system. A liquid-filled 10 mL syringe was then connected to 

the stopcock and pressurized. The bioreactor was checked for formation of water droplets 

with a dry paper towel. If none was observed the pressure was removed from the plunger 

and observed as in the air test (as described above). If leaks were observed, they were 

corrected immediately and the process repeated. 

 Practical fluid dynamics: Next, despite CFD demonstrating that the device should 

have favorable fluid dynamics, the significant number of assumptions, simplifications, 

and insufficiencies that went into the computational modeling necessitated practical 

validation of the novel bioreactor’s fluid dynamics. This was accomplished simply by 

setting up the bioreactor on a bench and running it as if under nominal conditions (15 

rpm, low channel flow rate). Then, several drops of blue food coloring were added to the 

media reservoir and the system was timed to determine the period required for the entire 

system to reach equilibrium, that is, for the central core to become fully blue and the 



74 

 

same color as the remainder. This was determined to be the rate of turnover of 

oxygenated air in the bioreactor core.  

 Rate of oxygenation: To determine how quickly the system turned over oxygen, 

DI water was boiled for 20 minutes to significantly deoxygenate it. It was then placed in 

a sealed container with no air gap and allowed to come to room temperature. 25 mL of 

the deoxygenated water was then added to the bioreactor and the system run under the 

above-described nominal conditions with a dissolved oxygen probe (Pinpoint II 

Dissolved Oxygen Meter, American Marine Inc.) at 1 (later 5) minute increments. The 

system was timed to determine the period required for the in-line water to reach baseline 

oxygen concentrations, as established prior to the deoxygenation. To prevent air mixing 

in the system during startup, the entire system was “primed” with 10 mL of deoxygenated 

water (the volume of the tubing circuit) before starting. The original 25 mL was then 

collected before the circuit was established. Recordings were taken when the values 

reported by the digital monitor did not change for more than 30 seconds. 

3.2.5 Bioreactor Operation Protocols 

 An extended description of the operation protocols for the novel bioreactor 

system is provided in the supplement.  

3.2.6 Stem Cell Culture Protocols 

 Stem cell culture was generally carried out according to established practices 

previously described in publications of mouse pluripotent stem cells from Dr. Swaroop’s 

NNRL lab.114,115 Briefly, mouse embryonic and induced pluripotent stem cells produced 

by the NIH (both endogenously tagged with green fluorescent protein on the NRL (neural 
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retinal leucine zipper) gene) using established methods,80,116 were thawed and seeded 

onto radiation-growth arrested mouse embryonic fibroblasts cultured on gelatin-coated 

T25 flasks. The medium used for stem cell expansion was “stem cell maintenance 

medium” composed of knockout DMEM (Gibco) with 15% embryonic stem cell-

qualified FBS (Life Technologies), and 1X each of NEAAs (Gibco), 1X GlutaMAX 

(Gibco), and pen-strep (Gibco). Additionally, for each media change, 1 µL of 55 µM β-

mercaptoethanol (2-ME) (ThermoFisher Scientific) per 1 mL and 5 µL 2,000 U/mL of 

Leukemia Inhibitory Factor (LIF, MilliporeSigma) were added fresh. All passaging of 

cells was completed with TrypLE (Gibco) (0.5 mL for 3 minutes) or Accustase 

(ThermoFisher Scientific) followed by straining in 100 µm cell strainers (Corning). Stem 

cell colonies were passaged regularly based on the size of the colonies, with passaging 

occurring when colonies were under 200 µm to avoid over-confluence. 

3.2.7 Organoid Differentiation and Culture Protocols 

 Organoid differentiation and culture were performed as a slight modification to 

the two previously described methods for 1) mouse retinal organoid culture (HIPRO), 

and 2) retinal organoid culture in an RWV bioreactor.26,115 Starting with early 

differentiation, cells were detached using TrypLE, first by rinsing the plate with 1 mL 

and immediately aspirated, with another 1 mL added after which was incubated for three 

minutes, before deactivation and detachment with medium. Cells were then broken up by 

gently pipetting up and down 15 times in a 10 mL serological pipette against the walls of 

a 15 mL conical tube, with efforts taken to avoid mixing bubbles into the liquid. Because 

feeders were used, the entire solution was resuspended after pelleting and placed in a T25 
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flask for 20 minutes to allow the fibroblast cells to adhere to the flask. The supernatant 

was collected and then centrifuged again and re-suspended in retinal differentiation 

medium composed of GMEM with 1x NEAAs, 1x sodium pyruvate, and 1.5% 

KnockOut™ Serum Replacement (Gibco). Cells were then filtered through a 40 µm cell 

strainer (Corning) and the single cells were counted by hemocytometer and the 

concentration adjusted until approximately 3-5 x 104 cells/mL. 100 µL of this solution 

(with constant inverting to maintain a homogenous solution) was added to all the interior 

wells of a U-bottom, low-attachment 96-well plate (Corning). The exterior wells were 

filled with sterile PBS to prevent drying of the interior wells. When the cell solution was 

added, it was directed to the side of the well to prevent bubble formation. This was then 

incubated for 24 hours at 37 °C, 5% CO2 and 5% O2 (hypoxia). Hypoxia was maintained 

until the D10 transition to the bioreactor. 

 After 24 hours (Day 1), diluted Matrigel (Corning) was added to the cells. Since 

Matrigel can congeal at even moderately warm temperatures it must be thawed slowly on 

ice and great care must be taken to prevent the Matrigel from exceeding 4 °C until the 

addition to the 96-well plates. To do this, all vessels, pipette tips, and tubes were kept in 

the freezer until immediately before use. Briefly, on ice, 240 µL of the freshly thawed 

Matrigel was added to 900 µL of cold retinal differentiation medium with fresh 2-ME. 20 

µL of this solution was quickly added to each well. The dish was then returned to the 

hypoxic incubator condition, undisturbed, until Day 7. On Day 7, the organoids were 

carefully drawn from the plate using a wide-mouth 1000 µL pipette tip and were allowed 

to sediment in a conical tube, before changing the media to 6 mL retinal maturation 
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medium 1 (RMM-1) of DMEM/F12 (50:50) with GlutaMAX (Gibco), 1x pen-strep, and 

1x N2 Supplement (Gibco), which was filtered before the addition of the N2. This 

organoid suspension was then transferred to a poly-HEMA (low attachment material) 

coated 100 mm petri dish with an additional 6 mL of media used for rinsing. The petri 

dish was then placed back in the hypoxia incubator until Day 10.  

 On Day 10, the organoids were transferred into the bioreactor using the 

operational protocols described in section 3.2.5. The media used in this step was the 

RMM-1 with additional additives, 1 mM taurine, 20 ng/mL IGF1, 55 µM 2-ME, and 0.5 

µM 9-cis retinal (RA). There are two things to note here. First, the RA is extremely light-

sensitive. All RA steps were carried out place in a dark hood and care was taken to 

prevent exposure to direct light. Second, the standard protocol (HIPRO) calls for the 

addition of DHA (docosahexaenoic acid) but its purpose was to produce cone 

photoreceptors, which were not a goal of this study. The HIPRO protocol requires the 

addition of PEDF protein for activation, which was not included in the standard protocol. 

The HIPRO protocol then calls for media changes every 2 days. Unfortunately, due to 

COVID-19 social distancing restrictions, this was not always possible for these 

experiments and had to occur every 2 or 3 days depending on timing. Additionally, the 

bioreactor paper calls for termination of the experiment at Day 25, again, due to social 

distancing requirements, this had to be Day 24.  

3.2.8 Analysis and Immunohistochemistry (IHC) 

 After the completion of the cultures (D24), all organoids were collected and 

preliminarily imaged with a standard phase-contrast, light microscope for comparative 
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evaluation of organoid size using the area tool in ImageJ (FIJI) as previously 

described.111 After imaging, all organoids were fixed for later IHC analysis. Briefly, 

organoids were transferred to 15 mL conical tubes and allowed to settle to the bottom. 

After 5 minutes, the majority of the media was aspirated off, and the organoids were 

suspended in 5 mL of cold, 4% paraformaldehyde (PFA, Electron Microscopy Science) 

and left for 30 minutes in a 4 °C refrigerator. The organoids were then rinsed thoroughly 

with DPBS and then suspended (cryoprotected) in 30% sucrose solution at least overnight 

(until all organoids sank). Fixed organoids were embedded for cryosectioning using M-1 

Embedding Matrix (ThermoFisher Scientific) in isopentane over dry ice. Blocks were 

kept at -80 °C for 24 hours before sectioning. Sectioning was completed on a 

ThermoFisher cryostat at -14 °C with a 10 µm section thickness. Sections were 

immediately placed on Superfrost™ Plus microscope slides (Fisher) and allowed to dry at 

room temperature for 24 hours. The slides were then either used immediately or stored at 

-20 °C until ready for use. 

 For Immunohistochemistry (IHC) standard immunostaining procedures were used 

to complete the IHC.114 All steps were performed on a humidified slide shaker. Briefly, 

after drying, the section containing the tissues was delineated with a hydrophobic pen and 

rehydrated for 10 minutes with neutral pH PBS. The tissues were then permeabilized with 

two 10-minute washes with a washing buffer containing 1% FBS in 0.4% Triton X-100 

(Sigma) in PBS. Slides were then blocked with 5% FBS in PBS for 60 minutes. The 

primary antibodies diluted in 1% FBS in PBS dilution buffer at the dilution appropriate to 

each antibody (see below), first for one hour at room temperature and then overnight at 4 
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°C (humidified). The following day, slides were rinsed twice for 10 minutes each with 

the washing buffer and incubated with the secondary antibodies diluted in the 1% FBS in 

PBS for 1 hour at room temperature. Slides were rinsed twice with PBS and stained with 

DAPI at 300 nM in PBS for 5 minutes, then rinsed with PBS three times. Samples were 

then dried and each treated with one drop of Fluoromount-G (SouthernBiotech). Finally, 

a cover-slip was placed over the tissue and the edge sealed with clear nail polish. Slides 

were stored at -20 °C until ready for imaging on an Olympus FSX100.  

 Primary and secondary antibodies, host animals, and concentrations were as 

follows: Brn3a, rabbit, 1:200 (Abcam), Rho (rhodopsin), mouse, 1:500, (Abcam), GFP, 

chicken, 1:500 (Abcam), Rabbit IgG Alexa Fluor 594 (red), donkey, (ThermoFisher 

Scientific), Chicken IgG, Alexa Fluor 488 (green), donkey (Jackson ImmunoResearch), 

DAPI (1 µg/mL) (Life Technologies), Mouse IgG Alexa Fluor 647 (deep red), donkey, 

(ThermoFisher Scientific). All secondaries were diluted at 1:1000. 

3.2.9 Statistical Analysis 

 Statistical analysis of organoid cross-sectional area was completed with a 

student’s t-test with significance conferred for a p-value less than 0,05. 
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3.3 Results 

3.3.1 CFD  

  

 
21Figure 3.7 – CFD Results. A) The CAD model used for CFD. B) The generated 

mesh. C) A representation of the flow path of the fluid. D) Velocity vectors of the 

bioreactor fluid after stabilization. E) The same vectors highlighting the channel 

entrance. F) Pressure contours. 
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Figure 3.7 depicts a summary of the CFD results. Broadly, the results show 

anticipated fluid dynamics, likely to be conducive to the culture of organoids. This was 

due to the formation of seemingly concentric fluid velocity gradients and pressure 

gradients in the core of the bioreactor (3.7 D/F). Upon close inspection of the channel 

entrance (3.7 E), some variability in velocities was identified. There appeared to be a 

slowdown in fluid flow at this point. While this could serve as a source of disruption, it 

was far enough towards the exterior of the organoid path that it was unlikely to interfere. 

Additionally, similar patterns were seen in the HARV-style novel bioreactor devices and 

did not result in major consequences.109  

Of note is the seemingly low fluid velocity observed in parts of the channel that 

should be experiencing perfusion flow along with the relative velocity of the fluid due to 

rotation. Effectively, this is due to two reasons. First, the velocity of the device at the 

position of the channel due to rotation was significantly higher than the velocity due to 

active flow, which masked some of those dynamics. Second, the fluid gradients appeared 

to form closer to the channel boundaries. To isolate the two sources of fluid dynamics 

(rotation and pumping), the simulation was re-run with the rotation off. This is shown in 

Supplementary Figure 2.3. Several observations are noted as a result of this isolated 

analysis. First, the flow through the channel appeared mostly as expected, with spikes in 

the velocities only due to decreases in diameter associated with the ports. Second, the 

bulk of the flow appeared limited to the channel with only minor effects in the central 

chamber. Finally, referring to Figure 3.7, these effects seemed limited to the point of not 

affecting bulk flow, but may be one of the driving mechanisms that allowed slow, but 
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active mixing and diffusion of channel flow into the bulk volume, allowing for rapid 

oxygenation. This possibility is addressed in the next section. 

3.3.2 Fabrication and Validation  

 Generally, fabrication of the device was ultimately successful. After some 

modifications and post-processing, all laser-cut, 3D printed, machined, and purchased 

components nested together to form a complete system. Figure 3.8 shows the “core” of 

the bioreactor and how the 3D printed components hold the acrylic culture chamber and 

nest within the machined parts. Figure 3.9 shows how the core components fit into the 

bearing holder legs and accept the timing belts for motor control. The assembled device 

was fully sterilizable using the described method and is resistant to leaks.  

 Dye distribution and oxygenation results indicated that the device could circulate 

media through the central core relatively quickly and rapidly oxygenate the medium 

 
22Figure 3.8 – An example of the constructed bioreactor core. 
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sufficient for cell culture. More specifically, in the dye test, at nominal rotation and 

pumping speeds, dye appeared within the central core of the bioreactor consistently 

within fifteen seconds after the activation of the peristaltic pump and became uniformly 

distributed throughout the entire bioreactor volume within 3-5 minutes depending on the 

flow and rotation settings. At the lowest settings(low flow rate (0.5 mL/min, 10 rpm 

rotation), the device required just over 8 minutes (8:18) for the dye to appear fully 

homogeneous throughout the system.  

Oxygenation rates were more complex to describe due to the difference in 

“baseline”, “optimal”, and “depleted” oxygen saturation. Directly from a DI water 

source, dissolved oxygen was measured at between 4.0 and 5.1 ppm depending on 

temperature and the degree to which the water was agitated during collection. This could 

be artificially increased to “optimal” ranges by shaking a small amount of water 

vigorously in a closed container with an agitator for several minutes. The highest value 

measured with this method was 7.2 ppm. After depletion by boiling, this value could be 

reduced to between 1.7 and 2.1 ppm. This generally increased slightly when being added 

to the validation circuit, typically starting around just below 3 ppm. Oxygenation 

appeared to be rapid, with the device typically exceeding “baseline” oxygen levels within 

two to three minutes. Interestingly, oxygenation continued to increase beyond baseline 

levels to an average of approximately 6.5 ppm, approaching our the “optimal”, as 

achieved with maximum agitation of the liquid. A summary of the results over time is 

shown in Supplementary Figure 2.6. 
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3.3.3 Failure Modes, Detection, and Prevention 

 Detailed descriptions of all encountered failure modes are provided in the 

supplement. 

 
23Figure 3.9 – An example of the completed bioreactor. In this image, the device is 

filled with a light blue enzymatic detergent. 
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3.3.4 Stem Cell Culture and Organoid Differentiation 

  

 
24Figure 3.10 – An example of the differentiation processes of pluripotent stem cells 

starting as cell aggregates (Day 1 – left), the formation of embryoid bodies after 

Matrigel™ addition (Day 1 – right), through early formation of the neuroectoderm. 
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 Organoid differentiation was conducted in two general phases. Prior to the 2020 

COVID-19 shutdowns, I carried out all stem cell culture and differentiation. After the 

shutdowns, social distancing requirements prevented me from doing this in person. 

Rather, organoids were cultured and differentiated by a 3rd party at the NIH (principally 

Dr. Philip Hwang), as described in the Acknowledgements section. Images shown in this 

section and referenced for the supplement were all generated individually, while data 

shown in the next section (3.3.5) is the result of differentiation conducted by other 

individuals. These organoids were provided to me for use in the bioreactor at D10 of 

differentiation.  

 Figure 3.10 shows the differentiation process of the retinal organoids from D1 

(just after passive cell aggregation) to D9 (the day before being moved to the bioreactor). 

Ultimately, some difficulties were experienced in early differentiation but, as shown by 

the “Day 9” panel in 3.10, early differentiation was accomplished with hallmark 

lamination and subsequent invagination associated with early maturation.  
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3.3.5 Organoid Maturation in the Novel Bioreactor 

 

 
25Figure 3.11 – An example of an ideal mature organoid obtained from the 

bioreactor at the end of the culture protocol. Figure scale 400 um 
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26Figure 3.12 – Examples sizes of an organoid grown in the bioreactor (A) and under 

static conditions (B). A chart showing the differences in average organoid sizes (C). 

Scale bar = 600 µm. Asterisk denotes significance for p-values < 0.05. 
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Figure 3.11 shows an example of the highest quality mouse retinal organoids 

drawn from the bioreactor. The organoid shows crisp, clean edges with thick lamination 

indicating a thickening retinal layer. Additionally, the appearance of the dark section 

towards the core is indicative of an early pigmentation which may suggest the presence of 

RPE-like cells. Organoids in the bioreactor grew generally larger than those in static 

conditions (as shown in Figure 3.12). Numerically, bioreactor organoids grew 48% larger 

than static organoids on average with a typical area of 98.5 x 104 µm2 as compared to 

51.1 x 104 µm. While this was not quite as large as those shown in the previous 

bioreactor works, the overall trends held true. Overall, bioreactor organoids fared better 

(generally larger with better structure), the probability of “loss” of the organoids 

remained high with several batches e.g. having been seeded with 20-24 organoids 

originally, returned single-digit numbers of organoids. Although it is possible these were 

aspirated into the flow, no evidence of major cell growth (single cell or otherwise) was 

observed in the media, which may indicate the organoids were lost in other locations (like 

unused tubing or through leakages). 

 IHC:  

 Generally, IHC confirmed the presence of both GFP (indicative of NRL), Rho 

(photoreceptors), and Brn3a (ganglion cells). Examples of the IHC results of bioreactor 

organoids, static organoids (all D24), and a normal mouse P6 retina are shown in Figure 

3.13. Briefly, the IHC results were not of the same quality as those shown in previous 

bioreactor studies, likely the result of the lower number of replicates and poor organoid 

handling during the embedding process. However, what was observed were positive 

indications of the key marker genes with notable examples of minor lamination and 
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seemingly correct structure apparent in the bioreactor groups. However, this same level 

of lamination was never observed in the static groups.  
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27Figure 3.13 – IHC Results – A, B, C, D) Organoids collected from the bioreactor at 

various magnifications. E) An example of a static organoid. F) Sections of a P6 retina 

taken from a mouse. All images are stained for GFP (tagged to NRL – photoreceptor 

marker – only visible in those A-E) in green. Brn3A (a ganglion cell marker) in red, 

and DAPI in blue. Scale bar for (A) is 100 µm and applies to B, C, E, and F. Scale bar 

for D is 1000 µm. 
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3.4 Discussion and Conclusion 

3.4.1 Success and Failures of the Novel Bioreactor Design 

 The ultimate objectives of this aim were to design and test a novel perfusion 

RWV bioreactor that accomplished three goals relative to the commercial design: 1) a 

significant reduction in operational media volume, 2) improved robustness for decreased 

failure modes, 3) ease of use for new operators. The success and failures of these three 

objectives can be evaluated individually. All three of these objectives also had to be 

constrained by the need to attain or improve upon the optimized organoid cell culture 

conditions provided by the commercial device. Generally, the positive IHC images 

combined with the similar increases in organoid size observed in the results suggests this 

design constraint was maintained. Although the IHC images did not show precise 

matches to the results of the previously established bioreactor work, limitations in these 

results are likely due to insufficient experience in embedding and section of organoids. 

However, differences are still noticeable between the bioreactor and static that generally 

indicate an improvement in organoid viability in the bioreactor.  

Regarding the goals, first a reduction in operational volume was accomplished 

with at least a 75% reduction, which, with future miniaturization. could be further refined 

to approach a 90% reduction. This was ultimately the result of the largest engineering 

improvements to the device, of taking the perfusion off the central axis. This brought 

about its own challenges, specifically the risk of “loss” of organoids to the external 

channel. This challenge reduces the reproducibility of this novel design and introduces 

additional failure modes. Hence, while the first goal has been met but requires further 
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refinement for the new bioreactor to be used more reliably in other applications. CFD and 

practical validation results suggest that these issues are solvable, that is, they do not 

appear in most modeling circumstances and may occur sporadically or transiently, which 

is only observable in cultures run over a period of weeks. This may indicate, 

unobservable in short-term culture that motor speed fluctuations or pump fluctuations 

may contribute to disturbing organoid fluid dynamics, leading to their loss. Alternatively, 

clumping may occur that necessitates increasing rotational speed that is not observed 

until after sedimentation has occurred. Ultimately, these could be solvable issues if 

identified. 

 The second objective was to improve the robustness of the device and decrease 

the chances of component breakage during operation. This objective has been met with 

some significant successes, albeit also with some notable failures. In terms of successes, 

the addition of metal timing belts and bearings took significant mechanical strain off the 

more fragile and critical plastic parts. In the introduction and method sections of this 

chapter, great focus was put on the pressure experienced by the rotary stopcock. 

Undoubtedly, these components experienced a major increase in life expectancy and 

robustness after the addition of the metal parts and design changes described above. 

Throughout the course of cell culture experiments, the rotary stopcocks never 

experienced any cracking when the other parts were behaving according to the intended 

design. In fact, the only time there was any issue with the rotary stopcocks was due to an 

insufficiently tightened leg slipping, thus separating the nesting function of the 3D 

printed parts and the metal components, resulting in unintended stress transfer to the 
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stopcocks. This was totally remedied by simply double-checking that the screws were 

tightened.  

Furthermore, other components less discussed in the commercial bioreactor also 

experienced reduced wear due to the overall redesign. One notable point was the removal 

of the rubber O-ring used as a power-transfer point in the commercial bioreactor. Simply, 

a rubber O-ring was connected to the motor wheel which transferred power to the 

bioreactor through friction contact to a stippled plastic surface. This O-ring frequently 

wore out and began slipping as rubber “powder” began to accumulate. The usage of 3D 

printer-grade timing belts and gears effectively removed this problem. 

 Regrettably, some components saw no tangible improvement, and in one case, 

saw the introduction of new failure points. Due to the nature of the design, it was 

necessary to employ a commercial peristaltic pump. In the Synthecon design, a VWR 

peristaltic pump is used that employs a “jaw” mechanism to pinch the peristaltic tubing 

between the wheels and a hard surface. This led to significant wear between the moving 

and stationary surfaces and was a frequent source of failure. Instead, the revised design 

used a mini-flow pump that uses tension to maintain pressure on the peristaltic tubing. It 

was hypothesized that the removal of a “stationary” wall would reduce wear. While the 

life expectancy of the tubing may have been extended marginally as a result of this 

change, it was still ultimately a significant weak point and absolutely required changing 

after two weeks of culture.  

 Moreover, the incorporation of several novel aspects also brought challenges. The 

most frequent failure point on the revised design was the “connection” point of the timing 
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belts to form a loop. If that broke, either due to wear or over application of pressure, it 

could potentially destabilize the system, and would certainly stop the system if both 

broke. Fortunately, the latter never occurred but still represents a significant risk. In 

redesigns of this system, it would be advisable to purchase premade loops, rather than 

self-assembling them to the necessary circumference, as necessary. Another challenge 

was the risk of cracking of high-use or high-pressure 3D-printed parts. Most likely, this 

could be resolved in future designs by increasing the infill of the 3D printed parts or, in 

commercialized models, with injection-molded or machine polymer parts. 

 Finally, and possibly the least successful of the listed objectives was the goal of 

improving the ease of use of this design. This type of requirement is difficult to 

categorize objectively, as comparative ease of use is largely subjective. In my hands, 

there are several aspects of the device that appear easier to use in my hands and several 

that are more difficult. Appearing easier are media changes, clearing bubbles, and 

changing and replacing damaged parts. Generally, these took less time to accomplish and 

overall, less frustrating, or prone to error. This is countered by additional difficulties in 

loading and unloading organoids into the system and setting the correct rotational speeds 

(as described in the failure modes section). On the former point, this is the result of three 

changes to the design. First, in the commercial design, the bioreactor unit can be lifted 

directly off its motor bed, allowing for manipulation as necessary to aid in loading. The 

inclusion of bearing and timing belts in the new design means the device can only be 

marginally canted during operation by separating the core from the bearing holders. This 

makes accessing the ports of the novel system more difficult. Second, the original design 
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for the organoid loading/unloading port entailed a flexible tube to assist loading. 

However, a port design could not be found that had sufficient internal diameter to allow 

organoids to flow freely. Subsequently, in the new device, the loading port is on the 

bioreactor face which can be difficult to access. Finally, the commercial bioreactor used a 

very large loading hole while the novel system uses a standard Luer-sized hole. All these 

factors together leave a substantial learning curve for loading and unloading. It is worth 

saying, all the above-described challenges are solvable in future iterations but were 

ultimately not feasible within the scope and timeline of this work. Subsequently, the final 

objective cannot be considered fully realized. 

3.4.2 Implications for Future Novel Designs  

 Given the results, the number of failure modes experienced, and the outlined 

methods by which such failure modes could be corrected, it is likely that, should this 

device be commercialized in its current configuration, it could be made more robust and 

be an effective competitor and alternative to current commercial systems. However, the 

practicality of those changes, expenses, and demand from the research community at 

large should be factored in. Ultimately, given these challenges, the most general 

conclusion of this research is that although volume could be dramatically reduced and 

robustness improved, the complexity of use and number of ways an experiment could be 

interrupted, suggests that such a complex device with so many moving and mechanical 

parts may not be commercially viable. Simply put, any such device combining peristaltic 

pumps, rotary stopcocks, motors, and tubbing may simply not add enough value for its 

costs (monetary and otherwise). 
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 However, the lessons learned from the research can and should be applied for the 

conceptualization and design of future devices that can marry all the advantages of a 

perfusion RWV (mass transfer, oxygenation, low shear) in a package that has far fewer 

moving parts, is easier to use, and is more cost-effective. The lessons obtained from this 

research can be summarized: 1) A low shear bioreactor is necessary while maintaining 

some surface mixing for the organoids. 2) Oxygenation of the media in the bioreactor is 

necessary. 3) The fewer moving or fragile components in the system, the better. 4) 

Ideally, sterilization would be accomplished in as few steps as possible with a one-step 

autoclaving being the best choice. 5) The device should require minimal or no assembly 

with easy-to-use controls, ideally, just a single switch. 6) The incorporation of sturdy, 

lab-grade devices like magnetic stir plates or orbital shakers or even standard well plates, 

designed for use in an incubator, would likely increase robustness. 7) Tubing and 

peristaltic pumps should be avoided when possible.  

 With these considerations in mind, future device designs are likely to be 

dramatically simplified. Ideally, these would include a single-use, one-piece device, 

potentially made out of cell culture compatible resin 3D printed components, be 

dependent on external power and flow sources like a magnetic stir plate, and be totally 

autoclavable.119 These changes are likely necessary to enable wide-scale adoption of such 

devices. Ultimately, the objective of this aim, and the dissertation, is to apply engineering 

principles to design devices and techniques that will be accessible to researchers to 

advance the field of in vitro retinal tissues. Unless accessibility is made a fundamental 

priority, these results are unlikely to have meaningful impacts on the state of the art.  
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 Despite the concepts outlined in this discussion, several major questions about the 

functionality of cell culture bioreactors still exist. These include precise metabolic and 

shear mechanisms, thresholds for mechanical stress, and optimal media formulations. 

With the perspectives of this chapter suggesting new designs based on ease of use and 

robustness, it is critical to evaluate more specific mechanisms so that metrics relevant to 

future devices can be quantifiably incorporated into their design.  
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CHAPTER 4: AIM 3 - RETROSPECTIVE BIOINFORMATIC ANALYSIS OF 3D 

CULTURE TRANSCRIPTOME DATA REVEALS UNDERLYING 

MECHANISMS OF BIOREACTOR ADVANTAGES 

 

4.1 Rationale and Hypothesis 

4.1.1 Evidence and Speculation on the Mechanism of Bioreactor Function  

 Dynamic bioreactors and their use in the culture of 3D in vitro tissues has been 

described in the literature for decades.52,120-122 The mechanism of the action of dynamic 

bioreactors in 3D cell culture (as described in Figure 1.4) has long been established (to 

the point of dogma) of being a function of increased transport of oxygen, glucose, and 

other nutrients with improved removal of waste products like carbon dioxide and lactate 

with a component of applied fluidic, mechanical shear. I have made this claim myself, 

several times, in published works.27,109 However, and potentially the most controversial 

statement of this dissertation, the generally accepted mechanistic explanation of 

bioreactor function is poorly established by modern analytical standards.  

To adequately defend such a controversial claim, I did a deep dive of the existing 

literature on the subject. For example, a common reference (over 300 citations) to this 

claim is an article by RM Sutherland, et al. from 1986 titled, Oxygenation and 

Differentiation in Multicellular Spheroids of Human Colon Carcinoma. From the title 

alone, the assumption would be that 3D constructs are dependent on oxygen. However, in 

the article, they state, “In addition to the presence of gradients of oxygen concentration, 

gradients of other metabolites and catabolites are likely to occur…. Tumor microregions 
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often develop areas of hypoxia and acidosis as well as deprivation of critical nutrients 

such as glucose.” Citations of this work have gone on to become the cornerstone of the 

dogmatic claim of oxygen and nutrient gradients in 3D cell cultures. For example, the 

2004 review, “The role of bioreactors in tissue engineering” by Martin, et al. which has 

been cited over 1,300 times, references the Sutherland paper in saying, “It has long been 

known that the supply of oxygen and soluble nutrients becomes critically limiting for 

the in vitro culture of 3D tissues.” The 1986 Sutherland reference is the only citation 

defending this claim. 

While the claim of altered oxygen consumption is well defended in the Sutherland 

research, the claim of the changes in the metabolism of glucose and other nutrients leads 

to a 1985 article by JP Freyer and RM Sutherland titled, “A reduction in the in situ rates 

of oxygen and glucose consumption of cells in EMT6/Ro spheroids during growth.123 This 

article, does indeed support all the above claims. In their work, Freyer and Sutherland 

used a well-established oxygen probe and a well-established glucose assay kit (produced 

at the time by Sigma Chemical Co. and still in production by Sigma-Aldrich) in their 

evaluations. Their methodologies were suitable for the scientific standards of 1985, and 

their data were likely as accurate (though perhaps somewhat less precise) as any modern 

techniques. They then, with references to another of their papers – Freyer and Sutherland, 

“Regulation of Growth Saturation and Development of Necrosis in EMT6/Ro 

Multicellular Spheroids by the Glucose and Oxygen Supply”– demonstrate that reduction 

in either oxygen or glucose availability decreases spheroid growth rates, but not as 

drastically as if both are reduced.124 They also look at rates of consumption of oxygen 
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and glucose, gradient formations, volumes of active cells, volumes of necrotic cells, and 

accumulation of waste products. Virtually all their results align with the generally 

accepted consensus of how bioreactors improve 3D cell culture growth by counteracting 

said gradients.  

However, a quantitative analysis of their results with the incorporation of some 

additional context from an engineering perspective can paint a different story. First and 

foremost, perhaps one of the most important findings in the 1985 Freyer and Sutherland 

paper is typically less discussed.123 They say, “…reducing the oxygen concentration from 

normal to near zero, while maintaining the glucose concentration constant, results in a 

threefold increase in the rate of glucose consumption but appears to have no effect on the 

rate of oxygen consumption…Lowering the glucose concentration to ~ 3% of normal had 

no significant effect on the rate of glucose consumption, but resulted in a 1.7-fold 

increase in the rate of oxygen consumption.” Figure 4.1 shows two tables taken from the 

original 1985 work by Freyer and Sutherland that describe how consumption of oxygen 

and glucose change when concentrations of those compounds are altered. Notably, a 

reduction in oxygen concentration (Figure 4.1, Table 1) from normal conditions (0.28 

mM) to the next step down (0.07 mM), a four-fold reduction, does not cause a detectable 

change in the rate of oxygen consumption by the cells (8.3 ± 0.51 x 10-17 M/c/s to 8.1 ± 

0.23, within the margin of error (M/c/s = moles/cell/second) but leads to an immediate 

increase in glucose consumption (18 ± 0.71 to 25 ± 3.5 x 10-17 M/c/s, which is well 

outside the margin of error). Meanwhile, lowering the glucose concentration (Figure 4.1, 

Table 2) does ultimately result in an increase in oxygen consumption, but that effect 
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appears to be delayed until glucose concentrations are significantly lowered. For 

example, when glucose concentrations are reduced from their high glucose condition 

(16.5 mM) to approximately ten-fold reduction, oxygen consumption changes from 8.1 ± 

0.93 to 9.1 ± 1.9 x 10-17 M/c/s with margins of error still overlapping. In other words, if 

the change was significant, a ten-fold reduction in glucose concentration only resulted in 

a 12% increase in oxygen consumption. By comparison, just a four-fold reduction in 

oxygen concentration resulted in a 28% increase in glucose consumption. Seemingly, 

these cell systems are more sensitive to changes in oxygen concentration than changes in 

glucose. 
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28Figure 4.1 – Tables taken directly from the 1985 Freyer and Sutherland article, “A 

Reduction in the In Situ Rates.” comparing oxygen and glucose consumption by 

spheroids when the availability of those compounds is modulated.113 



104 

 

While the requisite baseline experimentation into this topic has been completed 

(accurately) for over 30 years, we can still ask if the conclusions drawn from those 

experiments are correct or if any alternative hypothesis can account for the results with a 

different mechanism of action. Could it also be possible that the canonical mechanism 

also aligns with empirical observations but is ultimately incorrect?  

To illustrate this notion, I suggest considering an alternative explanation: 

According to the Freyer experiments, the ratio of glucose to oxygen consumption (by 

mole) is approximately 2:1.123 Also according to their results, typical normal oxygen 

concentrations in media are 0.28 mM at baseline. They selected a baseline glucose 

concentration of 16.5 mM, while modern high-glucose formulations (most commonly 

used) like ThermoFisher’s DMEM High Glucose is 25 mM.125 This means, while oxygen 

is consumed at half the rate of glucose, it is 100 times less abundant in media. Arguably, 

if the oxygen in the media, particularly around the cells, was not being replenished 

sufficiently quickly, the oxygen would be depleted from the media 50 times faster than 

the glucose. Even accounting for the different diffusion coefficients of oxygen and 

glucose in water (oxygen = 2.20 x 10-5 cm2/s for oxygen vs 5.2 x 10-6 cm2/s for glucose 

at 25 °C, a four-fold difference), oxygen would still be depleted more than 10 times faster 

than glucose.126,127  

Per Freyer’s own observations, this would very quickly lead to a three-fold spike 

in glucose consumption, accelerating its rate of depletion to just a few times higher than 

required for the oxygen. As glucose levels decrease, larger and larger percentages of the 

cells become quiescent, followed by necrosis as glucose depletes entirely around the 
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cells. This is further supported by research that demonstrates in super-confluent 2D cell 

cultures (similar to the surface of high cell density 3D cultures like spheroids and 

organoids), oxygen concentrations at the cell surface can be dramatically lower than in 

the remainder of the media. For example, Pettersen, et al. demonstrated that in a 19% O2 

environment, the oxygen concentration near the surface of the medium (400 µm from the 

top) were 17.39% (near normal) but just 1.1 mm deeper at 100 µm from the bottom of a 

flask of super-confluent cells, oxygen concentration was just 0.75%.128 Per the Freyer 

publication, that number would be sufficient to induce near the maximum glucose 

consumption rates by the cells due to low oxygen availability.123 

However, by our hypothetical explanation, this metabolic change would be purely 

a result of the immediate consumption of the oxygen, with changes in glucose 

concentration and metabolism being a side-effect of oxygen changes. In fact, several 

recent publications support this explanation of oxygen-dependent changes to cell growth 

in static culture.129,130 Despite this, these same publications, when suggesting bioreactors 

as a remedy to this issue, repeat the canonical explanation of bioreactors “…thus 

exposing the cells to an uninterrupted flow of nutrients and oxygen.”129 If the 

hypothesized alternate explanation were accurate, it would represent a departure from the 

accepted premise that the bioreactor mechanism is a function of improved oxygen AND 

glucose availability. Instead, it would be a function of only the improved oxygen 

availability, with all other changes to metabolites and catabolites being dependent or 

secondary to the oxygen. This alternate mechanism, while semantically minor, could 

have substantial implications for the design of bioreactors for 3D cell culture. It could 
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suggest a novel hypothesis and path for further reducing agitation and mixing 

requirements in favor of better oxygen transport, with relevance to highly shear sensitive 

systems, like retinal organoids. Further, this new explanation would suggest existing 

engineering controls in organoid growth, such as solely replenishing glucose for nutrient-

deprived cells, would not draw the cell populations out of glycolysis and would not 

accomplish the intended effect.  

Although this alternate explanation may be reasonable based on the limited 

references I have provided here, it is ultimately a myopic view based on what literature I 

have been able to uncover and chosen to present in this summary. Because this has been 

evaluated so heavily using traditional techniques, a re-evaluation using the same 

methodology would not advance the field and be ultimately counterproductive. Instead, I 

hypothesize that the application of more modern techniques, like high-throughput and 

NGS analysis could provide a more complete picture. Furthermore, because bioreactors 

are an established tool for 3D cell culture, and because we are seeking common 

generalizations of those tools, it could be possible to investigate this alternate hypothesis 

using meta-analysis of existing studies/data. 

4.1.2 Availability of Data and Significance of Meta-analysis 

 As stated previously, databases like GEO (the Gene Expression Omnibus by 

NCBI) serve as massive repositories for the accumulation of and access to the raw data 

outputs of NGS experiments. Because the above considerations warrant investigation into 

the effects of bioreactors on 3D cell cultures, we postulate that if sufficient data from 

previous, relevant experiments are available, it will be possible to perform a meta-
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analysis that could shed further light on the mechanism of bioreactor action. These data 

could serve to support established hypotheses onto the bioreactor-organoid effect, suggest 

a different mechanism, or potentially indicate that our established understanding of this 

phenomenon is incorrect. 

 These considerations prompted us to investigate the hypothesis: If multiple 

different organoid-bioreactor experiments with previously published NGS sequencing 

data can be cumulatively re-analyzed, then broader conclusions about currently 

undescribed mechanisms for improved outcomes of organoids grown in bioreactors may 

be identified and described. 

 Please note, this is work in progress, with portions of the reported results of this 

aim currently being considered for publication. Some of the currently provided 

conclusions and figures may closely resemble future publications.  

 

4.2 Methods 

4.2.1 Identification of Relevant Datasets 

 To pursue investigation of the above hypothesis, the first step was to scour 

available NGS databases for relevant experiments and datasets. To do so, we first 

outlined the requirements and parameters which would qualify or disqualify a candidate 

dataset from being included in this analysis. Due to the potentially limited availability of 

highly focused data sets, for example, there is unlikely to be a preponderance of RNA-

Seq analysis of retinal organoids grown in RWV bioreactors. Hence, concessions were 

made to expand inclusion into the meta-analysis. We decided to accept primary cells and 
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we must be willing to accept a wide degree of “bioreactor” types, which may simply be 

defined as any device which provides any degree of dynamic flow of media around the 

cells. With this information in mind, the following four parameters must be met for a 

dataset to be included in this analysis.  

1. The experiment must include direct comparisons of “bioreactor” or “dynamic” 

conditions to “static” conditions with no additional interventions. If additional 

interventions are included in the experiment, they must be distinguishable 

from our comparison of interest and will be disregarded from analysis.  

2. All comparisons must be of 3D cell cultures including, but not limited to, 

organoids, spheroids, and non-aggregated 3D tissues like those in 

microfluidics systems. 

3. All comparisons must be derived from either pluripotent stem cells or primary 

cells (in a heterogeneous population) to provide a higher fidelity 

representation of typical tissue metabolism than homogeneous immortalized 

cell populations. 

4. All experiments must include both the raw sequencing counts and raw gene 

counts (post mapping to a reference genome) to enable both analysis of the 

raw data, and analysis including appropriate reference genomes and quality 

control steps as implemented by the original authors of the work.  

Two primary methods were used to identify relevant datasets. First, a general 

search, like that of a typical literature review was performed using established keywords 

(like those in the above parameters) to identify datasets. Ultimately, this method was not 
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particularly productive, which led to a more direct approach. Two NGS databases, the 

Gene Expression Omnibus (GEO) curated by the National Center for Biotechnology 

Information (NCBI) and the Expression Atlas (EA) curated by the European 

Bioinformatics Institute (EBI), we directly evaluated using the same keywords.131,132 

Ultimately, all identified datasets were drawn from GEO.  

4.2.2 Data Processing 

 Two approaches were taken for accessing the raw data from GEO for analysis. 

First was direct access of the raw FASTQ Illumina files which are the large, unquantified 

and unaligned datasets. The second approach, and ultimately the one that was used for the 

bulk of the analysis, was accessing the raw gene counts post alignment. This removed 

some of the control I was able to impart in the data (uniform data QA, trimming, etc.), 

but adds several advantages, including allowing the experts of the respective experiments 

to select the best reference genomes and quality control techniques relevant to their 

specific cell lines and methodologies. This is particularly true of the cases like 

GSE156237 (see Table 4.1) in which experiments from a different species had the 

outputs translated to human gene IDs, enabling easier evaluation of the data.  

 Briefly, for the first method, links for each respective data set on the GEO 

webpages were followed to the relevant SRA (Sequence Read Archive) Run Selector 

page which was then imported into the online analysis tool Galaxy (usegalaxy.org). 133 

The Galaxy tool then used Tximport and Kallisto to trim and quantify the results before 

further analysis. Further details can be provided upon request but are not being included 

in this document as this was not the final method selected. Instead, all selected files 
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allowed for direct download of raw gene counts directly from GEO. All files were 

downloaded as compressed files of files types either .txt, .tsv, or .csv files. All files were 

converted to a .csv format for further analysis, either by importing the .txt files directly 

into Microsoft Excel followed by saving as .csv, or converting the .tsv to .txt first, 

followed by similar conversion to .csv.  

After conversion to .csv, all files were then manually manipulated to ensure that 

all column names and orders were sufficient for normalization using DESeq2.134 

Additionally, for each dataset file, a “conditions” file was prepared that lists all the 

column names of the respective column type and defines the “groups” that each condition 

belongs to. Normalization via DESeq2 proceeded according to the default settings as 

described by the sample code shown in the “Sample DESeq2 Normalization and PCA 

Plot” Sample Code in the supplement. 

4.2.3 Identification of Differentially Expressed Genes 

 Prior to the application of more advanced analysis methodologies differentially 

expressed genes in each dataset were compared to identify common differentially 

expressed genes between the datasets. This was completed simply by using the DESeq 

function in DESeq2 and applying thresholding of adjusted p-value of less than 0.05 and 

log2 fold change greater than 0.585 (represents fold change of 1.5). Even at this relatively 

lax standard, few differentially expressed genes were identified that were commonly 

differentially expressed in all, or even most, datasets. This promoted escalation to more 

complex pathway analysis.  
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4.2.4 GSEA Analysis 

 Gene Set Expression Analysis (GSEA) was carried out using the GSEA app in 

version 4.1.0.135 In preparation for the analysis, .txt versions of all the DESeq2 output 

.csv files were prepared with changes to the format as necessary for the operation of the 

GSEA app. Additionally, a new .cls file was made for each dataset providing a numerical 

designation for all experimental conditions respective to that dataset. All these files were 

then loaded into the GSEA app. The app was run with the following settings for all 

datasets: “number of permutations” = 1000, “permutation type” = phenotype, 

“collapse/remap to gene symbols” = Collapse. Chip platforms were selected based on the 

target species and the gene symbols or IDs relevant to each dataset. The only example of 

note was for GSE156237. Although this experiment was conducted with Macaque cells, 

the published results were pre-mapped to human gene ID symbols. This sample was run 

using the chip platform “human Uni Pro v7.4”. To improve accuracy and consistency of 

our results, three different gene set databases were used, Reactome, KEGG, and 

Hallmark.136-138 Default settings were used in all other cases. A second level of analysis 

was applied using an FDR corrected p-value (called FDR q-value) of 0.25 (as 

recommended by GSEA) and re-evaluating the results. 

4.2.5 Results Visualization  

 GSEA results were visualized in three primary ways. First, the GSEA app 

inherently outputs enrichment plots and heatmaps to represent the enrichment of select 

enriched pathways. These outputs were compiled for relevant pathways from sample 

datasets to provide a representation of the degree of enrichment exhibited by those 
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datasets. Second, the objective of this analysis is to determine which pathways are 

commonly enriched across multiple datasets. This was represented in table form with a 

select number of the most common enriched pathways. This was accomplished by simply 

combining all the lists GSEA outputs of enriched pathways from each dataset, ranking 

them, then listing them in table form. For visualization purposes, this becomes 

cumbersome, so this needed to be limited to approximately 10 most common positive and 

negative genes for each of the analysis types. To represent more of the interactions, the 

visualization tool of upset plots was used. This was accomplished using the UpSetR 

package for R (version 1.4.0). This was performed as described in the second half of the 

sample code shown in the “Sample DESeq2 Normalization and PCA Plot” Sample Code 

on the top 100 commonly enriched pathways detected by GSEA across all datasets.  
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4.3 Results 

  

GSE # Title Author Source Target Species Bioreactor 

GSE 

102727 

Accelerated 

and Improved 

Differentiation 

of Retinal… 

DiStefano, et 

al. 
ES Retina Mouse RWV 

GSE 

123498 

Large-scale 

Production of 

Human 

Liver… 

Schneeberger, 

et al. 
Primary Liver Human Stirred Tank 

GSE 

153191 

Comparison 

of microfludic 

and static… 

Beaurivage, 

et al. 
Primary Intestine Human Microfluidic 

GSE 

144656 

Stirred 

suspension 

bioreactors… 

Rohani, et al. hiPSCs No Diff. Human Stirred Tank 

GSE 

161549 

Transcriptome 

profiling of 

human 

pluripotent… 

Silva, et al. iPSC Brain Human 

PBS 

Vertical 

Wheel 

Bioreactors 

GSE 

156237 

Transcriptome 

analysis of 

non human 

primate-

induced… 

Yang, et al. iPSC Cardiac Macaque 

No 

Bioreactor: 

Hypoxia v 

Normoxia 

2Table 4.1 – A complete description of all the identified datasets including GSE# for 

accession on GEO. GSE 156237 represents a dataset comparing normoxia to hypoxia 

rather than dynamic to static. 
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4.3.1 Identified Datasets 

 A total of 6 datasets were identified for use in this meta-analysis, as described in 

Table 4.1. Of these, 5 (the first 5 listed in the table) met all four of the requirements listed 

in section 4.2.1. Briefly, these datasets represent five different target tissue types, two 

different species, and four different types of bioreactors. The 6th dataset (shown in red) 

was added, as a type of reference, after preliminary analysis of the first 5 datasets had 

been completed, suggesting a unique role of oxygen concentration to bioreactor function. 

It does not evaluate bioreactors, but instead iPSC-derived 3D cardiac tissue in normoxic 

(standard oxygen) and hypoxic (low oxygen) conditions. Notably, this dataset adds a 

third species type, Macaque, but the authors of this work included in their dataset, a raw 

gene count of their results pre-mapped to human gene ID names, making it more directly 

comparable to human.  

In each of these datasets, multiple sub-groups (typically multiple, matched 

timepoints) allow for a total of 13 comparisons to be evaluated. All the evaluated 

comparisons and their details are listed in Table 4.2. In many of these experiments, 

certain subset comparisons were not appropriate for evaluation in this study. For 

example, GSE153191 included a third condition with a pro-inflammatory additive (hence 

the inclusion of “neg” in that subset), GSE123498 included an expansion comparison 

between spin and static that was a single cell suspension, and GSE156237 included both 

a 3D normoxia and hypoxia (retained for this analysis) and 2D normoxia and hypoxia 

(excluded from this analysis). In all cases, the comparisons not relevant to the scope of 
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this study were included in the data normalization (to increase normalization accuracy) 

but not included in DEG or GSEA analysis.  
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GSE # Tissue/Cells Bioreactor Subset Comparisons 

GSE102727 Retina RWV   

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Bioreactor D18 vs Static Diss. 

D18 

Bioreactor D22 vs Static Diss. 

D22 

Bioreactor D25 vs Static Diss. 

D28 

Bioreactor D22 vs Static Intact 

D25 

Bioreactor D25 vs Static Intact 

D32 

GSE123498 Liver Spinner Flask   

   D5 Spin vs D5 Static 

D12 Spin vs D12 Static 

GSE153191 Intestine Microfluidic   

      Microfluidic (neg) vs Static 

GSE144656 hiPSCs Stirred Tank   

  

  

  

  

  

  

Stirred Suspension vs Static 

Stirred Suspension vs Static 

Suspension 

GSE161549 
Brain 

(iPSC) 

PBS Vertical 

Wheel Bioreactors 
  

  

  

  

  

  

  

Dynamic D14 vs Static D14 

Dynamic D35 vs Static D35 

GSE156237 
Cardiac 

(iPSC) 
Normoxia/Hypoxia   

     3D Normoxia vs 3D Hypoxia 

3Table 4.2 – A complete description of the subgroup comparisons to be performed in 

GSEA describing time matching of like experiments. 

 



117 

 

4.3.2 PCA (Principal Component Analysis) Outputs 

 The output PCA graphs of all six datasets are shown in Figure 4.2, with larger 

images of each shown in the supplement (Supplementary Figures 3.1-3.6). Briefly, most 

of the experimental conditions considered relevant for this research appear to show 

minimal variance, making them suitable for further analysis, with some exceptions. The 

most important exception was a major outlier identified in GSE102727 (the DiStefano, et 

al, retinal organoids in a bioreactor article). In this outliner, one of the D18 static, intact 

conditions had higher variance than any other experimental point. This may have been an 

RNA extraction error or some other error that occurred during cell culture. This outlier 

could not be corrected and led to the exclusion of the RWV D18 vs Static Intact D18 

comparison altogether. GSE153191 (the microfluidic experiment) demonstrated a 

quintessential example of a “batch effect” (seen in Figure 4.2 C). As seen, on the x-axis, 

all three experiments are clearly distinguishable. However, on the y-axis, one of each of 

the 3 conditions are far different, all likely collected on the same date. Ultimately, it was 

decided not to apply a batch correction on this set for two reasons. First, the x-axis 

variance between Static and Microfluidic Neg are far different from any changes on the 

y-axis. Second, while this is the most clear-cut example of the batch effect, other 

experiments may have benefited from a batch correction but were not as necessary. There 

was a concern that applying a batch correction to just one set may have led to a data 

skew.  
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4.3.3 GSEA Outputs 

 In the GSEA, the settings described in the methods section allowed for the 

successful evaluation of all 13 of the identified comparisons. Tables 4.3 and 4.4 show a 

summary of the “top” hits for the GSEA of all datasets under default settings for positive 

and negative enrichment, respectively. The two figures demonstrate some interesting 

phenomena. First, although one set was positively enriched in the Reactome gene set 

(shown in red), it is not ubiquitous to the other gene sets. Furthermore, while there is 

some similarity in the positive enrichment, particularly with ABC transporters, there 

seems to be diverse sets of pathways positively enriched between the different gene sets. 

Even with expected positively enriched pathways, such as the TCA cycle (69% of sets for 

KEGG) and oxidative phosphorylation (69% of sets for Hallmark), these effects are 

regularly absent in many of the evaluated sets. Furthermore, many of the positively 

enriched processes in bioreactor versus static are not enriched in normoxia versus 

hypoxia. 

However, this effect is contrasted by the negatively enriched processes shown in 

Table 4.4. For all three gene sets used, the top commonly negatively enriched pathway 

Glycolysis is present in 100% of the comparisons. Furthermore, all the listed enriched 

processes are present in the hypoxia versus normoxia datasets. Many of the processes 

listed are associated with metabolic processes, with the notable exception in the Hallmark 

gene set of Hypoxia being present in 92% of the comparisons. 
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29Figure 4.2 – PCA results for all 6 groups. A) GSE123498. B) GSE161549. C) 

GSE153191. D) GSE144656. E) GSE102727. F) GSE156237. Full-scale 

representations of panel are provided in the supplement. 
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Top 10 Positively Enriched Reactome Processes 
# Of 

Comps. 
Normoxia? 

% Of 

Sets 

ABC_TRANSPORTERS_IN_LIPID_HOMEOSTASIS 13 Yes 100% 

DEFENSINS 11 No 85% 

METABOLISM_OF_STEROID_HORMONES 11 Yes 85% 

SYNTHESIS_OF_BILE_ACIDS_AND_BILE_SALTS 11 No 85% 

IRON_UPTAKE_AND_TRANSPORT 10 No 77% 

TRANSFERRIN_ENDOCYTOSIS_AND_RECYCLING 10 No 77% 

INSULIN_RECEPTOR_RECYCLING 10 No 77% 

ABC_FAMILY_PROTEINS_MEDIATED_TRANSPORT 10 Yes 77% 

ABC_TRANSPORTER_DISORDERS 10 Yes 77% 

PLASMA_LIPOPROTEIN_REMODELING 10 No 77% 
    

Top 10 Positively Enriched KEGG Processes 
# Of 

Comps. 
Normoxia? 

% Of 

Sets 

ABC_TRANSPORTERS 10 Yes 77% 

STEROID_HORMONE_BIOSYNTHESIS 10 No 77% 

HISTIDINE_METABOLISM 10 Yes 77% 

BASAL_TRANSCRIPTION_FACTORS 9 Yes 69% 

CITRATE_CYCLE_TCA_CYCLE 9 Yes 69% 

FATTY_ACID_METABOLISM 9 Yes 69% 

TYROSINE_METABOLISM 9 Yes 69% 

PHENYLALANINE_METABOLISM 9 Yes 69% 

VIBRIO_CHOLERAE_INFECTION 8 No 62% 

PROTEASOME 8 Yes 62% 
    

Top 10 Positively Enriched Hallmark Processes 
# Of 

Comps. 
Normoxia? 

% Of 

Sets 

OXIDATIVE_PHOSPHORYLATION 9 Yes 69% 

REACTIVE_OXYGEN_SPECIES_PATHWAY 8 Yes 62% 

MYC_TARGETS_V2 8 Yes 62% 

DNA_REPAIR 8 No 62% 

MYC_TARGETS_V1 7 Yes 54% 

BILE_ACID_METABOLISM 7 No 54% 

E2F_TARGETS 6 No 46% 

G2M_CHECKPOINT 6 No 46% 

MITOTIC_SPINDLE 6 No 46% 

COMPLEMENT 6 No 46% 

4Table 4.3 – Lists of the top 10 positively enriched processes in Reactome, KEGG, 

and Hallmark gene sets respectively. The number of groups in which the pathway is 

enriched, whether it appears in the normoxic group, and the percentage of total sets 

each pathway appears in is also listed. 
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Top 10 Negatively Enriched Reactome 

Processes 

# Of 

Comps. 
Hypoxia? 

% Of 

Sets 

GLYCOLYSIS 13 Yes 100% 

GLUCOSE_METABOLISM 13 Yes 100% 

PHOSPHOLIPASE_C_MEDIATED_CASCADE_FGFR4 13 Yes 100% 

CONSTITUTIVE_SIGNALING_BY_ABERRANT 

_PI3K_IN_CANCER 
13 Yes 100% 

IRS_MEDIATED_SIGNALLING 13 Yes 100% 

GLUCONEOGENESIS 12 Yes 92% 

RAS_ACTIVATION_UPON_CA2 

INFLUX_THROUGH_NMDA_RECEPTOR 
12 Yes 92% 

GLYCOGEN_SYNTHESIS 12 Yes 92% 

GLYCOGEN_METABOLISM 12 Yes 92% 

SHC_MEDIATED_CASCADE_FGFR4 12 Yes 92% 
    

Top 10 Negatively Enriched KEGG Processes 
# Of 

Comps. 
Hypoxia? 

% Of 

Sets 

GLYCOLYSIS_GLUCONEOGENESIS 13 Yes 100% 

FRUCTOSE_AND_MANNOSE_METABOLISM 13 Yes 100% 

AMINO_SUGAR_AND_NUCLEOTIDE_SUGAR 

_METABOLISM 
13 Yes 100% 

GALACTOSE_METABOLISM 12 Yes 92% 

MAPK_SIGNALING_PATHWAY 12 Yes 92% 

LEISHMANIA_INFECTION 12 Yes 92% 

ENDOCYTOSIS 12 Yes 92% 

INSULIN_SIGNALING_PATHWAY 12 Yes 92% 

DORSO_VENTRAL_AXIS_FORMATION 12 Yes 92% 

BLADDER_CANCER 12 Yes 92% 
    

Top 10 Negatively Enriched Hallmark 

Processes 

# Of 

Comps. 
Hypoxia? 

% Of 

Sets 

GLYCOLYSIS 13 Yes 100% 

HYPOXIA 12 Yes 92% 

ESTROGEN_RESPONSE_LATE 12 Yes 92% 

UNFOLDED_PROTEIN_RESPONSE 12 Yes 92% 

MTORC1_SIGNALING 11 Yes 85% 

TNFA_SIGNALING_VIA_NFKB 11 Yes 85% 

MYOGENESIS 11 Yes 85% 

ALLOGRAFT_REJECTION 11 Yes 85% 

EPITHELIAL_MESENCHYMAL_TRANSITION 11 Yes 85% 

HEME_METABOLISM 11 Yes 85% 

5Table 4.4 – Lists of the top 10 negatively enriched processes in Reactome, KEGG, 

and Hallmark gene sets, respectively. The number of groups in which the pathway is 

enriched, whether it appears in the hypoxia group, and the percentage of total sets 

each pathway appears in is also listed. 
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Figure 4.3 provides examples for the enrichment plots (A-C) and heatmaps (D-F) 

for three of the Reactome Glycolysis processes for three example comparisons. The listed 

heatmaps are unitless and ultimately do not provide a true quantitative representation of 

the analysis. The more important information in Figure 4.3 is shown in the enrichment 

plots of the three example plots. These three represent GSE102727 (retinal organoids in 

an RWV bioreactor), GSE123498 (liver organoids in a stirred tank bioreactor), and 

GSE156237 (the normoxic versus hypoxic comparison). The Reactome Glycolysis 

process was selected due to its high relevance to the results of this study, and because the 

Reactome set resulted in a higher number of enriched processes. GSE102727 was 

selected because it is directly relevant to the RWV and retinal aspects of this dissertation 

and because its FDR (false discovery rate) was well below the 0.25 FDR q-value 

threshold (0.0867). GSE123498 was selected because it represented a comparison due to 

its extremely high FDR q-value (0.882). GSE156237 was selected because it had a 

moderate but still out of bounds FDR q-value (0.471) and represents the static hypoxia 

experiment we are using as a form of control. As these are negative enrichment plots, the 

power of the enrichment in the pathway is determined by the “sharpness” of the inverted 

green peak and its closeness to the right side of the plot. The lower second and third 

portions of the graph indicate the rankings of the genes associated with that pathway out 

of all evaluated genes. Briefly, all show clear signs of glycolysis enrichment, though, that 

associated with GSE102727 is more obvious. 

While the sample enrichment plots are limited to one process in just three 

comparisons, the UpSet plots provide a more comprehensive picture of how different 
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comparisons show common enrichment of the same pathways. Figure 4.4 shows the top 

100 positive (A) and top 100 negative (B) identified enriched processes for the Reactome 

gene set for the 13 comparisons. For both plots, the red arrow indicates that the 

maximum, of 13 comparisons, showed enrichment in the number listed immediately 

above the bar. The brackets after the arrows indicate how many comparisons represent all 

the bars underneath it. The most readily identifiable conclusion to be drawn from these 

two graphs is that there is substantially more common negative enrichment than there is 

positive enrichment in our 13 comparisons. This is immediately apparent in two ways. 

First, the negative enrichment shows a full five processes that are ubiquitously enriched 

across all comparisons as compared to just one process for the positive enrichment. 

Second, and potentially more importantly, toward the back ends of the graphs, we see 

that for the top 100 enriched processes, most of the comparisons show eight or nine 

common processes for the positive enrichment as compared to the ten or eleven common 

processes found for the negative enrichment. The dots underneath the UpSet plots also 

show interesting results for the negative enrichment. At the back end of the 12 

comparisons, we see that just the exclusion of the microfluidics comparison 

(GSE153191) found that the remainder of comparisons showed a full 13 additional 

processes that were common. This phenomenon is repeated for the 11 comparisons, 

where the exclusion of the microfluidics and the static versus dynamic day 14 brain 

organoids (GSE161549) showed an additional 23 processes that were commonly 

expressed in the remainder. 
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30Figure 4.3 – Example GSEA Visualization of the Reactome Glycolysis Process – A-

C) Enrichment plots for the Reactome Glycolysis Process. D-F) Ranked heatmaps 

(unitless) of genes with higher regulation in the Reactome Glycolysis Process. A/D) 

GSE102727 RWV Dissected Static D22 vs RWV D22. B/E) GSE123498 Static D5 vs 

Stirred Tank D5. C/F) GSE156237 3D Hypoxia vs 3D Normoxia. 
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31Figure 4.4 – Upset plots representing the highest 100 enriched pathways for the 13 

comparisons using the Reactome library. A) Positively enriched pathways. B) 

Negatively enriched pathways. Red brackets indicate the number of comparisons for 

each bar under it. The red arrows represent the enrichment of all 13 comparisons.  



126 

 

4.4 Discussion and Conclusion 

4.4.1 Limitations of This Meta-Analysis 

 Despite the seemingly significant alignment of the results of positively or 

negatively enriched pathways, this analysis has several major limitations. Ultimately, 

these limitations should lead to this work being considered exploratory or speculative and 

should only be used to inform future validating experiments. The first of the major 

limitations of this work is that the strongest conclusions can only be drawn from analysis 

that used the GSEA output defaults and did not include the FDR q-value threshold of 

0.25. Inherently, this runs the risk that many of our identified processes are only 

identified as false positives. Interestingly, however, some evidence indicates that GSEA 

may be inclined to select against the identifying enrichment of the glycolysis process 

when evaluating hypoxia.139  

Second, and compounding with the above issue is that bulk RNA-Seq 

experiments are typically limited to an n = 3 or less, as is the case for all the datasets 

presented in this analysis. In most cases, this is the result of the high cost of each run of 

RNA-Seq. In the cases of the experiments evaluated for this aim, both the RNA-Seq 

analysis and the experiments themselves can be expensive and technically difficult. 

Between contamination risks and issues in establishing differentiation, it can take several 

months or years to complete enough experiments for analysis. Until the analysis becomes 

more affordable and the experiments more reproducible, the low replicate count is 

unlikely to change. Unfortunately, this weakens the statistical power of each analysis, 

increasing the chances that p-values are sufficiently high as to miss our FDR threshold.  
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Finally, there is a relatively low number of evaluated datasets in this analysis. For 

larger scale meta-analyses, it is common to present hundreds or thousands of datasets.140 

In these cases, these meta-analyses usually evaluate commonly investigated research 

topics, in relatively simple cell models. A common example of this would be the 

evaluation of chemotherapeutic molecules against established cancer lines in short-term 

culture. As is the trend with highly complex and specialized cell systems, there is a 

limited number of datasets. This is further compounded in that bulk RNA-Seq is less 

applicable (at its face) to applications involving heterogeneous cell populations (like 

organoids) than (the far more costly) single cell RNA-Seq, leading to a further decrease 

in available datasets. Subsequently, this analysis is restricted to five directly applicable 

datasets with a sixth added as an external control. It is entirely possible that if a greater 

number of datasets were accessible, the conclusions drawn from this analysis would not 

hold true. While the similarities among so many of the datasets suggest otherwise, these 

limitations should serve to reinforce the necessity to experimentally validate these results 

prior to the implementation of these conclusions in the design of new devices and culture 

models.  

4.4.2 Interpretation of Results 

 Despite the limitations of this analysis, it is still possible to evaluate its results and 

attempt to draw conclusions with relevance to the future of the field. The most obvious 

conclusion to be drawn is the substantial differences in the numbers of positively and 

negatively enriched processes common to multiple datasets. With these commonalities 

favoring negative enrichment, these results suggest that despite being directed to different 



128 

 

tissue lineages and being derived from multiple species types, in the absence of a 

dynamic bioreactor, all experiments exhibit a high degree of transcriptomic uniformity. 

This could also be described by saying that different in vitro tissue types from different 

organs exhibit a diverse transcriptomic profile when in dynamic conditions, but in static 

conditions, those same tissues align to a more uniform profile.  

Under more scrutiny, those processes that become more uniform in static 

conditions are associated with metabolic function, specifically glycolysis. This has 

relevance at two levels. First, in the body, different organ types are supposed to have 

diverse metabolic profiles, as demonstrated by modern metabolomics.141 The indication 

that organoids under dynamic conditions possess that diversity may be indicative that the 

dynamic organoids behave more like the in vivo tissues they are intended to model than 

their static counterparts. This may demonstrate the efficacy of dynamic bioreactors and 

reinforce the need to use such systems to obtain tissue models with fidelity to living 

systems. Second, as stated, the current consensus on dynamic bioreactor mechanisms is a 

function of a higher availability of nutrients, specifically oxygen and glucose. However, 

glycolysis generates substantially fewer ATP molecules per molecule of glucose than 

oxygen-dependent metabolic processes. This would suggest that static organoids move to 

use their glucose less efficiently, despite its presumed lower abundance.  

As stated in the Results section, the UpSet plots in Figure 4.4 not only further 

demonstrate the higher number of commonalities detected in negative over positive 

enrichment, but also suggest the exclusion of just one or two of our comparisons would 

further reinforce that conclusion. Specifically, the microfluidics comparison 
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(GSE153191) first and the static versus dynamic day 14 brain organoids (GSE161549). 

The exclusion of these two would lead to 41 separate processes being ubiquitously 

negatively enriched in our remaining 11 comparisons. As a result of this, it is worth 

evaluating the differences in these two outliers that may explain that outcome. We can 

speculate on the mechanisms of this action. Microfluidics devices, inherently, use lower 

flow rates and typically have a low moving syringe pump driving media. It is possible 

this arrangement simply provides less oxygen and less turnover of media than the other 

devices and tends more towards a static condition. Ultimately this conclusion would 

require further validation or investigation into methods.  

4.4.3 A Possible Revised Model of Bioreactor Function in Organoids 

 If the conclusions drawn from this analysis are practically validated, there may be 

explicit implications to our current understanding of how bioreactors affect organoid 

growth. In Chapter 1, Figure 1.4, a figure demonstrating the current understanding of 

bioreactor function on organoids was displayed, i.e., that in dynamic conditions, there is 

higher availability of oxygen, glucose, and other nutrients with improved waste removal. 

However, our results preliminarily indicate that when this greater availability is reduced, 

glucose consumption will gradually increase as the organoids move away from diverse, 

aerobic metabolic profiles and move towards more uniform anaerobic glycolysis. If this 

were to hold true, a new model could be proposed, as demonstrated in Figure 4.5. Briefly, 

the most important factor that distinguishes dynamic conditions from static is the 

availability of oxygen at the organoid’s surface with all other factors being secondary.  
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 As stated in the introduction to this chapter, the Freyer and Sutherland studies 

formed the basis of the canonical description of how bioreactors affect 3D cell culture.123 

If the conclusions of our analysis were plausible and could be demonstrated 

experimentally, then the results of this analysis must either provide an alternate 

explanation for the results of the Freyer and Sutherland experiments or describe a 

mechanism by which their conclusions could be rejected. Fortunately, the conclusions of 

this analysis do nearly perfectly align with Freyer and Sutherland’s results. 

 The way in which the conclusions of this analysis can align with their results is by 

closely evaluating the quantitative aspects of their results and considering that they may 

occur successively in a time-dependent, stepwise manner. This forces us to consider if 

there was a limitation in the Freyer study in that it was not sensitive to time-dependent 

changes. Looking at Figure 4.1, understanding that even major decreases in glucose 

availability (more than 10x decrease) do not lead to detectable changes in oxygen 

consumption but even a moderate decrease in oxygen availability (a 4x decrease) will 

result in significant and rapid increases in glucose consumption rates. While it is unstated 

what causes this change, in the Freyer analysis, it is reasonable to conclude that this is a 

result of changing cellular metabolic profiles as a result of decreased oxygen. Second is 

that per that chart, oxygen availability in cell culture is (in optimum conditions) 10 times 

lower than glucose availability, while oxygen consumption is only two times lower.  
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32Figure 4.5 – A revised model of bioreactor function on organoids, focusing on 

oxygen concentration as the primary cause, with other metabolites as secondary. 
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As stated in the introduction, all these factors together suggest a much faster 

depletion of oxygen than glucose around the cells under normal conditions. In the context 

of the results of our analysis, it is well-established that decreases in available oxygen can 

act as a trigger to switch cellular metabolic profiles towards glycolysis.142 With 

established baseline concentrations, rates of consumption, and the results of the Pettersen, 

et al. analysis demonstrating oxygen concentrations can decrease to near zero in thin 

films around the cells, it would be reasonable to assume oxygen could be locally depleted 

in just minutes.128 Indeed, such rapid depletions of oxygen in low media volumes near 

organoids (in “minutes”) have been observed.143 The Freyer research did not look at the 

speed of consumption, particularly in localized areas. This may have masked a sequential 

change from cells consuming all oxygen, then switching to glycolysis, increasing glucose 

consumption rates, thus consuming all their glucose substantially faster, subsequently 

leading to quiescence and eventually necrosis. This revised model is exhibited by Figure 

4.6. 

 Importantly, and related to the limitations of this study, this outcome may not 

affect all cells equally or simultaneously. Instead, there would be a fractional relationship 

where higher oxygen availability allows a higher proportion of the cells to remain in non-

glycolytic metabolic profiles. This is represented in both Figure 4.5 and 4.6 by the 

number of light blue cells. 
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4.4.4 Implications for Future Studies and Device Designs 

 As stated, the limitations of this analysis will require further experimental 

validation in order for our conclusions to be confirmed. Validating experiments could 

take many forms but the simplest would be a combination of the Freyer and Sutherland 

experiments in 3D cell culture (evaluating oxygen and glucose consumption rates) using 

the thin liquid probes (like the Pettersen study) completed in a more time-dependent 

manner. Although a comprehensive literature search was conducted in the pursuit of this 

research, experiments describing the precise time required to fully deplete oxygen in a 

thin film around a 3D cell aggregate were not found. Such a proposed study could 

determine that if the oxygen is depleted significantly faster than the glucose and if that 

change leads to an immediate increase in glucose consumption, followed by its more 

rapid depletion. This study could also evaluate how knockout of glucose pathways could 

 
33Figure 4.6 – The implications on changes in metabolic processes as a result of the 

revised model of bioreactor function on organoids. 
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affect this relationship. More complex validating studies could determine outcomes of 

dynamic bioreactors using oxygen-depleted and low-glucose culture media. Paired with 

dedicated bulk or single-cell RNA-Seq, a more complete picture of the relationship 

between oxygen, glucose, and dynamic mixing environments could be elucidated.  

 If the results of these proposed studies confirm this analysis, it may have practical 

applications in the redesign of academic and industry bioreactors and culture conditions. 

First and foremost, without even requiring a device redesign, is the possibility of 

formulating culture media more analogous to blood in a living system. Typical modern 

media glucose concentrations are approximately 30 mM whereas, specific to stem cells, 

fetal glucose concentrations can be as low as 3 mM, a full 10-fold reduction.144 

Unsurprisingly (as may be demonstrated by the effects of hyperglycemia in diabetics), 

extremely high glucose concentrations can have disastrous effects in cellular behavior. 

More specifically, ultra-high glucose concentrations are known to have disruptive effects 

on stem cell proliferation and differentiation.145,146 If our observations that glucose 

consumption can be effectively decreased as long as oxygen tension remains sufficiently 

high, it may be possible to provide lower glucose concentrations throughout the cell 

culture process, potentially resulting in better differentiation outcomes.48 

 Alternatively, bioreactors could be constructed to provide oxygen concentrations 

substantially higher than found in vivo, also known as hyperoxia, either under dynamic or 

static conditions. Should our hypothesis hold true that higher oxygen leads to better 

differentiation, one might argue that a hyperoxia environment may produce better results. 

However, specific to the developing retina, and likely true of other tissues, oxygen 



135 

 

concentrations more than 20% can have extremely detrimental consequences to 

differentiation.147,148 This is likely a function of an accumulation of reactive oxygen 

species and is the mechanism behind a (previously common) cause of neonatal blindness 

called retinopathy of prematurity. Figure 4.7 demonstrates the three conditions suggested 

by the results of our analysis and hypothesizes upon the outcomes of a fourth hyperoxic 

culture condition. Such an experimental design could be employed to further reinforce 

the results of this analysis and the necessity of dynamic bioreactors in 3D cell culture 

over simple hyperoxia. 

 Rather than providing higher concentrations of oxygen constantly, our research 

indicates the objective should be to provide and maintain maximum physiological levels 

of normoxia concentrations (~0.28 mM) for as long as possible. In academia and in the 

 
34Figure 4.7 – The proposed outcomes of static hypoxia, static normoxia, and 

dynamic normoxia under the revised model of bioreactor function, with a hypothetical 

4th condition of dynamic hyperoxia that could be experimentally evaluated. 
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pharmaceutical industry, classic stirred tank bioreactors not only mix the media around 

the spheroid, but also disturb the air-liquid interface above the media to increase the 

introduction of oxygen. This accomplishes most of the oxygen goals described by this 

research but also introduces substantial shear. Similarly, commercial, industrial-scale 

bioreactors use spargers to bubble in sterilized air to maximize oxygenation. Equally, 

shear formation around the bubble-liquid interface can be extraordinarily damaging to 

cells.109,149  

 With the intent of maximizing the introduction of normoxic oxygen levels into the 

media and lowering the overall shear, one possible solution would be to decouple the 

media oxygenation and dynamic mix steps of the bioreactor. This would be analogous to 

introducing a high-pass filter between the air-liquid interface and the liquid-cell interface. 

There are multiple ways this could be accomplished. For example, a sparger separated 

from the chamber used for the primary cell culture by a thin, porous membrane with a 

small, low shear impeller in the cell chamber. Alternatively, deep wells, validated by 

CFD, could find the precise depths at which high-velocity eddies could not penetrate but 

still provide minor mixing with a single active impeller. Yet again, a minor degree of 

mixing with oxygen-carrying compounds like perfluorocarbons could assist in oxygen 

transport. Regardless, all methodologies would work towards the primary goal of 

increasing oxygenation at the cell/organoid surface.  
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CHAPTER 5: CONCLUDING REMARKS 

 The three aims presented here represent three independent approaches to a field 

still on the cusp of clinical translation. The objective of these aims is to develop 

engineering methodologies to advance and accelerate that scientific and medical 

translation. Within the context of the greater scientific, clinical, and commercial 

framework of treatments for retinal disorders, this work might inform design 

modifications, based on quantifiable experimental investigations, that can contribute to 

future advancements. Ultimately, the results of this dissertation suggest that its three aims 

can provide guidance to the design of materials, devices, and protocols that could 

materially improve the field of in vitro retinal research.  
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APPENDICES 

A. FABRICATION PROTOCOLS FOR REJECTED ELECTROSPUN 

MATERIALS 

Per Table 2.1, several materials were attempted to produce electrospun fibers that 

did not result in a consistent scaffold. These are collagen alone, elastin alone, collagen 

and elastin together, and fibrin. This section will briefly detail some of materials and key 

parameters tested in these fabrication attempts.  

 Collagen alone: Collagen used in all cases was either liquid-suspended rat tail 

type I collagen (Corning) or powdered bovine type I collagen (Advanced BioMatrix). 

Powdered collagen was dissolved in 10 mM HCl in ranges between 5 mg/mL and 40 

mg/mL. In all cases, collagen was allowed to dissolve overnight at room temperature and 

was centrifuged at high speed to remove undissolved particulates. Electro and blow 

spinning of the dissolved bovine collagen were attempted at a range of settings. For 

electrospinning, flow rates between 0.1 and 1.0 mL/min were attempted with voltages 

between 7 kV and 15 kV at gaps between 10 and 20 cm. Generally, electroblowing was 

conducted with similar settings to the soy, with flow rates at 1 mL/min with varying 

pressure, voltage, and distance. Additionally, a similar attempt was made with 1.25% of 

PEO carrier. Rat tail liquid-suspended collagen was also attempted (directly from the 

bottle) at the above conditions. Additionally, the rat tail collagen was diluted at 1:1, 1:3, 

at 1:9 with 0.2M acetic acid and attempted at the same conditions.  

 Elastin alone: Elastin used was solid bovine neck elastin. Dissolution for spinning 

was a significant problem. Although increasing concentration of HCl (up to 30 mM) was 
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attempted, dissolution remained slow. To assist in this, elastin was cryo-milled to reduce 

particle size. Elastin was then dissolved in 10 mM HCl overnight and centrifuged at high 

speed to remove undissolved particles at concentrations between 5 and 20 mg/mL. A 

range of standard electrospinning and blow electrospinning conditions were attempted 

(similar to those listed above). The addition of elastin introduced needle clogging on the 

blow electrospinning setup due to high needle gauge and the continued presence of 

undissolved particles.  

 Collagen and Elastin: Collagen/elastin production was attempted with both 

standard solution mixes and coaxial spinning. The mixed solution was attempted at ratios 

of approximately 2:1 (collagen/elastin). Several ranges were attempted around 20 mg/mL 

collagen and 10 mg/mL elastin. The objective of the mixture is to produce a solution of 

approximately similar viscosity to the single solute mixtures. Additionally, solutions were 

made with both 6% PVA or 1.25% PEO as a carrier. Again, a range of flow rates, 

voltages, and distances were attempted. For coaxial spinning, a 20 mg/mL elastin 

solution and 40 mg/mL collagen solution, each with 1.25% PEO were loaded into 

separate syringes connected to the central coaxial needle. Each were pumped at 1 mL/min 

under a variety of voltages, between 10 kV and 20 kV and distances between 10 and 20 

cm.  

 Fibrin: Fibrin scaffold production was attempted using the same co-axial spinning 

needle described above by combining fibrinogen (sheep, Thermo) and Thrombin (Sigma-

Aldrich) with the intent of causing a fibrin reaction to occur mid-flight. All solutions 

were prepared as aqueous in Tris-HCL (1X) solutions pH’d to between 7.8 and 8.0. Both 
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the fibrinogen and thrombin solutions were prepared with PVA (polyvinyl alcohol) at 

concentrations of 3% and 6% or PEO at 0.5% and 1% to improve viscosity and to initiate 

fiber formation. The fibrinogen was always dissolved with 0.9% saline (NaCl) and the 

thrombin in 1% CaCl2. A range of flow rates (between 0.5 and 3 mL/min), voltages 

(between 5 and 25 kV), and distances between the needle tip and target were attempted 

(between 10 and 25 cm). Fibrin scaffolds were also attempted by replacing the aqueous 

buffer solution with HFIP. This ultimately prevented a reaction from occurring when 

mixing with the thrombin. Finally, a fibrinogen-only solution was run through the blow 

electrospinning setup under identical conditions to the soy scaffold. This did produce 

uniform nanofibers, but the attempt to “crosslink” the fibrinogen with thrombin 

afterwards led to total dissolution of the scaffold without crosslinking and only the 

formation of a semi-hydrogel fibrin after the fact.  
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B. BIOREACTOR SUPPLEMENTARY METHODS AND RESULTS 

Bioreactor Operation Protocols 

 An extended description of the operation protocols for the novel bioreactor 

system is provided in the supplement.  

 The following section details the nominal operation of the novel bioreactor 

system. All the following operations were completed sequentially for every completed 

experiment described hereafter. This section describes the use of the bioreactor for 

maturation of retinal organoids, the early preparation of which will be described in the 

next section. 

 Cleaning and sterilization: Cleaning and sterilization can be broadly considered a 

three-stage operation. This protocol is the result of an iterative trial-and-error process. 

Although this process is time- and effort-intensive, it appears to be required to complete 

extended cultures (>2 weeks) consistently without contamination. First, is a general 

cleaning step. This involves disassembling all components that the cells come in contact 

with (particularly tubing) and thoroughly cleaning them, first by scrubbing with hot 

soapy water, followed by a minimum of three consecutive rinses with clean DI water, 

followed by a final rinse with 70% ethanol. The next stage is sterilization using a high 

concentration enzymatic detergent (EmPower, Metrex), as an established early 

sterilization method.112 The entire device is reassembled, and 50 mL of EmPower (diluted 

to 1% according to manufacturer’s specifications) is fed into the primary media reservoir. 

The pump is then run to circulate the solution through the entire system, with care being 

taken to ensure contact with all internal components. The EmPower detergent is allowed 
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to run for a minimum of 2 hours, after which the system is drained and rinsed a minimum 

of three times with DPBS (Dulbecco’s phosphate buffered saline, Gibco) (or more if 

soapy residue is still visible).  

The final interior sterilization stage is treatment with a clinical-grade disinfectant 

(ProCide-D Plus, Metrex). This entire step is completed in a fume hood due to the 

chemical risks posed by the ProCide-D. The solution is prepared according to the 

manufacturer’s specifications (mixing an A/B solution to activate it) and 50 mL is fed 

into the primary reservoir of the bioreactor. The pump is run, and all internal parts are 

covered as with the detergent step. The system is then set up to allow for extended 

sterilization by connecting and activating the motor to ensure the entire system rotates as 

if under operation. This ensures that any parts that may contain contamination but are 

mechanically isolated will be exposed (i.e., all stopcocks have all positions rotated 360 

degrees to ensure all parts contact the sterilization agent). The system is then allowed to 

run (pump and rotation) in the chemical hood for at least 24 but no more than 48 hours. 

Upon completion, the ProCide is drained in the chemical hood (and the device resealed), 

then the entire apparatus is taken into the cell culture area. The entire exterior is wiped 

down thoroughly with 70% ethanol before being placed in the cell culture hood. Finally, 

the interior of the device is rinsed at least three times with DPBS (Gibco) to remove the 

residual ProCide-D. Because this chemical will immediately kill any mammalian cells it 

comes in contact with, extreme care is taken to ensure its complete removal with 

successive washes. This is followed by the addition of a small amount of plain DMEM 
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with phenol red to visually ensure the pH-altering effects of ProCide are not present. The 

device is then ready for cell culture proper. 

 Conditioning: With sterilization complete, the system can then be prepared for 

cell culture proper. Several publications regarding bioreactor use, consider 

“conditioning” the interior chambers of bioreactors, particularly suspension bioreactors, 

as a critical prerequisite.109,113 This form of conditioning could be considered similar to 

the “blocking” step in IHC or Western Blots, where a high-protein solution is added to 

the system and allowed to equilibrate. The idea is that any exposed surfaces that have the 

capacity to absorb proteins will be “blocked” by the free proteins in solution, thus 

preventing cells and aggregates from adhering to the bioreactor walls during the cell 

culture proper. In previous studies, I used PBS with 10% FBS and a high concentration of 

antibiotics to further assist in the sterilization process.  

Unfortunately, such a protocol runs serious risks if employed for retinal organoid 

differentiation: the types of media used for retinal organoid differentiation, especially 

prior to the one-month mark, require a total absence of FBS. FBS runs the risks of 

drawing active stem cells out of the differentiative phenotype and into a standard 

proliferative phenotype, prematurely ending the differentiation or forcing the cells 

towards undesirable mesenchymal/fibroblastic phenotypes. Instead, retinal organoid 

mediums typically contain a low concentration (1%) of an N2 supplement (Gibco) that 

provides a very low concentration of survival signals but does not trigger rampant 

proliferation. Should any high protein solution, especially serum, be used to block the 

system, there is a high likelihood latent proteins or uncleared media would have 
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significant negative impacts on differentiation. Additionally, this method requires the 

system to be shuttled back and forth between the incubator and cell culture hood, further 

increasing the risk of contamination. Subsequently, a dramatically simplified approach to 

this was introduced. After the addition of the plain DMEM to ensure the ProCide was 

sufficiently removed from the system, the DMEM was collected into the media reservoir 

and then aspirated. Then, 10 mL of the working media with N2 supplement was added 

and run through the system, with pumping, for 30 minutes at room temperature. It was 

then collected into the reservoir, aspirated, and discarded.  

Even though this is a simplified solution and likely to block adherent surfaces 

significantly less efficiently than the original protocol, there were no organoids observed 

“stuck” to the interior walls of the bioreactor. This may be a result of the relatively 

massive size of the organoids compared to single cell suspension, thus giving them more 

momentum and a higher mass/surface area ratio, making them less likely to adhere. As 

such, this method is considered sufficient for conditioning under these specific conditions 

but may be insufficient in other experiment types. 

 Loading: Loading is generally considered one of the easier steps in most cell 

culture operations. However, in this case, the operation was significantly complicated by 

a complex bioreactor system with multiple powered parts and the inclusion of large, 

mechanically sensitive structures like retinal organoids. As seen in Figure 3.4, the white 

Luer-lock cap that closes a small quick-turn port connected to the main volume and was 

used for the loading and unloading of the organoids. Still in the cell culture hood, the first 

step in loading the organoids was to add all the necessary media to the system. 25 mL of 
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the media type RMM (described below in the Stem Cell Culture Protocols (3.2.6)) was 

loaded into the media reservoir. Then, the central cell culture core (see Figure 3.3) was 

partially filled with media (approximately 1/3-1/2 filled). The bearing holding structures 

(large supports in Figure 3.5) were slid apart so that the cell culture core could be angled 

approximately 45 degrees. The quick-turn port was then rotated to the top and the cap 

unscrewed. Care was taken not to touch the interior of the cap or the port (to prevent 

contamination). A petri dish containing D10 organoids (already removed from the 

incubator) was opened and wide-tip 1000 µL pipette tips are placed on a 1000 µL manual 

pipette set to 250 µL which were used to manually aspirate several organoids at a time 

(usually 5-10). The organoids were then pipetted into the bioreactor core, and the system 

rotated so that the media “sweeps” the organoids into the main volume. However, there 

are two caveats. First, the pipette tip must make a tight seal around the quick-turn port to 

prevent liquid from backflowing out of the port (losing organoids and risking 

contamination). Second, because air pressure builds in the bioreactor liquid must be 

cleared from the port when the pipette is removed, or liquid will be expelled from the 

port, risking the same problems. This could be resolved in future redesigns by adding a 

second port, but this was deemed unnecessary for the purposes of this dissertation.  

 Bioreactor culture proper: After the addition of the organoids, the pump was run 

to remove all air from the bioreactor core, as is intended for its operation. Still in the 

biosafety hood, all connections, ports, screws, and caps were then tightened to ensure 

there were no open gaps whatsoever. Failure to do this step frequently produces a failure 

mode described below. Additionally, all exterior bolts, particularly those on the motor 
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and connected to the base were tightened with the appropriate Allen key. Next, the fluid 

path around the bioreactor channel was confirmed to ensure the organoids would not be 

pulled into the pump (described in Failure modes). At this point, the bioreactor was 

carefully removed from the cell culture hood and a small amount of ethanol applied to the 

exterior surfaces, excluding the gas exchange column.  

The system was then placed in a standard 37-degree, 5% CO2 incubator and all 

the necessary electrical hookups were connected. Next, the motor system was started at a 

nominal 14 rpm. The bioreactor was then allowed to spin for no fewer than 10 minutes to 

allow fluid dynamics to stabilize. At this point, the system was assessed to ensure that all 

organoids were suspended in the solution. This typically meant that most organoids 

appeared in a ring approximately halfway between the center and the bioreactor perimeter 

and form concentric orbits in their motion without significant sedimentation or deviation 

from the ideal path. If the organoids were not suspended correctly, the speed is either 

increased or decreased (situationally) and the system is given another 10 minutes to 

stabilize.  

 Once the organoids appeared to be suspended correctly, the peristaltic pump 

started. Premature starting of the pump can lead to loss of organoids (described in failure 

modes). The peristaltic pump was set to as low as possible where the flow of the liquid 

would continue without compromising motor function. The pump was allowed to run for 

at least 5 minutes and was checked again to ensure it had not stalled. From that point, the 

bioreactor was allowed to run uninterrupted for 48 to 72 hours. 
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Media changes: Media changes followed the start-up sequence in reverse. First, 

the pump was inactivated, then the rotation motor was turned off, with care for the 

channel entrance to be oriented to the top of the system (to prevent loss of organoids). 

The pump and motor were then unplugged, and the system removed from the incubator. 

Before being placed in the cell culture hood, the system was lightly sprayed with ethanol 

and wiped with Kimwipes. Additionally, care was taken to look for any evidence of 

leakage or contamination before being placed in the cell culture hood. The device was 

then moved to the hood, and all the media in the reservoir aspirated with a plastic Pasteur 

pipette. The system was run so that media accumulated and was aspirated as it ran. Once 

approximately 50% of the media was removed from the bioreactor core, the Pasteur 

pipette was removed from the reservoir and an additional 20 mL of media was added. 

From this point, the start-up filling protocol is identical to the initiation described in the 

previous section. However, as organoids grow, the rotational speed was typically 

increased by 1 rpm. Rates typically started at 12 rpm, increasing by 1 rpm for the first 

two media changes, to 14 rpm. This was increased to 15 and 16 rpm over the next week. 

This effect tended to slow after the second or third media change, with stable rotational 

speed typically at 16 rpm. 

 Collecting samples and fixation: Collection of samples followed a similar 

protocol to the media change in terms of device shutoff and sterilization. After the device 

was returned to the cell culture hood, a small amount of the media was drawn from the 

bioreactor core into the media reservoir. From then, an Allen key was used to loosen the 

screws holding the legs of the bioreactor so that it could be slid open. The bioreactor core 
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was removed from the bearings without disconnecting the tubes. A 15 mL conical tube 

was prepared, and the bioreactor core inverted so that the port used for emptying is 

directed up. The cap of that port was then opened, and the bioreactor core was inverted 

into the 15 mL conical tube. Because the system was closed to air at this point, a vacuum 

formed and prevent the draining of the media and organoids. This can be solved simply 

by opening a secondary port in another location. After the organoids were collected, the 

system was flushed with PBS until all media was adequately rinsed from the system. A 

final flush of ethanol was used to prevent contamination between uses. 

Failure Modes, Detection, and Prevention 

 In the development and deployment of a highly complex, long-term bioreactor, 

one of the most significant aspects of its robustness and success was the identification 

and correction of the most common failure modes. In developing this system, a number 

of failures were encountered, for various reasons. This section will document how and 

why those failures occurred, how protocols were changed to prevent them in subsequent 

operations, and how possible sources of failure were identified and remedied during 

operation. 

Standard contamination: By far, the most common source of failure is what will 

be dubbed “standard contamination”. Standard contamination differs from any other type 

in that it does not have an obvious source, such as media being directly exposed to the 

open incubator air due to a specific broken part. Instead, it is observed when the entire 

system appears to be running nominally, except for the presence of an obvious 

contamination like cloudy media or black particulates in suspension. The repeated 
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occurrence of this failure mode led to the adoption of the more complex sterilization 

protocol including enzymatic and glutaraldehyde sterilization. Although previously 

described sterilization modes using NaOH were sufficient for short-term culture in less 

complicated systems, the additional complexity necessitates a more thorough 

sterilization. Additionally, great care must be taken to apply sufficient ethanol to the 

system during media changes to prevent the introduction of contaminants. Particularly, 

focusing on getting ethanol around and under the exterior of the media reservoir and 

avoiding any internal components touching any non-sterile surfaces is a must. 

 Part breakages: The next most common occurrence is the breakage of bioreactor 

parts during operation. These can be further broken down into critical and non-critical 

breakages. Critical breakages either prevent the machine from running entirely, or lead to 

an inevitable contamination that cannot be remedied. The following critical breakages 

have been encountered. First and most common, is wear to the peristaltic pump tubing 

leading to a tear or puncture in the tubing. This rapidly leads to incubator air being 

forcibly pumped through the system causing rapid contamination. The best method to 

prevent this is to change the peristaltic tubing prior to every run and place a small amount 

of lubricating fluid (I used Vaseline) to reduce friction. Also important is to observe the 

tubing during every media change so that it can be replaced in a sterile environment 

before it wears out.  

The second most common critical failure mode due to breakage is some sort of 

failure in the rotary stopcock. There are several reasons that this can occur. The reason 

most likely to cause this breakage is if the small 3D printed piece holding the stopcock 
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onto the primary 3D printed support arm is not sufficiently tightened down. This causes 

the stopcock to wobble due to excess “play”, which eventually creates additional stresses 

and causes a crack in the plastic.  

Another cause is if the rotary stopcocks are not changed in between runs, allowing 

wear on its interior O-rings, allowing failure. To prevent this, the stopcocks must be 

changed regularly and must be fully tightened to their holders. Another common cause of 

critical breakage failure is if any of the stationary tubing becomes accidentally “wound” 

in the rotating portion of the bioreactor leading to it being torn from its barbed port, 

causing a contamination, and typically interrupting rotation. This can be prevented 

simply by making sure all fixed tubing is of the appropriate length and all tubing is fixed 

firmly in a position unlikely to be wound in the system. Double-checking the rotation of 

the system after a few minutes of operation is a safe way to prevent this type of breakage.  

Finally, and admittedly a rare outcome, is damage to the electronics. On one 

occasion, when restarting the motor system after a media change, the motor failed to 

adjust its speed correctly, then simply shut down after approximately 10 seconds. Upon 

close inspection, it was determined that a solder had broken in the ribbon cable, for the 

connection between the rotary encoder and the motor. This prevented the system from 

getting an accurate reading, eventually resulting in a shutdown. This was simply 

resoldered. As a standard preventative maintenance, all ribbon cable circuits are checked 

with a multimeter to ensure there are no breakages.  

 Non-critical breakages can also occur but are far less severe and can be 

remediated during operation or media changes. The most common non-critical breakages 
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were failure of one of the two timing-belts. Although the device was intended to have 

power transfer from two timing belts, the rigidity of the 3D printed components, the 

strength of the metal bearings, and proper alignment of the power shaft with the 

rotational axis of the bioreactor allowed for the bioreactor to continue rotating, 

uninterrupted. This allowed the broken belt to be repaired or replaced in the next media 

change. Breakages of the belts seemed to be correlated with placing too much tension on 

the belts but could be prevented by applying just enough tension to allow unencumbered 

rotation.  

Another non-critical failure mode was a breakage in the 3D printed “cage” 

component that held the laser-cut acrylic. This likely occurred from overtightening of the 

screws holding these components together. It appears that two of the four arms of the 

cage could break and completely separate from the acrylic without interrupting normal 

function. This was remedied by simply reprinting the parts and ensuring correct post-

processing and fitting. Of note, the non-critical breakages must be remedied as quickly as 

possible, because each breakage adds additional pressure to the complementary parts and 

dramatically increases the probability of a subsequent critical breakage.  

 Parts vibrating loose: Inherently, a device with multiple powered systems, 

motors, and many moving parts results in constant, low-level vibration. Unfortunately, 

this effect tends to cause loose parts (particularly those that use screws) to “shake” loose. 

There are three types of screw mechanisms built into the device. First, there are 

traditional metal screws. These hold the motor in place, hold tension in the timing belts, 

hold the 3D printed bearing holding legs to the base and prevent them sliding open, and 
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hold the laser-cut acrylic parts together in the 3D printed cage. Second, all ports that 

connect tubing lines to the laser-cut acrylic parts are fixed in place using a 3/16” tap cut. 

This means these ports (made of nylon) are screwed into laser-cut and tapped acrylic. 

Last, ports are connected to tubing using a simple barb, but the barbed ports connect to 

other ports and stopcocks using standard quick-turn Luer locks, which also operate using 

a screw principle. Any of the listed could thus work their way loose.  

For metal screws only holding together 3D printed parts, this issue is typically 

non-critical. There are multiple redundant screws and regularly checking that all were 

properly tightened avoids this issue. In one extreme case, the slider on the 3D printed 

base connecter did get loose and begin to release its nested core. This did not cause a 

major failure but did increase wear on the rotary stopcock and on the belts. However, 

loosening of the screws or Luer connectors used for media circulation represented a much 

more significant problem. On more than one occasion, loosening of these screws led to 

immediate leakages and subsequent contamination. Even more subtlety, it may not be 

immediately noticeable until the pump pressure is increased for a media change. This can 

then lead to a “stream” of bubbles being drawn into the media as liquid pressure drops 

according to Bernoulli’s principle. The only proper way to counteract the possibility for 

loosening is to re-tighten every single screw point after loading and before incubation and 

again immediately before every media change. The incorporation of screw tightening has 

prevented any similar failure mode causing a leak or contamination. 

 Clogging: Portions of the tubing used in the media circulation can have a very low 

diameter (as low as 2 mm) and when these structures get bent or are forced through 
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smaller holes, can form kinks or pinches that further reduce their diameter. A major risk 

during operation is the clogging of the tubing. This can happen in three ways. First, and 

most common is a complete kink forming in the tubing. This is most likely to happen in 

the bioreactor core, immediately after loading or a media change, as the stopcocks in the 

core had just undergone manipulation. Such kinks completely disrupt the media path and 

can lead to a significant lowering of pressure in the bioreactor, risking drawing 

contaminated air into the system or causing the organoids to be aspirated into the 

peristaltic pump. For this reason, after every time the stopcocks are handled, all tubing 

paths in the bioreactor core should be evaluated for kinks.  

Next is the risk of an obstruction forming in the tubing upstream of the peristaltic 

pump due to low pressure. This occurs when a small kink is present in this portion of the 

tubing, causing the tubing to collapse slightly. This causes a positive feedback of more 

pressure until the tube is completely obstructed, again, ending media circulation. This can 

be remedied by checking that all upstream tubing does not have initial kinks that could 

initiate this problem. Similarly, but less common, is physical blockages appearing in the 

tubing. This has only happened on one occasion and was the result of allowing the 

ProCide sterilization to continue over a long weekend (5 days) instead of just 48 hours. 

There appeared to be an evaporation or loss of water from the sterilization liquid, 

resulting in localized buildup of what appeared to be a mixture of minerals and low 

viscosity liquid. This mixture created a physical blockage in the gas exchange column 

and had to be eliminated through multiple washes with warm soapy water, injected at 
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high pressure with a syringe. For this reason, sterilization protocols must be limited to no 

more than 48 hours.  

 Organoid aspiration into flow: An inherent risk to an RWV bioreactor with a 

complex geometry at its perimeter is the possibility of cells and cell aggregates being 

“lost” during operation. That is, large structures fall or sediment into the novel channel 

and are irreversibly captured. This risk was fully explored in the previous novel HARV 

design, and though determined to be possible, was an ultimately unlikely occurrence if 

rotational settings were appropriate.109 However, the risk of this outcome is greatly 

increased in the case of the novel perfusion design. The use of much larger cellular 

structures (thus faster sedimentation rate) along with the addition of continuous flow 

(creating more complex fluid dynamics) further increases the probability of this loss of 

spheroids to the channel. This probability is then further compounded by the far greater 

period of culture (previously 72 hours, now 2 weeks). These factors together virtually 

guarantee significant loss of organoids, particularly when the system is first turned on the 

fluid dynamics are being established. On initial experiments in this system, there was a 

near-total loss of organoids within the first 5 days of operation due to this failure mode.  

 Obviously, this failure mode was untenable and required an immediate 

intervention. Two changes were incorporated that, when implemented correctly, appear 

to have resolved this risk. First, is the addition of a mesh filter separating the main body 

of the bioreactor and the channel. While this does not preclude the possibility of 

organoids being drawn towards the channel, it does effectively prevent them from being 

“trapped” in the channel. By the selection of a relatively coarse mesh, that is just large 
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enough to prevent loss of organoid structures around 0.5 mm, the mesh serves its function 

without significantly impairing fluid dynamics or its ability to remove bubbles. Second, 

and potentially more important, is the change in the startup protocol. As described in the 

Methods section 3.2.5, bioreactor operation protocols, the startup procedure of the system 

allows the device to rotate for several minutes (until organoids reach stable dynamics) 

before the activation of the peristaltic pump. This is a critical addition to the protocol. 

Seemingly, organoids are most likely to approach the channel entrance during the early 

phases of startup, before organoids have reached stable dynamics. In the first few 

minutes, organoids “wander” inside most of the space of the bioreactor. Waiting to 

activate the pump until the organoids are stabilized, appears to prevent the organoids 

finding “stable” dynamics near the channel entrance that would inevitably lead to capture 

in the channel. 

 Organoid aggregation during operation: An established problem encountered 

commonly with RWV-style bioreactors is the risk of 3D structures “clumping” together 

to form super-aggregates. This is described in the literature across multiple bioreactor 

types and cell systems.113,117,118 Several mechanisms combine to cause this. First, 

invariably, all 3D cell structures in the bioreactors will have (to some degree) different 

sizes, geometries, and densities giving them slightly different sedimentation rates. This 

allows for some motion inside the bioreactor. Second, the surfaces of these aggregates 

typically have some sort of pseudo-matrix forming at the surface, either from added 

substances like Matrigel, or even just the implicit exocytosis of low concentration mono 

and polysaccharides. This causes structures to stick together, forming super-aggregates. 
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Finally, it is worth noting that virtually any style of suspension bioreactor is likely to 

have the first two conditions present, which could cause clumping. However, other 

bioreactor systems also usually have dramatically higher fluidic shear, causing the 

connections to be transient, preventing continued sticking. In the case of RWV style 

bioreactors, shear is sufficiently low that this does not happen. This allows for even more 

matrix production to “reinforce” these connections, making them stronger to the point 

that even cell-cell junctions can form under the right circumstances.109 These forms of 

aggregates are dangerous because they likely consume a much higher fraction of the 

nutrients in their local microenvironment. Further, the live sections of the organoids that 

are on the interior of the super-aggregate may be deprived of oxygen and glucose, 

affecting cell viability and differentiation.  

 This risk of clumping is not unique to the novel, perfusion bioreactor. However, 

the sensitivity of the organoids to improper differentiation due to changing environmental 

conditions combined with the risk of super-aggregates changing their overall 

sedimentation rate and causing capture by the perfusion channel makes the impacts of 

this risk much more significant in the novel system. This requires additional care to be 

taken to decrease the probability of this occurrence. First, prevention of the super-

aggregation is usually the best route to take. To accomplish this, it is important to move 

quickly when the bioreactor is stopped, and the organoids are in full contact at the bottom 

of the vessel. This appears to be when they are most likely to stick. If some sticking is 

observed when the bioreactor starts, it is possible to shake the system slightly to impart a 

small amount of shear and separate them. However, it is often observed that super-
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aggregates will be present when returning for a media change after 48 hours. In this case, 

during the media change, when there is a large air space in the bioreactor, it is possible to 

shake the system more forcefully and impart significantly higher shear on the super-

aggregates, potentially breaking it up. This works occasionally, depending on how 

advanced the attachments are. Notably, this will not always work, and a decision will 

need to be made on balancing breaking up the super-aggregate or applying too much 

shear and damaging the organoids. These decisions need to be made on a case-by-case 

basis, particularly considering when the organoids will be harvested. Additionally, super-

aggregates also accelerate clumping of free organoids, so even partially breaking up the 

super-aggregate can still be beneficial.  

Improper differentiation: The final common failure mode is the possibility of 

improper differentiation of the organoids. The reasons this can happen are so varied and 

numerous, that it would not be worth mentioning all them. Suffice to say, there is an 

inherent degree of variability in any organoid differentiation protocol that can lead to 

improper differentiation with no known cause. There are, however, cases where the 

mechanism of improper differentiation can be speculated upon. These reasons can be 

purely a result of the differentiation methodology or also involve aspects of the 

bioreactor. The differentiation protocol could include improper media change timing, 

expired chemicals, or exposure of light-sensitive molecules like retinoic acid to light. 

Alternatively, bioreactor-induced failure may be a result of improper clearing of 

sterilization chemicals or exposure of the gas column to large amounts of ethanol. 

Notably, during this research, improper organoid differentiation was encountered 
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regularly. However, there were no cases in which the static control plate succeeded in 

proper differentiation and the bioreactor control completed improper differentiation 

(without contamination or another failure mode). This is not to say this is not possible, 

but as it was not observed in this research, it is not possible to make recommendations for 

its prevention. 
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C. SUPPLEMENTARY FIGURES 

Aim 1 Supplementary Figures: 

 

 

 

 

 
35Supplementary Figure 1.1 – An example of a co-axial electrospinning arrangement. 

A-B) Just the needle. C) Setup on a syringe pump with two needles. Length of the 

needle is approximately 9 cm. 
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36Supplementary Figure 1.2 – SEMs of the surface of the Transwell membranes. 
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37Supplementary Figure 1.3 – The arrangement of the scaffold in a Transwell holder 

and well. Panel E shows how the scaffold is fixed to the well for cell culture. 
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38Supplementary Figure 1.4 – Other properties of the scaffolds. A) Examples of 

scaffolds cut to size. B) Appearance of the soy scaffolds post crosslinking. C-D) Cross 

images showing the thickness of the soy and PCL scaffolds, respectively. E) Scaffold 

thicknesses quantified. Scale bars A/B) = 2 cm. C/D) 0.5 mm. 

 

Supplementary Figure 1.4 – Other properties of the scaffolds. A) Examples of 

scaffolds cut to size. B) Appearance of the soy scaffolds post crosslinking. C-D) Cross 

images showing the thickness of the soy and PCL scaffolds, respectively. E) Scaffold 

thicknesses quantified. Scale bars A/B) = 2 cm. C/D) 0.5 mm.  
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Aim 2 Supplementary Figures: 

 
39Supplementary Figure 2.1 – An example of the exterior channel of the bioreactor 

shape and the path of the fluid flow. Taken from previous thesis work. 
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40Supplementary Figure 2.2 – Bioreactor CAD Details – A) An exploded complete 

view of the bioreactor – 1) the “leg” or bearing holder, connected to the base, 2) the 

stopcock cover that affixed the rotary stopcock to the bearing holder, 3) the metal 

bearing, 4) the machined timing gear, 5) the “cage” that holds the acrylic, 6) the 

laser-cut acrylic. B) The “cage” component of the bioreactor that holds the acrylic, 

nests in the metal bearing, and holds the rotating part of the rotary stopcock. C) The 

primary support post of the bioreactor that holds the bearing, affixes to the base and 

mates with the stationary part of the rotary stopcock. Note, the channels cut into the 

base allow it to slide open to release the core for loading and maintenance.  
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42Supplementary Figure 2.4 – Examples of the timing belt gear before and after 

machining.  

 
41Supplementary Figure 2.3 – Examples of the bioreactor CFD excluding forces due 

to rotation. Arrows in the main volume drive interior mixing.  
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44Supplementary Figure 2.5 – The components of the bioreactor core required for 

assembly. The 3D printed parts are pre-attached to the timing belt gears.  

 
43Supplementary Figure 2.6 – Rates of oxygenation in the bioreactor circuit. Error 

parts represent standard deviation with an n = 3.  
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45Supplementary Figure 2.7 – Examples of mouse pluripotent stem cell cultures 

growing on mouse embryonic fibroblast feeder layers. Figure scale 200 um 
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46Supplementary Figure 2.8 – Examples of organoids suspended in the novel 

bioreactor during culture. 
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Aim 3 Supplementary Figures: 

  

 

 

 
48Supplementary Figure 3.1 – PCA plot for GSE123498. 

 
47Supplementary Figure 3.2 – PCA plot for GSE161549. 
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50Supplementary Figure 3.3 – PCA plot for GSE153191. 

 

 
49Supplementary Figure 3.4 – PCA plot for GSE144656. 
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51Supplementary Figure 3.5 – PCA plot for GSE102727. 
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52Supplementary Figure 3.6 – PCA plot for GSE156237 
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D. SAMPLE CODES FOR ARDUINO AND BIOINFORMATICS SECTIONS 

Please note, all sample codes have been slightly reformatted to prevent 

interference with this document’s reference management software. 

Arduino Code for Bioreactor Motor 

// Code to run custom bioreactor system  

// Last Updated by Joseph Licata 6/21/19 

 

// Import required libraries 

#include <Wire.h>  // for I2C 

#include "SSD1306Ascii.h"  // Modified libraries for text only, lower memory usage 

#include "SSD1306AsciiWire.h" 

#include <AutoPID.h> 

#include <TimerOne.h> // increased motor control resolution 

 

//Encoder Setup 

#define EncA 2 

 

volatile double pulse = 0; 

double rpm = 0; 

unsigned long lastmillis = 0; 

unsigned long true_time = 0; 

int Astate = 0; 

int Anew = 0; 

 

// Screen Setup *************// 

// 0X3C+SA0 - 0x3C or 0x3D 
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#define I2C_ADDRESS 0x3C 

 

// Define proper RST_PIN if required. 

#define RST_PIN -1 

 

SSD1306AsciiWire oled; 

 

int screen_count = 0; 

bool forward = true; // for screen output 

 

// Motor Control 

int enA = 9; 

int in1 = 12; 

int in2 = 13; 

int d_but = 6; //white 

int u_but = 7; //red 

double set_rpm = 10.0; 

double pwm_rpm = 130; 

double rpm1 = 1; 

double rpm2 = 1; 

double rpm3 = 1; 

double avg_rpm = 1; 

double highres_rpm; 

int rpm_count = 1; 

bool direct = true; 

unsigned long but_delay = 0; 

unsigned long time_step = 50; 
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double rpm_convert = 0.89; //convert from motor output to reactor rpm 0.903 

bool motor = true; 

 

// PID 

double out_min = 0; 

double out_max = 255; 

// PID parameters are good enough. Feel free to tune 

double aKp = 4; 

double aKd = .25; 

double aKi = 1; 

double cKp = 2; 

double cKd = .75; 

double cKi = 1; 

AutoPID myPID(&avg_rpm, &set_rpm, &pwm_rpm, out_min, out_max, aKp, aKi, 

aKd); 

 

void setup(void) 

( 

  // Screen Setup 

  Wire.begin(); 

  Wire.setClock(400000L); 

 

#if RST_PIN >= 0 

  oled.begin(&Adafruit128x64, I2C_ADDRESS, RST_PIN); 

#else // RST_PIN >= 0 

  oled.begin(&Adafruit128x64, I2C_ADDRESS); 

#endif // RST_PIN >= 0 
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  oled.setFont(fixed_bold10x15);  // larger font 

  oled.clear(); 

  oled.print("Forward"); 

 

  // Start Serial 

  Serial.begin(115200); //115200 

 

  // Encoder Setup 

  pinMode(EncA, INPUT); 

  Astate = digitalRead(EncA); 

 

  // Motor Control start 

  pinMode(enA, OUTPUT); 

  pinMode(in1, OUTPUT); 

  pinMode(in2, OUTPUT); 

  digitalWrite(in1, HIGH); // switch this high/low to change default direction 

  digitalWrite(in2, LOW); 

  analogWrite(enA, pwm_rpm); 

  pinMode(6, INPUT_PULLUP); 

  pinMode(7, INPUT_PULLUP); 

 

  Timer1.initialize(2000); 

 

  // PID 

  myPID.setTimeStep(25); 

  // interrupt routine for encoder counting 
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  attachInterrupt(digitalPinToInterrupt(2), counter, CHANGE); 

) 

 

void loop() ( 

  // listen for button presses to adjust direction 

  if (millis() - but_delay > 100) ( 

    if (digitalRead(d_but) == 0 && digitalRead(u_but) == 0) ( 

      Timer1.pwm(enA, 0);  // stop motor 

      delay(100); // give time for motor to stop 

 

      if (direct) ( 

        digitalWrite(in1, LOW); 

        digitalWrite(in2, HIGH); 

        direct = !direct; 

      ) else ( 

        digitalWrite(in1, HIGH); 

        digitalWrite(in2, LOW); 

        direct = !direct; 

      ) 

      Timer1.pwm(enA, round(highres_rpm)); // restart motor to same speed as before 

      forward = !forward; // change record of direction 

      delay(200); // let motor get up to speed before continuing 

      but_delay = millis(); 

    ) 

  ) 

 

  // listen for button presses to adjust speed 
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  if (millis() - but_delay > 100) ( 

    if (digitalRead(d_but) == 0) ( 

      if (set_rpm > 1.5) ( 

        set_rpm = set_rpm - .2; 

      ) 

      but_delay = millis(); 

    ) 

    if (digitalRead(u_but) == 0) ( 

      if (set_rpm < 32) ( 

        set_rpm = set_rpm + .2; 

      ) 

      but_delay = millis(); 

    ) 

  ) 

 

  //PID 

  // check for whether to be agressive/conservative with tuning, time step 

  if (abs(rpm - set_rpm) < .5) ( 

    myPID.setGains(cKp, cKi, cKd); 

    time_step = 300; 

    myPID.setTimeStep(300); 

  ) else ( 

    myPID.setGains(aKp, aKi, aKd); 

    time_step = 25; 

    myPID.setTimeStep(12); 

  ) 
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  // calc speed every time step. All other calcs while not measuring speed 

  true_time = millis() - lastmillis; 

  if (true_time >= time_step) ( 

    detachInterrupt(digitalPinToInterrupt(2)); // stop counting during this section 

    rpm = (60000 * (1.0 / true_time) * pulse) / 8640.;  //16 interruptions per full rotation, 

count both ends, 270:1 ratio 

    rpm = rpm * rpm_convert; 

    pulse = 0; 

    // moving average rpm calc, weighted for most recent measurement 

    if (rpm_count == 1) ( 

      rpm1 = rpm; 

      avg_rpm = (rpm1*2 + rpm2 + rpm3) / 4.0; 

      rpm_count++; 

    ) else if (rpm_count == 2) ( 

      rpm2 = rpm; 

      avg_rpm = (rpm1 + rpm2*2 + rpm3) / 4.0; 

      rpm_count++; 

    ) else if (rpm_count == 3) ( 

      rpm3 = rpm; 

      avg_rpm = (rpm1 + rpm2 + rpm3*2) / 4.0; 

      rpm_count = 1; 

    )  

    avg_rpm = round(avg_rpm*10.0); 

    avg_rpm = avg_rpm/10.0; 

 

   myPID.run(); // run PID calculation 
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    // change motor speed 

    if (abs(set_rpm-avg_rpm) > 0.2) ( 

      highres_rpm = mapdouble(pwm_rpm, out_min, out_max, 0, 1023);   

       

    )    

    if (highres_rpm > 500 && avg_rpm < 2) (highres_rpm = 0; motor = false;) // prevent 

overheating when no motor attached 

    Timer1.pwm(enA, round(highres_rpm));// round highres_rpm 

    double percent = 100* highres_rpm / 1023.0; 

     

  // Display RPM on screen 

    oled.setCursor(0, 0); 

    if (!motor) (oled.println("No Motor");) 

    else if (forward) (oled.println("Forward");) 

    else if (!forward) (oled.println("Reverse");) 

    oled.print("Set: "); 

    oled.print(set_rpm,1); 

    oled.println("  "); 

    oled.print("RPM: "); 

    if (rpm <= 1) ( 

      oled.println("0.0"); 

    ) else ( 

      oled.print(avg_rpm,1); 

      oled.println("  "); 

    ) 

    oled.print("Power: "); 

    oled.print(round(percent));// round percent 
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    oled.println("%  "); 

     

    // reset counter 

    if (lastmillis >= 4294966500) ( 

      lastmillis = 0; // deal with millis() overflow 

    ) 

    lastmillis = millis(); //reset counter after all calc is finished 

    attachInterrupt(digitalPinToInterrupt(2), counter, CHANGE); // start counting again 

  ) 

) 

 

double mapdouble(double x, double in_min, double in_max, double out_min, double 

out_max) 

( 

  return (x - in_min) / (in_max - in_min) * (out_max - out_min) + out_min; 

) 

 

void counter() ( 

  pulse++; 

) 

Sample DESeq2 Normalization and PCA Plot Code 

## Set WD and activate necessary libraries 

~~~[r] 

setwd("C:/Users/mikep/Desktop/Bioinformatics/Integer Gene Counts") 

library(DESeq2) 

library(ggplot2) 
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library(tximport) 

library(readr) 

~~~ 

###### THIS IS FOR GSE144656 

##Import Relevant Files 

~~~[r] 

data <- read.csv('GSE144656 Integer Gene Counts.csv',sep = ",", header = TRUE, 

  row.names = 1) 

meta <- read.csv('GSE144656 Conditions.csv', header = TRUE, sep = ",",  

 row.names = 1) 

~~~ 

## Check correct column and row names 

~~~[r] 

all(colnames(data) %in% rownames(meta)) 

all(colnames(data) == rownames(meta)) 

~~~ 

 

## Create DESeq2Dataset object 

~~~[r] 

dds <- DESeqDataSetFromMatrix(countData = data, colData = meta, design = ~ 

 condition) 

View(counts(dds)) 
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~~~ 

 

##Next steps 

~~~[r] 

dds <- estimateSizeFactors(dds) 

sizeFactors(dds) 

CC <- counts(dds, normalized=TRUE) 

~~~ 

 

### WRITE IT UP 

~~~[r] 

write.table(normalized_counts, file="data/normalized_counts144656.txt",   

  sep="\t", quote=F, col.names=NA) 

write.csv(normalized_counts, file="data/normalized_counts144656.csv", sep="\t", 

  quote=F, col.names=NA) 

~~~ 

 

##Visualize 

~~~[r] 

#using dds because rlog cannot use integers from "normalized_counts" 

rld <- rlog(dds, blind = TRUE) 

~~~ 
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~~~[r] 

#make plot 

plotPCA(rld, intgroup="condition") 

~~~ 

 

Sample UpsetPlot Code 

#Start bioreactor vs static call this ""Upregulated" - connect  

~~~[r] 

setwd("C:/Users/mikep/Desktop/GSEA OUTPUTS 5.23.21/Bioreactor vs Static") 

temp = list.files(pattern="*.csv") 

temp 

~~~ 

 

##Get files to named objects 

~~~[r] 

R18vi18 <- read.csv("102727 R18 v i18.csv") 

R18vd18 <- read.csv("102727 R18 vs D18.csv") 

R22vd22 <-read.csv("102727 R22 vs D22.csv") 

R22vi25 <-read.csv("102727 R22 vs i25.csv") 

R25vd28 <-read.csv("102727 R25 vs d28.csv") 

R25vi32 <-read.csv("102727 R25 vs i32.csv") 

ExSpinvExStat <-read.csv("123498 ExSpin vs ExStat.csv") 
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Spin12vStat12 <-read.csv("123498 Spin12 vs Stat12.csv") 

Spin5vStat5 <-read.csv("123498 Spin5 vs Stat5.csv") 

StirsusvStat <-read.csv("144656 stirsus vs static.csv") 

StirsusvStatSus <-read.csv("144656 stirsus vs statsus.csv") 

micNEGvstat <-read.csv("153191 micNEG vs static.csv") 

Dyn14vStat14 <-read.csv("161549 DynD14 vs StatD14.csv") 

Dyn35vStat35 <-read.csv("161549 DynD35 vs StatD35.csv") 

Norm3DvHyp3D <- read.csv("156237 3Dnormoxia vs 3D hypoxia (human gene 

symbol with remapping).csv") 

~~~ 

 

##Isolate the KEGG pathway names from each 

~~~[r] 

R18vi18a <- R18vi18[,1] 

R18vd18a <- R18vd18[,1] 

R22vd22a <- R22vd22[,1] 

R22vi25a <- R22vi25[,1] 

R25vd28a <- R25vd28[,1] 

R25vi32a <- R25vi32[,1] 

ExSpinvExStata <- ExSpinvExStat[,1] 

Spin12vStat12a <- Spin12vStat12[,1] 

Spin5vStat5a <- Spin5vStat5[,1] 
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StirsusvStata <- StirsusvStat[,1] 

StirsusvStatSusa <- StirsusvStatSus[,1] 

micNEGvstata <- micNEGvstat[,1] 

Dyn14vStat14a <- Dyn14vStat14[,1] 

Dyn35vStat35a <- Dyn35vStat35[,1] 

Norm3DvHyp3Da <- Norm3DvHyp3D[,1] 

~~~ 

 

###Merge files together for upsets 

~~~[r] 

setwd("C:/Users/mikep/Desktop/GSEA OUTPUTS 5.23.21/Bioreactor vs Static") 

MergeUP2 <- data.frame(genes = unique(c(R18vi18a, R18vd18a, R22vd22a, 

R22vi25a, R25vd28a, R25vi32a, ExSpinvExStata, Spin12vStat12a, Spin5vStat5a, 

StirsusvStata, StirsusvStatSusa, micNEGvstata, Dyn14vStat14a, Dyn35vStat35a, 

Norm3DvHyp3Da))) %>% 

    mutate(R18vi18 = as.numeric(genes %in% R18vi18a), 

          R18vd18 = as.numeric(genes %in% R18vd18a), 

          R22vd22 = as.numeric(genes %in% R22vd22a), 

          R22vi25 = as.numeric(genes %in% R22vi25a), 

          R25vd28 = as.numeric(genes %in% R25vd28a), 

          R25vi32 = as.numeric(genes %in% R25vi32a), 

          ExSpinvExStat = as.numeric(genes %in% ExSpinvExStata), 
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          Spin12vStat12 = as.numeric(genes %in% Spin12vStat12a), 

          Spin5vStat5 = as.numeric(genes %in% Spin5vStat5a), 

          StirsusvStat = as.numeric(genes %in% StirsusvStata), 

          StirsusvStatSus = as.numeric(genes %in% StirsusvStatSusa), 

          micNEGvstat = as.numeric(genes %in% micNEGvstata), 

          Dyn14vStat14 = as.numeric(genes %in% Dyn14vStat14a), 

          Dyn35vStat35 = as.numeric(genes %in% Dyn35vStat35a), 

          Norm3DvHyp3D = as.numeric(genes %in% Norm3DvHyp3Da)) 

View(MergeUP2) 

 

write.csv(MergeUP2, "MergeUp With Hypoxia 5.24.21.csv") 

~~~ 

 

 

#Make UpSetPlot 

~~~[r] 

upset(MergeUP2, nsets = 14, number.angle = 0, point.size = 2, line.size = 2, 

      mainbar.y.label = "Pathway Overlaps", sets.x.label = "Pathways Per 

Comparison", 

      text.scale = c(2, 1, 1, 1, 1, 0.75)) 

~~~ 
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#Make UpSetPlot, try number of intersects 

~~~[r] 

upset(MergeUP2, nsets = 14, nintersects = 400, number.angle = 0, point.size = 

0.5, line.size = 0.5, 

      mainbar.y.label = "Pathway Overlaps", sets.x.label = "Pathways Per 

Comparison", 

      text.scale = c(2, 1, 1, 1, 1, 0.75)) 

~~~ 

 

Sample BioMart Code 

~~~[r] 

if (!requireNamespace("BiocManager", quietly = TRUE)) 

  install.packages("BiocManager") 

BiocManager::install("biomaRt", version = "3.12") 

library(BiocManager) 

library(biomaRt) 

library(dplyr) 

require(plyr) 

require(dostats) 

~~~ 

###Port Mart - This one moous specific 

~~~[r] 

mart <- useMart(biomart = "ensembl", dataset = "mmusculus_gene_ensembl") 
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~~~ 

## This is the WD I'll use from the mouse - name the relevant files 

~~~[r] 

setwd("C:/users/mikep/Desktop/Bioinformatics/Integer Gene Counts/ENS-ID Results 

4.22.21/Mouse") 

###Let's get all the relevant files loaded 

files <- list.files(pattern = ".csv") 

files 

~~~ 

### Load files 

~~~[r] 

setwd("C:/users/mikep/Desktop/Bioinformatics/Integer Gene Counts/ENS-ID Results 

4.22.21/Mouse") 

a <- read.csv("condition_Bioreactor.D18_vs_Static.Dissected.D18-1-5.csv") 

b <- read.csv("condition_Bioreactor.D18_vs_Static.Dissected.D18-2-1.csv") 

c <- read.csv("condition_Bioreactor.D18_vs_Static.Dissected.D18-No-Thresh.csv") 

d <- read.csv("condition_Bioreactor.D22_vs_Static.Dissected.D22-1-5.csv") 

e <- read.csv("condition_Bioreactor.D22_vs_Static.Dissected.D22-2-1.csv") 

f <- read.csv("condition_Bioreactor.D22_vs_Static.Dissected.D22-No-Thresh.csv") 

g <- read.csv("condition_Bioreactor.D25_vs_Static.Dissected.D28-1-5.csv") 

h <- read.csv("condition_Bioreactor.D25_vs_Static.Dissected.D28-2-1.csv") 

i <- read.csv("condition_Bioreactor.D25_vs_Static.Dissected.D28-No-Thresh.csv") 
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~~~ 

###These data have decimal names. Need to fix that first by switching that column to 

integer only. 

~~~[r] 

a[,1] <- sub('\\.[0-9]*$', '', a[,1]) 

b[,1] <- sub('\\.[0-9]*$', '', b[,1]) 

c[,1] <- sub('\\.[0-9]*$', '', c[,1]) 

d[,1] <- sub('\\.[0-9]*$', '', d[,1]) 

e[,1] <- sub('\\.[0-9]*$', '', e[,1]) 

f[,1] <- sub('\\.[0-9]*$', '', f[,1]) 

g[,1] <- sub('\\.[0-9]*$', '', g[,1]) 

h[,1] <- sub('\\.[0-9]*$', '', h[,1]) 

i[,1] <- sub('\\.[0-9]*$', '', i[,1]) 

~~~ 

###Get ID's only - "in" renamed "ni" because in is a function 

~~~[r] 

 

an <- data.frame(a[,1]) 

bn <- data.frame(b[,1]) 

cn <- data.frame(c[,1]) 

dn <- data.frame(d[,1]) 

en <- data.frame(e[,1]) 
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fn <- data.frame(f[,1]) 

gn <- data.frame(g[,1]) 

hn <- data.frame(h[,1]) 

ni <- data.frame(i[,1]) 

~~~ 

###Double check the csv's have "ensembl_gene_id" as their colname for the first column 

###The big one. Get the gene lists 

~~~[r] 

aGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = an, 

mart = mart) 

bGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = bn, 

mart = mart) 

cGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = cn, 

mart = mart) 

dGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = dn, 

mart = mart) 

eGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = en, 

mart = mart) 

fGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = fn, mart 

= mart) 

gGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = gn, 

mart = mart) 
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hGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = hn, 

mart = mart) 

iGene_list <- getBM(attributes = c("ensembl_gene_id", "mgi_symbol"), values = ni, mart 

= mart) 

~~~ 

###Join em 

~~~[r] 

setwd("C:/users/mikep/Desktop/Bioinformatics/Integer Gene Counts/ENS-ID Results 

4.22.21/Mouse") 

a1 <- inner_join(aGene_list, a) 

b1 <- inner_join(bGene_list, b) 

c1 <- inner_join(cGene_list, c) 

d1 <- inner_join(dGene_list, d) 

e1 <- inner_join(eGene_list, e) 

f1 <- inner_join(fGene_list, f) 

g1 <- inner_join(gGene_list, g) 

h1 <- inner_join(hGene_list, h) 

i1 <- inner_join(iGene_list, n) 

 

~~~ 

~~~[r] 
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setwd("C:/users/mikep/Desktop/Bioinformatics/Integer Gene Counts/ENS-ID Results 

4.22.21/Mouse") 

write.csv(a1, file = "geneID_Bioreactor.D18_vs_Static.Dissected.D18-1-5.csv") 

write.csv(b1, file = "geneID_Bioreactor.D18_vs_Static.Dissected.D18-2-1.csv") 

write.csv(c1, file = "geneID_Bioreactor.D18_vs_Static.Dissected.D18-No-Thresh.csv") 

write.csv(d1, file = "geneID_Bioreactor.D22_vs_Static.Dissected.D22-1-5.csv") 

write.csv(e1, file = "geneID_Bioreactor.D22_vs_Static.Dissected.D22-2-1.csv") 

write.csv(f1, file = "geneID_Bioreactor.D22_vs_Static.Dissected.D22-No-Thresh.csv") 

write.csv(g1, file = "geneID_Bioreactor.D25_vs_Static.Dissected.D28-1-5.csv") 

write.csv(h1, file = "geneID_Bioreactor.D25_vs_Static.Dissected.D28-2-1.csv") 

write.csv(i1, file = "geneID_Bioreactor.D25_vs_Static.Dissected.D28-No-Thresh.csv") 

~~~ 


