
  

 

 

Microfluidic-based organoid vascularization in PDMS 

devices replicated from 3D printed molds 

 

 
Alia Alameri 

alia.alameri@mail.mcgill.ca 

Department of Biomedical Engineering 

McGill University, Montreal 

April 2022 

 
A thesis submitted to McGill University 

In partial fulfilment of the requirements of the degree of 

 

Master of Engineering 

In Biological and Biomedical Engineering 

 
© Alia Alameri 2022   



  

 

TABLE OF CONTENT 

1. Abstract…………………………………………………………………………….…….………………………1 

1.1 English Abstract…………………………………………………………………………….…….…………1 

1.2 French Abstract…………………………………………………………………………….…….……….…2 

2. Acknowledgements………………………………………………………...……………………….……...…….3 

3. Contribution of Authors………………………………………………………………………………………….4 

4. Project Description……………………………………………………………………………………………….5 

4.1 Motivation…………………………………………………………………………………………………..5 

4.2 Project Goals………………………………………………………………………………………………..6 

4.3 Declaration of Novelty……………………………………………………………………………………...7 

5. Introduction………………………………………………………………………………………………………7 

5.1 2D and 3D cell culture techniques in tissue engineering.…………………………………………………...7 

5.1.1 Cell culture overview and historical background…………………………………………………….7 

5.1.2 2D cell culture definition and properties……………………………………………………………..9 

5.1.2.1 Significance of missing cell-cell and cell-ECM interactions in 2D cultures………………..9 

5.1.3 3D cell culture definition, methods, and properties…………………………………………………14 

5.1.4 Microfluidic cell culture systems for physiological studies…..........................................................19 

5.1.4.1 Microphysiological systems: Organoid- and organ-on-a-chip platforms………………...24 

5.2 Brain organoids as models for neuroscience research………………………………………………...……30 

5.2.1 Biological models for neuroscience research: challenges and opportunities……………………….31 

5.2.2 Applications of brain organoids………………………………………………………………….…40 

5.2.2.1 Midbrain organoids characteristics and applications………………………….…………45 

5.2.3 Challenges facing current brain organoid models……………………………………………….…49 

5.2.3.1 Vascularization and oxygen and nutrient supplementation……………………….....……50 

5.2.3.2 Non-neuronal cell diversity……………………………….………………………….....…60 

5.2.3.3 Maturity and aging in brain organoids………...…………………………………...……..62 

5.2.3.4 Variability in brain organoid cultures……………………………………………..…...…64 

5.3 Vascularization in tissue engineering………………………………………………………………………65 

5.3.1 Vascularization in vivo…………………………………………………………………………..…68 

5.3.1.1 Vasculogenesis .…………………………………………………………………...………68 

5.3.1.2 Angiogenesis and vascular remodeling……………………………………………………70  

5.3.1.3 Examples of biomechanical and biochemical signaling in vascularization…………….…73 

5.3.2 Microvascular tissue engineering considerations………………………………………………..…77  

5.3.2.1 Endothelial cell types………………………………………………………………...……77 

5.3.2.2 Signaling molecules…………………………………………………………….…………79 

5.3.2.3 Hydrogel composition and biomechanical cues…………………….…………..…………80 

5.3.3 Brain organoid vascularization…………………………………………………………………..…80  

5.3.3.1 Brain vascularization…………………………………………………………………...…80  

5.3.3.2 Recent methods for brain organoid vascularization………………………………………83  

5.3.3.3 Ethical implications of vascularized brain organoids……………………………….……90 

5.3.4 Microphysiological systems of the vasculature……………………………………………….……96  

5.3.4.1 3D wall patterning methods……………………………………………………….………97 

5.3.4.2 3D self-morphogenesis methods…………………………………..………………..……101 

5.4 Summary…………………………………………………………………………………………….……108 



  

 

6. Microfluidic-based organoid vascularization in PDMS devices replicated from 3D printed molds……….....108 

6.1 Abstract……………………………………………………………………………………………...……109 

6.2 Introduction………………………………………………………………………………………….……109 

6.3 Methods and Materials……………………………………………………………………………………115 

6.3.1 Fabrication of microfluidic-based organoid vascularization devices………………………..……115 

6.3.2 Fabrication of funnel structures for organoid pipetting……………………………………………118 

6.3.3 Fluidic tests and diffusion experiments……………………………………………...……………118 

6.3.4 Endothelial cell culture……………………………………………………………………………119 

6.3.5 Midbrain organoid generation……………………………………………………………….……119 

6.3.6 Midbrain organoid and endothelial cell seeding in MOV devices……………………..…………121 

6.3.7 Freezing and cryosectioning organoids…………………………………………………………...122 

6.3.8 Immunofluorescence staining and live cell labeling………………………………………………123 

6.3.9 Hypoxia and cell death characterization……………………………………………………..……124 

6.3.10 Fluorescent dye perfusion……………………………………………………………….………125 

6.4 Results and Discussion……………………………………………………………………………………126 

6.4.1 Device fabrication, characterization and optimization……………………………………………126 

6.4.2 CellTracker-labeled HUVECs integrate into midbrain organoids………………………...………131 

6.4.3 Monitoring vascular sprouting of mCherry-HUVECs and CellTracker-HUVECs……………….136 

6.4.4 Vascular-like networks are partially perfusable…………………………………………………...140 

6.4.5 Midbrain organoids express hypoxia and cell death markers…………………………………..…141 

6.5 Conclusion ……………………………………………………………………………………………..…143 

6.6 Supplementary information………………………………………………………………………….……144 

6.6.1 3D positive molds and PDMS replicas of funnel structures…………………………………....…144 

6.6.2 Characterization of diffusion in a fibrin-collagen filled chamber…………………………………145 

6.6.3 Final differentiation medium composition……………………………………………………..…145 

7. Extended discussion…………………………………………………………………………………...………145 

7.1 Device fabrication and design………………………………………………………………….…………145 

7.2 Cell and organoid seeding…………………………………………………………………………………146 

7.3 Vascular network formation………………………………………………………………………………147 

7.4 Hypoxia and cell death……………………………………………………………………………………148 

8. Conclusion and Future Work………………………………………………………………..…………………149 

9. References……………………………………………………………………………..………………………150 

 

 

 

 

 

 

 



  

 

LIST OF FIGURES 
 
Figure 1  Hanging drop technique for culturing tissue explants……………………………….……………..8 

Figure 2  Cell-cell interactions and cell-ECM interactions in the in vivo environment…………...……..….10 

Figure 3  Tissues of the human body have unique stiffnesses and often softer than plastic………….…..…11 

Figure 4  Distinctions between cells grown in 2D vs. 3D space………………………………….…………13 

Figure 5  3D cell culture methods………………………………………………………………………......14 

Figure 6  Organoid 3D cell cultures replicating various organs…………………………………..………...16 

Figure 7  Differences in morphology of cells in 2D, 3D scaffolds, spheroids, organoids………………..…16 

Figure 8  Methods for liquid transport in microfluidic cell culture platforms………………………………22 

Figure 9  Lung-on-a-chip system………………………………………………………………………...…25 

Figure 10 BBB-on-a-chip system…………………………………………………………………………...26 

Figure 11 Kidney organoid-on-a-chip………………………………………………………………………28 

Figure 12 Brain organoid-on-a-chip in comparison to conventionally grown brain organoids……………..29 

Figure 13 Cell death in the core of brain organoids from two different reports…………………………..…51 

Figure 14  Organoid slicing method for reducing hypoxia and cell death in brain organoids………………..55 

Figure 15 Milifluidic approach vs. shaking for reducing cell death in brain organoids……………………..57 

Figure 16 Spherical model for development of hypoxia in cerebral organoids……………………………...58 

Figure 17 Steps of angiogenesis; formation of new blood vessels from a preexisting vessel……………….70 

Figure 18 Brain vascularization during in vivo fetal development………………………………………..…81 

Figure 19 Human cerebral organoids implanted in mice brains get vascularized……………………………84 

Figure 20 Human cerebral organoids embedded in a mix of Matrigel and hiPSC-ECs……………………..86 

Figure 21 Vascularized human cortical organoids……………………………………………………….….87  

Figure 22 Vascularization of human cortical organoids by mixing ECs prior to aggregation…………...….88 

Figure 23 Vascularization of neuro-mesenchymal assembled organoids by a fusion method…………..…..89 

Figure 24 3D wall patterning methods for modeling the microvasculature in vitro……………………..…..97 

Figure 25 Self-morphogenesis methods for modeling the microvasculature in vitro………………..……..101 

Figure 26 Motor neuron spheroids co-cultured with ECs show increased neurite length…………...……...105  

Figure 27 Overview of MOV device design and operation…………………………………………….…..121 

Figure 28  Fabrication, sterilization, and assembly of MOV devices…………………………………...…..126 

Figure 29  Characterization of control and shell/MOs for size and HUVEC integration……………….…..132 

Figure 30  MOV device co-culture of HUVECs and MOs……………………………………………...…..137 

Figure 31  Nuclear staining and partial dye perfusion of vascular-like networks……………………….…..141 

Figure 32  Immunohistochemical analysis of hypoxia and cell death in midbrain organoids………………143 

Figure S1 Funnel structures enable safe loading of MOs into MOV devices………………………..……..144 

Figure S2 Diffusion of 40-kDa dextran in fibrin-collagen filled MOV device……………………………..145 

 

LIST OF TABLES 
 
Table 1  Spheroid vs. organoid culture……………………………………………………………….……17  

Table 2  Conventional and emerging biological models for neuroscience research…………………….…33  

Table 3  Size, hypoxia and necrosis characterizations in reports of brain organoids…………………..…..52 

Table 4  Brain organoid vascularization reports………………………………………………………..….85  

Table 5  Capillary stop valve function in response to various device configurations………………...…..128  

Table 6  Media formulations for HUVEC shell/MO conditions tested……………………………….…..133 

Table S1 Final differentiation medium composition………………………………………...……...….…145 



  

 

LIST OF ABBREVIATIONS 
 

ECs  Endothelial cells 

MOV  Microfluidic-based organoids vascularization 

HUVECs Human umbilical vein endothelial cells 

MOs  Midbrain organoids 

HIF1a  Hypoxia inducible factor 1 alpha 

CC3  Cleaved caspase 3 

TUNEL  Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling 

PDMS  Polydimethylsiloxane  

3D   Three dimensional 

2D   Two dimensional 

CNS  Central nervous system 

ECM  Extracellular matrix 

GAGs  Glycoaminoglycans  

PGs  Proteoglycans  

RGD  Arginine-Glycine-Aspartic acid 

MMPs  Metalloproteinases 

EPCs  Endothelial progenitor cells 

ESCs  Embryonic stem cells 

hiPSC  Human induced pluripotent stem cells 

iPSCs  Induced pluripotent stem cells 

PSCs  Pluripotent stem cells 

CC  Capillaric circuits 

h  Height 

w  Width 

L  Length 

ΔP  Pressure difference 

Q  Flow rate 

R  Resistance of flow 

η   Viscosity of fluid 

γ   Surface tension 

𝜃𝑠  Contact angle of a surface (s) 

BSC  Biosafety cabinet 

MPS  Microphysiological systems 

AECs  Alveolar epithelial cells 

PMECs  Pulmonary microvascular endothelial cells 

BBB  Blood-brain barrier 

ZO-1  Zona occludens 1 

TEER   Transendothelial electric resistance 

HBMEC  Human brain microvascular endothelial cells 

HBVP  Human brain vascular pericytes 

HA  Human astrocytes 

EBs  Embryonic Bodies 

TBR1  T-Box Brain Transcription Factor 1 

CTIP2  COUP-TF-interacting protein 2 

AD  Alzheimer’s Disease 

APP  Amyloid precursor protein 

Aβ  Amyloid-β 

RA  Retinoic acid 

ALS  Amyotrophic lateral sclerosis 

SOD1  Superoxide dismutase 1 

SFEBq   Serum-free culture of embryoid body-like aggregates with quick re-aggregation  

MCPH   Autosomal recessive primary microcephaly 

RGCs  Radial glial cells 

ZIKV  Zika virus 



  

 

NPCs  Neural progenitor cells 

COVID-19  2019 coronavirus disease 

SARS-CoV-2 Novel severe acute respiratory syndrome coronavirus 2 

ACE2  Angiotensin-converting enzyme 2 

ROIs  Regions of interest 

ASD  Autism spectrum disorder 

FAD  Familial AD 

SAD  Sporadic AD 

DS  Down syndrome 

APOE4  Apolipoprotein E4 

PD  Parkinson’s disease 

α-syn   α-synuclein 

mDA  Midbrain dopaminergic neurons 

LRRK2  Leucine-rich repeat kinase 2 

BMP  Bone morphogenic protein 

TGFβ  Transforming growth factor beta 

SHH  Sonic Hedgehog  

FGF8  Fibroblast growth factor 8 

BDNF  Brain-derived neurotrophic factor 

GDNF  Glial-derived neurotrophic factor 

FOXA1/2 Forkhead box A transcription factor 

LMX1A/B LIM homeobox transcription factor 

NURR1  Nuclear receptor related-1 protein 

PITX3  Pituitary homeobox 3 transcription factor 

TH  Tyrosine hydroxylase 

hMOs  Human midbrain organoids (repetitive) 

NM  Neuromelanin 

IF  Immunofluorescent 

DAPI  4′,6-diamidino-2-phenylindole 

scRNA-seq Single cell RNA sequencing 

SNO  Sliced neocortical organoids 

ETV2  Human ETS variant 2 

MLC  Microglia-like cells 

SpinΩ   Miniaturized spinning bioreactors 

VTE  Vascular tissue engineering 

TEVG  Tissue engineering of vascular grafts 

MVTE  Microvascular tissue engineering 

VEGF  Vascular endothelial growth factor 

Ang-1  Angiopoietin 1 

VEGFR2/Flk-1 VEGF receptor 

aFGF/FGF-1 Acidic fibroblast growth factor  

Dll4  Delta-like ligand-4 

NRP1  Neurophilin-1 

vSMCs  Vascular smooth muscle cells 

eNOS  Endothelial nitric oxide synthase 

HIFs  Hypoxia-inducible factors 

HIFβ  Hypoxia-inducible factor beta  

Ang-2  Angiopoietin 2 

Tie-2  Tyrosine kinase with immunoglobulin-like loops and epidermal growth factor homology domains-2 

HMVECs Human microvascular endothelial cells 

iPSC-ECs  Induced pluripotent stem cell derived endothelial cells  

vWF   von Willebrand factor 

CD34  Cluster of differentiation 34 (endothelial progenitor cells marker)  

CD31  Cluster of differentiation 31 (also known as PECAM-1, endothelial cells marker) 

hCD31  Human CD31 

CM  Conditioned media 

GW  Gestational week 



  

 

SV  Subventricular 

NVU  Neurovascular link 

dpi  Days post implantation  

NOD-SCID Nonobese diabetic/severe combined immunodeficiency (mouse model) 

NSG  NOD SCID Gamma (mouse model) 

n/a  Not available 

DOX  Doxycycline 

hESC  Human embryonic stem cells 

iPSC-MPC iPSC-derived mesodermal progenitor cells 

CDH5/CD144 Cadherin 5 (or VE-Cadherin) 

P-gp  P-glycoprotein 

IB4  Isolectin-B4 

Col-IV  Collagen IV 

SMA  Smooth muscle actin 

PDGFRβ Platelet-derived growth factor receptor beta 

EGFP  Enhanced green fluorescent protein 

vhCOs  Vascularized human cortical organoids 

BVOs  Blood vessel organoids 

hBO  Human brain organoids 

EEG  Electroencephalography 

NCC  Neural correlates of consciousness 

POMaC  Poly(octamethylene maleate (anhydride) citrate) 

hLFs  Human lung fibroblasts 

RPEs  Retinal pigment epithelial cells 

WAT  White adipose tissue 

hASCs  Human adipose-derived stem cells 

hAMECs Human adipose microvascular endothelial cells 

MN  Motor neuron 

MNS  Motor neuronal spheroids 

CSVs  Capillary stop valves 

cnCSVs  Continuous capillary stop valves 

PT  Plasma treatment 

FDM  Final differentiation media 

EGM-2  Endothelial growth media 

OCT  Optimal cutting temperature 

CT  CellTracker dye 

D   Diffusion coefficient 

mCh-HUVEC human umbilical vein endothelial cells expressing fluorescent mCherry protein 

GFP-MO Midbrain organoids expressing fluorescent green fluorescent protein  

Shell-MO Fibrin-EC embedded midbrain organoids 

CellTracker-MO CellTracker-labeled midbrain organoids 

CellTracker-HUVEC  CellTracker-labeled human umbilical vein endothelial cells 

 

 



  

Page 1 of 170 

1. Abstract  

1.1 English Abstract  

Brain organoids are three-dimensional multicellular structures capable of faithfully recapitulating 

the in vivo brain1. Brain organoids grown from human induced pluripotent stem cells constitute 

promising tools for investigating mechanisms that underlie human neurodegenerative diseases and 

neurodevelopment1, 2. A major challenge that hinders applications of brain organoids is their lack of 

vasculature, which leads to cell death at their core due to insufficient delivery of oxygen and nutrients 

once they exceed the diffusion limits that enable oxygenation and nutrient supply3, 4. Attempts to 

vascularize brain organoids often include differentiation protocols performed in traditional well plates3, 

5, 6, which do not provide a straightforward method for perfusion of vascular networks due to a lack of 

spatial control of endothelial cells (ECs) within the culture. To address the need for spatially controlled 

vascularization systems, we developed a ‘Microfluidic-based Organoids Vascularization’ (MOV) 

device. The device leverages microfluidic principles by incorporating capillary stop valves that prevent 

hydrogel overflow from a middle chamber, where the organoid is added, to side channels where human 

umbilical vein ECs (HUVECs) are introduced. Digital light processing 3D printing was chosen to 

fabricate positive molds for fast and cost-effective fabrication of the PDMS device. MOV devices 

enabled monitoring vascular events during live culture, which we tested using midbrain organoids 

(MOs) and HUVECs that were either expressing fluorescent proteins or were labeled using a 

CellTracker dye. Our results showed vascular sprouting of HUVECs in co-culture with MOs, and 

partial formation of a vascular-like wall within MOV devices. Additionally, to determine the 

timeframe for vascularization, we characterized progression of hypoxia and cell death in MOs at four 

time points by immunostaining for hypoxia inducible factor-1 alpha (HIF1α), cleaved caspase-3 

(CC3), and for extensive DNA degradation using TUNEL assay. Our results showed that a dead core 

develops by the time MOs reach 1 month in culture, and expression of CC3 is directly proportional to 

the distance from the surface to the core of MOs. Additionally, we observed a pattern of hypoxia that 

resembled a ring that surrounded necrotic areas within MOs. Our report demonstrates a cost-effective 

device for studying midbrain vascularization with spatially controlled patterning of hydrogel and 

defined inlets and outlets, which has potential implications for future neurobiological studies. 
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1.2 French Abstract 

Les organoïdes cérébraux sont des structures multicellulaires tridimensionnelles capables de 

reproduire fidèlement le cerveau in vivo1. Les organoïdes cérébraux cultivés à partir de cellules 

souches pluripotentes humaines induites constituent des outils prometteurs pour l’étude des 

mécanismes qui sous-tendent les maladies neurodégénératives humaines et le neurodéveloppement1, 2. 

Un défi majeur qui entrave les applications des organoïdes cérébraux est leur absence de 

vascularisation, qui entraîne la mort des cellules en leur cœur en raison d’un apport insuffisant 

d’oxygène et de nutriments une fois que leur taille dépasse les limites de diffusion qui permettent 

l’oxygénation et l’apport de nutriments3, 4. Les stratégies existantes de vascularisation des organoïdes 

cérébraux incluent souvent des protocoles de différenciation réalisés dans des plaques à puits 

traditionnelles3, 5, 6, qui ne fournissent pas une méthode directe pour la perfusion des réseaux 

vasculaires en raison d’un manque de contrôle spatial des cellules endothéliales (CE) dans la culture. 

Pour répondre au besoin de systèmes de vascularisation contrôlés dans l’espace, nous avons mis au 

point un dispositif de « vascularisation d’organoïdes basé sur la microfluidique » (VOM). Ce dispositif 

tire parti des principes microfluidiques en intégrant des vannes d’arrêt capillaires qui empêchent le 

débordement de l’hydrogel d’une chambre centrale, où l’organoïde est ajouté, vers les canaux latéraux 

où les CE de la veine ombilicale humaine (HUVEC) sont introduites. L’impression 3D par traitement 

numérique de la lumière a été choisie pour fabriquer des moules positifs permettant une fabrication 

rapide et économique du dispositif en PDMS. Les dispositifs VOM ont permis de suivre les 

événements vasculaires pendant la culture en temps réel, ce que nous avons testé en utilisant des 

organoïdes de cerveau moyen (OCM) et des cellules HUVEC qui exprimaient des protéines 

fluorescentes ou qui étaient marqués en utilisant un colorant CellTracker. Nos résultats ont montré une 

germination vasculaire des HUVEC en co-culture avec des OCM et la formation partielle d’une paroi 

de type vasculaire dans les dispositifs VOM. De plus, pour déterminer le délai de vascularisation, nous 

avons caractérisé la progression de l’hypoxie et de la mort cellulaire dans les OCM à quatre points 

dans le temps par immunomarquage pour le facteur inductible de l’hypoxie-1 alpha (HIF1α), la 

caspase-3 clivée (CC3), et pour la dégradation étendue de l’ADN en utilisant le test TUNEL. Nos 
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résultats ont montré qu’un noyau mort se développe au moment où les OCM atteignent 1 mois de 

culture, et que l’expression de CC3 est directement proportionnelle à la distance entre la surface et le 

noyau des MO. De plus, nous avons observé un modèle d’hypoxie qui ressemble à un anneau entourant 

les zones nécrotiques des OCM. Notre rapport démontre l’existence d’un dispositif abordable pour 

étudier la vascularisation du mésencéphale avec une configuration contrôlée dans l’espace de 

l’hydrogel et des entrées et sorties définies, ce qui a des implications potentielles pour de futures études 

neurobiologiques. 
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4. Project Description 

4.1 Motivation 

Three-dimensional (3D) cell culture techniques have been recently recognized as more 

representative models of the spatial and chemical complexity of in vivo tissues than conventional two-

dimensional (2D) cultures7. 3D cell culture can take many forms including the use of human induced 

pluripotent stem cells (hiPSC)-derived organoids; multi-cellular structures capable of self-organizing 

in 3D space to recapitulate various aspects of their in vivo organ-counterparts7, 8. Organoids offer 

several advantages including the ability to derive them from multiple sources such as adult or 

embryonic tissues and human cells, which allows for modeling human diseases that are difficult to 

achieve in animal models and rare genetic mutations8, 9. Additionally, organoids’ ability to self-

organize in 3D space allows for faithful representation of the cytoarchitecture of in vivo organs through 

morphogenesis7 (e.g. organoids with cerebral folds10, liver tubules11, optic cup12, villus-crypt 

structures13) which is missing in 2D models. Organoids can also differentiate into multiple cells types 

that exist in an organ of interest, and cells that do not exist in animal models, allowing researchers to 

account for cell-cell interactions in the microenvironment and accurately model human physiological 

conditions8, 14.  

Along with the advancement in 3D cell culture techniques and the stem cell field, hiPSC-

derived brain organoids emerged as promising tools to study neurophysiology, neurodevelopment10, 

neurodegenerative diseases15 and conditions with unique genetic profiles16, 17. Recently reported brain 

organoids models offer to advance our understanding of a wide range of devastating diseases of the 

central nervous system (CNS) including Zika virus-associated microcephaly18, autism spectrum 

disease19, Alzheimer’s disease20, Parkinson’s disease21, and Schizophrenia9, 15. Nevertheless, further 

applications of brain organoids are hindered by their lack of vasculature, which leads to cell death at 
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their core once their size exceeds the limits of oxygen and nutrient diffusion required for the cells’ 

metabolic needs8-10, 20.  

In addition to the important tasks of oxygenation, nutrient delivery and waste removal, the 

vasculature has also been increasingly recognized for its instructive role to the maturation and 

maintenance of neuronal populations22, 23. Several recent attempts to vascularize brain organoids in 

traditional well plates have generated successful results3, 6, 24. However, brain organoid vascularization 

remains in preliminary stages of research. Despite evidence of formation of perfused vascular networks 

within these brain organoids3, 6, 24, traditional 3D cell culture methods do not enable straightforward 

access to the microvasculature for continuous nutrient perfusion during live culture, due to a lack of 

spatial control of EC patterning which makes identifying a proper inlet and outlet to the microvascular 

network within the intact structure challenging. 

Vascularization of spheroids has been achieved using in vitro microphysiological systems that 

allow spatial control of EC patterning and perfusion through defined inlets25-27. However, opportunities 

for brain organoid vascularization using microphysiological systems have not been fully explored. 

Furthermore, current methods employed in fabricating microfluidic devices for spheroid 

vascularization and organoid-on-a-chip applications have been extensively reliant on cleanroom 

microfabrication techniques, which are expensive, laborious, and time consuming25, 28, 29. 

4.2 Project Goals 

We aimed to develop a PDMS microfluidic device replicated from 3D printed molds for studying 

the in vitro vascularization of midbrain organoids. Such device could offer control over the spatial 

distribution of endothelial cells relative to midbrain organoids while allowing a 3D culture with 

specific inlets and outlets for future perfusion of the vasculature. Device fabrication using PDMS, a 

transparent, gas permeable and biocompatible elastomer, from 3D printed molds offers a cost-effective 

and time-efficient fabrication method. In order to realize our project goal, the following aims were set: 

 Design and fabrication of PDMS microfluidic devices from 3D printed molds for midbrain 

organoid vascularization. 

 Characterization of hypoxia and necrosis progression in midbrain organoids. 
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 Co-culture endothelial cells and midbrain organoids in microfluidic devices, and monitor and 

live-image angiogenic processes. 

4.3 Declaration of Novelty 

Our approach leveraged 3D printing to fabricate positive molds for replicating PDMS microfluidic 

devices to be used as platforms for the co-culture of endothelial cells with midbrain organoids in 3D 

space to study in vitro vascularization processes. During this process, we also developed funnel 

structures that enabled us to solve newly identified challenges that were unique to the process of 

loading midbrain organoids into microfluidic devices, which have not been previously reported for 

spheroids and organoids. Additionally, we tested and developed several configurations of the device 

by alternating surface properties of the PDMS device and its seal, in order to allow two hydrogel-

patterning formats applicable for the in vitro vascularization of spheroids and organoids in 

microphysiological systems.   

5. Introduction 

5.1 2D and 3D cell cultures in tissue engineering  

5.1.1 Cell culture overview and historical background 

Cell culture refers to a wide range of techniques frequently used in biomedical and clinical 

applications30, 31. Animal and human cells grown in vitro have been utilized in various applications 

including biological studies to improve our understanding of mechanisms that underlie cell behavior 

(e.g. proliferation, migration, differentiation) and disease30, cytotoxicity studies for drug 

development32, the generation of antibodies and development of vaccines33, 34, cell-based therapies35, 

biocompatibility studies of materials36, and engineering transplantable cellular tissues and organs30, 37. 

While, ideally, experiments involving cell culture for tissue engineering and physiological modeling 

should closely mimic cellular function and its microenvironment, recreating such conditions has been 

demanding due to the multifaceted complexity of in vivo conditions30. Researchers have dedicated 

considerable efforts in recreating the cellular microenvironment through the construction of hydrogels 

representative of the extracellular matrix38, the addition of spatiotemporal cues of biomolecules39, 

varying growth media formulations based on cell type and stage of differentiation40, surface 

modifications to account for cell-surface interactions41, 42, co-cultures to account for cell-cell 
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interactions43, and shifting towards 3D cell culture methods to better represent organs of interest30, 44. 

Current notions of cell culture started in the 

late 1800s through animal tissue culture 

experiments performed by embryologist and 

anatomist Ross Harrison whereby pieces of tissue 

were kept alive by maintaining them in test tubes 

with blood clots, agar or salt solutions as liquid 

medium45, 46. Harrison also invented the “hanging drop technique” whereby a small piece of tissue in 

a droplet of plasma was placed on a surface, and cells from the tissue migrated into the surrounding 

environment as illustrated in (Fig. 1)45. Variations of this method is still used today as means for 

generating spheroids; compact cellular structures used as 3D models of physiological and pathological 

systems47. The next revolution in cell culture that came after Harrison was by Alexis Carrel who 

developed techniques to allow tissues to keep growing on glass plates45, 46. Cells that migrated from 

those tissues were then transferred serially several times to new glass plates; establishing early notions 

of continuous passages in cell culture45. Carrel reportedly invented the first prototype of what we know 

today as tissue culture flasks which he called “D-flasks”45. Carrel also showed that serum can be used 

instead of plasma as liquid medium, and emphasized the importance for sterile techniques by testing 

the use of small amounts of toluene to inhibit microbial contamination45, 46. Carrel’s enormous 

contribution to tissue culture enabled him to receive the Nobel Prize in Medicine in 191245. Later on, 

in the 1950s, these tissue culture techniques developed into cell culture where cells are collected 

from various sources, digested by trypsin to detach from their environment, and grown into monolayers 

immersed with serum-based growth medium45. Although frequently used interchangeably, “cell 

culture” as we know it today should be distinguished from “tissue culture” that was developed by 

Harrison and improved by Carrel and others later. Tissue culture involves culturing small pieces of 

tissue in an artificial environment that allows the cells to migrate out of the tissue onto a surface45. 

Tissue cultures remain in use today for various applications48, 49. Cell culture on the other hand, is the 

harvesting of individual cells from a specific tissue and maintaining them in a glass or plastic flask at 

physiologically-relevant conditions (i.e. body temperature at 37ºC and in serum-based medium)45. 

Fig. 1: Hanging drop technique for culturing tissue explants 

developed by Ross Harrison. Reproduced by permission from 

Springer Nature. Viruses and Man: A History of Interactions. 

(Taylor M. W. 2014). Ref (45). 
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Today, over 3600 cell lines are available from over 150 different species with various formulations of 

growth medium, which contributed to enhancing our understanding of biological systems and 

advancing medicine50.  

5.1.2 2D cell culture definition and properties 

2D cell culture has been, for decades, the most popular method for maintaining adherent cells 

as in vitro models to study cell behavior in response to biochemical, mechanical, and physical stimuli50. 

In 2D cultures, cells are maintained as a monolayer on a surface that is most commonly a plastic 

flask or a petri dish. Such flasks have become a standard in cell culture for their low cost, wide 

availability, robustness, and simple cell handling protocols that reduce chances of contamination50. 

Surfaces of these flasks can be easily functionalized with proteins, polymers, or other surfaces 

treatments to enhance cell adhesion, proliferation, and overall health50. Due to the excellent optical 

properties of glass and certain plastics, monitoring cell health, morphology and proliferation 

throughout the culture period and imaging for post-analysis is easily done50. Although 2D cell culture 

has significantly contributed to our current understanding of biology and cellular processes, in recent 

years, accumulating evidence has made it clear that results from 2D cultures do not always reflect 

the conditions in the 3D microenvironment surrounding cells and organs in vivo, due to the 

missing cell-cell interactions and cell-extracellular matrix (ECM)  interactions illustrated in (Fig. 2), 

with the most serious implication of this gap being presented in understanding human diseases, drug 

development, and translational medicine. 

5.1.2.1 Significance of missing cell-cell and cell-ECM interactions in 2D cultures  

In 2D cell cultures, a large area of the cell is exposed to the cell culture flask surface on its 

bottom side and growth media on its top side when in a monolayer, leading to reduced contact area 

between adjacent cells connected via junctional proteins that mediate cell-cell interactions. 

Indeed, reports have shown reduced junctional proteins in 2D cultures than in 3D and their 

implication for cell morphology and behavior51-53. Intercellular junctions, illustrated in (Fig. 2), are 

mediated mainly by cadherins at adherens junctions, claudins and occludins at tight junctions, and 

connexons at gap junctions54, 55. Tight junctions for instance, once thought to merely serve as 

permeability barriers to maintain epithelium integrity, are now known to be closely linked to 



  

Page 10 of 170 

establishing epithelial apico-basal polarity and are important transmitters of signals to the cell interior 

to regulate the cytoskeleton, cell proliferation56, differentiation56, and gene expression57, 58. Adherens 

junctions provide mechanical support for tissues through stabilizing cell-cell adhesive forces, control 

intracellular mass transport, and contribute significantly to various signaling pathways by responding 

to and activating Rho, Rac, and Cdc42 which have known roles in regulating the dynamics of the actin 

cytoskeleton, cell movement and growth, among other cellular processes54, 59, 60. Gap junctions are 2-

4 nm gaps spanned by protein channels that form pores between cells and play significant 

communicative roles by transporting ions, biomolecules, and electrical signals from one cell to the 

other54, 61. Gap junctions are crucial for a wide range of biological functions, including development, 

differentiation, neuronal activity, hormone-receptor signaling, and immune reactions61. Therefore, 

reduced numbers of junctional molecules in 2D cultures is alarming when the research deals with 

modeling physiology and cellular responses to drugs, as evident by studies reporting differences in cell 

behavior in 2D cultures compared to 3D cultures51-53.  

Furthermore, traditional 2D cell cultures lack physiologically relevant cell types that exist 

in the vicinity of a cell of interest62, 63. This removes crucial extracellular signaling pathways that 

occur through paracrine, endocrine, and synaptic signaling in vivo64. Creative 2D co-culture methods 

Fig. 2: The in vivo environment of cells allow cell-cell interactions through junctional molecules and cell-ECM interactions through 

integrins that relay cues from the ECM to the cell interior. Reproduced by permission from Springer Nature. Springer eBook (Ariza 

et al. 2018), Ref (72), and Nature Reviews Molecular Cell Biology. (Matter et al. 2003), Ref (55). 
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have been proposed through the use of transwells43, micropatterning65, sandwich cultures66, and 

microfluidics67 to address those challenges and showed physiological relevance and significant 

implications for drug discovery, but many of those methods remain constraint by the number of cell 

types that can be introduced, lack of cytoarchitecture, limited formats that allow direct contact between 

two different cell types, long fabrication protocols, and lack of 3D cell-ECM interactions.  

2D cultures and many formats of 2D co-cultures are traditionally carried out on stiff substrates 

that are not representative of the mechanical and biochemical properties of the extracellular matrix; 

a highly dynamic 3D network of fibrous proteins, glycoproteins, proteoglycans, polysaccharides, 

enzymes and growth factors, that comprises the non-cellular compartment of tissues and 

provides structural and biochemical support to cells68. The striking difference in stiffness between 

a plastic or glass petri dish and human tissues is illustrated in (Fig. 3), showing that plastic or glass at 

2-4 GPa is almost six orders of magnitude stiffer than the human brain; one of the softest tissues in the 

human body at 1-4 kPa69-71.  

The ECM can be categorized based on its location in vivo to interstitial ECM and basement 

membrane ECM as illustrated in (Fig. 2), both of which have their unique protein compositions, 

mechanical and biochemical properties, and mechanical inputs72. Mechanical properties of the ECM 

include material stiffness; a measure of its resistance to deformation in response to an applied force, 

strength; a measure of its resistance to damage or failure, and elasticity; its ability to return to its 

Fig. 3: Tissues of the human body have unique stiffnesses and are several orders of magnitude softer than plastic or glass with 

the exception of bone. Reprinted by permission from The Company of Biologists Ltd. Disease Models & Mechanisms. (Thomas 

R. Cox, Janine T. Erler., copyright 2011). Ref (69). 
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original geometry upon unloading of forces without dissipating energy71, 73. These mechanical 

properties of the ECM are mainly dictated by the concentration and composition of three constituents 

of the ECM: elastic fibers (e.g. elastin) which provide extensibility and resilience to the ECM, 

fibrillar collagens (e.g. collagen type I and III) which contribute to ECM stiffness and strength, 

glycosaminoglycans (GAGs), and proteoglycans (PGs) which attach to ECM proteins cores and 

provide various functions such as sequestering of growth factors and ECM hydration72, 73. Cells sense 

the ECM mainly through transmembrane proteins called integrins that are connected to cytoskeletal 

actin filaments through their intracellular domain and focal adhesions, and to epitopes of ECM proteins 

such as RGD through their extracellular domain73. Mechanical inputs in the ECM can take many forms 

including gravity, shear stresses, and tensile and compressive forces or cellular forces applied to the 

matrix71. Cells sense their environment by applying traction forces that pull the ECM through actin-

myosin contractility, and respond to mechanical inputs in various ways depending on the cell type and 

the developmental stage of the tissue73. Biochemical components that do not directly contribute to 

the mechanical properties of the ECM include laminins, fibronectin, tenascins, growth factors, and 

matrix metalloproteinases (MMPs), are of equal importance to processes such as cell adhesion to the 

matrix, cell migration decisions, and ECM degradation74. Disturbance of ECM mechanical and 

biochemical properties causes diverse physiological responses of cells ranging from differentiation, 

tissue organization and development, cell migration, cell division, homeostasis, and gene expression73. 

For instance, studies have demonstrated that stem cell shape and lineage specification are influenced 

by mechanical inputs of the ECM that modulate Rho-dependent cell contractility70. More 

specifically, soft matrices, such as that of the brain, have been found to differentiate stem cells into a 

neurogenic lineage, whereas stiffer matrices, such as that of the muscle, push them into myogenic and 

osteogenic lineages70, 75. 

Numerous reports show the influence of the ECM stiffness on morphogenesis and cell 

behavior including that of neural, muscle, and endothelial cell types. For instance, endothelial cells 

branch into small capillary-like vessel when cultured on compliant gels, but form large vessels with 

bigger lumens when cultured on stiffer substrates with a lower rate of endothelial cell sprouting, 

however, those results differ when the cells are cultured in 3D versus 2D or when other cell types such 
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as fibroblasts are introduced70, 76. Additionally, the formation of new blood vessels requires ECM 

degradation by MMPs which are secreted by endothelial progenitor cells (EPCs); a key step in tissue 

repair and neovascularization. This process allow EPCs to migrate from their niche to target tissues 

that require repair. MMPs production rate is also influenced by the ECM stiffness, demonstrating that 

ECM mechanical properties and biochemical compositions are closely linked and are key factors in 

cell migration and gene expression77. 

The above examples of cell-ECM interactions follow the principle of dynamic reciprocity 

which refers to the continuous bidirectional interaction between cells and their ECM78. Continuous 

remodeling of the ECM modifies biomolecules near the cell membrane and exerts mechanical forces 

on cells, thereby initiating signaling cascades that lead to changes in gene expression and cell 

behavior78. Consecutively, cellular changes affect the composition and organization of ECM 

components78. These ongoing interactions define the dynamic reciprocity between cells and their 

microenvironment, and its critical role in development and adult tissue homeostasis78.  

In addition, the 3D nature of the ECM, the unique distribution of cells in tissues, ECM 

remodeling by cells, the thickness of 3D tissues and the secretion of molecules by cells of each tissue 

into 3D space lead to generating gradients of gas and molecules in the ECM and gradients of 

stiffness with various surface topography31. All of which are crucial factors that influence cell 

behavior and are typically removed when cells are transferred from 3D to a 2D space where oxygen 

and nutrients supply is unlimited and one continuous matrix is available rather than discrete fibers of 

ECM proteins30, 31. The microenvironmental differences between cells in 2D compared to 3D, 

Fig. 4: Distinctions between cells grown in 2D vs. 3D space in morphology, behavior and mechanical and biochemical cues 

experienced. Reproduced by permission from The Company of Biologists Ltd. Journal of Cell Science. (Baker, B. M. and Chen 

C. S., 2012). Ref (79). 
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summarized in (Fig. 4), become especially important when studying phenomena that are strongly 

dependent on such factors such as development, cell migration, cancer progression, and many other 

cellular processes30, 31, 79. Due to the above shortcomings of 2D culture, alternative methods emerged 

for culturing cells in 3D systems that more closely mimic in vivo conditions. 

5.1.3 3D cell culture definition, methods, and properties 

Fig. 5: 3D cell culture methods are categorized into: scaffold-free methods, scaffold-based methods, and specialized 3D culture systems. 

Most frequent methods for 3D cell culture are summarized below each category. Reproduced/adapted under the terms of the Creative 

Commons Attribution License. Frontiers in Pharmacology. (Langhans S. A. 2018). Ref (80).  



  

Page 15 of 170 

Novel 3D cell culture techniques emerged with the increasing interest in replicating in vivo 

conditions for tissue engineering applications. A 3D cell culture can be defined as any appropriate 

in vitro platform that allows cells to proliferate in all three directions, unlike planar 2D cultures 

that limit cells proliferation to a single surface50. Various formats of 3D cell culture exist and mainly 

include spheroid cultures, organoid cultures, 3D bioprinted cellular structures, conventional cellular 

scaffolds, cell sheets, and microfluidic cell cultures30, 80, 81. These formats of 3D cell culture are often 

categorized into 1) scaffold-free methods, 2) scaffold-based methods, and 3) specialized 3D culture 

systems as summarized in (Fig. 5)30, 80.  

An ideal 3D cell culture system must closely mimic physiological or pathological conditions, 

where cells are allowed to proliferate, migrate, and differentiate in a microenvironment that includes 

physiologically relevant forms of cell-cell interactions, cell-ECM interactions, and gradients of 

stiffness, oxygen, nutrients and metabolic waste80. Each of those methods meets some of those 

requirements thus has its own advantages and limitations making each method suitable for certain 

applications more so than others.  

Spheroid and organoid 3D cell cultures   

Scaffold-free methods such as the hanging droplet method, low attachment plate, and 

magnetic levitation allow the formation of cell aggregates from an initial number of single cells which 

makes them suitable for generating spheroids and organoids that can be used for physiological and 

pathophysiological modeling, and high throughput screening of drug agents for developing 

therapeutics and personalized medicine30, 80.  

Spheroids are distinguished from organoids in that spheroids are cellular aggregates 

formed from either one or more cell type that are not necessarily capable of self-organization or 

differentiation into additional subpopulations82, 83. On the other hand, organoids are 3D cell 

aggregates derived from either embryonic stem cells (ESC), induced pluripotent stem cells 

(iPSC), primary cells, or primary tissues that are capable of self-renewal and self-organization 

to resemble in vivo organs8, 80. Organoids provide the advantage of replicating organs architecture on 

a micro- to a millimeter scale8. This is important because organ structure and cell organization define 

its function and response to stimuli8. Spheroids replicate cell-cell interactions but lack the level of cell 
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organization and differentiation organoids provide83. Both spheroids and organoids have been used as 

3D models of normal physiological conditions and as disease models8, 82, 83. However, spheroid 

cultures are most frequently used to generate models of 3D tumors generated from cancer cells or 

tumor biopsies82, 84, while organoids are more frequently used for generating 3D models of in vivo 

organs in health and disease and rarely used for generating tumor models8, 80. Spheroids are typically 

more compact and form more regular shaped spheres than organoids which have a high order of 

complexity and form irregular shapes with folds, rosettes, buddings, or gyrations based on the type of 

organ modeled, as illustrated in (Fig. 6) of various organoids including cerebral organoids10, lung bud 

organoids85, intestinal organoids86, and cardiac organoids87.  

The difference between organoids and spheroids is illustrated in (Fig. 7) in comparison to 

traditional 2D cell  culture and 3D cell culture where cells are directly embedded in a scaffold83. Despite 

several distinctions between organoids and spheroids, both are frequently illustrated as spheres for 

simplicity, and the two terms are sometimes used interchangeably in literature. Peer reviewed articles 

that summarize or systematically study those distinctions are lacking, despite observable differences 

Fig. 6: Organoid 3D cell cultures replicating various organs: (a) Brain organoids self-organize to form cerebral folds with 

heterogeneous regions containing neural progenitors (red) and neurons (green). (Lancaster et al. 2013), Ref (10). (b) Lung bud 

organoids as models for lung development show alveoli budding and alveolar epithelial cell type II markers (red). (Chen Y. W. et al. 

2017), Ref (85). (c) Intestinal organoids showing early villi structures stained for the epithelium layer (red). (Workman M. J. et al. 

2016), Ref (86). (d) Cardiac organoids show organization of cardiac cells (red) in the center and myofibroblasts (green) on the 

periphery resulting in beating heart organoids. (Ma et al. 2015), Ref (87). All images were reprinted by permission from their respective 

publishers.  

Fig. 7: Differences in morphology and shape of cells cultured using traditional 2D cell culture (a), and the main three 3D cell 

culture formats: conventional scaffold embedding (b), spheroid culture (c), and organoid culture (d). Reproduced by permission 

from Cambridge University Press. MRS Communications. (Carter S. D. 2017), Ref (83). 
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from research articles of spheroids and organoids of the same models. Here we summarize notable 

differences between spheroids and organoids in (Table 1). 

Table 1: Spheroid vs. organoid 3D cell culture 

 Spheroids Organoids 

Source Cell lines, primary cells, primary tissues31, 84 Stem cells, primary cells, primary tissues8 

Shape Regular spheres83 Irregular shapes88 

Biological resemblance 
Cell-cell interactions, limited self-renewal, lack 

cell-organization80 

Cell-cell interactions, self-renewal, self-

organization, differentiation8, 80 

Culture length Weeks89 Months88 

Frequent applications Cancer biology, drug screening31 
Physiological and pathological modeling, 

development, drug screening8 

 

3D cell sheets 

Contrary to high throughput methods for generating organoids and spheroids, methods such as 

scaffold-free cell sheets90 and scaffold-based ones91 have not been demonstrated for high throughput 

applications due to their laborious steps and high dependence on the skill of the lab member which 

leads to variations in resulted structures. Scaffold-free 3D cell sheets are generated from a confluent 

single layer of cells cultured using traditional 2D cell culture methods90. Multiple layers of confluent 

cultures are then manually manipulated using tweezers to layer them on top of one another or rolled 

around a rod to generate 3D tubular structures90. Scaffold-based 3D cell sheets are similarly layered 

on top of one another or rolled around a rod with the exception of a scaffold layer added at first91. This 

method is a viable option for engineering tissues composed of organized layers of cells such as cardiac 

tissues and blood vessels. Cell sheet methods have been successfully applied for vascular tissue 

engineering, neuronal cultures, and generating a tumor microenvironment, among other methods90-92. 

Cardiac tissues generated using cell sheet methods have been proposed as transplantable structures and 

have been tested for in vivo transplantation in infracted porcine hearts93. Similarly, blood vessels 

generated using cell sheet techniques have been proposed as transplantable small vessel grafts, and as 

microphysiological systems for in vitro drug testing90, 94. Tumor cell sheets have been proposed for 

pathological modeling and analysis91. Generally, scaffold-free methods allow culturing cells in an 

environment that account for cell-cell interactions, 3D organization of cells, and naturally occurring 

gradients of oxygen and nutrients within 3D structures once they exceed a certain size. On the other 

hand, scaffold-based methods allow those same advantages in addition to cell-ECM interactions. 
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Therefore each method is suitable for applications that require either one or both interactions to be 

accounted for.  

Scaffold-based methods 

Methods for seeding cells in scaffold-based 3D cultures involve: 1) generating a scaffold then 

introducing cells on top of it, 2) generating the scaffold then perfusing cells through it, 3) using spinner 

flasks or rotating chambers with suspended cells to aid with seeding, 4) embedding cells in the scaffold 

by mixing them with the hydrogel pre-polymer then polymerizing the whole mixture, or 5) generating 

a 3D cell culture (e.g. organoids, spheroids) then embedding it in a hydrogel in a well or a 

microchamber84, 95. Conventional methods for generating cellular scaffolds and electrospinning 

methods are typically done in well plates and do not offer precise control over tissue structure or cell 

organization. 3D bioprinting on the other hand provides the option for layer-by-layer fabrication that 

replicates the macro architecture of organs with bioinks of interest and patterning of different cell types 

within the structure96. However various bioprinting methods such as extrusion-based, light-based 

stereolithography, and laser-based bioprinting have their own advantages and limitations in terms of 

resolution, cell viability, and speed which is reviewed elsewhere96. 

Specialized 3D cell culture methods  

Scaffold-free and scaffold-based 3D cell culture methods offer great opportunities for studying 

cellular responses in a 3D environment that resembles in vivo conditions. However, those methods can 

have certain limitations due to high costs, time consuming protocols, lack of uniformity and 

reproducibility of the generated 3D cultures, and lack of control over 3D cell patterning80. Thus, 

specialized 3D cell culture methods have been proposed to address some of those limitations which 

include microfluidic cell culture methods, micropatterned plates, and bioreactors30, 80. Microfabrication 

technology generally refers to techniques that allow for manufacturing miniature units or devices with 

features at micrometer or submillimeter resolution97. Such technologies have been employed in 

developing integrated, fast, and cost-effective cell culture systems that have the potential for high 

throughput probing, testing, and analysis97. Biological applications involving microfabrication 

technologies are various and include detection assay development98, surface patterning to study cell 

adhesion, shape, and migration99, fabrication of microwells for entrapment of single cells100, and the 
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development of microfluidic devices and micropatterned plates for 3D cell culture, among other 

applications97. Microfluidic cell culture allows the use of small volumes of reagents, patterning cells 

of different types in microfluidic channels, and the generation of flow rate and concentration gradients 

among other advantages that will be discussed further in (Section 5.1.4.)97, 98. Micorpatterned plates 

are designed to include microstructures that allow seeded cells to aggregate in a uniform manner across 

all the wells in the plate80. This overcomes the lack of uniformity of spheroids or organoids generated 

in the common well plates we describe in non-scaffold based methods. Bioreactors allow large scale 

production and efficient transport of nutrients30, 101. Additionally, specialized 3D cell culture methods 

such as microfluidics and bioreactors allow for introducing mechanical inputs to the cells such as shear 

stress which furthers in vivo mimicry of those methods50, 101.  

Scaffold-free and scaffold-based methods illustrated in (Fig. 5) represent the main techniques 

used for generating the initial 3D cell culture. However, once cell aggregates such as organoids or 

spheroids are formed they can be then embedded into a scaffold, or transferred to a bioreactor or a 

microfluidic device to proliferate, mature, or differentiate for the remainder of the culture period. 

Organoids and cellular scaffolds have also been implanted in vivo to either mature further as 

physiological models, or to test their clinical effects in vivo93, 102. Various additional formats of 3D cell 

culture exist but mainly stem from the methods illustrated in (Fig. 5). 

5.1.4 Microfluidic cell culture systems for physiological studies 

Microfluidics refers to the science and technology of developing miniaturized systems 

capable of manipulating microliter to femtoliter volumes of liquid, which enables additional 

characteristics that have been advantageous for biomedical applications103-105. This is achieved by the 

fabrication of channels with dimensions of tens to hundreds of micrometers which is realized with the 

increasing advancements of microfabrication technologies97, 103. The requirement for small volumes 

reduces consumption of reagents and precious samples therefore significantly reduces costs 

associated with microfluidic systems. In addition to their low cost, microfluidic devices are easy to 

automate, disposable and have small footprints105. The first applications that microfluidics have 

been recognized for have been in separation and detection assays which can be carried out with high 

resolution and sensitivity in microfluidic devices due to their small channel dimensions, precise 



  

Page 20 of 170 

control over fluid flow profiles, mass transport and concentration of molecules in space and time, 

and short analysis time103, 105.  

Some of those features have been also recognized as advantageous for both 2D and 3D cell 

culture and tissue engineering50, 98. As previously mentioned, close mimicry of in vivo conditions 

requires recreating cell-cell interactions, cell-ECM interactions, physiological levels of shear stresses 

and mechanical cues, and relevant in vivo gradients and temperature50. Microfluidics allow realizing 

many of those requirements through cell patterning, introduction of flow, hydrogel embedding in 

channels, and precise control over device pressure and temperature, which many of the other 3D cell 

culture methods cannot acheive50, 98. The ability to introduce flow in defined inlets in microfluidic 

devices enables creating physiologically relevant shear stresses, automated and continuous removal of 

waste and replenishing of nutrients which cannot be achieved using traditional well plate based cell 

culture platforms that require daily or bi-daily maintainance50. Additionally, microfluidic devices for 

cell culture applications are frequently made of materials such as polydimethylsiloxane (PDMS), 

transparent thermoplastics and glass, allowing favorable optical properties that allow direct 

monitoring and on-chip analysis including fluorescent microscopy, Raman spectroscopy50, 106. 

Additionally, the small footprint of microfluidic devices allows developing multi-tasked platforms 

that integrate multiple laboratory processes (e.g. single cell sequencing, protein or pathogen 

detection, separation of cells) in one device, rendering the terms lab-on-a-chip, or the term organ-on-

a-chip and body-on-a-chip in case of physiological models of organs104. The small footprint also allows 

parallelization of each device as a small units in a larger platform which is advantageous for 

applications that require high throughput analysis such as drug screening106, 107.  

The use of microfluidics for cell culture applications has unique considerations, much the 

foundations of which have been laid out in a key review by David Beebe and Edmond Young108. These 

considerations mainly pertain to 1) device design and operation, and 2) control over the in vitro 

microenvironment108. Control over the in vitro microenvironment requires considering a suitable 

method for loading the cells or tissue into the device, and providing suitable biochemical and 

biomechanical cues for the application of interest. This constitutes patterning of ECM-based hydrogel 

and growth factors to support the cells and requires considering factors that affect degradation of the 



  

Page 21 of 170 

hydrogel and cells consumption of growth factors/biomolecules added such as evaporation of media, 

the effective culture time, the critical perfusion rate, and bubble formation that could hinder media 

flow108. The design and operation of the device has several key components researchers consider as 

well, including the material of the device, the suitable fabrication method based on the design 

requirements, the geometries and surface properties of the device, and the mode of liquid transport via 

pumps or valves108. Throughout this introduction chapter, we provide examples for how some of these 

considerations were factored into the development of microfluidic-based cell culture platforms. 

Transport of aqueous solutions through microfluidic channels can be achieved either using 

active systems such as those incorporating pumps, or passive systems such as those relying on capillary 

forces and gravity105, 109, 110. In active systems fluid is forced to behave in a manner that is unachievable 

through geometry alone hence require external peripheral control, while passive systems allow fluid 

flow through the geometry of microchannels, their surface tension and natural flow features that 

arise105, 111. The term capillarics has been coined for capillary force-driven liquid manipulation in 

passive microfluidic systems recently105. Passive microfluidic systems can be designed to incorporate 

elements that regulate fluid flow. Such designs are referred to as microfluidic circuits or “capillaric 

circuits” (CC) in analogy to electrical circuits105. For instance, resistance of flow, R, through 

microchannels is analogous to resistance in electrical wires. Similarly, flow of liquid, Q, is similar to 

“flow of charge”, although electrons are prefilled in electrical circuits but not in CCs. The voltage 

difference in electrical circuits is the pressure difference ∆P across a microchannel in CCs. Those 

analogies, allow us to calculate the resistance in microfluidic channels using the below equation:  

                                                       𝑅 =  
∆𝑃

𝑄
=  

12𝜂𝐿

ℎ3𝑤
[1 − 0.630

ℎ

𝑤
]

−1

                                                  (1) 

where 𝜂 represents the viscosity of the liquid, and 𝐿, ℎ, 𝑤 represent the length, height, and 

width of the microfluidic channel respectively, and (ℎ< 𝑤)105. CCs are designed by combining 

“capillaric circuit elements” which regulate fluid flow105. The initial flow in microchannels is driven 

by capillary pressure but then maintained using CC elements called capillary pumps, various 

designs of which are reviewed by Olanrewaju et al.105. Capillary pressure arises in microfluidic 

channels as a result of the geometry of the channel and the surface tension at the liquid-air interface105. 
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It is therefore defined by the size of the microchannel and the contact angle of the surfaces of all of its 

sides, according to this equation:  

                                             𝑃 =  −𝛾 [
𝑐𝑜𝑠𝜃𝑡 + 𝑐𝑜𝑠𝜃𝑏

ℎ
+

𝑐𝑜𝑠𝜃𝑙 + 𝑐𝑜𝑠𝜃𝑟

𝑤
]                                             (2) 

where 𝛾 is the surface tension of the liquid in the microchannel, and 𝜃𝑡, 𝜃𝑏, 𝜃𝑙, and 𝜃𝑟 represent 

the contact angle of the top, bottom, left, and right surfaces of the microchannel105. Thus surface 

modifications such as plasma treatment of devices made of hydrophobic materials, among other 

treatments, contribute to changing the profile of liquid flow in microchannels105, 112. Additional CC 

elements such as flow resistors, trigger valves, stop valves, retention valves, and retention burst valves 

also regulate fluid flow in CCs105. Such circuit elements and design principles have been utilized to 

transport liquid through microchannels, generate gradients, and pattern cells for numerous applications 

for on-chip 2D and 3D cell culture50, 106.  

In (Fig. 8) we summarized methods for liquid transport and control of flow rate in microfluidic 

channels. Syringe pumps offer a direct method to actively force liquid through microfluidic channels 

and control its flow rate, as shown in (Fig. 8a)113. Nonetheless, it can be cumbersome to use for cell 

culture applications where cells must be kept in sterile closed incubators at 37ºC and 5% CO2, and 

Fig. 8: Methods for liquid transport and generation of flow rates within microfluidic cell culture platforms. (a) External syringe pump 

directly control flow rates in microfluidic device. (Parittotokkaporn et al., 2019), Ref (113). (b) Integrated small electrical pumps 

have been used in combination with capillaric pumps to create a self-contained microfluidic device. (Skafte-Pedersenm et al., 2011) 

Ref (114). (c) Capillaric circuit-generated flow incorporates pressure regulator structures that define the flow rate over time. (Phan 

et al., 2018), Ref (117). (d) Gravity-driven flow across microchannels is possible through reserviors of different heights at each end 

of the channel. (Komeya et al., 2017), Ref (115). (e) Gravity-driven recirculating flow (UniChip) allows continous flow by 

incorporating passive valves and placing the device on rocking platforms. (Wang and Shuler, 2018), Ref (116). All images were 

republished or reproduced by permission from their respective publishers.  
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handled in uncluttered biosafety cabinets (BSC). Tubing that connect a microfluidic device to an 

external syringe pump could be sources of contamination and could significantly complicate 

experimental setups with many moving parts to works with and tubes that trace to several inlets and 

outlets, which could reduce experimental throughput, especially if multiple devices are being tested. 

External syringe pumps have been replaced in some reports by small electrical pumps connected to 

tubes attached to containers outside the microfluidic device while being interconnected in one platform 

as shown in (Fig. 8b), to introduce a flow rate114.  

This improvement allows placing the whole platform in the incubator while eliminating moving 

parts and external connections to the outside of the incubator, and avoids overcrowding biosafety 

cabinets. Similarly, this setup can be used without electrical pumps by filling containers connected to 

a microchannel on opposing sides with liquids up to different heights thereby utilizing gravity to 

generate flow rates as shown in (Fig. 8d)115. However, the height difference must be re-introduced to 

maintain active flow. Wang and Schuler proposed a method to recirculate gravity-driven flow by 

utilizing passive valves and placing the device on a rocking platform116. This overcomes the need to 

maintain height difference between reservoirs. Despite the aforementioned advancements in liquid 

transport and generation of flow rates in microfluidic cell culture devices, many of those methods are 

not compatible with high-throughput screening which typically requires multi-channel pipetting, 

robotic equipment, or fluorescent plate readers, and are difficult to integrate with high quality live 

microscopy without risking contamination. Capillarics overcomes many of those complications by 

incorporating elements that allow portable, autonomous, self-powered, and integrated designs105. 

As illustrated in (Fig. 8c), Phan et al. developed a microfluidic platform that incorporates a pressure 

regulator unit to control flow velocity over time117. The device was used to generate vascular 

microtissues that were overlapped with a 96-well plate to allow high throughput screening of drug 

agents117. Hydrogel and media inlets and outlets were also designed to overlap with one well each to 

allow easy and fast pipetting steps in a format compatible with robotic and traditional pipetting, and 

common downstream analysis equipment117.  

Microfluidic cell culture systems developed to model organs of interest in vitro are often 

referred to as microphysiological systems (MPS), which can incorporate 2D and 3D cell culture 
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formats based on a desired application that are often referred to as organ-on-a-chip and organoid-on-

a-chip. We provide a general overview of how microfluidic techniques has been leveraged to meet 

experimental requirements of MPSs in the next section, and we show how these platforms have been 

specifically applied for microvascular tissue engineering at the end of this introduction chapter.  

5.1.4.1 Microphysiological systems: Organ- and organoid-on-a-chip systems 

The most recent developments in 3D cell culture have been interested in better mimicking the 

microstructure, mechanical and biochemical properties, and functionalities of whole living organs118, 

119. Previously introduced 3D cell culture methods such as organoid and spheroids cultures have been 

shown to replicate organ function to a higher degree than conventional 2D cell culture118. However, 

there remains certain shortcomings in organoids cultures, spheroid cultures and conventional 3D cell 

culture methods if not coupled with specialized 3D cell culture methods such as microfluidics, 

micropatterned plates, and bioreactors. While non-specialized 3D cell culture methods we described 

previously in (Fig. 5) offer cell-cell and cell-ECM interactions, alone they lack control over specific 

cell patterning in space, consistency between batches, tissue-tissue interfaces, and mechanical inputs 

such as shear stress118, 119. Organ- and organoid-on-a-chip systems were developed to address some 

of those shortcomings by integrating microfluidic technologies with living cells or organoids 

cultured within 3D devices developed using microfabrication methods inspired from the 

microchip industry and 3D printing118, 119. This has allowed scientists to study human physiology 

and disease through specialized in vitro models that provide an organ-specific context118, 119. 

Organ-on-a-chip design principle and examples 

Organ-on-a-chip systems can be defined as microfluidic cell culture devices designed to 

model the functional units of human organs in vitro developed through design principles that are 

based on a reductionist analysis of an organ of interest119. The first step in developing an organ-

on-a-chip system is to start with the anatomy of the organ of interest and reduce it to the basic elements 

responsible for physiological functioning118-120. A “Functional unit” represents the building block of 

an organ where its most basic function occurs. For instance, nephrons in the kidney121, alveolar sacs 

in the lung119, and neurons in the brain122, all represent functional units of those organs. Functional 

units vastly differ between organs and are defined by key features such as cell types, structural 
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organization, and biochemical and mechanical properties of their ECM119. Once those features are 

identified, the researcher attempts to recreate them in vitro with the goal of replicating organ function 

for physiological analysis and drug testing which could potentially reduce animal experimentation and 

improve translational medicine118, 119.  

For example, the alveolar-capillary interface in alveolar sacs facilitates gas exchange in the 

lungs, as shown in (Fig. 9a) and consists of alveolar epithelial cells (AECs) and pulmonary 

microvascular endothelial cells (PMECs), both of which are present on opposing sides separated by a 

thin interstitium layer67, 119. The epithelial side is exposed to mechanical forces from air flow (e.g. 

breathing-induced stretching), while the endothelial side is exposed to shear stresses due to blood 

flow67, 119. Those features have been replicated for a lung-on-a-chip system by designing a microfluidic 

device with two layers separated by a thin porous membrane, where AECs are cultured on the bottom 

side of a top microchannel to model the wall of the alveolar sac, and PMECs are cultured on the top 

side of a bottom microchannel to model the capillary wall, as shown in (Fig. 9a, 9b)67, 119. Cell culture 

media is flowed through the endothelial 

channel to model blood flow and air through 

the alveolar channel67, 119. Vacuum is applied 

to side channels to simulate stretching forces 

on the capillary-alveolar interface layer67, 119. 

This model was able to reproduce several in 

vivo organ responses including responses to 

bacteria and cytokines, accentuated 

inflammatory response to silica nanoparticles, 

and enhanced uptake of nanoparticles and 

transport into the bottom microvascular 

channel upon mechanical stimulation67.   

The neurovascular unit in the brain has been similarly modeled using reductionist organ-on-a-

chip approaches to study the blood-brain barrier (BBB) by numerous reports, including most recently 

the work of Ahn et al. shown in (Fig. 10)63, 123, 124. Modeling the BBB offers a great opportunity to test 

Fig. 9: Lung-on-a-chip system developed using micro-fabrication 

technologies to recreate lung function through a reductionist approach 

(a). PMECs and AECs are introduced on opposing sides of a thin 

porous membrane to mimic the alveolar-capillary interface (b). 

Reprinted by permission from AAAS, Science 364, Park, S. et al. 

copyrights 2019, Ref (119), [Illustration: BIOLines Lab]. 
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neurological drug agents using improved and more accurate physiological settings. The BBB functions 

as a selective physical barrier to protect the brain against harmful compounds, and provides 

biochemical homeostasis for the brain necessary for optimal neuronal functioning63, 124. The BBB is 

formed by specialized endothelial cells which line cerebral microvessels and connect together via 

complex tight junctions that force molecules to move transcellularly across the BBB rather than 

paracellulary in between the junctions as the rest of endothelial barriers across the body63. The BBB 

supplies the brain with gas and nutrients, eliminates waste, restricts active and passive transport of 

molecules from the blood, and regulates the brain microenvironment due to its short diffusion distance 

from neurons63, 123, 124. Tight junctions in the brain (e.g. ZO-1 and claudins) greatly restrict even the 

movement of small ions such as Na+ and Cl-, hence, the transendothelial electric resistance (TEER); 

a measure of the electrical resistance across a monolayer of cells inversely proportional to permeability 

of barriers, is significantly higher in brain endothelium (>1000 ohm.cm2), compared to peripheral 

capillaries (2-20 ohm.cm2)63, 123. As a result large molecule drugs cannot cross the BBB and only 2% 

of small molecule drugs can124. BBB function and maintenance is closely linked to its anatomy63, 124. 

Brain capillaries are surrounded by pericytes and a basement membrane. Astrocytic end-feet surround 

the capillaries and are in close contact with microglia and neurons on its other ends63, 124.  

Fig. 10: BBB-on-a-chip replicates in vivo BBB anatomy using a tri-culture with defined distribution of HBMEC, HBVP and HA (a) 

and (b). Immunostaining shows distribution of BBB markers: ZO-1 (red) junctional protein in HBMEC. GFAP (white) astrocyte 

marker. α-SMA (green) HBVP marker (c). TEER value of the tri-culture is higher than a monoculture of ECs, and is increased with 

increasing shear stress. Gene expression of junctional proteins and cell receptors of endothelial cells is higher in the tri-culture 

compared to a monoculture.  Reproduced under the terms of the Creative Commons license. Nature Communications. Ahn, S. I. et al. 

Copyright 2020. Ref (123). 
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Ahn et al. replicated several anatomical and functional aspects of the BBB in a microfluidic 

device where a tri-culture is introduced consisting of a 2D monolayer of human brain microvascular 

endothelial cells (HBMEC) cultured on top of a porous membrane with human brain vascular pericytes 

(HBVP) on its bottom side, and human astrocytes (HA) in a 3D Matrigel in a bottom channel123. 

Interestingly, the device corroborated previously introduced features of the BBB by showing a 

significantly higher TEER value of the BBB tri-culture compared to a monolayer of ECs cultured with 

pericytes and astrocytes123. Additionally, by introducing continuous fluid flow, which is unachievable 

without a specialized setting such as microfluidics, physiological values of shear stress were achieved 

which was shown to increase the TEER value of the BBB123, 125. Expression of junctional proteins and 

endothelial cell receptors also increased similarly to what has been shown to occur in vivo123, 125. This 

example well demonstrates the significance of microfluidic approaches in addressing the limitations 

of conventional cell culture methods. Petri-dish grown endothelial cells can be used to assess 

cytotoxicity of drugs. However it does not provide any accurate measure of drug delivery into the 

brain.  

Organoid-on-a-chip compared to organ-on-a-chip systems 

Traditional organoid cultures and organ-on-a-chip systems both developed with the same 

goal of recapitulating the complexity of in vivo organs119, 126. The two technologies represent 

fundamentally different approaches119, 126. Yet by combining aspects of each of those two technologies 

into organoid-on-a-chip systems, the two become complementary119. Organ-on-a-chip technology 

relies on engineering precisely controlled constructs of cells and their microenvironment to replicate 

in vivo functions119. In those systems the researcher makes decisions on the distribution of each cell 

type in the microfluidic device; be it introducing cells in a 2D monolayer, a 3D hydrogel, or a 

combination of both119. Organoid-on-a-chip technology, by contrast, relies on intrinsic 

developmental programs that allow stem cells to self-organize spontaneously to recreate key 

functions and structural properties of in vivo organs119. Such systems either introduce already 

aggregated organoids or spheroids into the microfluidic device or design micropatterend features that 

allow them to aggregate uniformly in the device. Controlled fluid flow in microchannels can then be 

introduced to improve the maturity of organoids, transport nutrients and remove waste, generate 



  

Page 28 of 170 

biochemical gradients, or create fluid flow profiles desired for introducing spatially controlled growth 

factors. Organoid-on-a-chip technologies have been used to generate kidney organoids-on-a-chip121, 

brain organoids-on-a-chip127, and a multiple organoid-on-a-chip system to model organ-organ 

interactions, among others128.  

In a kidney organoid-on-a-chip system developed by Homan et al. illustrated in (Fig. 11), 

kidney organoid pretubular aggregates derived from pluripotent stem cells are introduced in 3D printed 

microfluidic devices after their initial aggregation in U-wells121. The microfluidic device is connected 

with inlets and outlets for introducing fluid flow through its organoid channel121. High flow rates in 

the device increased the braching (junctional density), length, and area of PECAM1+/MCAM+ 

perfusable vascular structures during nephrogenesis121. The vascular structures are wrapped around 

glomeruli-like compartmens that closely mimicked the structure of the glomerulus capsule (bowman's 

capsule) located in kidney nephrons where blood filteration occurs in vivo121. The newest wave of 

organoid-on-a-chip platforms integrate the best features of current organ- and organoid-on-a-chip 

systems to create more powerful synergetic in vitro models119, 126. For instance, in the present example 

of kidney organoids-on-a-chip, the authors aimed to provide extensively characterized platform for 

vascularized kidneys. By integrating this platform with an organ-on-a-chip approach that connects the 

vascularized kidney organoids to endothelial cell-lined microfluidic channels, a more powerful 

platform could be achieved that allows controlled, directional perfusion of vascular networks for 

Fig. 11: (a, b) Kidney organoid-on-a-chip show the formation of PECAM1+ (red) and MCAM+ (yellow) vascular structures wrapped 

around PODXL+ (cyan) glomeruli-like compartments. (c) Vessel % area, junctional density, average vessel length, and PECAM1 

expression were all significantly higher when organoids were cultured on-chip under high flow rates. Reproduced by permission from 

Springer Nature. Nature Methods. Ref (121). Homan K. A. et al. Copyright 2019.   
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disease modeling and drug testing applications.  

Similarly, a brain organoid-on-a-chip system was developed by Wang et al. to enhance 

differentiation and in situ organization of brain organoids, as shown in (Fig. 12)127. Among the many 

types of organoids developed in the recent years8, brain organoids have the most complex structure 

and exhibit the highest levels of organizational patterns with distinct functional regions and cortical 

structure1, 127. While stem-cell derived brain organoids recapitulate several aspects of development and 

disease, differences between those organoids and the native brain remain127. Additionally, the same 

batch of organoids generated with the same protocol is heterogeneous in terms of expression profiles 

of various markers of cell types in the developing brain, viability, size, shape, and not every single 

organoid is guaranteed to recapitulate in vivo function and structure8, 127. Those challenges commonly 

occur in virtually any type of organoid generated using traditional organoid cultures8. This 

phenomenon suggests that 

microenvironmental cues (e.g. biochemical 

and mechanical signals, and multicellular 

interactions) are either missing or presented 

inaccurately127. In the example in (Fig. 12), 

embryonic bodies (EBs) suspended in 

Matrigel were immobilized and aligned in 

microchannels and introduced to neural 

induction medium followed by 

differentiation medium through a central 

perfused channel127. The continuous flow of 

media in the central channel allowed 

controlled nutrient diffusion across the 

Matrigel-filled organoid channel127. Supply 

of nutrients to the core of organoids was 

enhanced for the on-chip organoids in 

comparison to petri-dish grown ones, as corroborated by increased viability of on-chip organoids and 

Fig. 12: Brain organoids differentiation and cell organization is improved 

using a perfused organoid-on-a-chip system in comparison to conventional 

petri-dish grown brain organoids. Reproduced under a Creative Commons 

Attribution liscence. RSC Advances. Ref (127). Wang, Y. et al. Copyright 

2018.  
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reduced necrotic cell death at their cores127. Additionally, the on-chip brain organoids showed higher 

expression of neural markers, brain regional markers, and the cortical layer markers (TBR1 and 

CTIP2) as shown in (Fig. 12b)127.  

Overall, the aforementioned examples demonstrate the capability of perfusable microfluidic 

organoid-on-a-chip platforms for providing improved biomicmetic microenvironments and enhanced 

organ functionalities by recreating in vivo elements such as fluid flow, controlled cues, tissue 

architecture, and a 3D space. 

5.2 Brain organoids as models for neuroscience research 

The prevalence of dementia and neurodegenerative diseases is increasing rapidly in nations with 

increasing life expectancies15. Alzheimer’s disease (AD), for instance; the most prevalent form of 

dementias, affects an estimate of 47 million people around the world129. Despite decades of research, 

progressive neurodegenerative diseases such as AD, Parkinson’s disease, and motor neuron diseases 

remain without a treatment that prevents or reverses the course of the disease, with treatments being 

limited to symptom management and palliative care15. While symptoms of neurodegenerative diseases 

are well-characterized, early pathophysiological events leading up to those conditions remain largely 

unknown1, 15. Additionally, neurodevelopmental disorders such as autism spectrum disorder and 

neurodevelopmental diseases such as microcephaly manifest at embryonic and fetal stages, and have 

unique genetic and epigenetic programs, making them difficult to study using traditional models1. Lack 

of understanding of those diseases, complexity of the brain, and limited access to human neural tissues 

represent main obstacles of neuroscience research14, 15.  

Various biological modeling methods emerged to allow scientists to unlock mysteries of the 

human brain, including cultures of dissociated neurons, tissue explants, and animal models14, 15. Those 

models have been and remain commonly used in neuroscience, and while they have greatly advanced 

our understanding of neurophysiology and disease, each has its own long well-known limitations. 

Those traditional models have remained the gold standard for decades due to the lack of better 

alternatives. The recent advancements in the field of stem cell biology have made available: fetus-

derived ESCs as first reported by Thomson et al. (1998)130 and iPSCs reprogrammed from adult 

somatic cells by Takahashi and Yamakana (2006)14, 15, 131. Those advances permitted a new generation 
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of in vitro models for neuroscience research; patient-derived tissues and brain organoids developed 

from patient samples using iPSC technologies14, 15. Brain organoids are self-organizing neural 

structures capable of mimicking the development of the fetal human brain15. Such organoids have 

gained tremendous popularity because they preserve the genetic profile of patients and faithfully 

replicate tissue architectures, physiology and important pathological hallmarks found in neurological 

diseases and disorders14, 15. The increasing technological advances in developing model systems, 

makes it crucial to understand and acknowledge the restrictions and benefits of each one of those 

system in order to appropriately utilize them in neuroscience research.  In the next section, we discuss 

the emergence of brain organoids as complementary yet unique tools for neuroscience research that 

overcome certain limitations imposed by traditionally implemented in vivo, ex vivo, and in vitro models 

of the brain.  

5.2.1 Biological models for neuroscience research: challenges and opportunities 

In vivo models: A wide range of in vivo models, including vertebrates (e.g. zebra fish, 

rodents, non-human primates), and invertebrates (e.g.  C. elegans, drosophila), have been used to 

model neurodevelopmental or neurodegenerative diseases132. Modifications to these animals to mimic 

symptoms of a disease of interest can be induced chemically by administration of neurotoxins such 6-

hydroxydopamine which recreates symptoms of Parkinson’s disease, or genetically through 

introducing mutations, overexpression, knock-out or -in of genes of interest132. For instance, mutations 

in Amyloid precursor protein (APP) and other proteins implicated in AD pathogenesis, have been used 

to mimic symptoms of AD129. Animal models of the brain have been mostly comprised of rodents; 

mice and rats in particular133. Rodent models of the brain have been tremendously advantageous over 

the years due to the in vivo context they offer through a 3D microenvironment, modeling neural-

immune interactions, and access to functional tests of disease parameters over an extended period 

of time by investigating cellular processes and whether modulation of molecular targets elicits 

therapeutic responses in the animal and/or behavioral changes. Nonetheless, a serious gap in clinical 

translation of animal models exists due to species and age differences132. For instance, in aging 

humans with AD, two molecules; tau and amyloid-β (Aβ) form crosslinked fibril aggregates129. Such 

aggregates form lesions known as plagues that accumulate between neurons, disrupt their function, 
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and lead to cell death129. Rodent models do not naturally develop plagues nor do they live as long 

as humans, thus those models are crossed to have an early onset of AD through mutations, as opposed 

to late onset AD which occurs in 90% of AD cases in humans with unknown aetiology129. Many of 

AD transgenic rodents exhibit diffuse or fewer crosslinked fibrils, compared to Aβ plagues in the 

human brain129. Additionally, transgenic rodent models are inbred in lab housing and most are 

crossed to have single gene mutations129. This is not reflective of humans who have non-coding 

sequences, complex genetic backgrounds, and a diverse range of environmental factors affecting their 

epigenetics129. Therefore, it is nearly impossible to faithfully model post-translational modifications 

or splice variants of human genetic material to be study their effect on pathogenesis of diseases in an 

animal model129. This is also the cases with neurodevelopmental and neuropsychiatric disorders such 

as autism spectrum disorder, schizophrenia, and biopolar disorder which are presented with polygenic 

aetiology, genetic risk factors, and a high rate of comorbidity between them, making neuropsychiatric 

animal models of those disorders difficult to achieve1. Additional limitations of animal models, 

summarized in (Table 2), such as low throughput14, laborious practices134, the cost of animal care and 

housing134, when added to clinical translational gaps of those models, raise many practical and ethical 

questions on whether animal models should be used as often as they currently are in neuroscience 

when there is potential to use alternative models such as the in vitro and ex vivo ones we discuss next129, 

135, 136.  
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Table 2: Conventional and emerging biological models for neuroscience research; limitations (grey) 

                                                              

 2D cell culture Animal models Brain tissues Brain organoids 

Sources Human, animals137, 138 Often mice or rats133 
Postmortum or bioposy of 

human brain, animals139 
Human, animals14 

Human patient samples 
Derivable from patient    

samples14, 137 
Not applicable  Difficult to obtain140 

Derivable from patient 

samples14 

Cost Low134 High134 Relatively low134 Relatively low141 

Throughput High14 Low14 Low14 High141 

Handling/preparation  Easy14 Difficult134 Difficult134 Relatively easy142 

Genetic manipulation Easy mostly14, 143 Difficult144 Difficult14 Easy1 

Cytoarchitecture Missing14 Present14 Present14 Present10, 14 

3D microenvironment Missing14  Present14 Present14 Present14 

Human-unique cells Missing14 Largely missing1 Present14 Present1, 141 

Astrocytes and microglia  Missing14 Present145 Present146 Present145, 147 

Immune cells Missing14 Present Missing148 Missing14, 140 

Well-defined vasculature Not present  Present Present134, 139 Missing140  

Endothelial cells Missing14 Present Present134, 139 Present3, 6, 149 

Behavioral testing Not possible Possible14 Not possible 
Could be possible if 

transplanted102 

Length of use Short Long Short or end point134 Long134 

Cell death Low138 Not applicable High146 High in large organoids140 

Brain maturity Not present Present Not well defined139, 150 Lacking14, 140 

Neural signals Present138 Present Present146 Present150 

Batch variation Present sometimes138 Present151 Present151  Present15 

Ethical concerns Low mostly143 High Relatively low134 Relatively low150 

 

2D cell culture: In vitro and ex vivo models have been instrumental for studying brain 

physiology and disease, and complementary or alternatives to animal models used in 

pathophysiological modeling and drug screening132. In vitro models include 2D cell culture, and 3D 

brain organoid or neuronal spheroid cultures, while ex vivo models include brain tissue cultures14, 132. 

Cell culture of neuronal cells is particularly challenging compared to cultures of other cell types 

because neurons do not undergo cell division once they mature143. Yet neuroscientists developed 

methods to go around this challenge such as developing immortalized cell lines and devising surface 

coatings to enhance cell viability143. Today, three main formats of 2D cell culture of CNS cells exist, 

which include: cultures of immortalized cell lines, primary cells, and pluripotent stem cell derived 

cells132, 143. CNS cell types including neurons, astrocytes, microglia and oligodendrocytes have been 

used as primary cells and cell lines in 2D cell culture to elucidate a wide range of processes such as 
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neurotoxicity, inflammation, and pathogenesis of neurological diseases132.  

Secondary cell lines are derived from human or animal tumors and immortalized143. 

Manipulation of cell culture conditions (e.g. adding specific growth factors) is done to induce a more 

neuronal phenotype of such cell lines143. For instance, NT2 is a human neuronally committed 

teratocarcinoma derived from a metastatic pluripotent embryonal carcinoma143. Treatment by retinoic 

acid (RA) and mitosis inhibitors induces NT2 lines into displaying neuronal morphologies (with cell 

bodies and processes), and expressing typical neuronal markers such as MAP2, NeuN, and GluR143, 

152. Those cells has been useful in testing neurotoxicity, and studying embryonic neurogenesis 

pathways due to their pluripotent nature before being induced143. Cell lines have several advantages 

including the ability to generate an unlimited number of cells with minimal variability, and easy 

transfection143. However, neuronal cell lines have been criticized for lack of physiological relevance 

as in vitro models for drug screening and translational research in comparison to primary neurons, in 

terms of recapitulating the same gene and protein expression profiles and neuronal subpopulations of 

in vivo differentiated neurons143, 153, 154. The same types of neuron are also physiologically different 

from each other based on the cell type from which their cell line was derived143.  

Primary neurons can be isolated from human, rat, and mouse brains at embryonic or adult 

stages of development, either through whole brain dissections or biopsies138. Primary neurons isolated 

from embryonic brains have historically been more desirable that neurons from adult brains due to 

their ease of isolation, increased viability, superior regenerative capacity, and reduced glial growth 

than their adult counterparts138. Reduced glial growth is desired by researchers for preparation of 

homogenous and consistent cultures that are easy to stain and analyze138. However, the lack of diverse 

cell populations represents one of the main caveats of conventional 2D cell culture which typically 

lack a biologically relevant microenvironment, leading to inaccurate physiological modeling of CNS 

responses138. Additional considerations come up when working with primary cultures but not with cell 

lines. Unlike cell lines, the number of primary cells available throughout an experiment is much more 

limited, and primary cells are a lot harder to transfect than cell lines143. Additionally, since primary 

neuronal cells are freshly isolated from human or animal brains, ethical approvals are required before 

preparing those cells143. However, since primary cells are often isolated from sacrificed animals, 
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ethical concerns are less severe than those associated with animal models which involve experimenting 

with living animals for extended time periods and animal suffering.  

One approach that combines some of the advantages of neuronal cell lines such as ease of 

genetic manipulation and expandability of cells, and advantages of primary neuronal cells such as 

physiological relevance, is pluripotent stem cell (PSC)-derived neuronal cells137. PSCs include 

iPSCs and ESCs, both of which can be used to generate neuronal cells and neuronal stem cells from 

somatic cells of humans or animals by expression of defined factors137, 143. ESC are cells that are 

isolated at early embryogenesis from the inner cell mass of animal or human blastocysts and are able 

to give rise to all cell types of the body. iPSCs are cells that start off as somatic cells isolated from 

various sources (e.g. blood, skin) and are then de-differentiated to a stem cell state by transfection with 

specific genes (described first by the Yamakana group as Oct4, Klf4, Sox2, and c-Myc for fibroblast 

reprogramming), using established transfection methods132, 137. Similarly to ESCs, iPSCs are 

characterized by their capability to give rise to all three primitive germ layers (ectoderm, mesoderm, 

and endoderm)132, 137. Since iPSCs and ESCs are types of stem cells, they both can be expanded in 

vitro without losing pluripotency which offers a great advantage for when those cells are isolated from 

precious patient samples and intended to be differentiated into a specific cell type of interest involved 

in a disease of question. Additionally, iPSCs isolated from patient samples retain genetic signatures 

of patients and can therefore be used to model neurological diseases and disorders with complex 

genetic backgrounds155. For instance, amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative 

disease where upper and lower motor neurons are progressively lost155. The familial form of ALS 

involves mutations in the superoxide dismutase 1 (SOD1) gene, in addition to an estimate of 30 genes 

that are thought to be directly linked to ALS pathophysiology155. This form of ALS was recreated in 

vitro by differentiating skin fibroblasts from ALS patients into patient-specific iPSCs156. These cells 

were directly differentiated into TUJ1 positive-motor neurons while still carrying the SOD1 mutation, 

upon adding RA and SHH to the culture medium156. iPSCs therefore have great potential for 

personalized neuromedicine. Despite iPSCs being powerful disease modeling tools with capabilities 

that overcome many of the limitations of other in vivo and in vitro models, batch-to-batch variability 

remains a shortcoming of iPSC-generated neurons137.  
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Overall, the main advantages that distinguish the aforementioned 2D cell culture formats from 

other biological models of the CNS in (Table 2) are their robustness, fitness for high-throughput 

screening, and clinical relevance due to human origin of many neuronal cell types, making them 

widely adopted and continuously improved132. However, it is well established that these 2D cell culture 

models, unless coupled with specialized cell culture methods such as microfluidics or within scaffolds, 

are too simple to answer complex questions due to a lack of brain cytoarchitecture, and a 3D 

microenvironment which encompasses neuron-ECM interactions, and chemical and functional 

interactions with other cell types such as cells of the BBB and immune cells, and must therefore be 

always complemented with animal models to validate findings124. 

Brain organotypic slice culture: One of the first attempts to bridge the gap between in vivo 

and in vitro CNS modeling platforms involved ex vivo brain tissue slice cultures134. Such platform 

offers an in vivo-like frame of work with a 3D microenvironment with an intact map of brain 

circuits and the accessibility, cost-effectiveness, human origin, and controlled environment 

typically offered by in vitro platforms134. Brain tissues for slice culture is most often obtained from 

postnatal dissection of rat or mice brains, postmortem human brains, or biopsies and surgical 

procedures where pieces of brain tissue are removed to treat or diagnose human patients with 

conditions such as epilepsy or cancer134, 150. These models have been used in a wide range of 

applications including drug testing157, modeling neurodegenerative diseases158 and cerebral 

ischemia159, and study of neurogenesis and investigating neuronal cell therapy approaches by grafting 

neuronal cells into brain tissue slices and monitoring their integration into preexisting neuronal 

circuits134, 160.  Additionally, organotypic brain slices were demonstrated to retain neurovascular 

structures. Even in the absence of blood flow, brain capillaries were able to survive in tissue slice 

cultures. This finding was extremely useful in allowing direct access to the BBB ex vivo and 

characterizing neurovascular coupling; a mechanism that contributes to tight control over cerebral 

blood flow and nutrient supply and demand for neurons161. Additionally, culture medium and the tissue 

is directly accessible in slice culture for analysis of cell-secreted molecules and morphological 

changes, which not as easy to do in animal models. Moreover, compared to animal models, ethical 

concerns associated with brain slice culture are relatively low as it does not involve animal suffering150. 
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However, this also related in part to some of the limitations and general characteristics of the current 

generation of brain slice cultures; such as severed neuronal connections due to the dissection 

process and lack of sensory neuronal inputs and motor outputs134, 150. Thus the likelihood of 

higher-order functions or consciousness is very much off-chance150.  Additional challenges halt further 

applications of brain slice culture. Cell viability for one is a major challenge in brain slice culture and 

it is highly dependent on multiple factors such as source age, media composition, preparation speed, 

sterility, and health of the source donor139. Brain slices are also very thin and fragile; ranging between 

100-400 µm in thickness and can therefore be easily damaged, making them difficult to handle and 

only cultured for a few weeks134. All of the above factors also affect the reproducibility of results 

obtained from brain tissue slice cultures by different research groups, halting their adaptation as 

standard models.  

Brain organoids: Brain organoids represent the most recent tool developed for modeling CNS 

events. Brain organoids can be derived from iPSCs based on established protocols to generate either 

whole brain organoids; termed cerebral organoids, or region-specific brain organoids15. Protocols 

for generating brain organoids fall under two major categories: 1) self-patterning protocols (intrinsic 

patterning), and 2) pre-patterning protocols (using extrinsic signaling molecules)1, 162. Self-patterning 

approaches rely on the intrinsic ability of stem cells to self-organize into an entire cerebrum, which 

has been the common approach for generating cerebral organoids. In pre-pattering approaches, on 

the other hand, the culture conditions are modified to include patterning factors that are added at 

different time points to direct the induction process towards a specific fate, which has been 

implemented in generating region-specific brain organoids162. The first established method for 

generating in vitro grown 3D neural tissues that were not brain slices was in 2008 by Yoshiki Sasai 

and colleagues163. The method established, coined serum-free culture of embryoid body-like 

aggregates with quick re-aggregation (SFEBq), is based on the property that ESCs, when grown in 

suspension and in the absence of serum or neural differentiation inhibitors, have the tendency to 

aggregate into spheres and produce neural precursors through spontaneous neural differentiation1, 15, 

163. The neural EBs generated using this method showed the formation of self-organized apico-basally 

polarized cortical tissues with four distinct zones (ventricular, early and late cortical plate, and Cajal-
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Retzius cell zones)163. Later in 2011, with the emergence of Matrigel as a laminin-rich ECM-based 

hydrogel, Sasai and colleagues demonstrated that 3D ESCs embedded in Matrigel formed self-

organizing optic cup-like structures with retinal architecture1, 12. Few years later, building on these 

findings among other advances in organoid technologies, two main systems emerged that pioneered 

the field of brain organoids1. First was the generation of self-patterned cerebral organoids that 

contained regions that resembled specific brain regions by Lancaster and colleagues10, and second was 

the demonstration that a specific brain region; the forebrain can be differentiated as a 3D structure 

from human ESCs using inductive signaling molecules, by Sasai’s group164. Since then, various forms 

of region-specific brain organoids were generated using similar technologies including 

hippocampal165, hypothalamic141, cerebellar166, and midbrain organoids1, 141. 

The attractiveness of brain organoids as models to investigate neuronal processes stems from 

the ability to utilize them to overcome many of the challenges associated with animal models, 2D cell 

culture, and ex vivo brain slice cultures. First, the 3D nature of brain organoids enables cellular, 

biochemical, and mechanical cues that are lacking in 2D cell culture systems1. Second, brain 

organoids can have human origin which lends clinical significance, in addition to the ability to 

generate them with high throughput unlike animal models and brain slice cultures1, 135.  

Species differences between animal models and humans led to a serious gap in clinical 

translation of results obtained from animal models, which fail to model diseases with intricate genetic 

factors or diseases that occur in aging humans but do not naturally occur in rats or mice. Brain 

organoids, which are derivable from healthy human or human patient samples, preserve genetic 

profiles and mutations from their human source cells that get passed down to the iPSCs then to the 

induced neural populations. For instance, the cerebral organoids previously mentioned by Lancaster 

et al. were used to model autosomal recessive primary microcephaly (MCPH); a 

neurodevelopmental disorder characterized by abnormally smaller cerebral cortex in new born infants. 

Among twelve genes implicated in MCPH; most of which play a role in mitotic progress, is 

CDK5RAP2 which regulates centriole replication and impacts neural progenitor proliferation when 

lost. Yet, CDK5RAP2 mutant mice do not show a severely reduced brain size as seen with human 

patients, whereas MCPH patient fibroblast-derived cerebral organoids carried the gene mutation and 
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were smaller in size compared to health cerebral organoid controls. These patient-derived cerebral 

organoids demonstrated smaller neuroepithelial tissues, larger neuronal outgrowth compared to 

control, and very few neuronal progenitor regions that had impaired proliferation, which is thought to 

be responsible for the disease phenotype. This was also suggested to be the reason CDK5RAP2-

deficient mice do not exhibit microcephaly with the same severity as humans, since mouse neural 

progenitors do not expand or proliferate to the same extent as in humans prior to neurogenesis to begin 

with140. This demonstrates the capabilities of iPSC-derived brain organoids in recapitulating aspects 

of human disease that may not be possible using animal models. Additionally, the aforementioned 

cortical tissues by Sasai and colleagues, and other brain organoids since then, impressively, displayed 

key features of human corticogenesis during development including the presence of outer radial glial 

cells (RGCs), also known as basal radial glial cells, which are largely missing in mice models164, 167. 

Thus, brain organoids can enable studying human-specific brain development features. Moreover, 

animal experimentation has been widely criticized for excessive use of animal models with very little 

translational benefits in clinical trials. While animal models might always be necessary in 

neuroscience, brain organoids have the potential to contribute to reducing the volume of animal 

experimentation and therefore reducing animal suffering. However, as brain organoid models become 

more sophisticated, there could be a chance for these organoids to become sentient entities and new 

regulations must take place to ensure standards of practice are set to have metrics that define organoid 

sophistication, legal status, and ethical handling and disposal procedures150. However, this is not 

currently an issue with the status-quo brain organoids which have limitations in terms of brain maturity 

and necrotic cell death due to the lack of vasculature as these organoids grow bigger in size, which we 

discuss in more detail in (Section 5.2.3). Batch-to-batch variation, similarly to most other biological 

models of the CNS, also remains a well-known challenge with brain organoids cultures. Pre-patterning 

approaches tend to generate organoids that are relatively more homogenous in cellular composition 

while self-patterning approaches where neural induction is more random tend to generate more 

heterogeneous batches of organoids162. Overall, batch-to-batch heterogeneity currently remains a 

challenge with all types of brain organoids, but it is has been addressed by some researchers through 

the use of specialized cell culture technologies such as the use of mini-bioreactors141. In summary, 
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brain organoid technologies represent valuable tools for CNS modeling that overcome many of the 

limitations of other biological models, although their goal is not to replace other models of the CNS 

but rather to complement them in establishing experimental validity. As summarized in (Table 2) each 

biological model of the brains has its own strengths as it has its own weaknesses. 

5.2.2 Applications of brain organoids 

A wide range of applications have been reported, thus far, for stem cell-derived brain 

organoids2, 14, which have been categorized in a review article by Qian et al. into2: 1) Structural 

recapitulation and brain malformation10, 2) human evolution168 and neurophysiology167, 3) major 

psychiatric disorders19, 4) neurodegenerative diseases21, and 5) development of therapeutics and 

toxicology research18, 141, 169-171. The common process for applying brain organoids to a research 

problem begins with determining the appropriate model of brain organoid for an application of interest 

by consulting the available literature on the phenotypic, regional, and molecular manifestations of the 

condition as provided by previous in vivo, in vitro, and clinical data. Subsequently, a brain organoid 

model is generated and validated for whole or regional brain identity through immunohistochemical, 

genetic and proteomic analyses. The brain organoid model can then be applied to elucidate 

mechanisms underlying disease and physiology, model disease using patient-derived or genetically 

engineered organoids, and test brain response to therapeutics (e.g. gene therapy170, antiviral drugs18, 

neurodegeneration suppressors171) or environmental factors (e.g. alcohol169, nicotine29, hypoxia172, 

Zika virus18). Numerous reports for applications of brain organoids demonstrate this process for 

modeling the brain and its disorders. Here, we highlight a few examples of common applications of 

brain organoid research.  

Brain organoids for modeling environmental exposure to viruses: Neurotropic effects of 

environmental exposure to viruses have been modeled using brain organoids. Exposures to Zika virus 

(ZIKV)18, 141, 173, herpes simplex virus174, Japanese encephalitis virus175, and the 2019 novel 

coronavirus176, were modeled using cerebral18, 173, 174, forebrain141, and cortical175, 176 organoids, of 

which the most extensively modeled has been ZIKV. ZIKV is a prenatal-acquired pathogen that 

spreads from infected pregnant females to their fetus and causes congenital defects characterized by 

severe microcephaly among other neurological disorders in newborns18, 177. ZIKV neurotropism 
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studies by Qian et al., performed using forebrain organoids, revealed selective viral localization with 

neural progenitor cells (NPCs) which has been confirmed in animal models and postmortem human 

fetal brain tissues141, 178. NPC in ZIKV infected forebrain organoids were found to have disrupted cell 

cycle entry, hindered cell proliferation, and increased necrosis, which are thought to be the cause for 

microcephaly in infected newborns141. Additionally, ZIKV-forebrain organoids were significantly 

smaller than control forebrain organoids141; a phenotype that has been reproduced by several reports 

of ZIKV infected brain organoids18, 141, 173, which was similarly found in Lancaster’s genetic model of 

microcephaly discussed in (Section 5.2.2)10. Notably, Watanabe et al. used cerebral organoids to 

model ZIKV exposure and performed compound testing of antiviral treatments (i.e. up to six drug 

agents were tested, one to five doses per drug, and three to nine replicates per drug dose)18. The study 

identified candidate ZIKV receptors in the fetal brain model, and proposed compounds (Duramycin 

and Ivermectin) that could reduce ZIKV developmental manifestations18. While all six tested 

compounds have been long known to exhibit antiviral activity, studying their effects in context of a 

disease-specific 3D human brain organoid culture demonstrates a powerful capacity of brain organoids 

for high-throughput drug testing applications18.  

More recently, brain organoids have been used to model the global 2019 coronavirus disease 

(COVID-19) pandemic caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), which to date, according to the world health organization has resulted in 122 million infections 

and devastating 2.7 million deaths globally179. COVID-19 is well-known to cause respiratory 

manifestations primarily and systemic ones with fever, cough, and dyspnea being the top three most 

common symptoms respectively180. Neurological symptoms such as headache, loss of smell and taste 

(anosmia and ageusia), and seizures have been reported in some COVID-19 cases as well176, 181. 

Whether those neurological manifestations are directly resultant from severe SARS-CoV-2 

neuroinvasion or indirectly caused by the respiratory syndrome is unclear. SARS-CoV-2 host invasion 

begins with binding of viral spike protein (α-Spike) to the angiotensin converting enzyme 2 (ACE2) 

host cell receptor, which stimulates innate immune response by the cell through phagocytosis and 

inflammatory response activation182. ACE2 is expressed in a wide range of organs including the skin, 

stomach, small intestine and the brain, with the lung being one of the highest ACE2 expressing tissues 
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and the brain being one of the lowest182. Song et al. explored the capacity of SARS-CoV-2 for 

neuroinvasion using three biological models including cortical organoids and postmortem COVID-19 

patient brain tissues176. The authors characterized cell death due to SARS-CoV-2 infection by staining 

for DNA degradation using terminal deoxynucleotidyl transferase mediated dUTP nick end labeling 

(TUNEL) assay176. Micrographs of infected organoids were analyzed and plotted for the signal of 

TUNEL positive and negative cells in relation to SARS-CoV-2 positive cells taken from different 

regions-of-interest (ROIs) in the same organoid section176. The authors reported neuroinvasiveness of 

SARS-CoV-2 in human brain organoids and extensive cell death in infected organoids176. Yet, the 

majority of TUNEL-positive cells in infected organoids were negative for SARS-CoV-2, with the 

ROIs displayed in the article showing those necrotic SARS-CoV-2 negative cells in the core of the 

organoids 176. Based on those results, the authors concluded that SARS-CoV-2 infection promotes 

death of nearby cells in brain organoids176. However, the use of brain organoids is flawed in this case 

and does not permit the conclusion made by authors with regard to infection-induced necrosis of 

nearby cells because the authors did not consider nor characterize hypoxia-induced necrosis in normal 

control organoids176.. Instead, we speculate those results to be a product of hypoxia-induced necrosis 

in organoids cores due to a lack of vasculature which an expected outcome in any 3D tissue culture 

that exceeds the limits of oxygen and nutrient diffusion in any dimension and has been reported in 

brain organoid sections by several groups10, 102, 147, 176, 183. Therefore, attributing neuronal cell death to 

SARS-CoV-2 infection is not necessarily valid in this article. Additionally, the lack of an endothelium 

and immune cells present in vivo in these brain organoids significantly affects viral neuroinvasion 

efficiency184. Thus, reporting neuroinvasiveness of SARS-CoV-2 using non-vascularized, immune-

cell lacking brain organoids is not representative of in vivo physiology176. Additionally, while human 

brain postmortem tissue characterization showed neurons positive for α-Spike, the authors failed to 

show negative controls of normal brain tissue or statistical significance tests of the number of SARS-

CoV-2 infected neurons176. The article also lacked reporting of any neurological symptoms or specific 

cause of death for the COVID-19 patients in the study that could support necrosis found in brain 

organoids or that could be attributed to viral infection or the ischemic injury found in infected regions 

of patients brains176. This information is necessary because the human brain function is lost after 
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significant intervals of ischemic brain injury leading to permanent disability or death185. Moreover, the 

blood brain barrier can be disrupted during ischemia and viral load can deposit in the brain, which 

could occur at a point where neuroinvasion is no longer relevant because the brain irreversibly ceased 

to function and the neurological symptoms under investigation cannot be reported by the patient nor 

verified185. Furthermore, the well-known high variability of brain organoids renders it difficult to 

avoid experimental bias and selective choosing of ROIs when the same organoid section is used 

without careful characterization of necrosis in control organoids2. This study potentially demonstrates 

some of the limitations of brain organoid models, when and why it can be inappropriate to make 

scientific conclusions using a flawed model, and the importance of carefully contextualizing 

conclusions in light of method limitations.  

Note worthily, the ZIKV brain organoid models previously discussed18, despite having the 

limitations of organoid culture, presented a more appropriate experimental approach to model viral 

infection than the SARS-CoV-2 model for several reasons: First, the cerebral organoids generation 

protocol reported by Watanabe et al. was optimized and characterized in terms of reproducibility prior 

to modeling the disease18. Second, ZIKV infection has tangible phenotypic effects on the brain that 

can be measured in vitro (e.g. reduced brain size) but neurological symptoms from SARS-CoV-2 

infection have sensory manifestations that require consciousness to report them, which is not possible 

with current brain organoids18, 176. Third and most importantly, apoptotic marker cleaved-caspase 3 

positive regions in organoids’ cores were excluded from cell death count in the ZIKV study and were 

not attributed to the viral infection18. Only ROIs on the outer few cell layers of the organoid, where 

limits of oxygen and nutrient diffusion were not exceeded, were analyzed unlike the SARS-CoV-2 

model were this distinction was not made18, 176. We discuss the challenges and limitations of brain 

organoid models in more detail later in this chapter. 

Brain organoids for modeling neuropsychiatric disorders: Major neuropsychiatric disorders, 

such as autism spectrum disorder (ASD), schizophrenia, and bipolar disorder, represent cognitive and 

behavioral human-unique, highly debilitating, complex conditions characterized by polygenic 

aetiology, variable symptoms, and comorbidity between them1, 162, 186. Such characteristics make those 

conditions difficult to study in animal models due to the limitations discussed in (Section 5.2.1)1, 162. 
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Additionally, neuropsychiatric disorders lack objective diagnostic biomarkers and therefore have been 

largely diagnosed based on patient interviews with many studies in the past focused on behavioral 

outcomes rather than molecular and cellular components involved in those disorders162. Advancements 

in genomics facilitated large-scale genomic studies in recent years that revealed a significant amount 

of genetic risk factors to be involved in neuropsychiatric disorders162, 187, 188. Coincidently, 

advancements in the ability to derive brain organoids from human patients’ somatic cells and the 

readiness of brain organoids for easy genetic manipulation put them forward as attractive tools for 

modeling neuropsychiatric disorders, that are now better known for their genetic complexity, and 

proved them beneficial in identifying developmental abnormalities in these disorders19, 162. For 

instance, ASD is a developmental brain disorder that manifests in defective social behaviors and lacks 

a well-defined etiology in 80% of the cases due to highly heterogeneous genetic variants that are 

thought to interact with other risk factors to cause ASD pathology, making it extremely difficult to 

model19. Mariani et al. generated idiopathic ASD telencephalic organoids derived from affected 

families to recapitulate molecular and cellular pathways involved in ASD pathology during first 

trimester human cortical development19. The authors found that upon overexpression of FOXG1, 

production of GABAergic inhibitory neurons is increased with no change in glutamate neurons which 

leads to the glutamate/GABA neuron ratio imbalance that has been involved in ASD pathogenesis19. 

The study highlights the benefit of using brain organoids in investigating molecular changes involved 

in selective vulnerability of specific human neuronal cell populations within a 3D human multicellular 

environment of the same genetic background19. 

Brain organoids for modeling neurodegenerative disease: Neurodegenerative diseases are a 

group of untreatable terminal illnesses characterized by a progressive loss of certain neuronal cell 

populations in the brain15, 189. The accumulation of harmful protein aggregates in the brain represents 

a common characteristic of these diseases and leads to the clinical symptoms of neurodegeneration 

such as dementia and decline in physical functions, which vary in severity based on the protein or brain 

region involved, and time course of the illness15, 189. For the most part, modeling neurodegenerative 

diseases such as AD and Parkinson’s disease using two-dimensional culture and rodent models has not 

translated well clinically15, 189. Brain organoids represent complementary tools or, as some argue, better 
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alternatives for overcoming limitations of previous biological models, especially when used to model 

early events of disease, although organoid technology has challenges of its own that must be vetted as 

well15, 189. Despite brain organoids being primarily developmental models, cerebral190-192, cortical193, 

194, midbrain21, 195, and motor nerve196 organoids have been used to model numerous neurodegenerative 

diseases including AD192, 193, Parkinson’s disease21, 195, frontotemporal dementia190, Huntington’s 

disease194, hereditary spastic paraplegia191, and motor neuron disease196. Interestingly, despite the 

immaturity of brain organoid models, they were able to recapitulate certain hallmarks of the 

aforementioned neurodegenerative diseases.  

Gonzalez and colleagues produced cerebral organoids from familial AD (FAD) and Down 

syndrome (DS) patient-derived iPSCs and analyzed them comparatively with healthy control cerebral 

organoids192. Contrary to control organoids, DS and FAD organoids spontaneously produced amyloid 

plague- and neurofibrillary tangle-like structures upon long term culture (110 days), as determined by 

immunofluorescence staining of 4G8 and 6E10 Aβ-specific antibodies192. Similar findings were 

reported by Choi and Kim et al. where plague aggregates were produced after ESC-derived NPCs 

overexpressing several FAD mutations were 3D cultured for 90-days197. Moreover, molecular 

outcomes of harnessing the apolipoprotein E4 (APOE4) allele; a prevalent risk factor for developing 

sporadic AD (SAD) later is life, were demonstrated by Meyer et al. who modeled sporadic AD (SAD) 

using cerebral organoids derived from APOE4+ gene-edited iPSCs198. APOE4 organoids showed 

increased Aβ expression and phosphorylated tau198, thus further illustrating genetic factors involved in 

AD and some possibility for brain organoids to model neurodegeneration.  

5.2.2.1 Midbrain organoids characteristics and applications 

Motivation for region-specific models of the brain: Region-specific brain organoids can be 

of particular interest in modeling neurological diseases as they aid in elucidating mechanisms that 

underlie cell- and region-specific vulnerability to degeneration183. Neurodegenerative disorders that 

more severely affect certain brain regions such as the hippocampus in AD and the substantia nigra in 

Parkinson’s disease183, thus, represent important candidates for region-specific brain organoid models.  

Parkinson’s disease (PD) represents the second most common neurodegenerative disease after 

AD199, with devastating symptoms ranging from movement abnormalities to psychiatric symptoms 
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including apathy, executive dysfunction, and depression199, 200. PD affects 10 million individuals 

around the world; a prevalence that is on the rise due to increases in life expectancies199. Misfolding 

and toxic fibrillar aggregation of α-synuclein (α-syn); a protein involved in neurotransmitter release, 

vesicle trafficking, and membrane remodeling, represent key hallmarks of PD199. Signaling pathway 

abnormalities resulting from α-syn aggregation and the resultant Lewy body inclusions, eventually 

lead to degeneration of vulnerable cell types in the brain199, 201. Cellular characteristics linked to this 

vulnerability to degeneration include higher levels of mitochondrial oxidative stress, elevated 

calcium concentrations, and extensive arborizations with many vesicular release sites enriched 

in α-syn, all of which are characteristics found in midbrain dopaminergic (mDA) neurons of the 

substantia nigra; the most affected type of neurons in PD199, 201.  Additionally, neuroinflammatory 

processes mediated by neighboring glial cells have been found to play a role in PD progression199. 

Furthermore, animal models mimicking PD-causing genetic mutations (e.g. LRRK2) failed to provide 

clear evidence for progressive loss of mDA neurons or formation of Lewy bodies, demonstrating an 

example of some of the limitations of animal models in studying PD195, 202. Thus, faithful modeling 

of human mDA neurons and the human brain microenvironment in vitro represents a key 

requirement for studying PD.  

In vitro 2D and 3D models of the midbrain: Advancements in our understanding of midbrain 

development facilitated several protocols for generating in vitro 2D cultures of mDA neurons from 

stem cells, which have been recently adapted for generating 3D cultures of midbrain organoids199. 

These protocols include the following key steps199, 203: 1) dual SMAD inhibition, which involves 

BMP and TGFβ/acitivin/nodal pathway activation, that directs stem cells to a neuroectodermal fate199, 

203. 2) Midbrain floor plate identity is then directed using a combination of SHH, WNT, and FGF8 

signaling, which generates mDA progenitors199, 203. 3) Differentiation and maturation of mDA 

progenitors is then directed using neurotrophic factors (e.g. brain and glial-derived neurotrophic 

factors; BDNF and GDNF), and ascorbic acid as an antioxidant199, 203. This specification process 

induces expression of a series of transcription factors (mainly; FOXA1/2 and subsequently LMX1A/B) 

required for differentiation of mDA neurons with diverse subtypes, which upregulates expression 

of mDA neuronal identity markers such as NURR1, PITX3, and tyrosine hydroxylase (TH)199, 203.  



  

Page 47 of 170 

As such, 2D cultures of mDA neurons have been differentiated from iPSCs of monogenic or 

sporadic forms of PD, and characterized in several studies199, 204. In these studies, 2D cultures of mDA 

neurons reproduced several pathways linked to the aforementioned characteristics that 

contribute to neurodegeneration vulnerability204, 205. While hiPSC-derived mDA neurons were 

shown to be helpful in vitro models for studying PD, only a few studies were able to reproduce 

degeneration of mDA neurons199, 204. Additional concerns of these 2D cultures, such as the lack of 

maturity of the differentiated mDA neurons and the lack of concurrent in vitro differentiation of other 

cell types present in vivo such as glial cells, warranted exploring 3D cultures as improved systems for 

modeling PD199. Non-directed differentiation of hiPSCs into 3D cultures of whole brain organoids 

has been found to yield a proportion of cells positive for midbrain and mDA neuronal markers206. 

However, the proportion of those cells in whole brain organoids are typically small and variable199, 206. 

Additionally, 75% of all dopaminergic (DA) neurons in the adult brain reside in the ventral 

midbrain200, which further motivates the need for region-specific midbrain organoids (MOs). 

Several protocols adapted the previously detailed steps for 2D cultures of mDA neurons in 

order to generate 3D human MOs (hMOs)141, 183, 201, 207, 208. The first report of these protocols is by 

Tieng et al., which proved that a 3D suspension of hiPSCs in microwells yields homogenous 

embryonic bodies that can be differentiated into mDA progenitor cells in a culture at liquid-air 

interface207. This demonstrated the generation of neurospheres containing >60% DA neurons of 

midbrain-like identity, characterized by expression of FOX2A, LMX1A, TH, and NURR1 positive 

cells after 3 weeks of culture207. Protocols following after for the generation of hMOs characterized 

these models more extensively and demonstrated methods for their long-term maintenance141, 183, 201, 

208. Two main strategies used in these protocols include either sequential208 or simultaneous141, 183, 207 

use of morphogens to generate cells with midbrain floor plate identity199. Organoids generated using 

these protocols share several features of midbrain floor plate organization including a ventricular zone 

with OTX2+/FOXA2+ cells, an intermediate LMX1A+/NURR1+ layer, and mantle layers with 

MAP2+/TH+ maturing neurons183, 201, 208, 209. However, organoids generated using each of these 

protocols displayed variable percentages of those markers at similar time points. These differences in 

yield are thought to be a result of differences in differentiation protocols, estimation methods, and the 
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inherent variability of iPSC lines199. The highest yield of MAP2+/TH+ cells has been recently reported 

by Kwak et al. as 86% of total cells, which was achieved upon optimization of SMAD and WNT 

signaling, thus achieving a more homogenous distribution of mDA neurons in hMOs209.  

Interestingly, several studies reported the spontaneous appearance of neuromelanin (NM) 

granules in long-term cultures of human iPSC-derived MOs183, 201, 208, 209. These structures resembled 

the ones found in SN tissues of the adult human brain, which have rarely been reported in 2D cultures 

of mDA neurons and have not been found in mouse MOs despite their presence in human MOs 

reported in the same study by Jo et al.199, 208. These findings imply a unique advantage of human MOs. 

Additionally, the presence of inhibitory (e.g. GABAergic) and excitatory neurons, astrocytes, and 

oligodndrocytes, in some cultures of hMO, mimics midbrain composition and represents an 

advantageous characteristic missing from 2D cultures of mDA neurons199, 208, 209. Overall, these reports 

support the use of hMOs to generate mDA neurons in a 3D environment that reflect certain cellular 

and biochemical characteristics of the human midbrain, paving the way for their use in 

neurodegenerative disease modeling.  

Midbrain organoids as 3D models for Parkinson’s disease: Advanced in vitro models of PD 

represent powerful tools to elucidate mechanisms underlying the neurodegenerative process21, 195, 199, 

210. Several reports modeled familial and sporadic forms of PD using hMOs, in recent years, using one 

or more of the following strategies: genetic editing of control hiPSC lines to express PD-causing 

mutations prior to deriving hMOs, derivation of hMOs from PD patient samples, and by studying 

correction of PD-causing mutations in patient-derived samples195, 210, 211. Reports modeling PD using 

hMOs were able to recapitulate key phenotypes of the disease. Smits et al. demonstrated that long-

term cultures of hMOs derived from PD patient samples carrying the common PD-associated LRRK2-

G2019S mutation reproduced certain characteristics of PD including reduced number and complexity 

of mDA neurons, as identified from high-content image analysis of TH and FOXA2 expressing 

cells211.  

 In corroboration, Kim et al. demonstrated that identity markers for mDA neurons and neurite 

length were decreased in LRRK2-G2019S isogenic hMOs195. Furthermore, LRRK2-G2019S hMOs 

displayed elevated levels of phosphorylated α-syn compared to healthy control hMOs, a key hallmark 
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of PD195. Transcriptomic analysis of hMOs and 2D cultures of LRRK2-G2019S mDA neurons found 

differential expression of genes between the two culture methods, with genes enriched in LRRK2-

G2019S hMOs being also found in post-mortem PD tissues195. Additionally, expression of TXNIP; a 

protein proved to mediate LRRK2-associated pathology, was 4-folds higher in the isogenic hMOs 

compared to 2D cultures of mutant mDA neurons195.  

As stated previously, mitochondrial stress represents one of the key characteristics of PD-

affected cells. Several studies using hMOs to model PD reported increased mitochondrial stress or 

mitophagy195, 210. Ahfeldt et al. showed that by knocking out several PD loss-of-function genes in 

independent isogenic human pluripotent stem cells, oxidative stress and mitochondrial dysfunction 

increased in all lines210. This was concluded from depletion of mitochondrial proteins and increased 

oxidative stress in TH+ cells210.  

Overall, these findings support the use of hMOs as improved research tools to model 

pathological processes of PD. To recap, up to this point in this chapter, we discussed the use of brain 

organoids as models for neurophysiology and disease in context with other commonly used biological 

models for neuroscience research. We aimed to highlight the advantages of using brain organoids 

through examples of applications in which brain organoids allowed either novel or improved 

recapitulation of disease and physiology. The motivation for region-specific models of the brain was 

then discussed through the example of using midbrain organoid models to study PD. Thus, based on 

the previously presented literature, it is clear that brain organoids represent valuable tools for 

neuroscience research. However, certain limitations of brain organoid culture call for caution when 

attempting to interpret results using brain organoid models. We discuss in further detail the challenges 

and limitations of brain organoid culture in the next section. 

5.2.3 Challenges facing brain organoid models  

While the previously mentioned advantages of brain organoids and their applications 

demonstrate their value as unprecedented research tools capable of recapitulating characteristics of the 

human brain while maintaining its genetic background, like other technologies brain organoids remain 

with certain limitations14, 15, 135, 199. A key aim of organoid technology has been to reproduce 

organogenesis in a dish without the embryonic environment that is normally available in vivo135. 
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While brain organoids provide the advantage of direct accessibility to analyze and monitor 

organogenesis in vitro, they lack the elaborate well-controlled spatiotemporal developmental cues 

present in vivo which allow for patterning a fully formed, vascularized, cell-type-diversified brain14, 

135. As such, methods for generating brain organoids, despite having the advantage of straightforward 

differentiation and cell maintenance protocols, compromise simplicity with limitations in maturity, 

quality, and reproducibility of brain organoids14, 15, 135, 199. Additionally, artifacts from the unique 

3D culture conditions used to grow and maintain brain organoids can interfere with data 

interpretation199. Here, we highlight key challenges of brain organoid culture. We primarily focus on 

the lack of vascularization as one of the major drawbacks of brain organoids and discuss how it relates 

to the other challenges facing brain organoid cultures.  

5.2.3.1 Vascularization and oxygen and nutrient supplementation 

A mature human brain is a highly vascularized organ with an estimated vascular surface area 

of  ~12 square meters made up of an order of 100 million capillaries212. The dense vascularization of 

the human brain attains to the biochemical needs of the brain, which ensure proper function and 

survival of neurons135, 177, 212. The absence of functional vascular networks in the majority of brain 

organoid models reported thus far represents a major drawback of the technology and a frequently 

arising challenge in tissue engineering in general4, 135, 177. For instance, impaired vascularization of 

embryonic brain can lead to pathological manifestations and developmental abnormalities213. 

Mutations in the FLVCR2 gene lead to glomeruloid vasculopathy, which results in abnormally 

thickened and perforating vessels, hydrocephaly, and a thin cerebral cortex213. Additionally, blood 

vessels play an instructive role in developing rodent brains by inducing neuronal differentiation, 

migration, and network formation; emphasizing the importance of brain organoid vascularization213.  

Most cells in vivo are located no further than 200 µm away from a capillary to ensure sufficient 

oxygenation, nutrients supplementation, and waste clearance that maintain tissue viability4, 214. Thus, 

tissue engineered constructs that exceed the diffusion limitation distance (~100-200 µm) for 

oxygen and nutrients are at risk of becoming severely hypoxic and have been shown to 

experience apoptosis and necrosis, in the absence of perfused vascular networks3, 4, 102, 214, 215. The 

term ‘necrotic core or dead core’ is often used to refer to a region of dead cells that develops at the 



  

Page 51 of 170 

utmost center of organoids, due to insufficient delivery of oxygen and nutrients, as the organoids grow 

in size without vascularization199, 216-218. Here, we discuss methods used to characterize hypoxia and  

the necrotic core in brain organoids. 

 Methods for hypoxia and cell death characterization: Characterization of hypoxia and cell 

death due to inadequate supply of oxygen and nutrients, in reports of brain organoids has been largely 

overlooked in early years of development of the technology. While the majority of brain organoid 

articles reported recently still lack characterizations of cell death and hypoxia, a great number of 

reports did provide these characterizations, albeit often with limited comprehensiveness. The 

maximum size of brain organoids reached along with characterizations of hypoxia and necrosis in 

these reports are compiled in (Table 3). 

Methods used for cell death characterization frequently include nuclear staining, 

Immunofluorescent (IF) staining for apoptotic markers, and fluorescent assays that detect 

hallmarks of cell death. Nuclear stains such as DAPI and Hoechst are applied on sections of brain 

organoids to identify aberrant nuclear morphology of necrotic cells characterized by pyknosis (DNA 

shrinkage), karyolysis (nuclear dissolution), or karyorrhexis (nuclear fragmentation)216, 217, 219.  

Fig. 13: micrographs of cell death in the core of brain organoids from two different reports. (a) TUNEL staining for DNA 

degradation in the core of cerebral organoids (Lancaster et al. copyright 2013), Ref (10). (b, c) Immunofluorescent 

staining and analysis of cleaved-caspase 3, CC3 (white) in neural organoids derived from Alzheimer's disease samples 

(c) Deeper regions of the organoid display increased CC3 expression (Raja et al. copyrights 2016), Ref (20). All figures 

reprinted with permission from publisher. 
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Apoptotic markers such as CC3 and Annexin-V are involved in signaling cells to undergo 

apoptosis upon activation of cell death pathways219. IF staining of brain organoid sections often targets 

CC3 and Annexin-V to characterize severity of the necrotic core20, 147, 183, 206, 218, 224, 225. 

Immunostaining for apoptotic markers is often coupled with an additional characterization of cell death 

hallmarks to confirm findings. For instance, TUNEL assay uses terminal deoxynucleotidyl transferase 

to label blunt ends of DNA breaks, which allows for detecting cells that undergo extensive DNA 

fragmentation that occurs during late stages of apoptosis219, and has been applied on sectioned brain 

organoids to characterize cell death3, 10, 102, 176, 221. Cell lysis is another hallmark of cell death that can 

be observed using bright field imaging of brain organoid sections whereby the necrotic core of 

organoids appears as a region of sparse cell debris, especially at late stages of cell death216.  

Live/dead assays that identify apoptotic cells based on compromised cell membranes have 

Table 3: Size, hypoxia and necrosis characterizations in reports of various brain organoid models over a 10-year period 

First author 
Organoid identity 

tested  
Matrix 

Max 

size 

Culture 

(days) 

Approach for 

reducing hypoxia 

Hypoxia/cell 

death markers 

Day/size tested 

hypoxia/necrosis  
Ref 

Eiraku et al. 2011 Optic cup Matrigel ~2mm 14 None - - 12 

Lancaster et al., 2013 Cerebral  Matrigel ~4mm 15-60 Spinning bioreactor TUNEL, DAPI - 10 

Muguruma et al., 2015 Cerebellum  None ~0.5mm 21-35 None - - 166 

Paşca et al., 2015 Cortical None 4mm 43-70 None - - 220 

Qian et al., 2016 Forebrain and ZIKV Matrigel ~2mm 71-80 Mini-spinning bioreactor DAPI, CC3 d28, ~0.3mm 141 

Jo et al., 2016 Midbrain Matrigel >2mm 30 Orbital shaker - - 208 

Raja et al. 2016 AD vs. healthy Matrigel - 30-90 None CC3 0.25mm 20 

Quadrato* et al. 2017 Cortical Matrigel ~1.5mm 15-273 Spinning bioreactor HIF1α, CC3 d273 206 

Monzel et al., 2017 Midbrain Matrigel 1.3mm 20-61 Orbital shaker  CC3 d27, ~0.6mm 183 

Lee* et al., 2017 Cortical hydrogel ~0.6mm 66 None TUNEL, DAPI d66, ~0.4mm 221 

Ormel* et al., 2018 Cerebral Matrigel ~0.6mm 17-119 Spinning bioreactor CC3 - 147 

Mansour* et al., 2018 Cerebral vs. vascularized Matrigel ~1mm 40-279 Vascularization in vivo TUNEL, DAPI d31, ~0.5mm 102 

Bian et al., 2018 Cerebral and tumor Matrigel ~3mm 15-30 Orbital shaker - - 222 

Berger* et al., 2018 Midbrain GelTrex ~1mm 30 Millifluidics, shaking  Hoechst/cell debris d30, ~1mm 217 

Cakir* et al., 2019 Cortical vs. vascularized Matrigel ~4mm 30-120 Vascularization in vitro TUNEL, DAPI d30, 70, 120 3 

Song et al., 2020 Cerebral and SARS-CoV-2 None - 63 Orbital shaking TUNEL, HIF1α d63 176 

Qian* et al., 2020 Forebrain, neocortical  Matrigel ~1.5mm 60-150 Orbital shaking, slicing Hypoxia dye, CC3 d60, 110, 140, 1-1.5mm 218 

Nickels* et al., 2020 Midbrain GelTrex ~2.5mm 30 Accelerated patterning ATP assay, Hoechst d30, 2.5mm 216 

Cai et al., 2021 Cerebral  None ~2.5mm 35 Acoustofluidics - - 223 

Ao* et al., 2021 Cerebral, forebrain Matrigel - 16-35 Tubular culture, rocking HIF1α, live/dead d7 215 

*Starred articles reported minimal cell death in brain organoids generated using different approaches for enhancing transport of oxygen and nutrients or 

various optimizations/timelines for the differentiation protocol. 
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been used to detect cell death in intact brain organoids (>300 µm in diameter) in a few reports using 

confocal microscopy215, 226. However, the main concern that arises from applying this method on intact 

brain organoids is potentially inadequate transport of the dye used in the assay to the core of organoids 

when the diffusion limitation distance of the dye is exceeded. Thus, characterization of cell death on 

intact brain organoids risks underestimating cell death at the core of the organoid where cell death has 

been shown to be greatest in multiple reports10, 20, 216, 217.  

Coupling cell death analyses with characterization of hypoxia aids in inferring causes of 

spatially defined cell death in brain organoids and assessing the overall state of organoids176, 206, 

215, 218. IF staining for hypoxia often targets hypoxia inducible factor 1-alpha (HIF1α); a protein 

complex that senses oxygen tension by stabilizing the complex in hypoxic conditions, and mediates 

cellular response to low oxygen concentrations through transcriptional activation of angiogenic 

pathways, cell proliferation, and regulation of apoptosis227. Methods such as qPCR and single-cell 

RNA sequencing (scRNA-seq) have also been applied to measure expression of HIF1α and apoptotic 

genes in brain organoid samples215, 228, 229. However, a drawback of these methods is the loss of spatial 

information of cells expressing those markers within the brain organoid, as those methods require 

dissociating organoids into a cell suspension to perform measurements. 

Hypoxic conditions in vivo and in vitro 

Importantly, stem cells naturally experience hypoxic conditions in vivo, in their specialized 

niche230, 231. The oxygen level in the majority of standard tissue culture systems used to generate brain 

organoids and in 2D cell culture, is that of environmental oxygen (20%) which is, in fact, considered 

hyperoxic in comparison to in vivo oxygen levels (1.5-8%) in the pre-implantation embryo230-232. 

However, given the 3D nature of brain organoids, the inner cells of the organoid encounter oxygen 

concentrations that have been proposed to be exponentially lower than 20%, based on their distance 

from the organoid surface4. Therefore, traditionally generated brain organoids do experience hypoxia 

and/or apoptosis at various time points, as demonstrated in (Table 3 and Fig. 13), which often  occurs 

even with the use of tissue culture equipment that facilitate enhanced transport of oxygen and nutrients 

such as orbital shakers and bioreactors10, 20, 176, 183, 215, 218. However, reported expression levels of 

hypoxic and apoptotic markers and the methods used to measure them in various reports are variable10, 
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20, 176, 183, 215, 218, 228.  

Hypoxia alone in brain organoids is not necessarily disadvantageous at all stages of growing 

the organoid. Several in vitro studies demonstrated enhanced survival of human CNS precursors 

and their improved differentiation under hypoxic conditions231, 232. Although other reports have 

suggested that rather than enhancing differentiation, hypoxic conditions act to maintain pluripotency 

of stem cells, which, in alternative cases, is necessary for their expansion230, 233. Nonetheless, hypoxia 

is favorable rather than detrimental for stem cells and CNS precursor cells during specific stages of 

development230. Increasing oxygen tension during embryonic development is thought to act as a 

driving force that guides blastocyst migration and later contributes to initiating angiogenesis towards 

increasing oxygen gradients234. It is, however, when hypoxia persists without vascularization, and 

is coupled with hypoglycemia, beyond an expected developmental stage does cell viability 

becomes threatened235, 236. Wang et al. demonstrated that neuronal stem cells exposed to long-term 

oxygen and glucose deprivation (6 and 8 hours) displayed decrease in cell survival, reduced 

differentiation and diminished neurite outgrowth of differentiated neurons235. Another report has 

shown repressed expression of forebrain, cortical, glial, and oligodendrocyte markers in 10-day old 

cerebral organoids cultured for 72 hours under hypoxic conditions (1-8%) without glu  cose 

deprivation224. 

The detrimental effects of persistent oxygen deprivation on brain development in vivo are 

widely demonstrated in cases of prenatal hypoxic injury, which is a leading cause of neurological 

disability236. Immediate apoptotic cell damage and long-term dysfunction of NPCs can be caused by 

prenatal oxygen deprivation, which occurs due to factors such as placental insufficiency and umbilical 

cord occlusion, and leads to developmental abnormalities and increased risk for neurological disorders 

later in life236. Thus, brain organoid models experiencing hypoxia-induced cell death have serious 

concerns for the generated data if conclusions about physiology and disease are made under these 

conditions, without proper control, or without characterization of the necrotic core. This poses the 

questions of how long and up to what size a brain organoid can grow without experiencing 

extensive cell death, under the current standard conditions of brain organoid culture. A challenge 

arises when attempting to answer these questions because very few reports of brain organoid research 
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provided all three characterizations of size, hypoxia and necrosis in brain organoid4, 218. We next 

discuss reports that provide insight on this topic.  

Addressing hypoxia-induced cell death in brain organoid culture 

Recently, several reports shifted from passively characterizing cell death in brain organoids to 

developing solutions to circumvent cell death directly in brain organoids through attempts of 

vascularization, accelerated patterning, sliced cultures, and using microfluidic systems to enhance 

transport of oxygen and nutrients to the core of organoids. Here is a review of hypoxia and cell death 

characterization in these reports.  

Qian et al. aimed to 

generate cortical organoids that 

model features of late stages of 

cortical layer development, as 

shown in (Fig. 14)218. The 

authors cited cell death at the 

core of cortical organoids as a 

key limitation for generating a 

late stage model because as the 

outer layers of cortical organoids 

thicken, proliferating progenitor zones that make up the core of the organoids are depleted 

continuously due to limited diffusion of oxygen and nutrients to the core218. This depletion of interior 

NPCs hinders further cell generation and leads to disorganized organoid architecture, thus 

making cortical organoids particularly vulnerable to the detrimental effects of a necrotic core218. 

To address this limitation, the authors developed a slicing method to cut cortical organoids into a disk 

shape, which exposes organoids’ interior to oxygen and media, in order to facilitate oxygen/nutrient 

supplementation and neocortical layer specification218. The authors used traditionally generated 

forebrain organoids, cultured with orbital shaking, as unsliced controls218. Scale bars on micrographs 

of sliced neocortical organoids (SNOs) and unsliced organoids showed the organoids ranging in 

diameter between 1 to 1.5 mm across three time points, albeit statistical comparisons for overall 

Fig. 14: Organoid slicing method proposed to reduce hypoxia and cell death in cortical 

organoids. The method models cortical layer formation. (a) Slicing protocol (b) Hypoxia 

and nuclear staining of sliced neocortical organoids (SNO) and unsliced controls. (Qian 

et al. copyrights 2020), Ref (218). Reprinted with permission from publisher. 
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diameter between the two conditions were not reported218. As expected, unsliced organoids displayed 

a high signal for hypoxia with a hypoxic area that ranged between 30-55% of the total organoid 

section, which appeared primarily at inner regions of the organoids218. One the other hand, SNOs 

displayed a significantly lower hypoxic area (<10%) across all three time points, and a significantly 

lower expression of CC3 than unsliced organoids across all measured time points218. Additionally, 

characterizations of neurogenesis and radial migration of newborn neurons showed an increasing 

thickness of progenitor zones throughout a long-term culture of SNOs (70-150 days)218. Whereas, 

unsliced organoids showed a decrease in progenitor zone thickness, which was significantly smaller 

than that of SNOs after day 100218. Whether this slicing method is applicable to other types of brain 

organoids is not yet clear, since this model is aimed at modeling cortical layer development. However, 

this report demonstrates several positive outcomes from resolving hypoxia-induced cell death at 

the core of organoids.  

Nickels et al. attempted to standardize and improve MOs generation and analysis by 

reducing variability between organoids and minimizing cell death216. The researchers developed a 

protocol for accelerated patterning of MOs using a more committed cell type; human floor plate 

NPCs, as the starting cell type for the differentiation protocol, and employing shorter timing periods 

for each step of the protocol with each designated media for maintenance and differentiation216. The 

authors hypothesized that this accelerated patterning approach will reduce tissue density within the 

organoids, thus facilitating better oxygen and nutrient supply to the core216. Using the optimized 

version of the protocol, the authors reported reduced tissue density and smaller sized organoids 

compared to control216. Furthermore, viability studies of the latest time point at day 30 showed that 

MOs grown using accelerated patterning were able to grow up to 2.5 mm with no visible necrotic core 

based on bright field imaging of MO sections, compared to control and one other tested condition216. 

Although, coupling these results with more specific characterization of cell death markers as opposed 

to relying on bright field imaging would have strengthened the findings. Nonetheless, ATP production 

within the optimized MOs showed a 40% increase compared to controls and a FOX2A+ inner cell 

mass was also observed within these organoids216. Despite size and density reduction using this 

protocol, MOs derived using this method demonstrated distinct spatial organization and were able to 
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generate different neuronal subtypes216. The volume of TH within MOs was estimated using whole 

mount staining and 3D reconstruction, and was used as indicator of dopaminergic neurons216. TH 

volume in MOs derived using optimized accelerated patterning was significantly higher than control 

MOs, which the authors attributed to an equal number of TH+ cells in a smaller organoid and fewer 

dead cells216. Similarly, neuronal and glial markers were increased in MOs generated using the 

optimized protocol216. Overall, this report demonstrates the effect of tissue density on oxygen and 

nutrient transport to the core of organoids and provides a framework for optimization steps of MO 

derivation protocols to address cell death within the organoid core without compromising the validity 

of MOs as research tools for modeling the midbrain.   

In a study by Berger et al. the authors attempted to address the development of a necrotic core 

in MOs using a commercially available Quasi Vivo® millifluidic culture system that supplies media to 

organoids through continuous laminar flow, as shown in (Fig. 15a)217. Compared to conventional 

shaking conditions, MOs under millifluidic culture displayed reduced necrotic core regions, although, 

the necrotic core was not completely eliminated in either cases, as shown in (Fig. 15b, 15c)217. 

Additionally, millifluidic culture conditions showed increased dopaminergic differentiation compared 

to conventional culture217. The report demonstrated an opportunity for improving MO quality by 

reducing cell death at the core of MOs through 

enhanced mass transport facilitated by culture under 

continuous laminar flow217.  

Overall, only a few articles that applied 

traditional methods for facilitating mass transport in 

brain organoid culture through the use of spinning 

bioreactors and orbital shaking, reported minimal 

cell death147, 206, 221. However, in these traditional 

reports, as well as the majority of  reports of 

specialized systems where cell death was in organoid 

cores was also minimal, such as millifluidics and 

sliced cultures102, 217, 218, the maximum size shown 

Fig. 15: Milifluidic approach vs. shaking for reducing cell 

death in brain organoids. (a) Millifluidics setup. (b, c) 

Millifluidics show reduced dead core in organoids relative to 

shaking but do not eliminate it (Berger et al. 2018), Ref 

(217). Reproduced with permission from publisher.  
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for the organoid in micrographs of cell death characterizations ranged between 0.6-1.5 mm102, 147, 206, 

217, 218, 221. This could hint that methods that reduce organoid diameter or cell density provide a 

successful approach for reducing cell death, as has been observed with the accelerated patterning 

method discussed216. Exceptionally, in a report by Cakir et al., the authors constructed vascular-like 

structures within cortical organoids in vitro, by ectopically expressing human ETS variant 2 (ETV2); 

an essential vascular development transcription factor, and were able to demonstrate significantly 

reduced cell death in cortical organoids with vascular-like structures that appeared to reach up to 4 mm 

in diameter3. However, the vascular-like structures within these organoids still lacked long-term 

maturation due to the lack of blood flow inside the organoid3, 237. A fully functional vascular network 

within brain organoids is thus yet to be developed. Reports of attempts to vascularize brain organoids 

are discussed in further detail in (Section 5.3.3.2).  

Interestingly, as demonstrated in (Table 3) and discussed reports (Figs. 13 to 15), brain 

organoids are able to grow beyond the diffusion limitation distance for oxygen (200 µm), either 

without developing a necrotic core or despite possessing one. A report by McMurtrey provides a 

theoretical model that explains this phenomenon, where a cerebral organoid is modeled as a 3D 

spherical construct and the model is analytically 

solved for steady-state diffusion and metabolism 

under unlimited supply of gas and nutrients, as 

illustrated in (Fig. 16)4. In this model, based on 

diffusive transport, calculated cell density, and 

reportedly low metabolic rate for oxygen in 

cortical neurons, the author found that the 

maximal predicted diameter of cerebral 

organoids without central cell death is 1.4 mm, 

which is strikingly close to the majority of 

previous reports where cell death the core was 

reported to be negligible4, 102, 147, 206, 217, 218, 221. 

Nonetheless, experimental data in this report 

Fig. 16: Spherical model for development of hypoxia in cerebral 

organoids. Curve A shows a concentration profile for metabolized 

gas or nutrient and the maximal diameter of 1.4 mm (dashed line) 

when distribution of cells is homogenous. Curve B demonstrates the 

concentration profile for a modified maximum radius when a 

percentage of cells shifts into a denser outer layer (zone 1), with all 

other parameters maintained constant, the model predicts an 

enhanced maximal diameter of 1.8 mm (solid border), (McMurtrey 

2016), Ref (4). Reprinted with permission from publisher. 
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showed that the average diameter of cerebral organoids over time, measured at the shortest axis, 

exceeded the predicted diameter and averaged at 1.8 mm by day 404. The disparity between the 

predicted model and experimental data is attributed to the assumption that cell density within cerebral 

organoids is homogenous in the predicted model4. Thus, the author proposed an alternative multi-

compartment model to describe oxygen consumption within cerebral organoids with four layers of 

variable cell density and neuronal regions, as shown in (Fig. 16, curve B)4. The model proposes that 

metabolically active cells shift away from the core to an outer layer to form a denser rim around the 

sphere (zone 1), while an intermediate region of progenitor cells may be present in zone 24. Zone 3 is 

proposed to contain a region of multipotent cells preserved due to hypoxic conditions, while zone 4 

represents a severely hypoxic region where cell viability is at risk4. This regionalization process is 

known to occur in early brain development, as well as in brain organoids through the migration of 

neuroglial precursor cells4. The multi-compartment model thus provides a plausible explanation for 

achieving an enhanced diameter in brain organoids despite possessing a necrotic core.  

In addition to causing cell death at the core of brain organoids, the lack of vascularization poses 

serious limitations on the quality and maturity of brain organoids135, 177, 238. While early in vivo 

development of the neocortex is able to progress without vascularization, later stages of brain 

development highly depend on vascularization of the subventricular zone135, 177, 238. By 6 gestational 

weeks, a capillary plexus covers the entire cerebral cortex, and by 8 gestational weeks, the 

neurovascular network develops in a ventral-to-dorsal progression, to supply oxygen and nutrients and 

eliminate waste238. As the neurovascular network expands, it innervates deeper brain regions and 

contributes to the niche surrounding neuronal progenitor populations. Dynamic crosstalk between 

neuronal progenitors and the vascular network guides proliferation, migration, and differentiation of 

neuronal progenitors, and neuronal survival and maturation135, 177, 238. This dynamic reciprocity 

between brain tissue and the vasculature remains crucial for maintenance and survival of neuronal 

populations throughout adulthood22. Therefore, lack of vascularization in brain organoids could 

potentially affect the aforementioned processes, interfering with normal development and 

physiology135. The absence of vascular networks in brain organoids is thought to be likely responsible 

for shortage of progenitor populations and the inability to faithfully recapitulate cortical plate 
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formation in brain organoids thus far177.  

Furthermore, the interaction between brain tissue and the neurovasculature itself is an 

important one to model due to its potential for clinical applications and understanding 

neuropathology15, 135. Drug delivery to brain tissues is a process controlled by BBB135. Faithfully 

modeling the admission of drug agents to neurons through the BBB would enable us to improve drug 

transport efficiency and physiology135. Additionally, BBB dysfunction is involved in the aging process 

and brain brain disorders135. For instance, vascular pathology is a key contributor to two most common 

neurodegenerative disorders; AD and vascular dementia15, 135. Moreover, vascularized brain organoids 

could potentially allow modeling the pre- and post-stroke adult brain, and better understanding 

neurological disease etiology135. Evidently to the importance of neurovasculature proximity to neurons 

as not only conduits that deliver oxygen and nutrients to the brain, but as also contributors to the 

microenvironment22, 135, it has been shown that approximately every neuron in a fully formed brain 

has its own capillary. The average in vivo distance between any neuron and a capillary in the human 

brain being 8-20 µm212. As aforementioned, this proximity is far from superfluous for the brain 

microenvironment. However, it is unclear whether tissue-engineering approaches must replicate the 

same level of in vivo vascular density in order to generate faithful in vitro models of the brain. 

Nonetheless, functional vascularization of brain organoids is a crucial step towards generating 

improved models of brain physiology and disease.  

5.2.3.2 Non-neuronal cell diversity 

The human brain requires cellular and environmental complexity to perform its functions. 

This complexity emerges in part due to interactions between neuronal cell populations and glial cells, 

including astrocytes, oligodendrocytes, and microglial cells177, 238, 239. Astrocytes and 

oligodendrocytes; collectively termed macroglia, constitute most of the cell types in the brain and 

perform key functions238. Astrocytes play a crucial role in synaptogenesis, regulating homeostasis, 

metabolism, maintenance of the BBB, and response to CNS damage, while oligodendrocytes produce 

myelin; a multilayer sheath crucial for rapid impulse propagation177, 240. Microglia are specialized 

brain-resident innate immune cells that play a key role in brain development, homeostasis, function, 

and repair177, 189, 239. They maintain brain homeostasis through phagocytosis of pathogens and damaged 
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cells, synapse elimination, and inflammatory response modulation177, 189, 239. Derivation of these non-

neuronal cells is necessary for upgrading the fidelity of brain organoid models. 

During in vivo development, gliogenesis occurs after neurogenesis, starting mid-gestation and 

continuing after birth, which includes developmental stages that have proven challenging to replicate 

in brain organoids238, 241. The initial temporal sequence of events for formation of glial cells following 

neurogenesis has been replicated in cerebral organoid cultures where astrocytes appeared much later 

in culture241, 242. Induction of mature oligodendrocytes has been recently demonstrated in cortical 

organoids243, and oligodendrocyte organoids244, after 28 weeks and 30 weeks in culture, respectively. 

However, the level of functionality using these protocols remains limited. These studies demonstrated 

that formation of oligodendrocytes and astrocytes within 3D cultures while preserving neuronal cell 

populations is possible, which is not surprising given that, similarly to neuronal cells, oligodendrocytes 

and astrocytes originate from the neuroectoderm238, 243, 244. In contrast, microglia are myeloid cells that 

uniquely originate outside the CNS from hematopoietic stem cells in the yolk sac, which then migrate 

through the circulatory system to inhabit the neuroectoderm; a process that occurs during week 5 of 

human gestation, after neurogenesis and prior to formation of macroglial cells177, 238, 239. Given this 

non-ectodermal origin, microglia have been missing in the majority of hiPSC-derived brain organoid 

models and their incorporation into brain organoids has been challenging177, 238, 239. Additionally, since 

morphogens are added to traditional brain organoid cultures through bath application, spatiotemporal 

cues required to attract non-ectodermal cell populations, such as microglia and endothelial cells, are 

almost completely absent238.  

Recently, efforts have been made to integrate microglia-like cells (MLC) and iPSC-derived 

microglia into brain organoids147, 239. Ormel et al. showed that cerebral organoids generated via an 

unguided self-patterning approach intrinsically developed microglia-like cells, which likely 

emerged from mesoderm contributors within the structure147. While transcriptomic analysis showed 

partial similarities between these cells and the adult human microglia, it is unclear whether these MLCs 

resemble microglia that originate from the yolk sac147, 239. Furthermore, generation of these MLCs 

within cerebral organoids has been variable and inconsistent, which necessitates further optimization 

of these protocols147, 239. Due to varying germ layer lineage contributions in the brain, generating 
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microglia using guided pre-patterning approaches for region-specific brain organoids is extremely 

challenging, as these protocols include specific ectoderm patterning factors that are unfavorable for 

microglia differentiation, and strategies for in vitro generation of iPSC-derived microglia have only 

been recently available238, 239, 245, 246. Efforts towards integrating iPSC-derived microglia into brain 

organoids have been made through co-culture approaches245, 246. These studies have shown that 

exogenously generated microglia are able to integrate into cerebral organoids, participate in crosstalk 

with neuronal populations, and generate an immune response238, 239, 245, 246. However, while the in vitro 

generated microglia possess a process-bearing ramified-like appearance, their morphology does not 

fully replicate the resting ramified state of in vivo microglia239, 245. Further work is needed to optimize 

co-culture conditions in terms of the number of successfully and reproducibly integrated microglia, 

distribution and function of the cells, and the timing for their introduction, as those factors may 

influence differentiation, neuronal survival, and immune response238, 239. Characterization of 

transcriptomic identity of iPSC-derived microglia in comparison to their mature resting in vivo 

counterparts is additionally needed to determine maturity238, 239.  

Survival of microglia within long-term brain organoid cultures is yet to be optimized, as the 

majority of protocols use short 1-week time points while 1 month is the longest time point reported238, 

247. Given that macroglia develop late in culture and microglia at earlier time points, long-term culture 

of microglia is required to comprehensively study neuroimmune interactions and replicate brain 

cytoarchitecture238. Furthermore, cell death at the core of organoids of later time points due to lacking 

vasculature will need to be resolved in order to generate brain organoid models with sufficient amounts 

of functional and viable glial populations to model the human brain during later stages of development 

and in disease. A human brain organoid model composed of mature glial populations would likely 

represent a useful, clinically relevant tool for modeling neurodegenerative diseases such PD and AD, 

where microglia and astrocyte-mediated neuroinflammation is known to play an important role in 

pathophysiology and disease progression189, 199. 

5.2.3.3 Maturity and aging in brain organoids 

Current differentiation protocols only allow for generating brain organoids of early stages of 

development, which match molecular signatures of the human fetal cortex up to second trimester of 
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gestation15. This limits the ability to model later developmental stages or study diseases that arise 

during adulthood239, 248. This lack of maturity has been mostly attributed to previously discussed 

limitations of brain organoids, including cell death and insufficient delivery of signaling molecules 

due to lacking vascular networks, absence of biochemical and biophysical gradients in the in vitro 

environment, and the lack of glial populations199, 238, 239. Collectively, these limitations diminish 

complexity and long-term viability of brain organoids that are necessary to generate a mature brain 

model199, 238, 239. In corroboration of missing in vivo interactions in brain organoid cultures, upon in 

vivo transplantation in mice, hiPSC-derived neurons showed improved functional maturation239, 249. 

Additionally, Mansour et al. demonstrated that transplantation of human brain organoids into brains 

of immunodeficient mice allowed up to one-year survival, and showed vascular invasion from the host 

vasculature into the organoids102. The studies suggest possibility for long-term maturation upon 

exposure to in vivo factors102, 249. However, transplantation of human cells in rodent models does not 

provide a clinically-relevant setting applicable to the human brain due to the surrounding rodent in 

vivo environment, and additional work is needed to investigate possibility for maturation towards 

postnatal developmental stages, information processing, and response to stimuli, which would have 

important ethical implications to consider239. 

Although brain organoids are primarily neurodevelopmental models, their applications extend 

to age-related neurodegenerative diseases such as PD and AD as well, due to their ability to reproduce 

certain pathophysiological hallmarks of neurodegeneration using patient-derived or genetically edited 

hiPSCs15, 199. However, modeling aging-related diseases using hiPSC-derived brain organoids must be 

carried with caution15, 199. Reprogramming cells to an iPSC state has a well-known but often 

overlooked “rejuvenating” effect, where aging-related epigenetic markers are erased, telomeres are 

lengthened, and mitochondrial fitness is increased in reprogrammed cells, which eliminates benefits 

of using patient-derived cells15, 199, 239. Additionally, certain hallmarks of neurodegeneration 

reproduced by brain organoids could potentially result from artifacts of culture conditions or could be 

by-products of limitations of brain organoid culture. Loss of dopaminergic neurons could result from 

cell death due to insufficient delivery of oxygen, nutrients in brain organoids, and must be interpreted 

with this consideration and tested with appropriate controls15, 199. Moreover, brain organoid culture 
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have an upregulated reliance on glycolysis and increased endoplasmic reticulum stress, which has been 

shown minimize neuronal differentiation and impairs molecular subtype specification, reducing 

fidelity of brain organoids in modeling dopaminergic neuronal populations that are vulnerable in 

neurodegeneration199, 250.  

Certain strategies have been suggested for promoting aging in brain organoids, including 

overexpression of progeric genes, and inducing DNA damage and mitochondrial stress15, 199. 

Furthermore, bypassing the pluripotent state through direct reprogramming of patient cells to neurons 

has been shown to better preserve aging hallmarks in human motor neurons, although it is unclear 

whether this method, if used to generate brain organoids, would permit the same spontaneous self-

organization that occurs in iPSC-derived brain organoids15, 251. Another alternative to induce aging in 

brain organoids is by manipulating oxidative stress using toxins or altering media composition199. For 

instance, eliminating antioxidants from culture media of hMOs after 45 days in culture enabled 

differentiation of cells containing NM, expression of mature neurons, and increase in DNA damage195, 

199. Additionally, hMOs cultured without antioxidants were enriched for human midbrain transcripts 

associated with aging and genes found in post-mortem PD tissue195, 199. Overall, providing a precisely 

controlled environment that mimics in vivo cues or using protocols that induce aging represent 

beneficial strategies for generating mature brain organoids15, 199, 239. 

5.2.3.4 Variability in brain organoid cultures 

Brain organoid cultures are notoriously known for the “batch syndrome” where different 

batches of organoids show significantly variable quality and spatiotemporal organization of their cell 

populations135, 199, 237. Reproducibility is a highly necessary requirement for accurately modeling 

biological events and testing therapeutics. However, it is challenging to achieve high reproducibility 

in brain organoid cultures because it requires production of cell types that 1) organize in a defined 3D 

architecture and 2) reproduce functional properties of the brain, while consistently fulfilling these 

requirements237. Several factors are responsible for high variability in brain organoid culture, including 

heterogeneous genetic background of iPSC lines, discrepancies in iPSC culture, and variations in 

differentiation protocols and the environment inside different bioreactors15, 199, 237. Furthermore, 

animal-derived hydrogels such as Matrigel and Geltrex contribute to variability of the 3D network 
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surrounding organoids, thus synthetic biomaterials such as poly (lactide-co-glycolide) copolymer have 

been proposed as alternatives for enhancing reproducibility199, 252. The effect of differentiation method 

on reproducibility has been characterized using scRNA-seq, which showed that whole brain organoids 

generated via self-patterning, where no exogenous factors are added, have greater variability than 

region-specific brain organoids derived using guided differentiation where media-supplemented 

growth factors tightly restrict cell fate228. Moreover, in effort to control growth conditions of brain 

organoids, Qian et al. developed 3D printed miniaturized spinning bioreactors (SpinΩ) that were able 

to reliably produce forebrain organoids with reduced heterogeneity in shape and size141. Improved 

reproducibility will likely aid in addressing other challenges of brain organoids such as lacking 

microglia and vascular networks, since high variability lead to inconsistent results and difficulty 

making conclusions when developing solutions for each of these challenges.  

Overall, biological and technical solutions addressing challenges facing brain organoid models 

are rapidly evolving and benefitting from bioengineering advancements. The challenges discussed in 

this section are intertwined, as maturity of brain organoids is dependent on cell viability, 

vascularization, and non-neuronal cell diversity, and their low reproducibility hinders further 

advancements. Efforts addressing these challenges will have to combine to generate an improved brain 

organoid model that enables faithfully reproducing neurobiological events in health and disease.  

5.3 Vascularization in tissue engineering 

The field of tissue engineering developed to address two key biomedical needs. First, the shortage 

of organs for transplantation represents a key motivation for developing tissue engineered constructs 

that regenerate, or replace lost function253-255. Second, physiological modeling of human organs in 

health and disease is necessary for advancing our understanding of human biology and for developing, 

testing, and validating therapeutic agents in a clinically relevant humanized context254-257. While the 

field of tissue engineering has made significant advancements in recent years, scaling tissue-

engineered constructs from short-term small sized tissues to long-term large-scale tissues for in vitro 

studies of mature organs or translation into clinical applications remains challenging largely due to 

lacking vascularization of engineered tissues253, 255, 257.  

The in vivo circulatory system plays a critical role in maintaining organ homeostasis and 
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vitality255, 257, 258. This role is carried out by a hierarchy of blood vessels that include large blood vessels 

(>6 mm in diameter), small blood vessels (1-6 mm), and microvessels (<1 mm)255, 258, 259. These blood 

vessels can be categorized based on their size into the macrovasculature and the microvasculature258. 

The macrovasculature consists of large blood vessels; arteries and veins, and is responsible for rapid 

movement of blood to and away from distant organs258. The microvasculature consists of a vast 

network composed of three types of microvessels; arterioles, venules, and capillaries, which exhibits 

a high surface area-to-volume ratio and is responsible for rapid local exchange of substances with 

surrounding tissues257-259. The role of the microvasculature has been long perceived as restricted to 

oxygen and nutrient delivery, regulation of thrombosis, clearance of metabolic waste, and contributing 

to immune responses22, 255, 257. However, a recent paradigm shift has elevated the role of the 

microvasculature from passive conduits of molecules and cells to key regulators of homeostasis and 

metabolism, and directors of non-fibrotic regenerative responses by resident stem cells22. This 

instructive role has been studied and demonstrated for tissue-specific capillary ECs in proximity to 

epithelial, hematopoietic, mesenchymal and neuronal cells and their corresponding stem and 

progenitor cells, which is enabled through “angiocrine factors” that are paracrine-secreted by ECs and 

the resident cell types in response22.   

The implication of the aforementioned critical physiological tasks of the microvasculature is 

that its absence from engineered tissues undermines both their viability and physiological mimicry. 

Modeling organ regeneration and stem cell behavior using avascular tissues paints an incomplete 

landscape of physiology due to missing organ-specific EC-tissue angiocrine crosstalk22. Additionally, 

as mentioned in a previous section, (Section 5.2.3.1), tissue engineered constructs that exceed a certain 

distance, particular to the type of tissue, required for oxygen diffusion (often 100-200 µm in any 

direction), become at risk of hypoxia and subsequent cell death rendering them nonviable for further 

applications4, 255, 257. While an avascular tissue engineered implant could experience vascular invasion 

from the host as part of the foreign body response, this vascular invasion process requires days or 

weeks to take place253. This time frame is long enough for cell death to occur at the center of the 

implanted tissue due to insufficient oxygen or nutrient delivery, leading to poor tissue integration253. 

Thus, pre-vascularization of engineered tissues before implantation has been long proposed for 
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priming implants for perfusion by allowing the implant’s vasculature to integrate by in vivo bridging 

or microsurgical attachment to the host vasculature253. Similarly, tissue engineered constructs for in 

vitro drug testing and physiological modeling require vascularization for their long-term maturation 

and viability3, 4, 117. Perfusable microvascularization of engineered tissues remains a pressing challenge 

in tissue engineering to-date253, 255, 257, although researchers demonstrated more success in 

vascularizing certain tissue types than other types, such as successful perfusion of vascularized tumor 

and fibroblast microtissues25, 256, 260, 261.  

Vascular tissue engineering (VTE) developed as a branch of tissue engineering to translate the 

knowledge of vascular biology and the multidisciplinary principles of tissue engineering into clinical 

applications to advance therapeutics, engineered implants, and physiological models of vascular 

structures255, 262. VTE and vascular regenerative medicine currently have two main focus points: 1) 

producing artificial blood vessels, which is often associated with tissue engineering of vascular grafts 

(TEVG), and 2) generating vascularized tissue constructs, which is often referred to as microvascular 

tissue engineering (MVTE)255, 262, 263. Both areas of VTE research overlap to some degree in the basic 

knowledge they derive from, despite their different end goals. They both generally include the 

following key considerations for developing their respective products: 1) cell sources, 2) appropriate 

biomaterials for the desired application, 3) biochemical and mechanical cues required for simulation, 

maintenance, and maturation of the engineered vascular structure, and 4) the technique for generating 

the vascular structure254, 257, 262, 264-266.  

Synthetic grafts for replacing large blood vessels have been generally acceptable as a 

therapeutic option despite their shortcomings, while engineered grafts for replacing small sized blood 

vessels remain a greater challenge for TEVG267-269. Principles and methodologies of TEVG for 

generating improved large and small blood vessel grafts are out of the scope of this thesis, and have 

been reviewed as referenced267-269. MVTE research includes three main topics including therapeutic 

vascularization, development of microphysiological in vitro systems, and vascularization of 

engineered tissues, reviewed as referenced256, 257, 261. In this thesis, we provide a review of the latter 

two topics:  microphysiological in vitro systems specifically for spheroid and organoid cultures, and 

tissue vascularization methods specifically for brain organoids. The difference between the two latter 
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topics generally lies in the use of microfluidic devices and cell-patterning methods to control the spatial 

distribution of endothelial cells when generating a microphysiological in vitro system25, 26, 256. 

Whereas, vascularization of engineered tissues utilizes traditional well plates or in vivo models to 

achieve vascularization6, 102, which typically eliminates spatial control of the vascularization process. 

Approaches for MVTE are rooted in our understanding of angiogenic spatiotemporal cues256, 

257. Control of angiogenic spatiotemporal cues can be achieved through recapitulating cell-ECM and 

cell-cell interactions, and controlled release of pro-angiogenic factors, which must take into 

consideration tissue-specific cues present during in vivo biological processes (e.g. development, and 

cancer metastasis); where vascularization takes place256, 257, 270. Recapitulating tissue-specific 

angiogenic cues specifically for spheroid and organoid models remains challenging due to the 

interdisciplinary characteristic of MVTE research256. Additionally, the ability to generate human iPSC-

derived organoids and iPSC-derived endothelial cells is relatively recent and has only been recently 

integrated into the MVTE256. In the next sections, we discuss examples of microphysiological in vitro 

systems and engineered tissues where perfusable vascularization was achieved and how their 

respective applications are relevant to brain organoids. 

5.3.1 Vascularization in vivo 

As previously stated, the formation of vascular networks is an intriguing biological process 

to study and recapitulate for tissue engineering and regenerative medicine. The formation of vascular 

networks in vivo occurs through two fundamental processes angiogenesis and vasculogenesis271.  

Angiogenesis is a morphogenic process by which new blood vessels form from preexisting blood 

vessels271. It is distinguished from vasculogenesis in that vasculogenesis occurs through differentiation 

and assembly of initial vascular plexuses de novo from individual primitive endothelial cells265, 271. 

Angiogenesis is well known to occur during both embryonic development and postnatal life. 

Vasculogenesis, on the other hand, was long thought to occur only during embryonic development, 

but increasing evidence that remains under debate, suggests that vasculogenesis also occurs during 

postnatal life, although less commonly than postnatal angiogenesis272-274.  

5.3.1.1 Vasculogenesis 

Vasculogenesis is a reoccurring process during mammalian embryogenesis that first occurs 
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in the mammalian yolk sac early in embryonic development272, 275, 276. First, epiblasts in the primitive 

streak undergo epithelial to mesenchymal transition276. These now-mesenchymal multipotent cells 

migrate to occupy a region between the epiblast and the visceral endoderm and differentiate into 

mesoderm or definitive endoderm276. The visceral endoderm is thought to be responsible for the 

formation of the first differentiated cell types in the embryo; angioblasts and hematopoietic stem cells 

from their hemangioblast progenitors, by modulating soluble signals that generate these cell types from 

the underlying mesoderm276, 277. ‘Blood islands’ are formed during this process, which consist of 1) 

hematopoietic stem cells that form a loose inner mass which can later differentiate into blood cells, 

and 2) angioblasts, alternatively termed primitive endothelial cells, that form the outer luminal layer 

of blood islands and can later differentiate into endothelial cells that line the walls of blood vessels272. 

In blood islands, angioblasts fuse to form primitive capillary-like vascular networks and plexuses272, 

276. Subsequently, vascular remodeling and maturation of the primitive capillary plexus occur through 

the recruitment of mural cells, concurrently with hematopoiesis; the induction of mature circulating 

blood cells from hematopoietic stem cells272, 276.  

 The aforementioned steps for vasculogenesis occur orderly during embryonic development, 

and are well-regulated by factors such as vascular endothelial growth factor (VEGF) and Angiopoietin 

1 (Ang-1)272, 275. Mice deficient for Ang-1 or with a deletion for its receptor Tie-2, or a deletion for 

VEGF receptor (VEGFR2, also known as Flk-1) have been shown to experience rapid death during 

embryogenesis272.  

While vasculogenesis is essential during embryogenesis for the provision of metabolic factors 

to developing tissues, it has been suggested that vasculogenesis may also play an instructive role in 

organogenesis275, 278, 279. For instance, Matsumoto et al. showed that angioblasts may also contribute 

to inducing liver morphogenesis, even prior to vascular function278. The authors showed that flk-1-/- 

mutant mice, which are unable to form ECs nor mature blood vessels but still form angioblasts with 

migratory defects, display defects in liver bud development during the morphogenic phase of liver 

organogenesis278. Lammert et al. also showed the role of the endothelium in inducing differentiation 

of insulin-expressing cells that are required for pancreatic organogenesis279. Thus, reproducing 

vasculogenesis in models of organs is likely to improve not only the health but also the biomimetic 
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properties of tissue-engineered constructs.  

5.3.1.2 Angiogenesis and vascular remodeling 

Angiogenesis is observed under several physiological conditions that require increased blood 

and oxygen supply such as embryogenesis, postnatal organ growth, wound healing, and exercise271. 

Moreover, dysregulated angiogenesis is implicated in several pathologies including retinopathies, 

arthritis, psoriasis, primary pulmonary hypertension, and growth and metastasis of tumors271. In 

contrast, other pathologies display a regression of blood vessels and could benefit from angiogenesis, 

such as Crohn’s disease, atherosclerosis, and osteoporosis. Therefore, developing models of 

microvascularized tissues, and elucidating the mechanisms that underlie pro- and anti-angiogenic 

stimulation of tissues is valuable for biomedical research271. 

After vascular plexuses have formed through vasculogenesis, a transition to angiogenesis 

occurs during embryogenesis272. Angiogenesis occurs after vascular maturation as well, under certain 

conditions during development or postnatal life272. Two main mechanisms of angiogenesis have been 

described: sprouting and intussusceptive (splitting), illustrated in (Fig. 17), both of which occur in 

nearly all tissues271, 277. Sprouting angiogenesis is the more discussed and classical form of 

angiogenesis as it has been discovered two centuries ago, while splitting angiogenesis has only been 

Fig. 17: Steps of angiogenesis; the formation of new blood vessels from a preexisting vessel upon angiogenic stimulus. 

(Logsdon et al. 2013), Ref (271). Reproduced with permission from publisher. 
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described three decades ago277. A key difference between the two forms of angiogenesis lies in 

formation of ‘sprouts’ as one of key steps in sprouting angiogenesis but not splitting angiogenesis271, 

277. Sprouts are endothelial cells that follow a ‘tip/stalk’ morphology and usually proliferate towards 

angiogenic stimuli271, 277. By contrast, in splitting angiogenesis, a process of interstitial tissue invasion 

occurs into the lumen of the existing blood vessel, causing one vessel to split into two271, 277. Splitting 

angiogenesis is thought to be faster and more efficient than sprouting angiogenesis, as it initially only 

requires the reorganization of existing ECs as opposed to requiring their migration and proliferation 

as the case is in sprouting angiogenesis277.  

Sprouting angiogenesis involves a series of key steps, illustrated in (Fig. 17), including: 

angiogenic stimulus, sprouting, elongation and branching, tubulogenesis, anastomosis, and finally 

mural cell-driven stabilization, or regression271, 277. First, an angiogenic stimulus initiates from distress 

signals such as hypoxia, and metabolic or mechanical stimuli, which results in secretion of pro-

angiogenic factors such as VEGF and acidic fibroblast growth factor (aFGF or FGF-1)271, 277. 

Sprouting of ECs from the preexisting blood vessel occurs in response to the stimulus and the 

tissue develops gradients of pro- and anti-angiogenic signals that guide the newly formed sprouts 

towards a target tissue271, 277. Additionally, substrate stiffness, ECM composition, and ECM fibers 

orientation and density have been shown to regulate other elements of sprouting such as EC migration 

speed and branching271, 280.  

Sprouting occurs concurrently with ECM degradation in order to clear a migratory path for the 

sprouting ECs271, 277. ECM degradation is enabled by proteases such as MMPs that are secreted by ECs 

in response to angiogenic stimulus271, 277. A ‘tip’ EC has a specific molecular signature that includes 

VEGFR2, VEGFR3, Delta-like ligand-4 (Dll4), neurophilin-1 (NRP1), among others281. This 

molecular signature, along with long cellular structures termed ‘filopodia’ that characterize the highly 

polarized nature of tip cells, enable them to discern gradients of angiogenic cues, such as gradients of 

VEGF-A sensed by VEGFR2271, 277, 281. The action of filopodia together with the contraction of actin 

filaments enables tip cells to pull towards the stimulus, secrete proteases, and sprout towards a specific 

direction277, 281.  

Tip cells usually do not form lumens and often possess minimal proliferative capacities281. 



  

Page 72 of 170 

Thus, lengthening of newly formed sprouts and their lumen formation is performed by proliferative 

‘stalk cells’ that line up behind the tip cell and connect it to the circulation271, 277, 281. During this step, 

DII4/Notch signaling contributes to maintaining tip cells in the leading position while preventing the 

trailing stalk cells from leaving their position281, 282. Computational models of elongation and 

branching during angiogenesis revealed that proliferation of stalk cells could determine the length of 

newly formed capillary, while elongation of stalk cells could determine how many branches are 

formed271. Tubulogenesis, or lumen formation, occurs, as the next step of angiogenesis, when a series 

of stalk cells develop inter- or intracellular ‘vacuoles’ that coalesce together, which has been observed 

in 3D in vitro cultures of ECs, and a zebrafish model283, 284.  

In parallel with lumen formation, the sprouting capillary connects with another nearby capillary 

that is either sprouting as well or preexisting, in a process known as anastomosis271, 285. Experimental 

and computational models of angiogenesis proposed mechanisms for anastomosis271, 282, 285.  For 

instance, Bentley et al. proposed the concept of a transient tip cell based on a spring-agent model, 

where the same Dll4-Notch signaling that maintains a tip cell in the leading position could revert its 

fate to a non-migratory stalk cell during anastomosis, upon a filopodia-driven feedback loop with 

VEGFR2 signaling271, 282.  

A third subtype of ECs aside from tip and stalk cells is ‘phalanx’ cells281. Phalanx cells 

represent the most quiescent subtype of ECs and are characterized by their cobblestone morphology281. 

These cells gain their quiescence during the last stage of angiogenesis once the new vessel has formed 

and stabilized281. Maturation and stabilization of newly formed blood vessels as a final step of 

angiogenesis is achieved by the recruitment of mural cells, which mainly include pericytes and 

vascular smooth muscle cells (vSMCs)271, 286. Pericytes associate with small vessels such as capillaries 

and venules, and perform critical roles in angiogenesis and long-term maintenance of vascular stability 

by regulating proliferation and migration of ECs, and depositing a basement membrane with ECs271, 

286. On the other hand, vSMCs associate with larger vessels such as arteries, and interact with ECs to 

strengthen the walls of maturing blood vessels in order to optimize flow, contractility, and shear 

stresses of the blood vessel271, 286.  

The primitive capillary plexus initially formed by vasculogenesis is composed of very basic 
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interconnected small vessels that are generally homogeneous in shape and size287. A process of 

vascular remodeling that occurs concurrently with angiogenesis is crucial for the subsequent 

hierarchical and functional organization of vessels into arteries and veins that ensures transport of 

necessary substances from and to the yolk sac and embryo during development287. Vascular 

remodeling is a dynamic morphogenic process by which blood vessels undergo changes in size and 

resistance by expanding, extending, and ‘pruning’; a process where unnecessary branches are 

eliminated271, 287. Vascular remodeling is different from angiogenesis in that it does not involve the 

formation of new vessels, only the structural alteration of existing ones288. Regulated by molecular and 

biomechanical cues, vascular remodeling is critical for viability of the embryo and cardiovascular 

health in development and postnatal life287, 289.  

5.3.1.3 Examples of biomechanical and biochemical signaling in vascularization 

Biomechanical forces play crucial roles during development and postnatal life. Regarding the 

vascular system, of relevance are hemodynamic forces that come into play when the heart beats and 

initiates fetal circulation at day 22-post fertilization for humans, and day E8.25 for mice287, 290. 

Vascular remodeling occurs soon after circulation, around E8.5 and E9.5 in mice, which is thought to 

be modulated partly by blood flow287. Arterial-venous specification during vascular remodeling is 

genetically predetermined by vascular identity markers and is additionally modulated by hemodynamic 

forces291. While vasculogenesis is thought to occur in mice without the need for hemodynamic forces, 

biomechanical forces have been found to promote hematopoiesis, and regulate vascular wall 

maintenance and endothelial function276, 287, 292. The exact role of hemodynamic forces in angiogenesis 

on the other hand is more complicated271, 289. Three types of hemodynamic forces are often relevant 

for alterations in size and morphology of the vasculature including shear stress, circumferential stress, 

and axial stress287, 289. The effects of these hemodynamic forces on progression of various 

pathologies289, and on embryonic development287 are reviewed in detail by others.  

Shear stress is the primary hemodynamic driving force for vascular remodeling287, 289. Shear 

stress; the frictional force exerted by blood flowing in parallel to the vessel wall, is the product of 

multiplying the apparent viscosity of blood by the shear rate287, 289. The shear rate is a function of the 

velocity gradient of blood flowing at the vessel wall and the radius of the vessel287, 289. Understandably, 
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changes in blood viscosity and cardiac output, or abnormalities in cardiovascular development or 

hematopoiesis significantly influence shear rate287, 289. Since ECs lining vessel walls are sensitive to 

mechanotransduction, their function and ability to engage in various steps of vascular remodeling is 

greatly influenced by changes in shear rate287, 289. Mechanotransduction in ECs is possible through 

activation of mechanosensor proteins, signaling pathways, and expression of genes and proteins in 

response to mechanical stimuli287, 289, 293.  

For instance, evidence of a direct mechanical role of shear stress in vascular remodeling 

became available from in vivo experiments where primitive erythroblasts were sequestered to blood 

islands prior to initiation of blood flow, which resulted in reduced blood viscosity and reduced shear 

stress in wild type mice embryos287, 294. This led to impaired vascular remodeling of the capillary 

plexus in the yolk sac and significant reduction in expression of endothelial nitric oxide synthase 

(eNOS); a mechanosensitive protein responsible for the production of nitric oxide and modulating 

vascular homeostasis and remodeling287, 294, 295. Additionally, matured blood vessels can adapt to 

changes in shear stress throughout life and beyond the embryonic stage289. Thus, the role of 

hemodynamic forces in vascular remodeling is crucial beyond embryonic development289.  

In terms of in vivo angiogenesis, the role of blood flow has been initially investigated several 

decades ago in models of chick embryo and frog larvae, where these studies demonstrated that blood 

velocity regulated capillary growth and regression271, 296. Subsequently, the first theoretical model of 

blood flow was developed, relating tissue oxygenation with blood flow and capillary distribution and 

number297. Theoretical models supported by experimental data that came after became more 

sophisticated as they took into account the role of microvascular heterogeneities in influencing 

metabolic and hemodynamic signaling in angiogenesis and vascular remodeling271, 298. Overall, widely 

cited research by Pries et al. led to consensus in recent years that local pro-angiogenic gradients mainly 

induce sprouting angiogenesis and blood flow induces vascular remodeling of the networks formed, 

whereas, splitting angiogenesis is thought to occur through both metabolic and hemodynamic 

signaling271, 298, 299. An in vivo model of skeletal muscle contraction also suggested that high luminal 

shear stress induces splitting angiogenesis via an increase in eNOS expression and VEGF content, 

while longitudinal stretch, which was associated with increased VEGF staining, induces external 
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sprouting angiogenesis in skeletal muscles300. The aforementioned paradigm does not exclude the role 

of other types of hemodynamic forces (e.g. transmural flow) in inducing sprouting angiogenesis in 

vivo. However, studying such forces while excluding luminal shear stress is challenging to replicate in 

an in vivo setting with proper control.   

In vitro experiments have shed further light on the effect of hemodynamic forces on sprouting 

angiogenesis, albeit the results are somewhat complicated301-303. For instance, in vitro application of 

luminal shear stress has been shown to inhibit VEGF-induced angiogenic sprouting, whereas shear 

stress generated by transmural flow, which is directed in the direction exiting the blood vessel, has 

been widely accepted as a pro-angiogenic stimulus301, 302. Subsequent research by Galie et al. attributed 

this difference in angiogenic sprouting between the two types of shear stress to low luminal shear stress 

being tested (3 dyn/cm2) and high transmural shear stress being tested in literature301. Galie et al. 

demonstrated that shear stresses from luminal flow and transmural flow can both induce angiogenic 

sprouting in vitro when around or above a certain newly identified threshold (10 dyn/cm2), depending 

on environmental context301. The authors also noted that since in vitro culture includes a high level of 

serum containing pro-angiogenic factors that in vivo plasma is deprived of, the true range required for 

inducing sprouting in vivo could be higher than previously appreciated due to angiogenic inhibitory 

factors available in vivo301.  

Nonetheless, some controversy remains with respect to application of shear stress in vitro. For 

instance, Colgan et al. demonstrated that upon application of relatively high shear stress (10-14 

dyn/cm2), endothelial permeability was decreased304, which is typically associated with quiescent 

stable vessel phenotype305, 306. Additionally, microfluidic studies have demonstrated in vitro vascular 

sprouting and subsequent network formation in 3D tissue models without incorporating or accounting 

for shear stress, which suggests that shear stress is not a requirement for initiation of sprouting 

angiogenesis25, 27, 260, 271. In some of these studies, perfusion was applied only after angiogenesis and 

vascular network formation, and was found to increase eNOS production, which was used to confirm 

mechanotransduction and functional properties of ECs in these models27, 260.  

These various stimulatory and inhibitory roles of hemodynamic forces on sprouting 

angiogenesis seem to point to the importance of the context in which angiogenesis occurs. For 
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example, hypoxia-induced sprouting angiogenesis occurs in the absence blood flow in the rising 

capillary sprout307, and may not benefit from increased blood flow that may wash away hypoxia-

induced biochemical factors required for angiogenic sprouting271. This may been seen in clinical 

phenomena where interstitial tumor pressure blocks blood flow, thus increasing hypoxia, which 

initiates production of tumor-associated factors, angiogenesis, and tumor growth271. 

Hypoxia represents a key player in embryonic and postnatal vascularization through inducing 

biochemical responses such as increased expression of nitric oxide, hypoxia-inducible factors (HIFs) 

activation, among other pathways271, 308. During vascular development, hypoxia is required for the 

differentiation of important progenitor cell types including the hemangioblasts that gives rise to cells 

involved in vasculogenesis, which occurs via expression of a group of genes upon ARNT (HIFβ 

subunit) dimerization with HIFα subunit under hypoxic conditions308, 309. On the other hand, in vitro 

hyperoxia; abnormally high oxygen, was shown to inhibit differentiation of angioblasts into ECs, 

which is required during formation of vascular plexuses310. Additionally, early stages of vascular 

development are coordinated by HIFβ, which modulates paracrine production of growth factors such 

as VEGF and Ang-1 by hematopoietic cells308.  

Furthermore, HIFs are critical transcriptional regulators of several aspects of developmental, 

physiological, and pathological angiogenesis308, 311. For instance, as a master pro-angiogenic factor; 

VEGF is a direct transcriptional target for HIF1α and HIF2α311. Additionally, HIF1α and HIF2α are 

both involved in inducing expression of several pro-angiogenic genes, which are also used as 

biomarkers for tumor hypoxia in addition to vegf, such as Ang-1, Ang-2, and Tie-2 311.  

Overall, the role of HIF1α is more centered towards stimulating EC sprouting, proliferation, 

and migration, recruitment of key other cell types involved in angiogenesis, and arterial-venous 

specification308, 311. For instance, HIF1α is a regulator of Hey2 and Dll4, which both inhibit venous 

specification thus promoting an arterial fate311. Additionally, HIF1α stimulates recruitment of CD45+ 

myeloid cells, which possess pro-angiogenic capacities due to expressing CXCR4; a receptor for SDF-

1 that plays a neovascularization role in ischemic tissues or tumors308. Recruitment of vSMCs that 

stabilize blood vessels is also suggested to be linked to an increase in HIF1α expression312.  

The role of HIF2α on the other hand remains somewhat elusive and varies with animal genetic 
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background. Nonetheless, literature suggests that the role of HIF2α is not redundant with HIF1α, and 

appears centered towards morphogenesis, vascular remodeling, and vascular integrity308. For instance, 

in one murine strain, loss of HIF2α causes defects in remodeling of vessels into larger ones, while in 

other murine backgrounds; its loss causes abnormal organogenesis without clear vascular defects308. 

Another study supporting the role of HIF2α in vascular remodeling cite that HIF2α but not HIF1α, 

induce eNOS expression308. Another study suggests HIF2α plays a role in controlling vascular integrity 

by increasing junction protein VE-Cadherin expression308.  

Other biochemical and microenvironmental factors such as ECM composition and 

inflammation strongly influence various steps of vascularization and have been reviewed by others257, 

271. Overall, the aforementioned examples demonstrate the multi-faceted nature of the steps and 

signaling pathways involved in vascularization of tissues, which ideally must be considered while 

developing microvascularization tissue-engineering solutions. 

5.3.2 Microvascular tissue engineering considerations 

The main considerations in MTVE are: 1) cell sources, 2) appropriate biomaterials for the 

desired application, 3) biochemical and mechanical cues required for simulation, maintenance, and 

maturation of the engineered vascular structure, and 4) the technique vascular formation257. 

5.3.2.1 Endothelial cell types  

A key aspect of MVTE is the choice of cell source. EC sources can be divided into two types: 

1) somatic cells; terminally differentiated ECs, and 2) stem cells and progenitor cells; pluripotent and 

multipotent cells, resepectively, which can be differentiated into ECs under defined conditions254, 262, 

313.  

Somatic ECs used in MVTE include HUVECs, and human microvascular ECs (HMVECs)257, 

313. HMVECs can be further classified based on the source tissue such dermal and lung microvascular 

ECs257, and human brain microvascular ECs123. Stem cell and progenitor cell sources of ECs include 

ESC-derived ECs, iPSC-derived ECs (iPSC-ECs), mesenchymal stem cell-derived ECs, and EPCs254, 

257, 313. Among these, HUVECs, HMVECs, and iPSC-ECs are commonly used in MVTE257, 313, and 

thus will be the focus of this review. Although, EPCs; reviewed by others257, 313, must be considered 

as a source for neovascularization in MVTE applications due to evidence of circulating EPCs that 
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induce vasculogenesis during postnatal life273, 313, and the ability of EPCs to induce vascularization in 

vitro and in vivo257, 313.  

There are differences between EC types based on surface markers and RNA profile313, although 

they do often share angiogenic behavior and certain identity markers such as CD31 and vWF for 

HUVECs and HMVECs, and CD31 and CD34 for iPSC-ECs, among other important markers that 

overlap among these EC types such as growth factor receptors313. Heterogeneity between EC types 

exists due to variable tissue sources, batch-to-batch variability, and chemical and mechanical 

differences in the bodily environment of different donors or culture protocol257, 313-315. This could be 

controlled for by using one pooled sample for the entirety of the experiment, however, that is limited 

by availability of cells and could pose challenges on reproducibility of results across labs257. HUVECs 

and HMVECs are easily obtained from commercial sources257, 313. However, the count of cells from 

the same vial could limit the expansion rate, which requires a certain initial seeding density316.  

On the other hand, iPSC-ECs are quasi-unlimited cells that can be differentiated to specific 

vascular subtypes from human patient samples254, 313, but possess higher heterogeneity than HUVECs 

based on genetic and phenotypic studies of the two315. A certain level of heterogeneity between iPSC-

ECs should be expected and can be favorable314, 315, because it could account for single-cell 

differences, EC subtypes, and patient-unique differences313, 315. However, a high level of genetic and 

phenotypic heterogeneity could pose challenges for modeling small genetic variant effects317, and 

could represent a manifestation of technical issues caused by the differentiation protocol itself and the 

pluripotent source of ECs rather than biological differences between cells and individuals315. 

Nonetheless, a powerful attraction of using iPSC-ECs in MVTE that HUVECs and HMVECs 

do not offer is the ability to derive them from human patient samples254, 313. This allows generating 

ECs with the same genetic background as patients, which is advantageous for modeling vascular 

pathologies with a genetic component without the need for gene editing318, and provides potential for 

testing therapeutics through a precision medicine approach313.  

Furthermore, patient-derived iPSC-ECs are considered an autologous cell source, which could 

eliminate concerns of immunogenicity if the iPSC-ECs are transplanted in vivo254, 262, 313. While 

transplantation of ECs into a host falls more often under applications of therapeutic vascularization 



  

Page 79 of 170 

and TEVG254, 257, which we are not covering, a few MTVE approaches also utilized in vivo 

transplantation as a method to vascularize pre-engineered tissue constructs and subsequently extract 

the tissue for further analysis6, 102. Another concern distinct to stem cell-derived ECs transplanted in 

vivo is tumorigenicity but that might not arise in short-term animal studies254.   

HUVECs and HMVECs are more cost-effective to purchase and maintain, and their protocols 

are easier to handle than iPSC-ECs in terms of the length of the process313. This could pose a challenge 

for the use of iPSC-ECs in engineering labs, given that MTVE requires multidisciplinary expertise. 

Additionally, HUVECs have been used in research for a longer period than iPSC-ECs, thus it is not 

surprising that HUVECs have been characterized more extensively and are the most commonly used 

EC source of all types257.  

The use of other supporting cell types such as vSMCs, pericytes, and fibroblasts in co-culture 

with ECs for MTVE application is advantageous and recommended257. The choice of supporting cell 

types depends on each application, and has been suggested to improve modeling accuracy of the ECM 

and cell-cell interactions of the vascular niche257. Furthermore, supporting cell types are thought to 

improve vascularization through secretion of pro-angiogenic factors260, and enhance maturation of 

vascular networks257, 260.  

5.3.2.2 Signaling molecules  

VEGF is commonly used in MTVE to induce sprouting given its well-known pro-angiogenic 

effects319. In addition to VEGF, other growth factors have been commonly used in MTVE as are part 

of the secretome of tissues that induce angiogenesis319. Growth media that involves the addition of 

factors based on the secretome of a tissue of interest is referred to as conditioned media. The use of 

conditioned media (CM) in MTVE has been applied using fibroblast-CM. In fact, fibroblasts are often 

co-cultured with ECs in MTVE applications to induce sprouting and lumen formation256, and were 

found to induce higher level of sprouting than when only fibroblast-CM is used319. 

Newman et al., using a fibrin bead assay, investigated the role of fibroblast-secreted molecules 

in angiogenic signaling in 3D co-culture with ECs, and identified pro-angiogenic factors in fibroblast-

CM319. They were able to also distinguish a combination of factors involved in EC sprouting from 

those involved in lumen formation. Those factors included Ang-1, angiogenin, hepatocyte growth 
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factor, transforming growth factor-α, and tumor necrosis factor. The authors also identified fibroblast-

derived matrix proteins that regulate matrix stiffness that is involved in formation of sprouts and 

lumens. Overall, the addition of stromal cells such as fibroblasts and pericytes and identifying secreted 

molecules that contribute to vascularization is a key aspect of MTVE applications. 

5.3.2.3 Hydrogel composition and biomechanical cues 

Another key aspect of MVTE is the choice of hydrogel. Two commonly used hydrogels for 

MTVE are collagen and fibrin, which have been repeatedly found to support microvascular network 

formation256, 261. Mechanical properties of these hydrogels such as stiffness, permeability, fiber 

diameter, and degradation rate represent important parameters that have been found to regulate 

formation of vascular networks261. For instance, stiffer hydrogels were found to generate smaller vessel 

lumens, and display reduced vascular invasion from sprouting ECs into their matrix than softer 

hydrogels261. Moreover, the mechanical properties of collagen can be tailored by adjusting the 

temperature and pH, while the mechanical properties of fibrin can be modified by controlling 

fibrinogen and thrombin concentration261.  

Examples of biomechanical cues that affect the vasculature have been provided in previous 

sections, and have been applied in MTVE to study vascular parameters such as vessel alignment, 

branching and sprouting directionality256, 261. This demonstrates a capacity within MTVE to tailor 

vessels for a desired application, based on accumulated knowledge of parameters that affect them. 

5.3.3 Brain organoid vascularization 

5.3.3.1 Brain vascularization  

 Early in human embryonic development from gestational week (GW) 2 to 4, oxygen and 

nutrients are supplied to neural tissues via diffusion from the amniotic fluid, as illustrated in (Fig. 

18)213, 320. From GW 4 to 5, upon time for its closure; the neural tube becomes surrounded on its surface 

by a dense mesenchymal tissue called the meninx primitiva, which contains primitive vascular loops 

(meningeal meshwork) that form via vasculogenesis and are connected to the primitive dorsal aorta 

and cardinal veins213, 320. The meningeal meshwork begins to provide oxygen and nutrients to the 

neural tissue via diffusion213, 320.  

 Subsequently, the brain continues to grow and forms the three main brain vesicles: 
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prosencephalic, mesencephalic, and rhombencephalic vesicles; the developmental regions that 

represent the forebrain, midbrain, and hindbrain, respectively320. In parallel to formation of these 

regions, the meninx primitiva expands into the roofs of the prosencephalic and rhombencephalic 

vesicles in order to improve supply of oxygen and nutrients to these regions320. This step occurs around 

GW 5 to 7, and leads to the initial formation of the choroid plexuses320. Differentiation of the choroid 

plexuses is important for the brain’s vascular morphogenesis because it establishes a vascular pattern 

within the meningeal meshwork that will later evolve into all brain arteries320. To contextualize the 

increased need for vascularization at this stage in terms of size, it is noted that around GW 7, the 

diencephalon part of the forebrain reaches around 2.85mm in diameter213. Additional cerebral 

measurements have been reported by others at different GWs321.  

 GW 7 is thought to be the approximate time point of human embryonic CNS development 

at which the vascularization process shifts from vasculogenesis to angiogenesis213. Angiogenesis in 

the CNS at that point occurs through sprouting of ECs from the surface capillary layer of the meningeal 

vascular meshwork, in response to increased cerebral size and hypoxia as diffusive transport of 

nutrients from the surface plexus formed via vasculogenesis becomes no longer sufficient213, 320, as 

illustrated in (Fig. 18). After GW 12, the subventricular (SV) plexus subsequently forms213. From GW 

15 to 25, vascularization shifts to further neuronal layers213. After GW 25, vascularization in the 

cortical neuronal layers increases213.  

 The aforementioned developmental vascularization process occurs in parallel with CNS 

development213, 320. The regional shift of vascularization through brain layers is thought to be a result 

Fig. 18: Brain vascularization during 

in vivo fetal development. The neural 

tissue is initially supplied with oxygen 

and nutrients via diffusion of the 

amniotic fluid. Upon closure of the 

neural tube around GW 5, primitive 

vascular loops develop and feed the 

neural tissue via diffusion as well. 

Around GW 7 and beyond, the 

vasculature invades further layers and 

supplies the brain with oxygen and 

nutrients from fetal circulation 

(Matsui et al. 2021), Ref (213). 

Reprinted with permission from 

publisher. 
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of increased metabolic demands by expanding and differentiating neural tissue, which has been 

modeled by Raybaud et al. in a segmentation model of brain developmental region213, 320.  

 The role of vascular and neuronal interactions during CNS development and postnatal life 

has been increasingly appreciated since the establishment of the concept of the neurovascular unit 

(NVU) in 2001, at the Stroke Progress Review Group meeting of the National Institute of Neurological 

Disorders and Stroke23. The concept of the NVU describes the relationship between cells comprising 

cerebral blood vessels and brain cells as interdependent, and suggests that neurovascular interactions 

influence developmental, functional, and structural properties of the brain23. Structurally, cells 

comprising the NVU are diverse across the hierarchy of CNS vasculature23. Briefly, cerebral arterioles 

are coupled with vSMCs that cover an EC-lined lumen, while the penetrating cerebral capillaries are 

associated with pericytes that cover a lumen of ECs, and both cerebral arterioles and capillaries are 

covered around their outside circumference with endfeet of astrocytes23. Functionally, the NVU 

contributes to formation of the BBB and its maintenance, among other roles in immune surveillance 

and signal transduction23.  

 The concept of the NVU is sustained for brain development as well, although much of this 

evidence has come from animal experiments23. Proliferation, migration, differentiation of neural 

progenitors and vascular cells appear closely related to that of each other, and their reciprocity occurs 

during development and continues in postnatal life23. For instance, early in mouse brain development, 

VEGF-A secreted by neural progenitors in the SV zone acts as a chemoattractant that guides migrating 

blood vessels from vascular plexuses that surround the brain23. In reciprocity, ECs in the SV zone and 

hippocampal subgranular zone provide cues for the postnatal brain neurogenesis23. Furthermore, 

BDNF secreted by cerebral ECs, in combination with VEGF signaling by astrocytes, allow the 

vasculature to act as a scaffold that guides neuronal progenitor migration23. Similarly, migration of 

oligodendrocytes precursors responds to guidance cues from blood vessels, and in turn, 

oligodendrocytes precursors contribute to white matter postnatal vascularization23. BDNF has also 

been implicated in neuronal growth and more recent studies demonstrated the role of BDNF in 

inducing secretion and nuclear translocation of angiogenin; a strong mediator of angiogenesis, in 

ECs322. 
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 In addition to VEGF and BDNF in the aforementioned examples, an appreciable 

commonality exists in signaling molecules that affect both the vascular and neural cellular processes, 

and such molecules have been termed ‘angioneurins’323, 324. For instance, the angiogenic factor FGF-

2, and vessel-derived factors such as Endothelin-3, Artemin, and its receptor GFRalpha3 have also 

been shown to be involved in neuronal development324.  

 Additionally, a few molecules have been identified as specific regulators of CNS 

angiogenesis, which include Wnt7a/b-Frizzled6, DR6/TROY, and GPR124324. The presence of such 

CNS-specific vascularization molecules is not surprising given the specialized vasculature of the CNS. 

The aforementioned molecules are also involved in differentiation and formation of the BBB, which 

is necessary for neuronal homeostasis, and demonstrate examples of CNS-derived instructive cues that 

have been previously predicted324.  

 Furthermore, molecular cues involved in guidance of axonal growth cones belonging to 

families of Netrins, Semaphorins, Ephrins, Slits, and their receptors, have been later found to exert 

repulsive or attractive guidance cues on endothelial tip cells as well, thus possessing the capacity to 

steer the direction of both growing axons and blood vessels in similar functional and structural 

manners324. These molecules are not expressed exclusively in the CNS and can exert either the same 

or opposite guidance cue on axons and vessels324. However, understanding their possible role in co-

patterning of axons and vessels could be beneficial for tissue engineering, and developing therapeutics 

targeting vascular defects that precede several neurodegenerative diseases323, 324. 

5.3.3.2 Recent methods for brain organoid vascularization 

 Vascularization is essential for brain development, oxygen and nutrient supply, waste 

removal, and plays an instructive role for the differentiation and maintenance of neuronal 

populations23, 213. Vascularization of brain organoid is a pressing challenge for improving their 

modeling capabilities beyond early developmental stages. Recently, several research groups attempted 

brain organoid vascularization, and their reports include an in vivo method102, entirely in vitro 

methods24, 325, and reports that tested both in vitro and in vivo approaches along with combining steps 

from both3, 5, 6. Methods and findings from the main reports of brain organoid vascularization thus far 

are summarized in (Table 4).   
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 In 2018, Mansour et al. generated human 

cerebral organoids and attempted to vascularize them 

and improve their maturity by transplanting them 

into the retrosplenial cortex of immunodeficient 

mice, as shown in (Fig. 19)102. This was the first 

attempt at transplanting human brain organoids into 

a rodent brain. The host mouse vasculature was able 

to invade the transplanted cerebral organoid within 

two weeks102. The organoids were maintained up to 

233 days and 85.4% of the grafted ones were 

vascularized102. The authors used two-photon imaging to demonstrate in vivo functional perfusion of 

the grafted vascularized organoids as early as 30 days post implantation (dpi) and later at 120 dpi102.  

 Additionally, initial cell death in the grafted organoids shown at 5 dpi was rescued after 

grafting, with grafted organoids in subsequent time points showing almost no cell death compared to 

significantly high cell death in non-grafted traditionally cultured organoids102. The authors also 

reported increased number of mature neurons in vascularized organoids compared to non-vascularized 

ones, as inferred from NeuN staining102. Furthermore, the authors reported invasion of mouse 

microglia from the host into the organoid, and expression of human GFAP+ cells within the grafted 

organoid, which indicates possible gliogenesis102.  

Fig. 19: Human cerebral organoids implanted in mice brains 

(a), become vascularized (c), and experience low to no cell 

death compared to non-grafted control (b) (Mansour et al. 

2018). Ref (102). Reprinted with permission from publisher. 
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The authors proposed based on this work that the in vivo physiological environment of the 

animal brain could allow human disease modeling under physiological conditions102. However, while 

the aforementioned findings support the role of vascularization in improving some aspects of brain 

Table 4: Brain organoid vascularization publications 

 Publication 
in vivo model/ 

implant site 
EC type used 

Organoid (day of culture or 

implant) 
Perfusion Vessel characteristics 

in
 v

iv
o
 Mansour  

et al., 2018 

Ref (102) 

 

NOD-SCID mouse/ 

brain (retrosplenial 

cortex) 

(n/a) Cerebral organoids, 

implanted 40-50 days post in 

vitro culture 

Functional 

perfusion by host 

mouse  

mCD31+, mEndoglin+ sparse 

signal but good blood flow and 

vessel structure 
 

Neuronal activity present 

in
 v

iv
o
 a

n
d

 i
n

 v
it

ro
 

Pham et al., 
2018 

Ref (6) 

NSG mouse/ brain iPSC-EC 
embedded in 

Matrigel 

surrounding the 

organoid 

Cerebral organoids, 
embedded with iPSC-EC at 

day 34 for in vitro 

vascularization 
 

Cerebral organoids 

embedded with iPSC-ECs, 

were implanted in vivo at day 
54 

 (n/a) hCD31 + signal but most dense in 
outer organoid layers 
 

Vessels appear somewhat 

discontinuous 

Cakir et al., 

2019 
Ref (3) 

Rag2-/- GammaC-/- 

mouse/ hind limb 

ETV2-expressing 

hESCs induced 
into ECs via DOX 
 

20% ETV2-hESCs 

mixed with non-

modified hESCs 

prior to 

aggregation 

Cortical organoids 
 

ECs within organoids were 

induced at day 18 
 

in vivo implantation done 

using organoids at day 40-50 

in vitro: partial 

perfusion of dye 
(outer portion of 

organoid) 
 

in vivo: functional 

perfusion by host 

mouse 

hCD31 (+ signal, but 

discontinuous, or in outer layers of 
organoid only) 
 

α-ZO1 and CDH5 (+ signal but in 

sparse spots) 
 

Increased gene expression of vessel 

morphogenesis and EC proliferation 

in vascularized cortical organoids 
 

Neuronal activity present (minimal) 

Shi et al., 

2020 

Ref (5) 

NOD-SCID mouse/  

brain (S1-cortex) 

HUVECs mixed 

with iPSC prior to 

organoid 

aggregation 

in vitro vascular-cortical 

organoids kept at 42, 65, 200 

days 
 

Implanted in vivo after 60 

days in culture 

in vitro (n/a) 
 

in vivo: functional 

perfusion by host 
mouse  

Detected both human and mouse 

ECs by HUN+/- staining 
 

CD31 (+ signal but minimal 
characterization) 

Laminin, IB4 (+ signal) 

P-gp (+ signal later in culture, co-

localized with IB4) 
 

Increased vessel morphogenesis 

gene expression in vascularized 
organoids 
 

Neuronal activity present  

in
 v

it
ro

 o
n

ly
 

Wörsdörfer 

et al., 2020 

Ref (325) 

 

(n/a) 

iPSC-MPC 

organoid fused 

with iPSC-neural 

aggregates  

Neural-mesodermal organoid 

assembled after 8 days in 

culture, maintained for 20-28 

more days 

(n/a) CD31 (+ signal) 

Col-IV (+ signal) 

SMA (+ signal, minimal) 
 

CD31 co-localized with Col IV 
 

No apparent penetration of CD31+ 

cells into TUJ1+/MAP2+ neural 

organoid 
 

Good penetration of CD31+ cells 
into GFP neural organoid 

Ahn et al., 

2021 

Ref (24) 

(n/a) Clumps 

dissociated from 

iPSC-derived 
blood vessel 

organoids at day 

15, co-cultured 

with cerebral 

organoids 

Cerebral organoids 
 

Co-culture starts at cerebral 

organoid day 5, then 

vascular-cerebral organoid is 

maintained up to day 50 

Partial retention of 

dextran (upon 

incubation) in 
vascularized 

organoids vs. no 

retention in control 

CD31 (+ signal) 

SMA (+ signal) 

PDGFRβ (+ signal) 
Col-IV (+ signal) 

CD144 (+ signal) 
 

EGFP vascularized cerebral 

organoids tested CD31+, expressed 

BBB markers 
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organoid models such as reducing cell death and improving maturation, several concerns arise from 

this approach. The use of an immunedeficient mouse model eliminates the role of peripheral immune 

system interactions with the brain or in response to potential drug testing studies, thus reducing 

physiological relevance of such model for immune-mediated brain disorders326. Additionally, the 

mouse origin of the vasculature and microglia invading the organoid compromise human and clinical 

relevance of this model by negating the initial purpose of using brain 

organoids derived from human samples for disease modeling1. This 

becomes critical when taking into account the instructive role of 

neurovascular interactions in influencing developmental, functional, and 

structural properties of the brain23, the role of the vasculature in 

neurodegenerative diseases323, and the unique characteristics of the human 

CNS that pose challenges for development of CNS therapeutics using 

results inferred from animal studies1. An in vivo approach for inducing 

vascularization does not capitalize o n other advantages of human brain 

organoid models as well, such as tissue accessibility, reduced cost, and 

higher throughput in comparison to animal models1, 14.  

Pham et al. developed a method for cerebral organoid 

vascularization, where after 34 days in culture, the cerebral organoids were 

embedded in a Matrigel coating that was premixed with hiPSC-ECs that were derived from the same 

patient samples used to generate the organoid6. The in vitro EC-coated organoids were transplanted 

into immunodeficient mice at day 54 of culture6. The coating resulted in vascularization of the 

organoids after 3 to 5 weeks in vitro and after 2 weeks in vivo6. The ECs in the coated organoid at day 

54 prior to transplantation appeared to have already penetrated the outer layers of the organoid but it 

was not clear if a vessel-like morphology had formed throughout all the regions, although the ECs 

were positive for human CD31 vascular marker6. On the other hand, the ECs in the transplanted 

organoids displayed more tubular vascular structures within the cerebral organoid than the earlier in 

vitro time point, and were positive for human CD31, as shown in (Fig. 20)6. Penetration of ECs in 

Fig. 20: Human cerebral 

organoids embedded in a mix of 

Matrigel and hiPSC-ECs. (a) in 

vitro vascularized at day 54 (20 

days post embedding). (b) 2 

weeks after transplantation of 

54-day old organoid in immuno-

deficient mice (Pham et al. 

2018), Ref (6). Reproduced with 

permission from publisher. 
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vitro in absence of any perfusion suggests a possible mechanism for in vitro  vascularization of brain 

organoids. The authors could not verify presence of mouse blood within the in vivo organoids, 

therefore, functionality of the formed vessels remains to be investigated6.  

 Cakir et al. devised a gene-editing method for vascularizing cortical organoids by first 

developing a hESC line that expressed ETV2; a gene that directly reprograms hESCs into ECs, which 

was engineered to be induced by addition of doxycycline3. Subsequently, the ETV2-expressing hESCs 

were mixed with non-modified hESCs before differentiating the aggregated mix into a cortical 

organoid3. Forced expression of ETV2 in cortical organoids using this method led to formation of 

hCD31+ vascular-like structures within the vhCOs as early as day 30 of the protocol3.  

 Additionally, the authors demonstrated reduced cell death in the vascularized human cortical 

organoids (vhCO) compared to 

control human cortical organoids 

(hCO), which is interesting given 

that both organoids were 

maintained in the same format of 

spinning culture and the vascular 

structures were not perfused 

continuously during live long-term culture3. This finding could suggest that vascular lumen formation 

may decrease cell density of vhCOs, thus enhancing diffusive properties of growth media into the 

organoid and enhancing survival even in absence of perfusion3. Alternatively, cell death may have 

been reduced due to enhanced retention of media that penetrates the vascular lumen via the spinning 

action, which would allow oxygen and small nutrients to diffuse from the vessel lumen into  the vhCO 

in absence of flow3, which would resemble early stages of fetal brain vascularization in vivo, where 

feeding occurs via diffusion from the primitive vascular loops213. The authors also demonstrated 

perfusability of the vhCOs in vitro and in vivo in short-term experiments, which supports lumen 

formation and suggests functionality of the vessel-like structures, as shown in (Fig. 21)3. Furthermore, 

the authors reported several BBB properties for the vhCOs such as increased expression of tight 

junction markers such as α-ZO1 and occludin, and trans-endothelial resistance3.  

Fig. 21: Vascularized human cortical organoids (vhCO) compared to control (hCO). 

(a) in vitro expression of CD31 and FITC perfusion. (b) in vivo grafted vascularized 

cortical organoids express hCD31 shown perfused with FITC (Cakir et al. 2019), Ref 

(3). Reprinted with permission from publisher 
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 Interestingly, the authors also compared single-cell transcriptomic profiles of vhCOs and 

hCOs with those of developing human brain samples to determine maturity level of the organoids3. 

The authors found that neurons from vhCOs resembled neurons corresponding to GW 16 to 19 in the 

in vivo samples, while control hCO-derived neurons resembled ones from earlier time points of GW 

10 to 12. Thus, the findings suggest that vascularization accelerates neuronal maturation in brain 

organoids, potentially increasing their fidelity as brain models3.  

 Shi et al. attempted a similar approach as Cakir et al. for vascularizing cortical organoids, 

with the exception of using HUVECs in a mix with iPSCs prior to aggregation instead of using hESC-

derived ECs5. The results similarly showed reduced cell death, increased neurogenesis, and vessel 

morphogenesis, as characterized by differentially expressed genes and immunofluorescent staining5. 

Immunofluorescent staining of the vascularized cortical organoids did not clearly demonstrate a 

vascular-like structure for some of the samples, despite positive expression of vascular markers, as 

shown in (Fig. 22d)5. 

Additionally, the use of 

laminin; the main component 

of the basement membrane of 

vessels, and IB4; an EC 

marker, for identifying ECs 

may not be highly specific 

since those two markers could 

be expressed by other cell 

types as well, including certain 

types of neurons327, 328. 

Nonetheless, co-localization of 

IB4 and P-gp at day 83 strengthens analysis of the organoid vasculature, although when compared to 

co-localization of the two proteins in fetal brain tissue samples at GW12, as shown in (Fig. 22c, 22d)5. 

 One drawback of the ‘mixing-prior-to-aggregation’ approach is its inherent inability to 

control EC patterning within the organoids by simple mixing, as vascular networks may cluster on one 

Fig. 22: Vascularized of human cortical organoids by mixing HUVECs with iPSCs prior 

to aggregation. (a) vascularized organoids (vOrganoids) express IB4 vascular marker 

(green) and show reduced cell death and hypoxia compared to control at day 115. (b) 

vOrganoids formed vascular-like structures that extended in CTIP2+/Newborn neurons at 

day 65. (c) Comparison of vascular structures and markers in vOrganoids at day 83, 

compared to fetal human brain sample at GW 12 (Shi et al. copyright 2020), Ref (5). 

Reproduced with permission from publisher. 
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region of the organoid unpredictably, as seen in (Fig. 21a and Fig. 22). The implications of this 

drawback present a set of challenges. For instance, attempting to perfuse the organoids at a desired 

time point, in a high throughput format, as organoids grow larger may be challenging if vascular 

networks did not consistently cluster in a manner that allows for a vessel to be connected to the outer 

surface of the organoid where a perfusion inlet can be introduced. The possibility for straightforward 

perfusion is necessary when considering the role of mechanical stimulation in maturation and 

remodeling of the vasculature, and the potential use of vascularized brain organoids for drug testing. 

Additionally, neuronal maturation could include organoid-to-organoid spatially variability as a 

consequence of variable EC patterning. Inherent batch-to-batch variability of ESC-derived ECs added 

to the variability of vascularized organoids may exacerbate reproducibility issues and would benefit 

from further investigation.  

 Another approach to vascularize brain organoids, proposed by Wörsdörfer et al., involves 

generating iPSC-derived neural aggregates and assembling them with aggregates of iPSC-derived 

mesodermal progenitor cells (iPSC-MPC); which can differentiate into all cell types of the vessel 

wall325. The assembly method involves transferring the 

iPSC-MPC organoid into a well containing a neural 

organoid, in a 96-well plate325. The co-culture leads to 

the two organoids fusing, and the assembled neuro-

mesenchymal organoid is then transferred after one day 

to a 10-cm dish for the remaining  culture period325.  

Characterization of the assembled organoids revealed 

penetration of CD31+ cells into the neural part of the 

GFP neural organoid, although the same vascular 

invasion phenotype is not clearly observed in 

TUJ1+/MAP2+ neural organoids in a separate 

experiment reported at the same time point of day 20, as 

shown in (Fig. 23), which may be due to organoid-to-

organoid variability325.  

Fig. 23: Vascularization of neuro-mesenchymal assembled 

organoids at day 20 by fusion of neural aggregates with 

vascular organoids. (a) Histological staining, left image 

shows overall tissue, and right images shows higher 

magnification. The mesenchymal and the neural part are 

show differential characteristic morphology. (b) 

Immunofluorescence staining of organoids shows 

TUJ1+/Collagen I+ sections, and CD31+/MAP2+ sections. 

(c) CD31+ cells penetrate GFP neural organoid (Wörsdörfer 

et al. 2021), Ref (325). Reproduced with permission from 

publisher. 
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 Building upon recent work that demonstrated that blood vessel organoids (BVOs) reproduce 

structural and functional properties of developing human vessels, Ahn et al. attempted to test 

adaptability of BVOs in vascularizing human cerebral organoids24. The authors co-cultured clumps 

dissociated from BVOs with human cerebral organoids and reported vascular invasion of the cellular 

clumps into the cerebral organoids and formation of a vascular-like structure24. The vasculature 

consisted of tubular structures of CD31+ ECs that were associated in their surroundings with SMA+ 

or PDGFR+ cells, which suggests presences of mural cells that stabilize vessels24. Additionally, the 

vascularized brain organoids were able to retain fluorescent dextran upon incubation, while control 

organoids did not retain the dye, which suggests lumen formation within the vascularized organoids, 

although the results were not indicative of vessel permeability24.  

 Overall, co-culture approaches, summarized in (Table 4), that incorporate stem cell-derived 

ECs3, 6, HUVECs5, assembly with EC precursors325, or clumps of ECs24, provide promising methods 

to study neurovascular interactions, enhance neuronal maturation, and reduce cell death in brain 

organoid. However, further improvement of these approaches will require attempts to enhance control 

over EC patterning, reduce organoid spatial variability, and exploring formats in which perfusion inlets 

can be introduced, which are areas of improvement where microfluidic culture may assist with213. 

Microfluidic-based vascularization systems are therefore reviewed in (Section 5.3.4).  

5.3.3.3 Ethical implications of vascularized brain organoids 

While the previously outlined challenges facing brain organoids in (Section 5.2.3) remain a 

work-in-progress, complexity of brain organoids has been rapidly increasing in recent years. This 

increase in complexity may trigger additional challenges due to ethical concerns about the potential 

for generating consciousness in human brain organoids (hBO) that would be significant-enough to 

warrant them moral status150, 329-331. Generating consciousness in hBOs may spark further ethical 

concerns down the line, such as issues pertaining to procurement of samples, donor consent, ownership 

of samples, data privacy, and post-research handling, which have been discussed as referenced150, 330. 

Here, consciousness as the root of these concerns is mainly addressed, along with our perspective on 

the implications of recent developments in vascularization of brain organoids for generating 

consciousness. 
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Articles discussing ethics of hBO research have made efforts in defining ‘consciousness’ by 

citing key works from the field of philosophy of mind and neuroscience to set a framework that allows 

for identifying the moral status and ‘interests’ of animals based on the complexity of their 

consciousness329-332. Discussions of moral status of animals in research often focus on two kinds of 

consciousness: self-consciousness and phenomenal consciousness329. Self-consciousness is the most 

sophisticated form of consciousness as it entails awareness of the self and complex cognitive abilities; 

characteristics that are exclusive to humans and non-human primates with higher brain functions, while 

phenomenal consciousness is characterized by experiences of subjective sensory qualities such as pain, 

pleasure, and perception, which is experienced by all animals329. As others discussed, a self-conscious 

human would have interests in sensing pleasure, avoiding pain, pursuing life goals, and reflecting on 

experiences, beliefs, and memories, and would have moral considerations as such329. On the other 

hand, lower animals, which mainly possess phenomenal consciousness, are likely only interested in 

experiencing pleasure and avoiding pain, and may arguably have a different set of moral considerations 

than humans and other cognitively complex animals329.  

In biomedical research, the use of animals that mainly possess phenomenal consciousness has 

already been established under stringent and well-defined bioethical practices stemming from the ‘3R 

philosophy’ as referenced330. Yet, controversy of using animals in research remains, because many 

people ascribe moral significance to phenomenal consciousness even in absence of other forms of 

consciousness329. Human brain organoids may have the potential for reducing the use of animal 

models, while also improving our understanding and the treatment of devastating neurological diseases 

that impact people’s lives and burden the healthcare system, in a context that has not been possible 

before329. Therefore, from a consequentialist perspective, there is a moral drive for exploring the 

potential of hBOs as neurobiological models, but the stakes are also high for employing them ethically 

as they become more complex.  

The key questions that emerge in this discussion include; are there currently any reported 

characteristics of hBOs that would be ethically concerning in terms of possibility for generating self- 

or phenomenal consciousness? What type of future hBO research should we be most vigilant about 

based on the latest understanding of the neuroscience of consciousness? And how do we evaluate 
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consciousness?  

Evaluating consciousness in hBOs is quite challenging and not as straightforward as 

evaluating it in human subjects who are capable of providing qualitative feedback to describe an 

experience331. However, inferences about consciousness in hBOs could be made based on established 

methods in neuroscience for measuring brain activity of vigilant subjects331. A recent article by 

Lavazza laid out ways in which hBOs could provide insights into human consciousness and proposed 

a framework for evaluating their consciousness, as referenced331. In terms of the experimental 

conditions that could lead to generating consciousness in hBOs, the majority of researchers agree that 

generating a level of consciousness within hBOs that would be complex enough to warrant them moral 

status is currently remote329, 330, while others started to consider it a possibility150, 331. Key research 

pertaining to each viewpoint is summarized as follows.  

A recent study by Trujillo et al. showed that 6-month old hCOs were able to spontaneously 

generate periodic and regular oscillatory network activity that resembled features of 

electroencephalography (EEG) of 25-39 week-old premature human infants333. This work is often cited 

in ethical discussions of brain organoids due to concerns of whether those hCOs possess or could 

develop consciousness similar to how a normal human fetus develops into a conscious being, given 

the aforementioned similarity the researchers found. Others have questioned the interpretation of this 

finding and its ensued ethical concerns, stating that it is not possible to know if the activity observed 

in the hCOs is due to the same mechanisms occurring in the premature infants330, 334. Moreover, genetic 

analysis of the hCOs did not fully reflect the same cell diversity expected in premature human 

infants333, 334. Additionally, the authors did not provide analysis of overall viability of the hCOs, which 

is necessary given that cell death at the core of brain organoids is often a concern, especially in 

extended culture. Such analyses are necessary before stating concerns about the possibility for 

consciousness due to the following arguments.  

The neural correlates of consciousness (NCC) are defined as “the minimum neural 

mechanisms sufficient for any one specific conscious percept”335. According to the global neuronal 

workspace theory, the NCC “are believed to be distributed across large and diverse anatomical regions 

of the cerebral cortex and involve multiple cell types” that must be present at minimum to provide a 
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possibility for consciousness330, 332, 335. This is not thought to be the case for the hCOs reported by 

Trujillo et al.330. This notion of consciousness might also lessen ethical concerns about region-specific 

hBOs such as cerebellar organoids or midbrain organoids, compared to concerns regarding cortical 

and whole-brain organoids. However, given that region-specific hBOs contain regions of stem cells 

and progenitor cells that could differentiate into other cell types, further evidence is needed to 

determine if a region-specific hBO could be differentiated into a whole-brain organoid under certain 

conditions. If research shows that as a possibility, it might be necessary to include region-specific 

hBOs in ethical discussions as well, as most neuroethics articles have focused thus far on cortical 

organoids. Additionally, it is important to recognize that theories about the NCC remain debatable 

amongst researchers335-340. While many researchers generally accept that consciousness is localized in 

the cortex335-338, others have proposed that specific brain regions such as the midbrain may be sufficient 

to generate consciousness339. However, theories focusing on the cortex and thalamus340 are more 

widely supported than the midbrain337.  

Sensory stimulus is also thought to be required as a basic element for the NCC; that it must 

appear in order for any form of cognitive processing to occur, which has been referred to by Northoff 

and Huang as the temporo-spatial theory of consciousness341. Given that fusion of two organoids into 

a larger assembloid could allow for the long-distance connectivity described in the global neuronal 

network space theory, as well as the potential for fusion with sensory organoids, generating 

consciousness in assembloids has been proposed as a possibility330, 342. However, neuronal maturity 

and complexity in assembloids remains lacking.  

Researchers discussing ethics of hBOs also share the notion that a level of consciousness 

that would be complex enough to resemble human consciousness cannot emerge without proper 

sensory input, motor output, and nurturing environmental interactions and reactions, the combination 

of which; assembloids and hBOs currently lack329, 330. Nonetheless, a recent article by Giandomenico 

et al. from Lancaster’s group demonstrated possibility for generating motor output from cerebral 

organoids by innervating the organoids with in vitro mouse spinal cord explants343. The researchers 

recorded spontaneous and evoked contraction of adjacent muscle cells343. Such research is valuable 

for modeling debilitating diseases such spinal cord injury and ALS, but it could also push scientists 
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closer to replicating key aspects of consciousness in a lab. Nonetheless, it is important to recognize 

that demonstration of functional properties of a group of muscle cells or a limited number of neurons 

does not equate to organ level function nor indicate that purposeful thinking generated the motor 

output330, 331. The aforementioned research, as well as research towards development of sensory 

organoids, such as brain organoids with light-sensitive photoreceptor cells206, are highly relevant for 

questions regarding consciousness but ethical concerns must not be exaggerated without examining 

the full requirements for the NCC. 

Furthermore, none of the aforementioned hBOs in this section have reported signs of 

vascularization nor established the same level of cell diversity present in the human brain. As stated 

previously, brain vascularization is a crucial step in CNS development, and necessary for supplying 

nutrients, neuronal differentiation and maturation based on the concept of the NVU. Circumventing 

cell death in hBOs via vascularization is necessary to set the initial conditions for neurons and neuronal 

progenitors to be viable long enough to mature or differentiate and later establish neuronal network 

activity. For instance, transcriptomic analysis by Cakir et al. that showed that neurons in vhCOs 

resembled neurons of GW 16 to 19 while neurons in non-vascularized hCOs resembled neurons of 

earlier GWs, suggests a possibility for improved recapitulation of later stages of development by 

addressing the challenge of vascularization. It is thought that some characteristics of fetal 

consciousness emerge after GW 24 upon the establishment of thalamocortical connections from sense 

organs336. Therefore, the ability to more closely mimic later stages of human brain development would 

be relevant for questions about consciousness. 

Nonetheless, current reports of in vitro hBO vascularization remain in a preliminary stage of 

research. The few reports that demonstrated presence of neuronal network activity, including the report 

by Cakir et al., only showed minimal activity in a few neurons, not in a whole-brain organoid3, 5. While 

the report by Mansour et al. of in vivo hBO vascularization demonstrated superior neuronal network 

activity than in vitro reports of hBO vascularization, the findings cannot provide inferences about 

human brain consciousness102. The in vivo hBO by Mansour et al. is grafted within anatomical features 

that do not match the human brain, and the size to which the hBO can grow to is restricted by the size 

of the host animal brain. When the researchers measured the spatial learning abilities of mice that 
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received an hBO graft to ones that did not, the researchers did not observe differences between the two 

groups, except for a minor decreased performance of the grafted mice in spatial memory testing, which 

could suggest a lack of beneficial outcome from such research for cognitive inferences. The possibility 

that mouse-in vivo vascularized hBOs would gain self-awareness or consciousness that resembles that 

of the human brain currently seems unlikely. Nonetheless, ethical concerns might arise from brain 

organoid chimeras depending on factors such as the ratio of human cells to animal cells, and the type 

of host animal in terms of species or developmental stage at which the engraftment was performed344. 

Ethical concerns regarding humanized chimeras have been discussed in more detail as referenced344. 

As brain organoid models become increasingly advanced, it is possible that researchers may 

arrive at a model that combines technical developments that have solved individual limitations of hBOs 

into one model that overcomes several challenges of hBOs, and replicate consciousness in this process. 

An extreme version of such model for instance could include a perfusable vascularized assembloid or 

hBO with sensory input and motor output that displays complex neuronal activity, anatomical 

resemblance to the human brain, cellular diversity, and extended viability. However, it is important to 

recognize that tissue engineers are often interested in recreating certain features that reproduce and 

study a function of interest rather than creating a perfect functioning human brain. Additionally, the 

fact that ethical concerns that might emerge from hBOs research have already been addressed by 

researchers and neuroethicists is a positive indicator of an existing awareness that parallels 

technological developments. 

Lavazza has contrasted the ‘precautionary principle’337 and a consequentialist perspective330 as 

two moral positions researchers discussed in light of recent advancements in hBO research. Based on 

the precautionary principle331, 337, 345, in situations of uncertainty, decision-makers should refrain from 

actions that may risk harming the public or the environment “even if the harmfulness of these actions 

or policies has not been scientifically established beyond reasonable doubt”345. In the case of hBOs, if 

researchers suspect the organoids may become partially conscious then regulations should be instated 

to prevent further experimentation331, 337. On the other hand, researchers adopting a more 

consequentialist view, generally see that the use of hBOs should be weighed against the research 

benefit, and do not perceive sufficient available evidence to attribute hBOs a moral status330.  
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Despite the contrast in views, researchers adopting either view have advocated for continued 

ethical discussions between researchers and regulators, and for the inclusion of bioethicists in various 

stages of research to advise researchers as projects proceed329-331. Overall, hBOs are exciting research 

tools that could significantly advance human health and our understanding of human neurobiology. 

Their employment in research raises important ethical questions that may be difficult to resolve but 

ethical resolutions through well-regulated practices have been feasible in the past for similar issues 

such as ones brought up in discussions of animal research346, and resolutions should be feasible for 

hBOs as well.  

5.3.4 Microphysiological systems of the vasculature 

Microfluidic techniques have been used to engineer microphysiological systems that 

incorporate perfusable vascular networks inside microchannels25, 256, 261, 347, which we have previously 

referenced as one of key topics in MTVE257. Such microphysiological systems have been generally 

used in applications that model the microvasculature itself as a tissue347, 348, or model the 

microvasculature in conjunction with other organs of interest25, 26, 121, which also belong to organ-on-

a-chip and organoid-on-a-chip applications of microphysiological systems that we previously 

introduced119, 256. Modeling the 3D structure and physiological function of the microvasculature using 

a suitable in vitro model is valuable for vascular biology and tissue engineering, as it enables various 

applications such as studying pathophysiology of the microvasculature117, 349, cancer metastasis26, 117, 

350, and tissue vascularization25, 27, 121. 

After the first in vitro observation of angiogenesis, made in 1980, by Folkman and 

Haudenschild351, other in vitro models of angiogenesis and vasculogenesis also emerged256, 352, 353. A 

tube formation assay by Kubota et al. emerged soon after, where ECs plated on an ECM composed of 

basement membrane-like substrate form tubule connections352. The assay became a gold standard that 

remains used to evaluate endothelial cell function and identity, known as tube-formation assay352. A 

subsequent assay involved the use of a modified Boyden chamber that allows for studying ECs under 

pro-angiogenic conditions such as chemotactic cues from cancer cells353. These initial vascular studies 

were useful for understanding EC differentiation and morphogenesis256. However, the engineering 

design for those assays could not account for other key factors involved in angiogenesis, 
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vasculogenesis, and vascular remodeling such as gradient cues, mechanical cues, and spatial patterning 

of cells256, 257, 301. Additionally, the 2D nature of the past in vitro model does not replicate the unique 

3D structure of the microvasculature, which strongly influences its function289, 301. 

The use of microfluidic cell culture to model the microvasculature is advantageous over 

previous in vitro methods in that it enables the incorporation of the aforementioned factors256, 261. 

Microfluidic techniques allow the addition of features relevant to applications of vascular biology and 

tissue engineering, such as parallelization that can enable high throughput testing of anti-cancer 

drugs117, compartmentalization of channels that can enable spatial patterning of signaling molecules 

and other cell types in the EC microenvironment25, 260, and controlled flow that can enable testing 

mechanical cues117, 301, 303. In order to achieve the desired features required to engineer the 

microvasculature as per application, microfluidic-based vascularization systems have utilized a wide 

range of fabrication methods such as photolithography, soft lithography, surface patterning, sacrificial 

micromolding, 3D bioprinting, and 3D printing, which have been reviewed by others261, 354, 355. The 

choice of fabrication method often depends on the desired final microvessel model256, 261. Microfluidic-

based models of the microvasculature have been categorized based on their microvessel formation 

method into wall-patterning methods and self-morphogenesis methods256, 261. Advantages and 

applications of the two methods are contrasted as follows.  
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5.3.4.1 3D wall patterning methods 

A simple form of wall patterning methods for in vitro microvessel models is to pattern a 2D 

endothelial layer in a microfluidic chamber67, 123, 256. A common fabrication method of microfluidic 

devices for 2D endothelial layer models includes using photolithography for generating an SU-8 

master positive mold of the device and using soft lithography to replicate a PDMS slab with the final 

device features67, 123. The surface of the devices at which ECs are cultured on is decided by upside 

down orientation of the device during the initial cell seeding67, 123. A thin surface coating with a 

basement membrane protein such as fibronectin can further facilitate surface attachment to the PDMS 

surface123, 261. In this model, parameters that affect endothelial physiology such as shear stress due to 

laminar flow can be evaluated in terms of TEER, the permeability values produced by the model, and 

resemblance of the in vitro ECs protein expression to their in vivo counterparts67, 123, 256. Examples of 

this 2D model of the endothelium used for BBB-on-a-chip and lung-on-a-chip applications were 

Fig. 24: 3D wall patterning methods with hydrogel coated microchannels for in vitro modeling of single microvessels (a), single-layer 

microvascular network (b), multi-layer microvascular networks (c, d) (adapted from Wang et al. copyright 2018), Ref (261). (a) 

Needle removal method (Wong et al. copyright 2012), Ref (356). (b) Micropatterned hydrogel bonding (Zheng et al. copyright 2012, 

National Academy of Sciences), Ref (). (c) Sacrifical molding and 3D printing of carbohydrate-glass lattice allows lumen formation 

and endohtelial sprouting (Miller et al. 2012), Ref (358). (d1) AngioChip developed using PoMAC photocrosslinker and 

biodegradable polymer enable engineering multi-layerd microvasculature that was successfully used for surgical anastomosis in rat 

hindlimbs (Zhang et al., copyrights 2016), Ref (348). (d2) Multiphoton 3D printing using photodegradable polymer enables formation 

of microvessels and microvascular networks (Arakawa et al., copyrights 2017), Ref (359). All images were reproduced or republished 

by permission from their respective publishers.  
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discussed in (Section 5.1.4.1) and illustrated in (Fig. 9 and Fig. 10)67, 123.  

The second form of wall patterning methods used for modeling in vitro microvessels is 3D wall 

patterning, where ECs are patterned on all inner surfaces of a microchannel as opposed to one surface, 

thus creating a 3D lumen structure256, 261. For instance, PDMS microchannels fabricated using 

photolithography and soft lithography were used by Li et al. to study endothelial cell response to 3D 

shear stresses in terms of morphology and proliferation, and were further able to quantify calcium 

concentration and NO production at the level of individual ECs in response to ATP347. The results of 

the study recapitulated key aspects of in vivo venules when compared to the in vitro model347.  

The walls of the hollow microchannel or network of microchannels used for seeding ECs could 

be composed of a hydrogel coating as well instead of PDMS261, 356-358. 3D wall patterning of ECs into 

hydrogel-based microchannels has been applied to model: 1) single microvessels, 2) a single-layer 

network of microvessels, or 3) a multi-layer network of microvessels. Fabrication of these models has 

been achieved in various reports using innovative methods, examples of the broad categories of these 

methods are compiled in (Fig. 24), and can be described as follows.  

One simple approach to fabricating hydrogel-coated microchannels includes a removable 

microneedle method that has been used for modeling single microvessels356, as shown in (Fig. 24a). 

In this approach, a microneedle is inserted into a microchannel to maintain it hollow, followed by 

flowing a fibrin hydrogel, removing the microneedle after the hydrogel polymerizes, and flowing ECs 

subsequently to line the walls of the channel. For instance, Wong et al. used this method to model 

endothelial response to lymphatic drainage356.  

Another approach for generating hydrogel-coated microchannels includes using 

microstructured PDMS to ‘micropattern’ a slab of collagen hydrogel that composes three sides of the 

microchannels onto a flat surface coated with the same hydrogel, which enables bonding the two layers 

to form networks of hydrogel-coated microchannels357. This micropatterned hydrogel bonding 

method was used to model a single-layer microvascular network357, as shown in (Fig. 24b). The 

researchers were also able to use the model to study the transition of ECs to a pro-thrombotic state 

during inflammation357.  

A third approach includes the use of sacrificial micromolding methods to fabricate multi-
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layer microvascular networks348, 358, as shown in (Fig. 24c). For instance, Miller et al. formulated a 

biocompatible carbohydrate glass and used it as a sacrificial material that was 3D printed into a 

network of filaments that were then encapsulated within an ECM mixed with mesodermal cells to 

model the interstitial space, and to provide structural support to the microchannel network358. The 

filaments were then dissolved in cell media and HUVECs were injected into the hollow channels to 

line the walls of the microchannel network358. The authors demonstrated ability to control network 

geometry and interconnectedness, which is advantageous for modeling vascular networks that consist 

of a hierarchy of microvessel diameters358. The authors also showed enhanced metabolic function for 

liver tissue engineered constructs that were comprised of ECM-encapsulated hepatocytes, whereas the 

avascular ECM-encapsulated hepatocytes showed suppressed function in their core358.  

One last approach for 3D wall patterning of hydrogel-coated multi-layer microchannels could 

be categorized as photoreactive biomaterial-based methods that utilize either photocrosslinkable or 

photodegradable biomaterials as key components in their fabrication protocols, as shown in (Fig. 

24d)348, 359, 360. These methods often hybridize with other fabrication techniques as well to generate the 

final microvascular model. For instance, Zhang et al. used a photocrosslinkable and biodegradable 

polymer known as poly(octamethylene maleate (anhydride) citrate) (POMaC), in combination with a 

3D stamping technology to fabricate a scaffold of a multi-layer microchannel network that was applied 

for surgical anastomosis in rat hindlimbs, as shown in (Fig. 24d1)348. The 3D microchannel structure 

was cultured with a surrounding of parenchymal cells, and its inner lumen was coated with an EC 

monolayer348. The researchers further incorporated nanpores and micro-holes in the design, which 

enhanced permeability, crosstalk with neighboring cells, and extravasation of monocytes across the 

microvessel348. The scaffold, termed the AngioChip, demonstrated capacity for drug testing as well348.  

Other innovative approaches also utilized photoreactive biomaterials, such as the use of a 

photodegradable polymer in combination with multi-photon technology to directly 3D print 

microvascular networks, as shown in (Fig. 24d2)359, and the use of photocrosslinkable polymer with 

hydrodynamic focusing to engineer microvessels lined with ECs and an outer layer of SMCs360.  

Overall, employing wall patterning methods to construct in vitro microvessel models offers the 

advantage of engineering a clear microvessel structure with well-defined lumens that are generally 
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straightforward to characterize in terms of geometry256. In addition, parameters such as shear stress are 

easy to control and calculate based on channel dimensions and the chosen flow rate. While the ability 

to easily tailor the microvessel geometry through the fabrication method represents an advantage, it is 

also constrained by the walls surrounding the structure. Once fabricated, the final microvessel design 

is generally inflexible, which excludes applications that require modeling in vivo vascular 

morphogenesis and remodeling256. Even wall patterning methods that involve hydrogel-coated 

microchannels, the process of angiogenesis appeared mainly limited to the first sprouting step of 

angiogenesis348, or to a few sprouts357, or was not demonstrated.  

Modeling angiogenesis and vasculogenesis also greatly depends on the resolution of the 

fabrication method. For instance, in vitro microvessels patterned too far apart, which could be due to 

limitations of 3D printing resolution, would not receive the biochemical cues secreted by other ECs 

required for anastomosis. Moreover, certain wall patterning methods have been proposed as more 

suitable for constructing microvessels that are larger than 100 µm due to concerns of microchannel 

blockage when the cells are loaded into the device256. This size limitation and the inflexibility of 

geometry makes wall patterning methods difficult to adapt for vascularizing tissue constructs on the 

scale of spheroids (200-500 µm), or developmental models such as organoids, which are small in size 

at the beginning of the protocol but change during culture. However, more recent and advanced wall 

patterning methods such as photoreactive biomaterial-based methods, shown in (Fig. 24d) have been 

successful in fabricating features that are below 100 µm, and could potentially be useful for tissue 

vascularization applications.  

Other concerns have been cited for wall patterning methods such as possible hurdles with 

coating a microchannel surface with ECs fully and uniformly in order to model truly endothelialized 

channels256. However, methodical evaluation of uniformity and reproducibility of endothelialization is 

often lacking in articles of newly proposed methods. Overall, wall-patterning methods have been 

informative in organ-on-a-chip studies. Nonetheless, researchers must carefully match microvascular 

tissue engineering methods to the appropriate application by considering the specific questions the 

model aims to address.  
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5.3.4.2 3D self-morphogenesis methods 

Self-morphogenesis methods were used to model the microvasculature in vitro using 

microfluidic cell culture, as compiled in (Fig. 25)256, 261. These methods focus on replicating two key 

vascular processes: vasculogenesis and angiogenesis in microfluidic systems by recreating properties 

of the in vivo 3D microenvironment that lead to each process256, 261. These methods allow ECs to 

naturally assemble into a 3D microvasculature by testing and applying knowledge on how key 

components including angiogenic factors, biomechanical cues, ECM hydrogel, and cell-cell signaling, 

influence microvessel parameters such as sprouting, lumen formation, barrier function, microvessel 

size, perfusability, and microvessel stabilization256, 261.  

Fabrication of microfluidic devices used for modeling the microvasculature using self-

morphogenesis are generally straightforward and include the use of cleanroom microfabrication and 

photolithography25, 27, 117, 260, or less frequently 3D printing26, for fabricating the positive mold for the 

device. Subsequently, soft lithography is used for fabricating a replica of the mold that will represent 

the final device. The device is then sealed using a cover made of a transparent material that allows 

Fig. 25: Self-morphogenesis methods for in vitro microphysiological systems of the microvasculature (Lee et al. 2018), Ref (256). 

(a) Microfluidic device for vasculogenesis and angiogenesis of HUVECs in co-culture with fibroblasts. The device allows application 

of interstittial flow using hydrostastic pressure, which induces angiogenic sprouting in the direction (S-N) that is opposite to sprout 

formation, and inhibit angiogenesis in the (N-S) direction (Kim et al., 2016), Ref (361). (b) Microfluidic device for vascularization of 

human lung fibroblast-HUVEC spheroids. The device comprised microgrooves that allowed GFP-HUVECs to sprout into a fibrin 

hydrogel-filled chamber and connect with RFP-HUVECs co-cultured within the spheroid beforehand. The vascualrized spheroid  

formed perfuseable lumens that was tested using a fluorescent dye (Nashimoto et al.,copyrights 2017), Ref (25). (c) Microfluidic 

device setup that incorprates a hydrogel-filled middle chamber where a vascular bed forms via vasculogenesis in co-culture with 

fibroblasts within the middle chamber. EC-lined side channels allow anastomosis with the vascular bed. The hydrogel is patterned in 

the middle chamber  by temporarily blocking the side channels using needle tips. CD31 (green) immunofluorescent staining shows 

vascular network formation (Paek et al., copyright 2019, American Chemical Society), Ref (26). (d) The same device in (c) was used 

to vascularize tumor spheroids made of A549 cells (green) and RFP-HUVECs (red) which was used to test the chemotherapeutic 

paclitaxel (Paek et al., 2019), Ref (26). All images were reproduced or republished by permission from their respective publishers.  
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observation such as glass or PDMS or thin polymer membrane. While the design of devices used for 

self-morphogenesis differ based on the application of interest, they typically include common features 

in their overall design. Key design features in microfluidic devices for self-morphogenesis models of 

the microvascualture commonly include a 3D hydrogel-filled chamber where vasculogenesis or 

angiogenesis take place, and this hydrogel-filled chamber is often connected to side channels that are 

kept vacant for growth media, ECs, other cell types of interest, or drug agents to be loaded. The number 

and purpose of microfluidic chambers differs according to each application. The device can also be 

designed to include other features such as pressure regulators, media reservoirs, or perfusion ports.  

In terms of culture conditions that promote microvascular morphogenesis, fibroblasts are 

traditionally co-cultured with ECs to provide a secretome that induces angiogenesis25, 117, 256, 260, 319. 

Microfluidic platforms for in vitro models of the microvasculature that incorporated fibroblasts have 

been successful in achieving perfusable lumens25, 117, 260. For instance, Kim et al. developed a 

cleanroom microfabricated device with five parallel channels partitioned by PDMS microposts, as 

illustrated in (Fig. 25a)260. The surface tension between the microposts in this design allowed 

selectively patterning HUVECs that were pre-mixed in a fibrin hydrogel into the central channel, and 

patterning fibrin-embedded human lung fibroblasts (hLFs) into the outer-most two side channels, while 

maintaining the two remainder channels vacant for growth media and cell communication between the 

opposing channels260. This configuration reproduced vasculogenesis on-a-chip and showed its 

dependence on fibroblast co-culture. The authors also tested an alternative configuration where only 

one outer channel was filled with fibrin-embedded hLFs, and HUVECs were added to the device such 

that they would only cover the edge of the central channel, which is achieved by tilting the device 90 

degrees after loading the HUVECs. In a later publication, the same configuration enabled them to test 

and demonstrate the effect of directional flow on angiogenic sprouting of HUVECs from the central 

channel towards the pro-angiogenic stimulus from the hLFs361.  

The 3D microvascular networks formed using this method were functional, well 

interconnected, and perfusable260. The perfusable characteristic of the device is enabled not only 

because of lumen formation but also because the open lumens were connected to the inner side 

channels that have inlets, which is an engineering feature rather than a biological one. Essentially, the 
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side channels mimic two accessible microvessels that could give the user access to the microvascular 

network for drug testing, characterization of permeability, and testing the effect of shear stress260. Upon 

application of luminal fluid flow, which yields wall shear stress, the authors reported F-actin 

reorganization and increased NO production compared to static culture260. The authors also used the 

model to test endothelial interactions with pericytes and cancer cells, which is advantageous for 

studying phenotypic and biochemical features in vascular stabilization and destabilization in response 

to cancer. Another benefit of perfusable microvessels is the ability to use them for transendothelial 

migration studies256. For instance, the authors used their device to study migration of HL-60 cells; a 

neutrophil cell line, from the microvessel’s lumen to its outer part, which simulates interactions 

between leukocytes and the endothelium during inflammatory responses260.  

Another application of microfluidic systems of the microvasculature is to utilize them for 

spheroid vascularization25. Nashimoto et al. developed a microfluidic device using cleanroom 

microfabrication that included 100-µm microgrooves spaced between PDMS microposts, which 

connect a middle chamber with two side channels, for hLF spheroid vascularization, as shown in (Fig. 

25b)25. The hLF spheroid is prepared for vascularization by mixing HUVECs and hLFs prior to 

aggregation25. The spheroid is then embedded in fibrin and loaded into the middle chamber for 

polymerization25. The device is then tilted to allow HUVECs to attach to the fibrin hydrogel, similarly 

to the angiogenesis configuration proposed by Kim et al.260, except that this step is repeated for both 

side channels. Using this configuration, the authors observed angiogenic sprouting from the side 

channels towards the spheroids, followed by vascular invasion into the spheroid25. The HUVECs 

formed an inter-connected microvascular network that was perfusable after 14-19 days in culture25. 

The platform was proposed as analogous to in vivo angiogenesis that occurs in response to hypoxic 

signaling25. The spheroid diameter upon seeding into the device was 500 µm; exceeding diffusion limit 

of oxygen and nutrients25. However, the authors did not test expression of hypoxic markers, which 

could differ based on how densely packed the cells are within an engineered tissue. Therefore, the 

cause for vascularization in this case is does not discern hLF secretome from hypoxic signaling.  

Nonetheless, the overall configuration is applicable for vascularization of tumor spheroids26, 

261, spheroids of other healthy cell types25-27, 256, or organoids. Moreover, the ability to maintain tissues 
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perfused in culture through continuous nutrient perfusion has the potential for establishing long-term 

viability, which is valuable for developmental models of organs or studying prolonged exposure to 

drugs and toxins.  

Researchers are motivated to develop vascularized tumor spheroids in order to study cancer 

metastasis and anti-cancer therapeutics in vitro26, 117. Similarly to fibroblasts, cancer cells possess 

strong pro-angiogenic secretomics362. Therefore, tumor spheroids are good candidates for self-

morphogenesis microvascularization methods using microfluidic systems261. Paek et al. developed a 

PDMS microfluidic device replicated from 3D printed molds, which contained a middle open chamber 

connected to two side channels, shown in (Fig. 25c)26. In this configuration, instead of microposts that 

prevent hydrogel overflow from the middle chamber to the side channels, the authors use needles to 

block the side channels temporarily26. The middle chamber is then loaded with a pre-aggregated lung 

cancer spheroid with ECs within it, mixed with additional individual primary ECs and hLFs embedded 

in a collagen-fibrin hydrogel precursor. Once the hydrogel is polymerized at 37°C, the needles are 

removed; creating hollow microchannels that are then seeded with ECs to form an endothelialized 

lumen that is connected to the middle chamber. The ECs self-assembled into a well-interconnected 

perfusable microvascular network through vasculogenesis and invaded the lung cancer spheroid, as 

shown in (Fig. 25d). The configuration was used to evaluate efficacy and toxicity of chemotherapeutic 

agents perfused through the microvasculature26.  

Additionally, the researchers used the same platform to create a microvascular bed through 

vasculogenesis and subsequently seeded iPSC-derived human retinal pigment epithelial cells (RPEs) 

on top to create a microengineered model of the outer blood-retinal barrier26. Interestingly, the 

researchers used primary human retinal microvascular ECs and primary human choroidal fibroblasts 

instead of HUVECs and hLFs for this application and were able to demonstrate successful 

vasculogenesis and pigmentation of RPEs which indicates their maturation26. The authors did not 

report whether or not this composition of cells produced perfusable lumens.  
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Moreover, the same device was used to model the microvasculature of white adipose tissue 

(WAT), which would be relevant for studying metabolic regulation of systemic energy levels26. The 

authors used human adipose-derived stem cells (hASCs) and primary human adipose microvascular 

endothelial cells (hAMECs) that were co-cultured for an extended period, which induced adipogenesis 

and vasculogenesis26. The authors did not test perfusable lumen formation in the vascularized WAT 

model. Interestingly, the authors observed phenotypic differences in size and network density between 

microvessels created using HUVECs and those formed using hAMECs, which could highlight organ-

specific endothelial properties that are worth further appreciation by tissue engineers22, 26.  

Osaki et al. used iPSC-derived ECs to vascularize motor neuron spheroids using a similar 

micropost configuration reported by others27, 260. However, the device design in this work included 

multiple parallel channels where multiple spheroids were seeded in each chamber in co-culture with 

ECs27. The authors reported formation of perfusable microvascular networks that mostly surrounded 

the motor neuron spheroids and partially invaded outer layers of the spheroids27. Interestingly, the 

authors also reported using spheroids were less than 200 µm in diameter to avoid necrotic cell death 

at their core27. Therefore, vascular network formation in this model was likely not attributed to hypoxic 

signaling nor attributed to fibroblasts which were absent in this model. Instead, the authors 

supplemented the co-culture with a 1:1 mix of endothelial and stem cell media that was supplemented 

with BDNF and GDNF. As previously stated, BDNF plays a key role in neuronal migration and 

growth, and has been recently implicated in secretion of angiogenic mediator angiogenin in ECs322, 

which is consistent with the findings in this work. Additionally, the authors showed paracrine section 

of BDNF, and expression of signaling molecules involved in cell-cell interactions via the delta-notch 

pathway, which fosters secretion of VEGF and neuroprotection27. The authors also demonstrated 

enhanced maturation and connectivity of neurons as measured by Ca2+ oscillation, and showed 

Fig. 26: Motor neuron (MN) spheroids co-culture 

with HUVECs in microfluidic device leads to vascular 

network formation and increased neurite length over 

the course of culture, compared to monocultured MN 

spheroids. HUVECs are immunostained for CD31 

(purple) and MNs are immunostained for Tubulin 

(green) (Osaki et al. 2018), Ref (27). Reprinted with 

persmission from publisher.  
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increased neurite growth upon co-culture with ECs, as shown in (Fig. 26)27, which supports the concept 

of the NVU and the reciprocal angiocrine role of ECs22, 363.    

Shin et al. developed a microfluidic platform for angiogenesis that enables testing the effect 

of controlled gradients of VEGF and ANG-1 on the number of tip cells and their migration during 

sprouting process364. The device allows testing these angiogenic factors in departmentalized or 

combinatorial fashion, which highlights one of the strengths of microfluidic systems in simplifying a 

system with the purpose of elucidating a mechanism of interest256, 364.  

Wang et al. developed a perfusable microvascular in vitro model that incorporated a 

diamond-shaped tissue chamber where ECs are loaded in mixture with hLFs in a fibrin hydrogel, and 

the chamber is connected to two microchannels on either side that represent an artery and vein365. The 

configuration allows formation of perfusable microvascular networks within the tissue chamber, and 

models the hierarchy of blood vessels that descends from artery to a capillary bed and then ascends 

again to veins261, 365. The formation steps of the microvascular networks combined several steps of 

vascular development that occur on the platform in proper sequence including vasculogenesis, EC 

lining, angiogenesis, and anastomosis261, 365. EC lining along the side channels models a main 

microvessel that can give rise to new microvessels through sprouting angiogenesis. This angiogenic 

process from the microvessels of the side channels was stimulated by applying  transendothelial flow 

and a positive VEGF gradient that allowed the lined ECs to sprout into the 3D fibrin hydrogel after 24 

hours of lining. Subsequently, anastomosis took place between the capillary network formed within 

the chamber via vasculogenesis and the newly formed angiogenic sprouts, thus creating an inter-

connected microvascular network. The authors confirmed the microvascular network was perfusable. 

In subsequent work, the authors further optimized the platform design such that it was compatible with 

high-throughput drug screening117. The microvascular tissue chamber was also seeded with cancer 

cells and vascular morphology was evaluated in response to perfusion of anti-cancer therapeutics117. 

This platform could also be considered an example of a hybrid approach between 3D wall patterning 

and self-morphogenesis methods for microvascular tissue engineering, although it predominantly 

operates via the latter.  

Revisiting the example of kidney organoid vascularization following flow-induced shear 
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stress in an organoid-on-a-chip platform, shown in (Fig. 11, Section 5.1.4.1), the vascularization 

method in the model is thought to occur via self-morphogenesis. However, the device setup still does 

not enable perfusion of the vascular lumen itself; it only enables perfusion of the chamber where the 

vascularized organoids are residing. In order to show lumen formation, the authors introduced 

fluorescent beads to the media in the whole culture and studied it co-localization with the vasculature.  

The authors did not characterize cell death and hypoxia in the vascularized kidney organoids, therefore, 

it is not clear if this method of vascularization could resolve cell death at the core of avascular 

organoids. Although, the fact that it was found to enhance maturation of the kidney organoid is a 

promising indicator. Design modifications of the proposed platform that may allow lining ECs with 

the perfusion inlets and outlets could enable studying the effect of luminal shear stress on the kideny’s 

microvasculature, direct perfusion of drugs into the kidney, and modeling urinary output in response.  

 Overall, the strength of self-morphogenesis methods lies in ability to study vascularization 

processes in a 3D microenvironment recreated in vitro with capacity to control the parameters 

influencing vasculogenesis and angiogenesis, and thus study the effect of each parameter more 

clearly256, 261. The ability of microfluidic methods to spatially pattern cells, hydrogels, and gradients 

of growth factors is useful for understanding cellular decision-making in a 3D context260, 366. In 

addition, self-morphogenesis enables microvessels to integrate with an organ or tissue of interest 

dynamically rather than artificially. This is valuable for studying biological phenomena without 

enforcing a certain paradigm about the in vivo process by engineering assumptions or bias. Given that 

various organs and tissues possess extremely diverse architecture, the ability to adapt 3D wall 

patterning methods to vascularize a tissue of interest could be challenging without compromising 

certain features of the original tissue, whereas self-morphogenesis could allow vascularization of 

tissues in an in vivo resembling manner. Extreme 3D phenotypic changes and biological processes 

such as development and cancer progression, can occur in a parallel timely fashion that require a 

dynamic 3D system to study them, which could be enabled by self-morphogenesis methods26.  

  Self-morphogenesis of microvessels using traditional 3D cell culture in well plates was 

achieved for brain organoids. However, such traditional 3D cell culture methods do not enable easy, 

sterile, and quick access to the microvasculature for analysis, perfusion tests, application of shear 
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stress, or continuous nutrient supply during live culture because identifying the inlets to the 

microvascular network within the intact structure would be challenging. Microfluidic-based 

vascularization methods based on self-morphogenesis have solved this issue for 3D spheroid culture 

where ECs lined to edge of the hydrogel form open lumens that connect a user-accessible inlet to the 

microvascularized spheroid25, 26, which could be adapted to brain organoids as well. 

5.4 Summary 

 Despite the promising applications of human brain organoids, a major challenge that hinders their 

further advancement is their lack of vasculature1, 4. Several recent attempts to vascularize brain 

organoids in traditional well plates have generated promising results3, 5, 6, 24. However, control over the 

distribution and access to the formed vascular network within these brain organoids is lacking. 

Vascularization of spheroids has been successful using microphysiological systems that enable spatial 

control of EC patterning to allow perfusion through defined inlets25, 26. However, opportunities for 

brain organoid vascularization using microphysiological systems have not been fully explored. To 

explore this opportunity, we aimed to develop a microfluidic device for studying vascularization of 

midbrain organoids, which we present in the following chapter. 

6. Microfluidic-based organoid vascularization in PDMS devices replicated from 3D printed 

molds 

Alia Alameri1,2, Molly Shen1,2, Meghna Mathur3, Camille C. D. Camps1,4, Andy Ng1,2, Timothy 

Kennedy3, Christopher Moraes1,4, Thomas Durcan3, David Juncker1,2,3 

1Department of Biomedical Engineering, McGill University, Montreal, Quebec, Canada 

2Genome Quebec Innovation Center, McGill University, Montreal, Quebec, Canada 

3Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada 

4Department of Chemical Engineering, McGill University, Montreal, Quebec, Canada 

6.1 Abstract 

Brain organoids are three-dimensional multicellular structures capable of faithfully recapitulating 

the in vivo brain1. Brain organoids grown from human induced pluripotent stem cells constitute 

promising tools for investigating mechanisms that underlie human neurodegenerative diseases and 

neurodevelopment1, 2. A major challenge that hinders applications of brain organoids is their lack of 
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vasculature, which leads to cell death at their core due to insufficient delivery of oxygen and nutrients 

once they exceed the diffusion limits that enable oxygenation and nutirent supply3, 4. Attempts to 

vascularize brain organoids often include differentiation protocols performed in traditional well plates3, 

5, 6, which do not provide a straightforward access to the vascular networks for live in vitro perfusion, 

due to a lack of spatial control of ECs within the culture. To address the need for spatially controlled 

vascularization systems, we developed a ‘Microfluidic-based Organoids Vascularization’ (MOV) 

device. The device leverages microfluidic principles by incorporating capillary stop valves that prevent 

hydrogel overflow from a middle channel, where the organoid is added, to side channels where 

HUVECs are introduced. Digital light processing 3D printing was chosen to fabricate positive molds 

for fast and cost-effective fabrication of the PDMS device. MOV devices enabled monitoring vascular 

events during live culture, which we tested using midbrain organoids (MOs) and HUVECs that were 

either expressing fluorescent proteins or were labeled using CellTracker. Our results showed vascular 

sprouting of HUVECs in co-culture with MOs, and partial formation of a vascular-like wall within 

MOV devices. Additionally, to determine the timeframe for vascularization, we characterized the 

progression of hypoxia and cell death in MOs at four time points by staining for HIF1α and CC3, and 

for extensive DNA degradation using TUNEL assay. Our results showed that a dead core develops 

when MOs reach 1 month in culture, and expression of CC3 is directly proportional to the distance 

from the surface to the core of MOs. Additioanlly, we identified a ring-like pattern of hypoxia that 

surrounded necrotic areas within MOs. Our report demonstrates a cost-effective device for studying 

midbrain vascularization with spatially controlled patterning of hydrogel and defined inlets and outlets, 

which has potential implications for future neurobiological studies. 

6.2 Introduction 

A main challenge of biomedical research has been the inaccessibility of human tissues and 

organs7. 2D cell culture methods provide an accessible in vitro platform to study organ function at 

tissue and cellular levels, and have tremendously enhanced our understanding of physiology and 

disease7. Yet, the lack of a physiologically relevant microenvironment (e.g. cell-cell interactions, cell-

matrix interactions, gradients of gas and biomolecules), has been widely recognized as a limitation that 

significantly reduced biological relevance of 2D cell culture7, 8, 14. Animal models have been 
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extensively used for decades as models that provide physiological context14, 129, 139. However, it is well 

recognized now that species differences between animals and humans caused a large gap in clinical 

translation of drugs screened using animal models1, 8.  Reports estimate that over 80% of drug 

candidates fail during phase II and phase III clinical trials mainly due to a lack of efficacy or safety 

issues unidentified during preclinical screens367. Clinical trials for CNS diseases and disorders 

represent the second highest percentage of failed trials after oncology1, 367. Therefore, development of 

effective biological models that mimic highly complex and inaccessible organs such as the human 

brain is highly necessary. Three-dimensional (3D) cell culture technologies developed to bridge the 

gap between in vitro and in vivo biological models by providing accessible in vitro platforms that also 

mimic the multi-cell spatial organization and biochemical and mechanical cues present in vivo1, 80. The 

most recently adapted format of 3D cell culture used in neuroscience research is hiPSC-derived brain 

organoids; multi-cellular structures capable of self-organizing in 3D space to recapitulate various 

aspects of human brain development1. Brain organoids are advantageous as in vitro models due to their 

ability to recapitulate brain cytoarchitecture, multi-source derivability, and ability to tailor them for 

specific research questions by developing either whole-cerebral organoids10 or region-specific 

organoids1, 165, 201. Derivability of brain organoids from hiPSCs allows for modeling human 

neurological diseases and disorders that are difficult to achieve in animal models due to complex 

genetic backgrounds and age and species differences1, 10. Even when human disease mutations are 

introduced, symptoms do not develop with the same severity in the animal as it does in humans1, 10. 

Additionally, brain organoids are embedded in an ECM-based hydrogel, which further establishes their 

value in mimicking 3D microenvironmental in vivo cell-matrix interactions that drive many biological 

processes including differentiation, gene expression, and cell survival80. Brain organoids can, 

therefore, complement 2D cell culture and animal models in answering neurophysiological questions, 

and potentially reduce fruitless animal experimentation and suffering135. The aforementioned features 

established hiPSC-derived brain organoids as promising, clinically relevant neuroscience tools that 

have been used to model neurodevelopment18, 19, neuropsychiatric disorders162, and neurodegenerative 

diseases21. Nevertheless, further applications of brain organoids are halted by their lack of maturity, 

heterogeneity, and missing cell types (e.g. immune cells and endothelial cells)8. The lack of maturity 
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of current brain organoids has been widely attributed to their lack of vascularization which leads to the 

development of a necrotic core inside organoids once their size exceeds the limits of oxygen and 

nutrient diffusion10, 20, 135, 183, 368.  

  In recent years, several attempts were made to vascularize brain organoids. Those reports 

mainly include an in vivo approach in which cerebral organoids are implanted in immunodeficient 

mice to drive in vivo vascularization102, and in vitro approaches3, 5, 6, 24, 325. In vitro approaches for brain 

organoid vascularization include 1) premixing methods3, 5, where ECs or stem cell-derived ECs are 

premixed with the brain organoid before induction, and 2) shell methods6, where ECs are added as a 

hydrogel-embedded shell surrounding the organoid, and 3) fusion methods, where vascular 

organoids325 or EC aggregates24 are co-cultured with the brain organoid. First, the in vivo method for 

brain organoid vascularization has generated functional perfusable vascular networks102. The 

functional vasculature contributed to significantly reduced cell death in implanted brain organoids 

compared to non-vascularized in vitro organoids102. However, vascularization via implantation in 

immunodeficient mice renders the organoid inaccessible, does not eliminate animal suffering as 

promised by brain organoid culture, and is not representative of the human brain microenvironment, 

which includes a full functioning immune system and interactions with other human cells. Additional 

difficulties include cost of animal housing, and requirement for advanced microscopy systems to image 

through mice brains102, 134. Second, the in vitro methods described for brain vascularization, although 

very promising, have yet to create completely vascularized networks within the whole organoid or 

enable controlled perfusion of the organoid from one side to the other. One aspect that hinders further 

progress of in vitro vascularized brain organoids is the lack of spatial control over endothelial cell 

patterning, which makes it difficult to identify an inlet where the vasculature can be accessed in order 

to prepare organoids for live perfused culture. Therefore, an unmet need exists for a straightforward 

method for developing accessible inlets and outlets for in vitro vascularized brain organoids, which 

could ultimately have application for neurophysiological studies and drug screening application. 

Recent microfabrication technologies enabled the construction of micrometer- to few 

millimeter-sized features for various biomedical engineering applications97, 105, 118, 256. Those advances 

fostered the development of microfluidic-based 3D microvasculature models using two main 
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approaches: 3D wall patterning, and 3D self-morphogenesis25, 256. 3D wall patterning methods, 

including sacrificial molding358, 369, multi-photon laser patterning359, and assembly of multiple 

patterned hydrogel layers357, are advantageous due to providing ready-to-use 3D lumenized vessels 

after fabrication25, 256. However, it is not feasible for these vascular structures to fit into a pre-existing 

environment if cultured with complex tissues, which prevents vascular remodeling and 

vasculogenesis25. 3D self-morphogenesis vascularization approaches on the other hand, rely on 

spontaneous vascularization of ECs through angiogenesis25 or vasculogenesis117, in response to 

gradients of growth factors370, matrix properties76, and co-culture with certain cell types25, 26, 256. 

Several groups were able to employ 3D self-morphogenesis complemented by microfluidic design to 

generate perfusable fully connected vascular networks for angiogenesis studies, high-throughput drug 

screening, and spheroid vascularization25-27, 117, 260, 371.  

Microfluidic-based spheroid vascularization platforms that rely on self-morphogenesis have 

been successful in generating perfusable vasculature that invades the spheroids and connects its lumen 

to side channels with defined inlets/outlets, but these platforms are yet to be explored for brain 

organoid vascularization25, 26, 117, 372, 373. In the hLF spheroid model by Nashimoto et al., spheroids; 

clumps of cell mixtures of HUVECs and hLFs, are suspended in a hydrogel and added to a middle 

channel where they reside25. The middle channel is separated with microgrooves from a side channel 

where additional HUVECs are introduced, which is a common design for in vitro vascularization 

systems25, 260, 372. Fabrication of the microgrooves using cleanroom microfabrication allowed high 

enough resolution to fabricate 100-μm microgrooves that were small enough to create tension that 

prevents hydrogel overflow from the middle channel to side channels to keep them vacant for 

HUVECs25, 260, 372. However, cleanroom microfabrication is costly, and time consuming, and it is 

unclear if the system is compatible with brain organoids which are larger in size and less uniform than 

spheroids105, 374. Paek et al. developed a tumor vascularization 3D printed platform where needles 

inserted in side channels block liquid overflow from a middle channel where spheroids suspended in 

a hydrogel are introduced26. The hydrogel is then polymerized, needles are removed, and ECs are 

added to the side channels26. This configuration also supported the formation of perfusable vascular 

networks, however, the workflow is complicated by the needle insertion/removal step, which is 
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laborious and halts experimental throughput.  

Additionally, in most examples of in vitro vascularization such as the two examples above, cell 

types with strong angiogenic profiles (i.e. cancer cells and fibroblasts)375 are incorporated in co-culture 

with the ECs and/or the spheroid to induce vascularization25, 26. Introducing those cell types might not 

enable investigating factors that influence vascular events in microenvironments where those cell types 

may not be available such as early vascular development320. In addition, deparameterized investigation 

of pro-angiogenic pathways activated by human neuronal cell secretions could be elucidated via co-

culture of HUVECs and neuronal spheroids or organoids using in vitro microphysiological systems of 

the vasculature. For instance, Osaki et al. developed a microfluidic platform for vascularization of 

motor neuronal spheroids (MNS) that showed enhanced neuronal activity and increased neurite length 

upon co-culture of MNS with iPSC-derived ECs. The authors attributed the findings to paracrine 

signaling of BDNF and juxtacrine signaling of delta-notch pathway within their co-cultures, which 

play a role in VEGF secretion and neuroprotection and maturation27. While the ECs formed perfusable 

vascular networks, most of which however, surrounded the MNS outer space instead of fully invading 

them. In comparison to brain organoids, which are typically larger in diameter than spheroids and 

capable of unique 3D self-organization10, 27, 140, the MNSs were specifically chosen to be no larger than 

200 µm in order to prevent hypoxia and cell death that could develop in their core if they exceed that 

theoretical size limit. Vascularization of hypoxic brain organoids within microphysiological systems 

of the vasculature requires further investigation.  

Here were report an “organoid-on-a-chip” PDMS devices made from 3D printed molds for 

microfluidic-based organoid vascularization (MOV) of MOs. The MO model was chosen for this proof 

of concept study because it is one of the less heterogeneous and more uniform shaped brain organoid 

models in our experience. Additionally, MOs are promising models to study neurodegeneration and 

vascular pathology is a key contributor to two most common neurodegenerative diseases; AD and 

vascular dementia15, 135. The MOV device comprises a middle chamber where the organoid is added, 

connected by capillary stop valves (CSVs) to side channels where ECs are introduced. CSVs; 

microfluidic elements that prevent liquid flow when there is an abrupt change in channel height, are 

incorporated to prevent hydrogel overflow from the organoid channel to the side channels to keep them 
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vacant for ECs. Our group previously demonstrated the ability to fabricate functional CSVs using 3D 

printing and have characterized height difference effect on CSV success rate105, 376. The significance 

of our approach in using 3D printed CSVs is by offering a robust, cost-effective, and time efficient 

fabrication that can be applied for hydrogel patterning with a universally applicable workflow for 

microfluidic vascularization platforms for various types of organoids or spheroids. We show that 3D 

printed CSV structures are capable of retaining fibrin-collagen hydrogels with and without the addition 

of microgrooves and remain functional while tolerating 3D printing resolutions greater than a 100 μm, 

thus overcoming the need for highly precise cleanroom fabrication or laborious hydrogel patterning 

steps.  

In addition, we fabricated PDMS funnel structures from 3D printed molds to overcome 

challenges identified with loading organoids safely into MOV devices. The funnel structures prevented 

hydrogel leakage from the pipette tip due to misalignment with the middle chamber well, and protected 

against organoid damage, and organoid floating during the loading process. These challenges have not 

been discussed in literature to our knowledge and we suspect that they may be unique to organoid-on-

a-chip applications given that the 3D self-organizational abilities of organoids change their cellular 

density compared to spheroids and other tissue constructs.  

Additionally, we tested vascularization protocols for MOs by modifying previously published 

protocols by our collaborators and others6, 201. First, as a priming step MOs were embedded with a 

hydrogel shell with suspended HUVECs for two weeks before introducing them into MOV devices for 

co-culture with additional HUVECs in side and/or middle channels. We tested media formulations that 

included the addition of VEGF as a pro-angiogenic factor, and/or Alk-fc1 to a mix of endothelial and 

MO media377. Alk-fc1 was added as a potential neuroangiogenic molecule given its involvement in 

the TGFβ pathway that is necessary during vascular development and CNS vascularization377.  

Our results showed partial integration of CellTracker-labeled HUVECs into GFP-expressing 

MOs when cultured in a hydrogel-shell format. Additionally, vascular sprouting was observed in 

response to co-culture of HUVECs with MOs in MOV devices, which was not observed in 

monocultures of HUVECs in the device. Partial formation of vascular-like walls that temporarily 

retained 40-kDa dextran was possible upon co-culture using this approach. Vascular-like lumens were 
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connected to the side channels, which allowed partial perfusion.  

In addition, time-course characterization for hypoxia and necrosis development in control MOs 

showed development of a necrotic core once organoids reached 1 months in culture. Overall, 3D 

printing technology coupled with microfluidic CSV elements is a promising avenue for developing a 

vascularization platform for brain organoids. Our results demonstrate that MOV devices allow for 

monitoring phenomena related to vascularization events. 

6.3 Methods and Materials 

6.3.1 Fabrication of microfluidic-based organoid vascularization devices 

 Design of microfluidic-based organoid vascularization devices: 3D positive molds of the 

device were designed using SOLIDWORKS 2018. The design includes a middle chamber (h=150 μm, 

w=2.7 mm) where the organoid resides, and two side channels (h=450 μm, w=300 μm, l=9 mm) where 

HUVECs are introduced, where h is height, w is width, and l is length of those features. Each channel 

is connected to one side of the middle chamber through five microchannels of CSVs of dimensions 

(h=150 μm, w=150 μm, l=300 μm). CSVs are necessary for confining hydrogel patterning to the 

middle chamber where the organoid resides and vascular sprouting occurs in 3D, while preventing 

undesired hydrogel overflow to side channels, thus maintaining the side channels vacant for 

subsequent introduction of HUVECs and growth media. An alternative design of the same device but 

with a continuous capillary stop valve (cnCSV) instead of the five individual CSVs to test a cnCSV 

version of the MOV device (cnCSV-MOV) configured with seal surfaces of either glass or PDMS, as 

shown in configurations D and E in (Table 5). Height difference (450 μm−150 μm=300 μm) between 

the middle chamber and the side channels for both MOV and cnCSV-MOV devices was chosen based 

on previous work, which showed that the optimal height difference between two adjacent microfluidic 

channels required for CSVs is 300 μm105. The width of CSVs in the main design was set to 150 μm to 

minimize the time required for HUVECs to coat the walls of the CSVs before sprouting into the 

hydrogel, while operating at the lowest reliable resolution of our 3D printer. The molds were designed 

to have a 3.5-mm thick base, which was necessary to avoid upward warping during the post-treatment 

process of the 3D printed mold.  

 3D printing and post-treatment of positive molds: A digital light processing 3D printer 
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(MiiCraft Ultra 100, MiiCraft) was used with BV-002A resin (MiiCraft BV-002A Black, Creative 

CAD Works) to 3D print positive molds of MOV and cnCSV-MOV devices. 3D printing settings were 

optimized through printing a range of channel diameters and varying exposure time. The final 

optimized settings used to 3D print the molds include: 50 μm layer thickness, slow speed, 1.32 s 

exposure time per layer, 4 buffer layers, 1 base layer, and 65 s base exposure time. 3D printed molds 

were then post-treated to remove excess uncured resin, as follows. Molds were cleaned with 

isopropanol/IPA (A416P-4, Fisher Scientific) then dried using a nitrogen (N2) spray gun. Molds were 

then immersed in IPA, placed on a shaker for 15 mins, and dried again with the N2 spray gun. This 

IPA cleaning process was repeated three times. Dried molds were then placed in a UV chamber 

(InterlliRay 600, UViTron International) and exposed to UV light at 100% power for 2 mins on each 

side of the mold, to polymerize any small amounts of excess resin that could not be removed using 

IPA. Molds were then placed in a 60°C oven for 12-16 hrs to evaporate and/or polymerize any residual 

chemicals from the cleaning process. This final step was crucial for successful PDMS replication from 

3D printed molds and prevented the formation of a sticky layer of uncured PDMS on top of the mold 

and PDMS device. 

 PDMS replication from 3D printed molds: Next, MOV and cnCSV-MOV devices were 

fabricated by replica modeling of PDMS devices from the 3D printed molds. PDMS (SYLGARD™ 

184 Silicone Elastomer Kit, DOW) was prepared with 1:10 crosslinker to base ratio, mixed, and poured 

onto the molds. PDMS was then degassed using vacuum desiccation until bubbles disappeared and 

was left to cure in a 60°C oven for >12 hours. Cured PDMS devices were released from the mold using 

a blade knife and 7-mm inlets/outlets for side channels were punched according to the layout in (Fig. 

27a) using limited reuse biopsy punches (World Precision Instruments). The organoid well and 

inlets/outlets of the middle chamber were punched using heavy duty 2-mm and 3-mm reusable rapid 

biopsy punches (World Precision Instrument), respectively, to ensure cutting smooth cylindrically 

uniform wells, which was difficult to achieve for small punch sizes with limited reuse biopsy punches. 

Edges of the PDMS devices were then trimmed using a paper cutter (Swingline Paper Cutter 12” 9312, 

Amazon) to enable trimming multiple devices at once and to ensure flat edges of the device, which, if 

not flattened, can prevent a tight bond when sealing the devices.  
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 Sterilization and plasma bonding MOV-devices with a seal cover: To prepare devices for 

assembly and seeding, scotch tape was used to remove dust or PDMS specs from devices. Devices 

were then sonicated in 70% ethanol solution at RT for 15 minutes to rinse off residual specks. The 

solution was then replaced with new 70% ethanol and devices were immersed in it for 12-16 hrs to 

extract uncured PDMS oligomers. Next, devices were placed in MilliQ-water and wet autoclaved at 

120°C with a 15-min sterilization cycle. All subsequent steps were done under a biosafety cabinet and 

devices were kept covered in sterile boxes if placed outside the BSC. Devices were then dried using 

an N2 spray gun. Three devices and three 25×75mm pre-cleaned plain glass microscope slides (12-

550-A3, Fisher Scientific) were placed in a lid-covered petri dish, with device features side up, and 

plasma treatment (PE-50, Plasma Etch) was performed for 2 min and 30 s at 100% power. Covering 

the petri dish during plasma treatment (PT) did not prevent surface functionalization, although longer 

PT was needed than when the dish was left uncovered. Immediately after PT, PDMS devices were 

bonded to glass slides, and placed in pipette boxes for dry autoclaving at 120°C with a 15-min 

sterilization cycle. Autoclaved devices were left at RT for 24 hrs to allow sufficient time for 

hydrophobic recovery of PDMS.  

 Alternative assembly of MOV and cnCSV-MOV devices with various seal covers: As 

alternatives to bonding a glass slide seal with MOV devices as previously described, we tested the use 

of PDMS-spin coated glass slides to seal either MOV devices or cnCSV-MOV devices, and the use of 

glass slides to bond cnCSV-MOV devices, and tested fluidics for each configuration. To spin coat 

PDMS onto glass slides, a 1:20 crosslinker to base PDMS mixture was prepared, and poured on the 

middle of a 25×75mm glass slide. The slide was placed in a spin coater (WS-650-23B Spin Coater, 

Laurell) and spun at 500 RPM for 20 s. Spin-coated slides were then cured at 60°C for >12 hrs. Devices 

were then assembled by placing each PDMS device on top of a cured PDMS-spin coated glass slide, 

relying on physical interaction of the two PDMS layers to seal the device.  

6.3.2 Fabrication of funnel structures for organoid pipetting 

 The same process of design, 3D printing, post-treatment, PDMS replica molding, and 

sterilization process used to generate MOV devices, excluding plasma treatment and bonding steps, 

was applied to fabricate PDMS funnel structures from a positive mold of an array of 20 funnel 
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structures (Fig. 28d and Fig. S1). The middle of each PDMS replicated funnel was punched using a 

2-mm reuse biopsy punch, to create an inlet for pipetting an organoid into the middle well. 

6.3.3 Fluidic tests and diffusion experiments 

Fluidic properties of fabricated and assembled MOV and cnCSV-MOV devices were tested 

for five configurations of device and seal treatments (Table 5). To determine functionality of CSVs 

and cnCSVs, a fibrin-collagen hydrogel was prepared on ice, with the same concentrations used for 

device co-culture and shell embedding experiments throughout this report: 2.5 mg/mL fibrinogen 

(F3879, Sigma Aldrich), 0.5 U/mL thrombin (T6634, Sigma Aldrich), 0.2 mg/mL collagen I (354249, 

Corning), and 0.15 IU/mL aprotinin (A3428, Sigma Aldrich). A mixture of red food dye and growth 

media was used for the final top up volume when preparing the hydrogel to visualize its flow into 

devices. The hydrogel was pipetted into the middle chamber and left to polymerize for 30 mins at 

37°C. Zoomed images were acquired using a digital camera to document hydrogel retention within the 

middle chamber for each configuration. 

  To characterize diffusion of molecules from side channels into the fibrin-collagen hydrogel 

network, experiments were performed using a fluorescent dextran molecule (Dextran Texas Red MW 

40,000, Invitrogen™ D1829) prepared with PBS at a final concentration of 30 µg/mL. A fibrin-

collagen hydrogel of the same composition used throughout this report was introduced into the middle 

chamber of MOV and cnCSV-MOV devices of configurations A and D, repectively, and left to 

polymerize for 30 minutes at 37°C. Subsequently, PBS was added to one side channel and the 

fluorescent dextran solution was added to the other side channel. Live imaging of the device was 

performed using widefield microscopy to record diffusive transport of fluorescent dextran through the 

hydrogel. Time-lapse images of dextran diffusion were generated and analyzed.  

  To calculate the diffusion coefficient of 40-kDa dextran through fibrin-collagen, fluorescent 

signal was measured using ImageJ by drawing vertical lines on the hydrogel region, during diffusive 

transport, starting at the edge of the side channel to the middle of the hydrogel-filled chamber. 

Measurements were taken at a fixed time point (t=400 s) and signal intensity (grey value) was exported 

in relation to position within the hydrogel (µm). Grey values were converted to concentration (µg/mL) 

using the fluorescent signal of dextran at the first second it filled the side channel as reference for the 
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dimensional analysis, assuming the initial concentration (C0) is 30 µg/mL, which is highest prior to 

diffusion. Background signal was measured from the point furthest to the side channel at the first 

instant of introducing the dye, and subtracted from sample grey values prior to plotting. Quantification 

of the diffusion coefficient was performed by fitting signal intensity using the error function for 1D 

diffusion (Fig. S2b). 

6.3.4 Endothelial cell culture 

HUVECs were purchased from Lonza (C2519AS and C2519A, Lonza) and HUVECs 

expressing mCherry-ftractin (mChr-HUVECs) were provided by our collaborator (A. Hayer, McGill 

University, Montreal, Canada). HUVECs were cultured in EGM-2 (CC-3162, Lonza) unless stated 

otherwise for co-culture experiments, and passages 4-6 were used for experiments. mChr-HUVECs 

were cultured in EGM-2 supplemented with 50 µg/mL Hygromycin B Gold (ant-hg-1, InvivoGen) as 

a selective agent against non-transduced cells, and passages 10-12 were used for experiments. Cell 

maintenance and subculture were performed according to HUVEC culture protocols provided by 

Lonza, using EGM-2 and ReagentPackTM Subculture Reagents (CC-5034, Lonza). 

6.3.5 Midbrain organoid generation 

Control MOs: Midbrain organoids (MOs) were generated from two independent healthy 

control iPSC lines, including: AIW00202 iPSC line reprogrammed from Peripheral Blood 

Mononuclear Cells (Montreal Neurological Institute, McGill University), and a fluorescent ACIS36 

iPSC lines expressing EGFP inserted at safe harbor locus (AAVS1), reprogrammed from fibroblasts 

(GM25256, Coriell). Control MOs generated from the AIW00202 iPSC line (AIW-MO) and MOs 

generated from the ACIS36 iPSC line (GFP-MO) were differentiated according to the same established 

protocol by our collaborators (Montreal Neurological Institute, Montreal, Canada) as follows201: iPSC 

lines were cultured and maintained in mTeSRTM1 medium (05851/05852, STEMCELL Technologies). 

At 70% confluency, iPSCs were dissociated and seeded into an ultra-low attachment 96 well U-

bottomed plate (CLS7007, Corning), at 10,000 cells per well, with neural induction medium to form 

EBs. After 48 hrs media was switch to neural induction medium without ROCK inhibitor and 

maintained for additional 48 hrs. On day 4 of the protocol, media was switched to midbrain patterning 

medium and EBs were maintained until day 7. Next, EBs were embedded in growth factor-reduced 



  

Page 121 of 170 

Matrigel® (356230, BD Biosciences). On day 8, embedded EBs were transferred to final differentiation 

medium (FDM) and maintained with orbital shaking at 70 RPM (Mini-100 Orbital-Genie, SI-M100, 

Scientific Industries) for the rest of the culture period. Composition of FDM is provided in (Table S1). 

Composition of neural induction medium and midbrain patterning medium is detailed in previous 

published work201. Given previous results by our collaborators Vi et al. that neuroepithelium becomes 

more developed on day 8 using this protocol201, counting of midbrain organoid days in culture in this 

work starts with day 8 which is the first day in FDM, referred to as FD-1. 

  MOs for vascularization: MOs used for vascularization experiments followed the same 

protocol as control MOs up to day 7, where instead of Matrigel® embedding, MOs were maintained 

without any hydrogel embedding up to FD-9, with orbital shaking at 40 RPM. Similarly to control 

MOs, FDM was added to non-embedded MOs on FD-1 (day 8 of the protocol) and maintained up to 

FD-9, to allow sufficient time in FDM to develop midbrain identity prior to vascularization 

experiments. On FD-10, non-embedded MOs were used in two experimental formats: 1) MOs were 

directly introduced into devices with HUVECs or mCh-HUVECs: MOs were prepared with a 

mixture of fibrin-collagen and HUVECs or mCh-HUVECs, and immediately introduced to MOV 

devices for co-culture with additional HUVECs or mCh-HUVECs added to side channels. 2) MOs 

were cultured with a shell of HUVECs first then introduced to devices: MOs were embedded in a 

30 µL mixture of fibrin-collagen made with the composition previously described but with added 

HUVECs (100,000 cells per hydrogel) to form a “vascular shell” surrounding MOs (shell-MO). The 

mixture of organoid, HUVECs, and fibrin-collagen was seeded in an ultra-low attachment 96 well U-

bottomed plate, and incubated for 1 hr at 37°C/5% CO2 to allow the hydrogel to polymerize and for 

HUVECs to adhere to the hydrogel/organoid mix. Next, 200 µL of growth media was added to top up 

polymerized shell/MOs. The top media compositions tested for this step include a 1:1 ratio of FDM to 

EGM-2 supplemented with 15, 20, and 30 ng/mL of VEGF (01-185, EMD Millipore). Two days after 

the initial seeding, shell/MOs were placed on an orbital shaker at 40 RPM and cultured for ~2 weeks 

(up to FD-22), and were then introduced to MOV devices for co-culture with additional HUVECs.  

  Bright field micrographs for size tracking were collected for organoids at FD3, FD7, FD14, 

FD18, and FD22. Measurements were taken in ImageJ using the measure function and drawing two 
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lines in the shape of an X across the middle long axis of the organoid. The two line measurements for 

each organoid were averaged and final measurements of n=3 organoids per conditions were averaged 

and plotted chronologically. Growth rates for organoids were calculated from slope values of linearly 

approximated trend lines for each condition.  

6.3.6 Midbrain organoid and endothelial cell seeding in MOV devices 

MOs or shell/MOs were seeded in MOV devices (configuration A) either at FD-9 or at FD-

22 after co-culture with a shell of HUVECs in fibrin-collagen, respectively. In both culture formats, 

using a pipette with a cut tip, MOs or shell/MOs were added to a tube, and prepared with a 20 uL 

fibrin-collagen hydrogel of the composition previously mentioned in (Section 6.3.3.) mixed either with 

or without additional HUVECs (50,000 cells per hydrogel) to be added to the middle chamber. The 

organoid/HUVEC hydrogel mixture was prepared on ice to prevent the hydrogel from polymerizing 

prematurely. PDMS funnels were aligned on top of organoid wells prior to seeding, and were stably 

fixed on top due to physical interaction of PDMS from the funnel and device. 

  As illustrated in (Fig. 27), a cut-tip pipette was used to introduce the organoid into the device 

Fig. 27: overview of MOV device 

design and operation. (a, b) MOV 

device design enables loading a 

hydrogel-MO mixture into a middle 

chamber through a middle well #10, as a 

first step. Capillary stop valves #9 and 

surface properties of the device, 

characterized by a glass slide #13 

plasma-bonded to PDMS #14, and 

hydrophobic recovery, prevent hydrogel 

overflow to side channels #4 and #5. A 

cut-tip pipette #11 fits tightly into a 

PDMS funnel #12 positioned on top of 

the middle well, allowing successful 

loading of MOs into the middle chamber. 

(c) HUVECs are loaded into each side 

channels and allowed to adhere to the 

hydrogel-filled microchannels, followed 

by addition of media (EGM-2 and FDM) 

or desired media combinations to each 

channel. Vascular sprouting of HUVECs 

into the middle chamber is monitored 

and long-term co-culture of MOs and 

HUVECs is maintained. 
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by tightly positioning the cut tip in the PDMS funnel before releasing the organoid/HUVEC hydrogel 

mixture into the middle chamber. Devices were incubated for 1 hr at 37°C/5% CO2 to allow cells to 

settle and the hydrogel to polymerize. Next, a 10 uL suspension of HUVECs (100,000 cells in 10 uL 

of EGM-2) were added to the inlet edge of one side channel. Due to hydrophobicity of the device, the 

cell suspension solution remains at the inlet edge initially. The glass slide-bonded device is then 

oriented vertically, and gently tapped twice on a plastic flat surface to provide a small mechanical force 

that allows flow of the cell suspension into the channel. Next, MOV devices were titled 90° and 

incubated for 1 hr at 37°C/5% CO2 in the horizontal direction, such that the HUVEC cell suspension 

would be positioned on top of hydrogel-filled CSVs. This incubation method promotes attachment of 

HUVECs to the hydrogel side, in order for them to sprout promptly in that direction. The same method 

was repeated to add HUVECs to the other side channel. Finally, media was added to fill the inlets of 

the device, and was left to drain to fill the outlets before refilling the inlet again. Media introduced 

to MOV devices includes either: 1) 1:1 ratio of EGM to FDM supplemented with 15, 20, or 30 ng/mL 

VEGF and/or supplemented with 15, 20, or 30 ng/mL ALK-1 Fc (370-AL, R&D systems) introduced 

to all inlets, or 2) adding FDM to the middle channel inlets and placing a droplet of FDM on top of 

the organoid well, while adding EGM-2 to side channels. MOV devices were kept in sterile 4-well 

rectangular well plates (1228D90, Thomas Scientific), and incubated flat without tilting for the rest of 

the culture period. Media change was done every 48 hrs by removing media from outlets and allowing 

it to completely drain before refilling inlets.  

6.3.7 Freezing and cryosectioning organoids  

Freezing and cryosectioning MO samples was done according to established protocols201. 

Prior to freezing, MOs were fixed in a 4% PFA solution (28906, Thermo Scientific), for 12-16 hrs at 

4°C. Next, MOs were washed 3 times in PBS 1x. Samples were then incubated with a 20% (w/v) 

sucrose (84097, Sigma-Aldrich) solution at 4°C for 1 day, where sucrose acts as a cryoprotectant agent 

and enables organoids to sink to the bottom of cryomolds. Next, organoids were transferred to 

cryomolds (22-363-553, Fisher Scientific) using a cut-tip pipette. Excess sugar solution was pipetted 

out of crymolds and residual droplets was dried using KimTech™ wipes. To embed MOs in blocks, 

Tissue-Plus™ optimal cutting temperature (OCT) medium (23-730-571, Fisher Scientific) was poured 
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onto the cryomold in a concentric motion from the center. When required, a needle with a bent-tip was 

used to adjust the position of organoids. To freeze OCT blocks, liquid N2 was poured to fill 1/3rd of a 

Styrofoam box with a levitated part, where cryomolds were placed in the gas phase. Within 15 mins, 

OCT blocks froze completely and were transferred to a -80°C freezer for long-term storage.  

  Cryosectioning was performed using a Thermo Scientific CryoStar NX70 Cryostat at the 

(EDDU, Montreal Neurological Institute, Montreal, Canada). Cryomolds were removed from -80°C 

and were left to equilibrate temperature in the cryostat for 30 mins. To mount blocks on the sample 

holder, OCT was poured on the holder and the block was pressed on the OCT, with the side closer to 

organoids facing up. Once frozen, excess OCT was trimmed from the mount using a razorblade. The 

mount was then placed in the microtome head and 16 µm sections were cut, and picked up on RT 

Superfrost™ Plus microscope slides (12-550-15, Fisher Scientific).  Slides were left to dry for 1-12 

hrs at RT then moved to a -20°C freezer for storage.  

6.3.8 Immunofluorescence staining and live cell labeling 

Immunofluorescence staining was performed according to published work201. To summarize, 

slides were first labeled using a hydrophobic barrier pen to surround cryosections that will be 

immunostained. Next, cryosections were rehydrated in PBS 1x for 15 mins. PBS was then removed 

and samples were incubated at RT for 1 hr with a blocking/permeabilizing buffer with the following 

components: 5% normal donkey serum (017-000-121, Jackson ImmunoResearch), 0.05% bovine 

serum albumin (821006, Sigma-Aldrich), and 0.2% Triton X-100 (T9284, Sigma-Aldrich), prepared 

in PBS 1x. Subsequently, primary antibodies were prepared in a blocking buffer of the aforementioned 

composition and incubated with samples at 4°C for 12-16 hrs. Samples were then washed three times 

in PBS 1x, for 15 mins each time. Next, samples were incubated with secondary antibodies prepared 

in blocking buffer for 1 hr at RT. Samples were washed again, three times in PBS 1x, for 15 mins each 

time. Nuclear stains (either Hoechst or DAPI) were prepared in PBS 1x and incubated with samples 

for 10 mins, followed by washing once in PBS for 5 mins. Next, Aqua-Poly mounting media (18606, 

polysciences) was added on top of cryosections and a coverslip was placed on top of the mounting 

media. Bubbles were removed by gently pressing on the coverslip using tweezers and mounting media 

was left to dry overnight. 
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For hypoxia and cell death characterizations, immunofluorescence staining was performed as 

aforementioned using the following primary antibodies: HIF1α; goat polyclonal IgG (AF1935, R&D 

systems) at 10 µg/mL, and CC3; rabbit monoclonal IgG (9664L, cell signaling) prepared at 1:200. 

Secondary antibodies used for detection include: Chicken anti-goat IgG; Alexa Fluor® 647 (A-21469, 

Thermo Fisher); prepared at 10 µg/mL to detect goat anti-HIF1α, and donkey anti-rabbit IgG; Dylight® 

488 (ab96891, Abcam); prepared at 1:200 to detect rabbit anti-CC3. Characterization of cellular DNA 

fragmentation was performed using Click-iT™ Plus TUNEL Assay; Alexa Fluor® 647 (C10619, 

Thermo Fisher), according to provider manual. Hoechst 33342 (62249, Thermo Fisher) and DAPI 

(62248, Thermo Fisher) were used as counterstains, according to provider recommendations. 

Live cell labeling was performed using CellTracker™ (CT) dyes (Thermo Fisher) according to 

provider instructions. For co-culture experiments, and prior to introducing a HUVEC shell to MOs, 

where mentioned, FD-9 AIW-MOs were labeled using 1-µM CT Green CMFDA dye (C2925, Thermo 

Fisher) prepared in 37°C FDM, incubated for 45 mins in a 37°C/5% CO2 incubator while shaking at 

40 RPM. The dye solution was then replaced with fresh FDM. Where mentioned, HUVECs comprising 

the fibrin-collagen shell surrounding MOs were labeled using 1-µM CT Orange CMRA dye (C34551, 

Thermo Fisher), and HUVECs comprising side channels and additional HUVECs added to the middle 

chamber were labeled using 1.5-µM CT Deep Red dye (C34565, Thermo Fisher). To label HUVECs, 

80% confluent HUVECs that were plated in T25 or T75 flasks were washed once with HEPES (CC-

5022, Lonza), followed by adding the CT dye prepared in 37°C FBS-free EGM-2 to flasks, and 

incubating cells for 45 mins at 37°C/5% CO2. The dye was then replaced with fresh EGM-2. Labeled 

HUVECs or MOs were used for experiments within 24 hrs of labeling. 

6.3.9 Hypoxia and cell death characterization 

Characterization of hypoxia and cell death was performed for AIW-MOs at 4 time points: 

EBs at day 4 of differentiation protocol, 1-week MOs (FD-7), 1-month MOs (FD-28), and 1.5-month 

MOs (FD-43). For positive controls of hypoxia, 1-week AIW-MOs were cultured in FDM 

supplemented with 100 µM Cobalt (II) Chloride (15862, Sigma-Aldrich) for 12-16 hrs in a 37°C/5% 

CO2 incubator. Samples were fixated and cryosectioned, as previously described. Hypoxia was 

characterized by immunostaining for HIF1α, and cell death was characterized by immunostaining for 
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CC3 and TUNEL assay. Cryosections from the inner largest part of the organoid, where cell death is 

expected to be highest were chosen for characterization. Samples (n=3 MOs per time point) were 

immunofluorescence-stained according to the previously described protocol, and imaged using 

confocal microscopy (Nikon Eclipse Ti2 Microscope). Lasers: 647 nm, 448 nm, 405 nm, were used to 

visualize fluorescent signal from HIF1α, CC3, and DAPI, respectively. Lasers: 647 nm and 405 nm 

were used to visualize fluorescent signal from TUNEL and Hoechst, respectively.  

  To determine the spatial distribution of HIF1α and CC3 within MOs, samples >1.6 mm in 

diameter that were positive for both HIF1α and CC3 were chosen for analysis. The samples chosen 

were from two time points (n=4; 2 organoids per time point); 1 month and 1.5 month in culture, to 

determine if a spatial trend for hypoxia and necrosis is notably present regardless of time in culture. 

To determine fluorescence signal of HIF1α/647 and CC3/448, z-stack max projection tiff images of 

the two channels were analyzed using the line scan function in ImageJ. Six scan lines per organoid 

were drawn from different directions across the organoid section to measure fluorescence intensity (y-

axis) in terms of distance (x-axis). Intensity values from all six line scans were averaged according to 

their corresponding distance measurements. Given that organoids are not perfectly symmetrical, 

certain line scans were longer in one direction across the organoid than other line scans. Thus, Intensity 

values from longer line scans past a certain distance that does not correspond to any value from other 

line scans were excluded from analysis. Intensity values with the same distance from the surface of 

the organoid were averaged for all six line scans per organoid. The final average intensity values for 

each organoid were binned by averaging intensity values within every 50-µm distance into one value. 

Binned intensity values were averaged for all organoids and were graphed against distance ranges of 

0-800 µm and 0-1600 µm. The same analysis was performed for HIF1α and CC3. 

6.3.10 Fluorescent dye perfusion  

To test dye retention within vascular wall-like structures MOV devices, fluorescent 40-kDa 

Dextran 550 dye (100 µg/mL) was introduced to one side channel and live-imaged using widefield 

microscopy. Perfusion experiments were performed for GFP shell-MO co-cultured with HUVECs 

maintained in 1:1 FDM to EGM-2 media supplemented with 30 ng/mL VEGF for the shell and device 

stages of culture. Prior to perfusion experiments, Hoechst nuclear counter-staining was performed on 
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samples that were fixed at FD34 (day 12 post device seeding). 

6.4 Results and Discussion 

6.4.1 Device fabrication, characterization and optimization 

 MOV devices, cnCSV-MOV devices, and funnel structures were successfully fabricated by 

PDMS replica molding from 3D printed positive molds, as shown in (Fig. 28, and Fig. S1). The 

average size of CSVs of the final MOV device measured from PDMS replicas post-fabrication and 

post-treatment is 158 µm (n=3 devices, 10 CSV measurements per device), which has a 5.5% error 

from the theoretical value aimed for; 150 µm. Nonetheless, fluidic tests for two configurations of CSVs 

and one configuration of cnCSVs out of five tested configurations were successful in retaining liquid 

despite 3D printing errors in microchannel size, as illustrated in (Table 5, Fig. 27b). Success or failure 

of each configuration was based on each device’s ability to retain the hydrogel in all CSVs or cnCSVs 

of both side channels, for all devices tested (n=4). Success of CSVs of MOV devices, despite lower 

resolution of 3D printed devices compared to cleanroom fabricated ones reported in literature25, 260, 

suggests that CSV functionality tolerates 3D printing resolution, which allows for advantageous cost-

effective fast fabrication of vascularization devices that would otherwise be costly and time-consuming 

Fig. 28: fabrication, sterilization, and assembly of MOV devices. (a) positive molds are 3D printed (step 1), and post-treated (steps 

2-4) to remove residual resin. PDMS is poured on top of devices, cured, peeled, and inlets/outlets are punched (steps 5-8), uncured 

PDMS is ethanol extracted and devices are sterilized and plasma bonded to a 25×75 mm glass slides (9-13). (b) 3D printed positive 

mold of MOV devices. (c) glass slide plasma-bonded PDMS device. (d) PDMS funnel structure fabricated from 3D printed positive 

funnel molds. (e) Final assembled device.  
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to fabricate using cleanroom methods105. 

Liquid retention in CSVs is a function of both geometry and surface properties of microfluidic 

channels105. Since the geometrical property of height difference between the middle chamber and the 

side channels was consistent across all configurations, the outcome from each variation shown in 

(Table 5) is mainly a reflection of surface properties that allow generating successful CSVs and 

cnCSVs. Configurations A, C, and D that had either successful CSVs or cnCSVs had alternating 

hydrophilic properties between the seal covering the device and the PDMS device itself. To alternate 

surface properties between device and seal for configurations (A-E), we used either a glass slide to 

allow for a hydrophilic seal, or PDMS spin-coated glass slides for a hydrophobic seal. Hydrophobicity 

is defined in literature by a water contact angle with a surface that is greater than 90 degrees, and 

hydrophilicity or wettability of a surface is defined by a contact angle less than 90 degree105. 

Assembled devices had differential plasma treatment and/or differential hydrophobic recovery periods 

of the seal and PDMS device, which further altered surface properties of glass and PDMS across the 

configurations tested. 

Configurations A and B follow the same format where the PDMS device and glass-slide seal 

are plasma bonded together. However, CSVs of device B failed due to their shorter hydrophobic 

recovery period. Given that plasma treatment merely increases hydrophilicity of already-hydrophilic 

glass378, the ‘hydrophobic recovery’ period only restores the hydrophilic level of glass to its original 

state. On the other hand, plasma-treated PDMS loses approximately 50% of its hydrophilicity 12 

hours-post treatment, and restores approximately 80% of its original hydrophobic state by 24 hours379, 

380. The surface properties of the PDMS device after the hydrophobic recovery period contribute to 

liquid retention within CSVs of the middle chamber, while the hydrophilic nature of glass facilitates 

initial liquid flow into the middle chamber, which prevents liquid trapping due to the low surface 

energy of PDMS. Had both PDMS device and the seal been hydrophobic, liquid flow into the device 

would not be possible because the liquid would be trapped in the middle well. Alternatively, when 

both the PDMS device and glass slide are hydrophilic, as shown in configuration B, where hydrophobic 

recovery was not applied, the device does not possess sufficient tension to trap the liquid within the 

middle chamber, due to the high surface energy of both plasma treated PDMS and glass. This 
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highlights the role of tailored surface properties of microfluidic channels for hydrogel patterning 

applications.     

In configurations C and D, either a CSVs or a cnCSVs plasma treated PDMS device was 

assembled with a PDMS spin-coated glass slide seal. The two configurations were used for fluidic 

testing within one-hour of fabrication without extended periods of hydrophobic recovery. In this 

format, the PDMS spin-coated seal contributes to liquid retention, and high surface energy of the 

plasma treated PDMS device contributes to the initial liquid flow into the middle chamber.  

Although similar in design to configuration D, the PDMS device in configuration E is instead 

plasma bonded to a glass slide. The hydrophilic glass slide leads to leakage to side channels regardless 

of the hydrophobic recovery period. Given that configuration A where the glass seal and device were 

similarly plasma bonded was successful, configuration E failure after >12 hrs of hydrophobic recovery 

indicates that microgrooves in CSVs contribute to improved liquid retention, suggesting that the 

cnCSV format is potentially less versatile in terms of seal covers that could be used. Additionally, 

PDMS spin coating on glass slides creates an additional, albeit thin, layer between the bottom of the 

device and the magnification lens used during microscopy, which slightly reduces the maximum z-

plane that can be reached while imaging intact brain organoids. Imaging through the z-plane is valuable 

for experiments involving brain organoid vascularization given that organoids could grow to a 

Table 5: Capillary stop valve function in response to various device configurations 

Configuration (A-E) 

 
Device plasma treated Yes Yes Yes Yes Yes 

Seal plasma treated Yes Yes No No Yes 

Hydrophobic Recovery >12 hrs <12 hrs No No > or <12 hrs 

Capillary stop valves Succeed  Fail Succeed Succeed Fail 
 

*Note: Configurations A-C follow the general ‘MOV device’ chip design. The final assembled MOV device throughout this report follows 

configuration A, unless stated otherwise. Configurations D and E follow the ‘cnCSV-MOV device’ chip design. Capillary stop valve failure was 

determined based on leakage from at least one capillary stop valve on either sides for any of n=4 devices. Success rate was determined based on 
full hydrogel retention in capillary stop valves connected to both channels for all n=4 devices.   
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millimeter-range size, and the need for monitoring vascular invasion into the organoid at various 

planes.  

Nonetheless, a possible biological benefit of the cnCSVs format, as opposed to microgrooves, 

is the larger hydrogel surface area for ECs to attach to during the first step of seeding. This could 

potentially accelerate vascularization by increasing the number of sprouting ECs that interact with 

factors secreted by organoids in the middle chamber early in the protocol. Additionally, an increased 

number of ECs would have a higher amount of secreted biomolecules per milliliter of media should 

that be of interest for drug testing or biomarker discovery applications. Biological significance of 

cnCSV-MOV device design in comparison to microgroove CSVs is yet to be demonstrated, as no 

report has compared the two formats methodically to our knowledge.  

Separate reports of both microgroove CSVs and a continuous EC side channel were able to 

induce vascular sprouting of ECs25-27. However, while the design reported by Paek et al. achieves the 

same outcome of the cnCSV-MOV device in terms of hydrogel patterning, it does not represent a 

cnCSV in its technical definition since the authors used needle tips to block the side channels to prevent 

hydrogel leakage26. Whereas, a true cnCSV is able to prevent hydrogel overflow to side channels 

autonomously. The presented cnCSV-MOV device design concept thus offers the advantage of simpler 

hydrogel patterning steps and potential for high-throughput applications that would be challenging to 

achieve with complicated seeding steps.  

Further improvements of the cnCSV-MOV device could include optimizing hydrophobic 

surface functionalization while eliminating the PDMS-spin coating, which can improve optical 

properties of the device. In addition, fabricating a permanently hydrophilic PDMS device would allow 

longer storage periods of the device without requiring plasma treatment prior to seeding. While 

fabrication of MOV device of configuration A requires an additional day to allow hydrophobic 

recovery, cnCSV-MOV device of configuration D and MOV device of configuration C have a shorter 

fabrication protocol since they do not require a 12-hour hydrophobic recovery period.  However, MOV 

device of configuration A was chosen over configurations C and D for co-culture experiments in this 

report because the hydrophobic recovery period can be extended to 72 hrs post-fabrication without 

influencing CSV fluidics, allowing more flexible experiment scheduling that is advantageous when 
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working with multiple cell types that proliferate according to different protocols.  

Funnel structures were fabricated using PDMS replicated from 3D printed molds, to facilitate 

loading MOs safely into MOV devices, as illustrated in (Fig. 28d, and Fig. S1). Pipetting MOs into 

the middle chamber using a cut-tip pipette directly without using funnels caused MOs to break apart 

in two out of four co-cultures in MOV devices, as shown in (Fig. S1a). Further challenges in pipetting 

organoids safely without a funnel support caused by slight misalignment of the pipette with the middle 

well inlet, occasionally resulted in overflow of the hydrogel to the top layer of the PDMS device. This 

could lead to loss of cells embedded in the hydrogel, overflow of the organoid outside the well, or 

cause the organoid to float within the middle well instead of sedimenting to the bottom of the device, 

as illustrated in (Fig. S1a). The PDMS funnel, when positioned on top of the middle well prior to 

seeding, remained stable, due to the slightly adherent tendencies in physical interaction between the 

two PDMS layers. A cut-pipette tip was able to fit tightly into the funnel well, which prevented 

hydrogel overflow to the top of the PDMS device. MOs pipetted with support of funnels did not break 

apart and sedimented to the bottom of the device. Sedimentation to the bottom of the device is essential 

for vascularization because it allows the organoid to remain in close proximity to HUVECs that sprout 

from the bottom part of the device upwards, as shown in (Fig. 27c). Since long-term culture of brain 

organoids without vascularization leads to cell death at their core10, 20, 216, vascular invasion must occur 

in a timely fashion before cell death occurs, which must be permitted by device design.  

To determine diffusivity of molecules, such as growth factors and signaling biomolecules, 

within the fibrin-collagen hydrogel network, 40-kDa fluorescent dextran (Texas Red) was used for 

diffusion experiments. Molecular weight of 40-kDa was chosen for dextran to mimic the size of VEGF 

(~44 kDa)381; a crucial pro-angiogenic growth factor. Approximating diffusion of dextran in the 

hydrogel-filled middle chamber to 1D diffusion is justified given that middle chamber is relatively 

shallow (h= 150 µm), the length of the two channels is relatively infinite compared to the region-of-

interest where line scan measurements were taken, and the side channel exposed to the hydrogel fills 

up with the dye solution somewhat instantaneously. However, a short delay in filling the channel 

causes an initial inclined diffusion front that equilibrates over time in MOV devices, as shown in (Fig. 

S2a). Similar reported models of diffusion in rectangular shallow hydrogel-filled channels have 



  

Page 132 of 170 

followed the same 1D approximation371. By the 2-hour mark, fluorescent dextran reaches ~2 mm 

distance through the middle chamber of MOV device, as shown in (Fig. S2a). Importantly, during co-

culture of MOs with HUVECs, the hydrogel-MO mixture introduced to the middle chamber is prepared 

by adding FDM for the top-up volume. Growth factors comprising FDM remain trapped within the 

hydrogel. Therefore, the MO is not deprived of media during the first hour of diffusive transport, 

shown in (Fig. S2a). A cnCSV-MOV device of configuration D was chosen to measure dextran 

diffusion because it was able to avoid signal distortion caused by optical reflection of fluorescence on 

the CSVs. The diffusion coefficient for dextran in fibrin-collagen was (D = 35 µm2/s). The diffusion 

coefficient was quantified by fitting the error function solution for 1D diffusion using the measured 

fluorescent signal relative to position within the hydrogel at a fixed time point, shown in (Fig. S2b). 

The diffusion coefficient obtained is on the same order of magnitude of literature values of 40-kDa 

dextran diffusion in fibrin382. 

6.4.2 CellTracker-labeled HUVECs integrate into midbrain organoids 

  Generation of control and shell-MOs follows previously described protocols, as illustrated in 

(Fig. 29a). Size tracking of shell-MOs prior to embedding, and Matrigel-embedded controls, showed 

a more rapid growth rate of a 37% size increase for controls, compared to a 13% size increase for non-

embedded MOs, from FD3 to FD7. The size difference between non-embedded MOs and Matrigel-

embedded controls becomes significant by FD7. Post-embedding from FD14 to FD22, shell-MOs’ 

sizes remained smaller in comparison to Matrigel-embedded controls, as shown in (Fig. 29c). Growth 

rate for shell-MOs of condition 3 was 19%, which was comparable to Matrigel-embedded controls that 

had a 21% growth rate, and nearly double the growth rate for conditions 1 and 2, which were 11% and 

8% respectively. Nonetheless, condition 3 MOs were smaller at FD14 compared to the other conditions 

from start. The increased size of Matrigel-embedded controls compared to non-embedded MOs is also 

expected since Matrigel provides organoids with a stem cell niche that supports cell attachment and 

proliferation by facilitating cell-matrix interactions and biophysical signaling177, 383, 384. Size disparities 

between Matrigel-embedded controls and non-embedded MOs continue after shell embedding, which 
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is expected given the initially halted growth during the stage where embedding is absent.  

Table 6: Media formulations for HUVEC shell/MO conditions shown in (Fig. 29) 

Conditions Media Formulation  Organoid Shaking 

Condition 1 1:1 FDM to EGM +15 ng/mL VEGF HUVEC shell/MO 40 RPM 

Condition 2 Week 1: EGM +15 ng/mL VEGF, week 2: 1:1 FDM to EGM +15 ng/mL VEGF HUVEC shell/MO 40 RPM 

Condition 3 1:1 FDM to EGM +30 ng/mL VEGF HUVEC shell/MO 40 RPM 

Control  FDM Control MO Matrigel embedded 70 RPM 

    

Fig. 29: Characterization of control and shell/MOs for size and HUVEC integration. (a) Protocol for generating Matrigel-

embedded control MOs and shell/MOs. Note: FD9 and FD22 steps are applicable to shell/MOs for vascularization experiments. 

Matrigel-embedded control MOs were grown with 70 RPM shaking from FD1 to end of culture. (b) Size comparison of controls, 

and non-embedded MOs prior to HUVEC shell embedding at FD3 and FD7. (c) Size of shell/MOs under different conditions 

listed in (Table 2). (d) Bright field micrographs of control MOs, non-embedded MOs, and HUVEC shell/MOs. (e) Z-axis 

maximum projection of HUVEC shell/MOs at FD14, 18, and 22 under media conditions 1-3. Fluorescence signal: GFP-MO 

(green), CellTracker-CMRA stained HUVECs (magenta). (f) Confocal micrographs of shell/MOs at FD22 shown at separate z 

planes from bottom to top (z setting: 6-µm steps), showing increased CellTracker-HUVEC signal at the central plane. (b, c) t-

test: (*p<0.5, **p<0.01), no significance (n.s). Scale bars (all): 1 mm.  
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  Furthermore, FD1 non-embedded MOs cultured without any shaking were observed to 

completely dissociate into floating cell debris within 72 hrs in culture. This highlights the role of orbital 

shaking or other means of facilitating mass transport in maintenance of MOs and suggests contribution 

of higher speed shaking to the increased size of Matrigel-embedded controls compared non-embedded 

MOs. High speed shaking was avoided for non-embedded MOs to avoid inducing damage to the 

organoid. The reduced size of non-embedded MOs and shell-MOs compared to controls is not 

necessarily disadvantageous because hypoxia-induced cell death at the core of brain organoids is 

proportional to their size4, 216. Smaller sized MOs generated using an accelerated patterning protocol 

showed reduced central cell death, compared to traditionally generated larger MOs, while preserving  

 midbrain identity216.  

  Animal origin of Matrigel causes high batch-to-batch variability in brain organoids252, 384, 385, 

which was also observed in our midbrain organoid cultures. Size measurements for both Matrigel-

embedded controls and non-embedded MOs were averaged from two separate batches for FD3 and 

FD7. Matrigel-embedded controls showed higher standard deviation in size than non-embedded 

controls, as shown in (Fig. 29b). Matrigel-induced variability pushed for development of matrix-free 

brain organoid protocols or synthetic hydrogel embedding protocols with reduced variability252, 384, 385. 

Brain organoid protocols166, 220, including MO protocols21, 207, successfully replicated molecular 

identity of each brain organoid model in matrix-free 3D cultures. Protocols for generating matrix-free 

MOs, only used 2D Matrigel coating during progenitor or iPSC expansion stage similarly to our 

method for generating ‘matrix-free’, non-embedded MOs21, 207. In this report, non-embedded MOs 

were able to maintain GFP signal, grow in size, and induce vascular sprouting after device co-culture 

with HUVECs (Fig. 30a). Further work is needed to explore the effects of matrix-free MO culture on 

organoid identity. However, the sustained growth of non-embedded MOs observed is part of 

preliminary results exploring matrix-free MO protocols for downstream vascularization attempts. The 

low growth rate of non-embedded MOs is to be further explored as a method to delay hypoxia and cell 

death at the core of MOs until vascularization is achieved.  

  Prior to MOV device co-culture, shell-MOs were embedded in a fibrin-collagen hydrogel in 

mixture with HUVECs. Fibrin constructs have been shown to enhance survival of neural populations 
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derived from stem cells266, 386, and support formation of vascular networks in co-cultures25, 260. Fibrin-

collagen hydrogels were prepared with defined concentrations for all protein component, which could 

contribute to reduced variability, despite animal origin of the proteins. On the other hand, concentration 

of protein components in Matrigel is merely provided in terms of percentage approximations of the 

expected composition. However, in the presented fibrin-collagen shell embedding method, a unique 

variability factor could arise from introducing HUVECs into the hydrogel mixture. While the number 

of HUVECs is counted prior to embedding, pipetting errors could lead to variable numbers of cells 

introduced to each MO, which represents a potential limitation of the shell-embedding method and 

other reported brain organoid vascularization methods that require mixing two different cell types prior 

to long-term culture3, 6.  

  Three test conditions of shell-MOs were tested along with Matrigel-embedded control MOs, 

with media variations shown in (Table 6). Integration of CellTracker-CMRA labeled HUVECs into 

shell-MOs was observed for all test conditions by FD22 with variable degrees, which is two weeks 

post shell embedding, as shown in (Fig. 29e, 29f). HUVEC integration into shell-MOs is likely to play 

a role in the reduced size of shell-MOs in comparison to Matrigel-embedded controls through means 

of MMP induced basement membrane degradation, which is a precursor for vascular invasion in vivo. 

However, further work is needed to elucidate such mechanism for brain organoids.  

 After seeding MOs with the fibrin-HUVEC shell, vascular-like networks of HUVECs and 

elongated fibrin structures were observed surrounding MOs for all three conditions, an example of 

which is illustrated in (Fig. 29d, bottom right). This phenomenon was not observed with Matrigel-

embedded controls nor non-embedded MOs. However, further work is needed to characterize the 

identity of the vascular-like structures. At FD14, CellTracker-CMRA labeled HUVECs, shown in (Fig. 

29e, magenta), appeared to surround parts of the surface of MOs. At this stage, HUVECs were either 

fused to the surface of MOs with minimal integration into MOs, or attached to the surrounding fibrin 

network. The initial integration of HUVECs into the MO was observed at this point by the small 

overlap of green and magenta, and the overlap signal is displayed by ImageJ in white in (Fig. 29e). As 

the co-culture continued to FD18, the white overlap signal remained minimal but HUVECs 

surrounding MOs decreased, which is likely due to continued shaking and media change. By FD22, 
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CellTracker-CMRA labeled HUVECs displaced considerable regions of the GFP-MO by integrating 

into its central regions and dispersing away from the surface of the MO. This phenomenon was 

observed for all three conditions but with variable ratios of HUVEC to MO signal, as condition 2 had 

smaller regions of integrated HUVECs relative to the GFP-MO size. Therefore, in subsequent MOV-

device co-culture experiments that included shell-MOs we mainly pursued conditions 1 and 3 in our 

co-cultures. 

 Inspection of the CMRA and GFP signal through the z-stack for shell-MOs of conditions 1 

and 3, shown in (Fig. 29f), showed an initial intense GFP signal at the lowest z stack, followed by 

increased intensity of CMRA signal in an intermediate stack, followed by fading of the CMRA signal 

and reoccurring GFP signal at the highest z stack. Interestingly, in conditions 1 and 3, hollowing of 

inner regions in the MO was observed, which could occur due to possible formation of lumens by 

maturing HUVEC.  

 While the presented results provide a preliminary indication of possible vascular invasion of 

HUVECs into MOs, which has not been previously reported, further work is needed to determine 

endothelial function. This can be achieved by immunostaining for VE-Cadherin as an endothelial-

specific adhesion molecule located at junctions of neighboring ECs, and testing vascular wall 

permeability260. Additionally, molecular identity of integrated HUVECs and MOs must be determined 

to ensure faithful replication of the in vivo developing midbrain.   

 The ability to vascularize MOs using HUVECs represents an attractive option for engineering 

cost-effective vascularized midbrain organoids because HUVECs are widely available and do not 

involve the same cost of maintainace as iPSC-derived ECs. The use of HUVECs was explored by 

others for cortical organoid vascularization5, but has not been demonstrated for midbrain organoid 

vascularization. Additionally, in a recent study, iPSC-derived ECs showed a five-fold reduction in 

capillary network formation compared to HUVECs, but it was attenuated by addition of hLFs387. 

Nonetheless, an advantage of iPSC-derived ECs is the ability to transfect them prior to differentiation 

with fluorescent protein markers that facilitate easy long-term live-cell tracking without losing passage 

count as the case is with HUVECs. One key challenge of using CellTracker-labeled HUVECs for live 

long-term studies of vascularization is fading of the signal as the culture continues. This is problematic 
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because as HUVECs proliferate, dividing cells retain progressively less signal, and vascular sprouting 

and subsequent invasion that require formation of tip-stalk morphology become more challenging to 

observe. Tip cells have narrow sprouting extensions. Since these narrow extensions cannot retain a 

high volume of live tracking dye while stalk cells can, it becomes difficult to resolve tip cells 

microscopically.   

 Vascularization of the human fetal brain in vivo begins with the formation of a capillary 

plexus that surrounds the brain around 5 weeks of gestation213. By week 7 of gestation, angiogenesis 

begins from the pre-existing plexus occurs in response to increased metabolic demands by the 

developing brain213. In comparison to previously reported methods of brain organoid vascularization, 

this shell method for vascularizing MOs, the fusion of vascular organoids with neuronal organoids325, 

and the Matrigel shell method previously reported for vascularization of cerebral organoids6, are 

conceptually more reminiscent of neurovascular invasion during embryonic development213. However, 

whether or not this recapitulation of the process would translate into more beneficial outcome for 

alleviating cell death in brain organoids and improving their quality as tissue-engineered constructs 

compared to pre-mixing methods of brain organoid vascularization remains unclear. Previously 

reported methods that require pre-mixing of HUVECs within cortical organoids5, or pre-mixing of 

etv2-transfected iPSC-derived ECs within cortical organoids prior to long-term culture3, although 

might not fully mimic the developmental steps of in vivo vascularization, they are still quite impressive 

in generating improved brain organoids with minimized cell death at the core. Although, caution must 

be exercised when inferring developmental pathways that govern vascularization of the brain using 

these models. Further work is needed to elucidate the role of vascularization in influencing functional 

or anatomical properties of midbrain organoid models. 

6.4.3 Monitoring vascular sprouting of mCherry-HUVECs and CellTracker-HUVECs 
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To test if MOV devices permit monitoring vascularization events, fibrin-collagen suspended 

GFP-MOs were co-cultured with mCh-HUVECs in MOV devices, as previously described. By day 4, 

vascular sprouts formed from the pre-existing layer of mCh-HUVECs lining each side of the hydrogel, 

in a process that mimics in vivo angiogenesis271, as shown in (Fig. 30a). The vascular sprouts extended 

through the hydrogel-filled middle chamber, and branching of some vascular sprouts was observed; a 

process by which two vascular sprouts fuse and bridge together to form a lumen271. As the co-culture 

continued, vascular sprouts proliferated further into the hydrogel, and formed additional branches. By 

day 8, vascular sprouts and branches appeared larger in diameter than earlier time point. By day 10 in 

co-culture, vascular sprouting decreased and the HUVECs comprising the vascular wall adopted a 

quiescent morphology characterized by a cobblestone shape that mostly lacks tip-stalk phenotype281. 

Quiescence of HUVECs indicates terminated angiogenesis that prevents subsequent vascular invasion 

Fig. 30: MOV device co-culture. (a) Z-maximum projection micrographs of GFP-MO (green) on-chip co-culture with mCh-HUVECs 

(red) cultured with EGM-2 added to side channels and FDM added to the middle chamber. (b) Z-maximum projection on-chip culture 

of mCh-HUVECs only in EGM-2. (c, d) AIW shell-MO (condition 3) stained for CellTracker CMFDA dye (green) co-cultured with 

primary HUVECs stained for CellTracker Deep Red dye (red), maintained in (c) 1:1 FDM to EGM-2 media supplemented with 30 

ng/mL ALK-1 fc, introduced on device day 1, and (d) 1:1 FDM to EGM-2 media supplemented with 30 ng/mL VEGF all culture. (c, 

(d) Top row displaying BF micrographs and maximum projection fluorescent image of the MO. Bottom row displaying individual Z-

planes through the MO (bottom to top plane). Scale bars: (a,b) device micrographs: 1 mm, zoomed micrographs: 500 µm.  (c, d) BF 

device micrographs: 1 mm, zoomed BF and fluorescent micrographs: 500 µm. 



  

Page 139 of 170 

of the MO, which is a key step required for vascular perfusion of the MO. 

To understand the role of GFP-MOs in inducing vascular sprouting, we prepared control mono-

cultures of mCh-HUVECs seeded in both side channels of fibrin-collagen filled middle chambers of 

MOV device without introducing GFP-MOs, as shown in (Fig. 30b). While mCh-HUVECs initially 

formed vascular sprouts, these sprouts did not proliferate to the same distance into the hydrogel as they 

did when in co-culture with GFP-MOs. Branching events in this condition were minimal and mostly 

appeared near the CSVs on day 4. Additionally, quiescence of the vascular wall for mCh-HUVECs on 

one side of the device occurred as early as day 6. By day 10 of culture, mCh-HUVECs on both sides 

of the device had stabilized vascular walls and angiogenesis events mostly ceased. Importantly, the 

immortalized state of mCh-HUVECs due to transfection could be a contributor to premature 

stabilization of vascular wall-like structures in both mono- and co-cultures shown in (Fig. 30a, 30b). 

In the condition presented in (Fig. 30b), mCh-HUVECs are cultured in EGM-2 which contains 

a proprietary low concentration of VEGF, among other pro-angiogenic factors25. On the other hand, 

mCh-HUVECs in co-culture with GFP-MOs shown in (Fig. 30a) are cultured in EGM-2 that becomes 

diluted with low volume of FDM introduced into the inlet of the middle chamber to feed the organoid. 

Additionally, GFP-MOs co-cultured with mCh-HUVECs in (Fig. 30a) did not contain a pre-cultured 

shell of HUVECs. Therefore, the differential vascular sprouting pattern between the two conditions 

(Fig. 30a, 30b) could suggest the contribution of GFP-MO secreted factors to signaling events that 

induced vascular sprouting, branching, and proliferation of mCh-HUVECs. This is consistent with 

hypoxia expression that was observed in MOs as early as FD7, shown in (Fig. 32a). Expression of 

HIF1α is known to trigger a signaling cascade for VEGF expression, among other pro-angiogenic 

genes, which can initiate angiogenesis311. Moreover, the distance between mCh-HUVECs on one side 

channel and the closest signaling molecules secreted by other HUVECs or other cell types plays a key 

role in inducing vascular sprouting260, 364. Previously described reports of successful vascularization of 

spheroids in microphysiological systems were characterized by a smaller middle chamber than our 

report and thus a shorter distance between the two side-channels that contained ECs, which meant ECs 

were able to sense stronger angiogenic signaling earlier in culture25, 27, 256, 260. However, given that 

organoids are larger than spheroids, increasing the size of the middle chamber is unavoidable in order 
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to accommodate the larger size of organoids while allowing the user to study their vascularization.  

Sprouting HUVECs have been shown to connect to other HUVECs in their vicinity through 

anastomosis25, 365. Therefore, to reduce the distance between HUVECs in the side channel and the MO 

in the middle well, we tested the role of shell-MOs in inducing vascular network formation in MOV 

devices. Furthermore, to avoid premature stabilization of mCh-HUVECs due to their immortalized 

state, we used CellTracker-labeled HUVECs as opposed to immortalized HUVECs in co-culture with 

shell-MOs, as shown in (Fig. 30c, 30d). Given that shell-MO experiments previously discussed (Fig. 

29e, 29f), showed integration of CellTracker-labeled HUVECs into GFP-MOs, this could suggest that 

the requirement for vascularizing MOs is now reduced to branching HUVECs with previously existing 

HUVECs in the shell surrounding MOs as opposed to vascular invasion directly from the side 

channels.  

In the condition shown in (Fig. 30c) CellTracker-labeled shell-MOs from shell condition 3 

(Table 6, and Fig. 29) were co-cultured with CellTracker-labeled HUVECs added to both the hydrogel 

filling the middle chamber and side channels. In this condition, only Alk-fc1 was added to a 1:1 ratio 

of FDM to EGM-2 media combination with no additional VEGF, in order to test the effect of Alk-fc1 

on angiogenesis in neurovascular co-culture, given its poorly understood role in TGFβ signaling during 

neurovascular development377. The addition of Alk-fc1 to media was accompanied with vascular 

sprouting, and preliminary evidence for vascular invasion into MOs, as shown in fluorescent 

micrographs of zoomed maximum projection of z planes and individual z planes of the co-culture at 

day 10 in device (Fig. 30c). Control co-culture experiments of CellTracker-labeled MOs with 

CellTracker-labeled HUVECs in 1:1 ratio of FDM to EGM-2 without the addition of Alk-fc1 or VEGF 

did not show any evidence of vascular invasion into MOs. Nonetheless, further work and statistical 

analysis is required to determine if Alk-fc1 has a possible role in inducing vascularization of neuronal 

tissues. 

In the condition shown in (Fig. 30d), CellTracker-labeled shell-MOs of shell condition 3 were 

similarly co-cultured with CellTracker-labeled HUVECs added to the middle and side channel, with 

the 1:1 FDM to EGM-2 media was supplemented with VEGF instead of Alk-fc1. Similarly to the 

condition in (Fig. 30c), vascular invasion of HUVECs into the shell-MO was observed through 
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confocal imaging through the z-axis of the organoid in the condition in (Fig. 30d). However, the 

distance vascular sprouts traveled from the surface to the center of the organoid showed disparities 

between the conditions tested as shown in (Fig. 30c, 30d). Nonetheless, in both conditions shown in 

(Fig. 30c and 30d), the cells did not become prematurely quiescent as was the case with mCh-

HUVECs cultured with MOs that did not contain a shell of HUVECs. Bright field micrographs of 

shell-MOs of both conditions shown in (Fig. 30c and 30d) showed continued vascular sprouting of 

HUVECs at day 10 in device, which was not the case for mCh-HUVECs that ceased to sprout as early 

as day 6 in mono-culture. Importantly, the current work does not claim any conclusions regarding a 

possible mechanism for vascular sprouting or invasion into MOs, but rather aims to determine the 

utility of the proposed platform for monitoring possible vascular events such as sprouting and invasion 

during live culture. 

Visualization of Deep Red CellTracker-labeled HUVECs for vascularization studies was more 

challenging in comparison to mCh-HUVECs. CellTracker dyes are retained in the cytosol of cells and 

decrease as cells proliferate, while mCherry transfection leads to continuous expression of the 

fluorescent protein at all actin filaments by the diving cells388. CellTracker-labeling of shell-MOs using 

the CMFDA dye, shown in green in (Fig. 30), was also tested. The dye was not able to penetrate to the 

core of MOs, which makes it difficult to determine morphological changes within the core of the 

organoid in response to co-culture or presence of cell debris in the core due to cell death. 

6.4.4 Vascular-like networks are partially perfusable  

Experimental variation was observed in the extent of which vascular network formation 

occurred among repeats of the same condition. For instance, co-cultures in MOV devices of the same 

condition formed more extended and connected vascular networks with branched lumens as shown in 

(Fig. 31a) than the experimental repeat of the same condition shown in (Fig. 30d). However, perfusion 

of the vascular network for this condition did not retain the fluorescent dextran dye solution added. 

This is likely due to incomplete vascular network formation or inconsistent HUVEC coating on the 

hydrogel-filled CSVs connecting the network formed in the middle chamber to side channels, shown 

in (Fig. 31a). Given that the fluorescent dye is added to one side channel in order to perfuse the 

network, full coating of the CSVs with vascular lumens without gaps is a pre-requisite to perfuse the 
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dye through any vascular network that forms. On the other hand, one co-culture condition where 1 to 

1 FDM to EGM-2 supplemented with both 30 ng/mL Alk-fc1 and 30 ng/mL VEGF was added after 

device seeding, was able to partially retain the 40-kDa fluorescent dextran dye solution as shown in 

(Fig. 31b), despite lacking the extensive sprout formation and branching observed in other conditions. 

While retention of the fluorescent dye could suggest possibility for formation of vascular wall-like 

structures, further work is needed to optimize growth media conditions in order to develop a 

formulation that reproduces multiple vascular functions in one condition.  

6.4.5 Midbrain organoids express hypoxia and cell death markers  

We aimed to characterize spatiotemporal expression of hypoxia and cell death markers in 

control MOs. Immunostaining MOs showed that HIF1α appeared as ‘ring-like pattern’ surrounding 

the core of MOs starting week 1 of culture in FDM, as shown in (Fig. 32a). The observed pattern 

Fig. 31: Nuclear staining, imaging, and dye perfusion for HUVECs in co-culture with GFP shell-MOs at FD34, device 

day 12. (a) On-chip co-culture in 1:1 FDM to EGM-2 media supplemented with 30 ng/mL VEGF (all culture) displaying 

extensions from the organoid (top row), and vascular-like networks (BF micrographs, bottom row). (b) On-chip co-culture 

of GFP shell-MO stage (condition 3), maintained in 1:1 FDM to EGM-2 media supplemented with 30 ng/mLVEGF+ 30 

ng/mL ALK-1 fc starting device day 1. Bottom micrographs displaying retention of Dextran 550 (MW: 40-kDa) within 

vascular wall-like structures. Fluorescence signal: GFP-MO (green), Hoechst (blue), Dextran 550 (red). Scale bars: full 

device micrographs: 1 mm, zoomed micrographs: 500 µm.  



  

Page 143 of 170 

appears as a hypoxic ring in the 2D view of the cryosections, but it is more likely that the expression 

pattern would adopt a ‘hypoxic shell-like pattern’ that surrounds the core of the organoid if analyzed 

in 3D view. 3D analysis of hypoxia pattern in intact MOs could be performed in future work by 

fluorescent-protein transfection tagging HIF1α. The same pattern continued to appear at 1 month in 

culture surrounding a CC3+/TUNEL+ core of MOs; which signified onset of cell death. At 1.5 month 

in culture, HIF1α expression appeared more dispersed, while MOs maintained a CC3+/TUNEL+ core. 

Furthermore, irregular shaped MOs such as organoid 2 in (Fig. 32b), showed two dead cores at 

different organoid regions that extended in size and each dead core was surrounded with its own 

hypoxic ring-like pattern. TUNEL staining for DNA degradation appeared to localize at core of MOs 

similarly to CC3+, which further confirms cell death at the core.  

HIF1α expression trend inversely localized with CC3+ expression as shown in (Fig. 32a, 

32c). This could suggest that as MOs grow in size, hypoxic cells displace from the core of MOs to 

their outer layers while hypoxic cells at the core of MOs reach a fatal point where hypoxia is beyond 

rescue and begin to experience cell death due to persistent oxygen deprivation235, 236. Average intensity 

values of HIF1α and CC3 plotted against the distance from the surface to the core of MOs shown in 

(Fig. 32b) and distance across the whole diameter of MOs as shown in (Fig. 32c), show that hypoxia 

is highest at 300µm distance, while CC3 expression is highest at 650µm distance from surface to core. 

This suggests that oxygenation of MOs with orbital shaking in traditional culture becomes less efficient 

as organoids grown in size and that cells comprising MOs are able to withstand hypoxia without cell 

death for a greater distance than the theoretical limit of oxygen diffusion. This is consistent with a 

previously reported mathematical model for oxygen diffusion in cerebral organoids, which suggested 

that as brain organoids grow, cells become displaced from the core to outer layers, which decreases 

cell density at the core of organoids and therefore decreases oxygen consumption4. The mathematical 

model provides an explanation for the reason organoids grow in size despite cell death at their core. 

Increasing size of MOs is not necessarily an indicator of healthy growth, as the results presented 

demonstrate increased expression of cell death markers as the distance from surface to core increases. 

The results underscore the need to vascularize brain organoids.  
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6.5 Conclusion 

The presented work reports a PDMS microfluidic device replicated from 3D printed molds for 

Fig. 32: (a) Immunohistochemical analysis of AIW-MOs and 100 µM Cobalt (II) Chloride-treated AIW-MOs, cultured in FDM, at 

day 4, FD7 (1 week), FD28 (1 month), and FD43 (1.5 months), showing dead core development (CC3 and TUNEL signal, indicated 

with white arrows), and expression of hypoxia marker (HIF1α). Same look-up tables were applied to the same markers for all sections. 

(b) Average intensity (grey value) mapped against distance in µm from the outer shell to the core of HIF1α+/CC3+ MOs (n=4 MOs, 

6 line scans per MO). (c) Average intensity mapped against distance across full MO sections (organoids 1-4), showing corresponding 

points A and B in micrograph (left) of HIF1α+/CC3+ MO, where hypoxia and necrosis signals appear intensified, respectively.     
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studying midbrain organoid vascularization. Modification of surface properties of the PDMS device 

and seal enabled patterning a fibrin-collagen hydrogel in two formats; a capillary stop valve that 

comprises spaced microgrooves, and a continuous capillary stop valve format. This work explored 

various aspects pertaining to the development and operation of a microphysiological system for 

studying vascularization of midbrain organoids-on-a-chip. The platform enabled monitoring and 

imaging several vascular processes including vascular sprouting, branching, invasion, and formation 

of vascular wall-like structures. Characterization of hypoxia and cell death in MOs provided an 

approximate time frame for vascularization to take place before onset of cell death. The time frame is 

between the one week to the one month mark for MOs in FDM. Further work to advance this system 

will be carried to optimize vascularization of the MO and characterize features of the vasculature. 

Many devastating neurological disorders including AD, PD, ischemic stroke, epilepsy, and 

multiple sclerosis occur due to breakdown or dysfunction of the BBB256. The reported device can be 

applicable for vascularization of other types of organoids including other types of brain organoids, and 

could have valuable implications for modeling neurovascular interactions, neurological disorders, and 

drug testing applications.  

6.6 Supplementary information 

6.6.1 3D positive molds and PDMS replicas of funnel structures  

 

Fig. S1: Funnel structures 

enable safe loading of MOs 

into MOV devices. (a) MO 

introduction into devices without 

funnels breaking up organoids 

and prevents MO sedimentation 

to the bottom of the device. (b) 

cut-tip pipette fits tightly into the 

PDMS funnel and enables 

loading MOs safely in the 

middle chamber and their 

sedimentation to the bottom of 

the device. (c) Design of an array 

of positive molds of funnels for 

3D printing, and the final PDMS 

funnel replicated from 3D 

printed molds.  
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6.6.2 Characterization of diffusion in a fibrin-collagen filled chamber 

 

6.6.3 Final differentiation medium composition 

7. Extended discussion  

 This part is written as an extension to the discussion (Section 6.4) in the manuscript chapter.  

7.1 Device fabrication and design  

 3D printing represents a more cost-effective and faster fabrication method than traditional 

cleanroom microfabrication105. While principles of cleanroom microfabrication have been long 

established in the field, the fabrication steps remain labor-intensive and require specialized training105. 

On the other hand, commercially available DLS 3D printing technology is highly accessible to non-

Table S1: final differentiation medium composition 

Media Component Vendor/Cat no. Concentration 

Neurobasal Media  Thermo Fisher, 21103-049 1:1 

N-2 supplement (100X) Gibco, 17502048 1:100 

B-27TM (50X), minus vitamin A  Invitrogen, 12587010 1:50 

GlutaMAXTM (100X) Gibco, 35050-061 1% 

MEM-NEAA (100X) Invitrogen, 11140050 1% 

2-mercaptoethanol (1000X) Gibco, 21985023 35:1e6 

Penicillin-Streptomycin (100X) Millipore Sigma, P0781 1:1000 

BDNF PeproTech, 450-02 10 ng/mL 

GDNF PeproTech, 450-10 10 ng/mL 

Ascorbic acid Millipore Sigma, A5960 100 µM 

db-cAMP Millipore Sigma, D0627 125 µM 

   

Fig. S2: Diffusion of 40-kDa dextran in fibrin-

collagen filled MOV device. (a) Time-lapse 

micrographs at 30-min intervals of 100 µg/mL Dextran 

550 (40-kDa) dye diffusion through a fibrin-collagen 

filled middle chamber of MOV device (without cell 

culture). Dye signal reaches a 2-mm distance in the 

device by 120 mins. (b) Concentration (µg/mL), 

represented by grey value is mapped against position 

(µm) from the edge of capillary stop valves where the 

hydrogel surfaces to the center of the middle chamber in 

the vertical direction. Dye signal (red) in relation to 

position is fitted and plotted (blue curve) using the error 

function for 1D diffusion.  The diffusion coefficient (left 

bottom corner) was quantified by fitting the error 

function solution for 1D diffusion. (a, b) Widefield 

microscopy:  200 ms exposure time, 4X magnification.  
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expert users. This is advantageous because it offers to bridge the gap between bioengineers, and 

biologists or clinicians, which could improve opportunities for translational applications in the future 

such as drug testing using patient-derived samples256.  

Moreover, 3D printing allows faster iterations between design and device fabrication105, which 

is not only advantageous for early stages of project development, but also because it could enable 

flexible engineering strategies when working with unpredictable biological outcomes. For instance, 

brain organoids are notorious for their shape-irregularity and batch-to-batch variability. Depending on 

the logistics and time-frame by which brain organoids are grown in labs prior to seeding into the 

device, the user could analyze organoids in terms of size and choose to re-tailor the design features to 

better suit the size of the organoid. For example, organoids could grew in culture to be smaller in 

diameter than expected due to inherent protocol variability or disease modeling10. In such case, it 

would be beneficial to decrease the dimensions of the middle chamber, thereby reducing the distance 

between the organoid and ECs on the side channels. A reduced distance between the organoid and ECs 

would enhance vascular sprouting in response to secreted factors diffusing from the organoid364, and 

could speed up vascular invasion into the organoid.  

Additionally, the microfluidic configurations tested allowed hydrogel patterning using two 

formats of capillary stop valve; one characterized by microgrooves and another characterized by a 

continuous capillary stop valve, as shown in (Table 5). The continuous capillary stop valve format 

eliminates the needle-blocking step previously reported26, which simplifies the protocol, and could 

potentially have biological implications since it increases the surface area coated by ECs compared to 

the microgroove format. Importantly, eliminating unnecessary steps by automating a desired functional 

feature during the development of a microfluidic system has been one of the main goals of the 

microfluidic field104, 105, 256. Simplification of steps is valuable for optimization of a microfluidic 

platform for future use by non-experts as well as scaling-up applications that may increase testing 

throughput104, 108, 256. In addition, reducing device handling steps and duration during cell culture is a 

cell friendly-practice for sterility purposes and because cell viability could be compromised by 

prolonged room-temperature incubation389. 

7.2 Cell and organoid seeding  
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 The development and use of PDMS funnel structures represented an unexpected requirement for 

seeding the midbrain organoids in MOV-devices. Given that pipette tips are manually cut to increase 

their diameter for organoid seeding and handling, the performed cut could occur at an angle, which 

introduces a source of error when attempting to pipette organoids directly on top of the middle well. 

Misalignment of angled pipette tips occasionally results in overflow of the EC-organoid hydrogel 

mixture to the top layer of the PDMS device, which can lead to seeding the wrong number of cells or 

floating of the organoid. Such challenges would introduce variability in the seeding method, which 

could affect the vascularization process. The funnels provided a tight seal with the pipette tip, which 

prevented misalignment of the pipette with the middle well where the organoid is introduced. 

Additionally, in certain cases prior to using the funnels, organoids broke apart during the seeding 

process, as shown in (Fig. S1), and the use of funnels enabled gentle pipetting of organoids that 

prevented such damage. These seeding challenges have not been widely discussed in 

microphysiological systems for spheroid vascularization. Therefore, these challenges could be due to 

user experience, or could be unique to midbrain organoids or other types of organoids due to 

differences in how densely packed cells are within organoids compared to spheroids.  

Seeding a shell of HUVECs surrounding the MOs showed that HUVECs could integrate with 

the organoid. While the HUVECs during this step did not show a clear vascular network-like structure 

within the organoid, the results were similar in phenotype to those reported by Shi et al. for 

vascularized cortical organoids5. Additionally, the length of our protocol was shorter than those 

reported in literature which likely affected the maturation and morphogenesis of the vasculature.   

7.3 Vascular network formation 

Overall, MOV devices supports live in vitro observation and imaging of several key steps 

reminicient of in vivo angiogenesis including sprouting, branching, and possible vascular invasion. 

However, the results do not prove the mechanism by which these processes occurred in this specific 

setup. Partial dye retention within the vascular-like network, shown in (Fig. 31), is a preliminary 

indicator that suggests potential for future optimization of the platform for perfusable vascularized 

midbrain organoids in continuous live culture. Connection of open lumens between the middle 

chamber and the side channels is required for perfusion, and was only achieved asymmetrically in the 
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devices. Formation of well inter-connected vascular networks that are also connected to the lumens of 

the side channels remains a work-in-progress and requires further optimization of the 

microenvironment by better mimicking the conditions during in vivo midbrain vascularization. 

Variability of midbrain organoid culture could hinder progress with vascularization attempts and 

biological studies that assess mechanisms underlying human brain vascularization. Further work is 

needed to reduce batch-to-batch variability, which would improve reproducibility of vascularization 

protocols.   

7.4 Hypoxia and cell death in midbrain organoids 

 Characterization of hypoxia and cell death in MOs provides a time window for when 

vascularization is most urgent. As shown in (Fig. 32), expression of the hypoxic marker HIF1α in MOs 

was observed as early as one week in FDM, and onset of cell death was observed at the one month 

mark. HUVEC integration into the shell-MOs was observed prior to the cell death time point, which 

could suggest that the protocol is compatible with the progression of hypoxic signaling. Yet, further 

characterization is needed to determine viability of HUVECs once they have integrated within MOs, 

to determine if they are also at risk of hypoxia and cell death as MOs grow in culture.  

 While perfusion of MOs once vascularized is necessary for maturation of MOs and the 

vasculature, introducing flow into the platform prematurely risks diluting hypoxic signaling23, which 

could prevent continued sprouting of HUVECs towards MOs in the device. Additionally, 

characterization of MOs post HUVEC-integration and invasion can determine whether vascular 

invasion prior to perfusion could reduce or delay cell death at the core of MOs. For instance, Cakir et 

al. reported reduced cell death and increased growth of vascularized cortical organoids even without 

continuous perfusion live culture. This finding could be explained by the formation of vascular lumens 

that reduce organoid density and allow media to penetrate newly hollowed parts within the organoid, 

thus enhancing mass transport to the core. Moreover, it would be worth investigating whether cell 

death that has already occurred in midbrain organoids be rescued by vascularization since the 

neurovascular link is implicated in neuronal growth23, 363.  

Variability in hypoxic signaling was also observed, as indicated by SD values reported in (Fig. 

32b, 32c). Variable hypoxic signaling is also a possible contributor to variability in vascularization of 
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MOs given its direct effect on VEGF-mediated angiogenic signaling. Given that organoid diameter is 

an important parameter for hypoxia and cell death, methods that increase organoid size homogeneity 

through automation and microtechnology could offer to reduce this source of variability390, 391.  

Some methods previously cited in the introduction (Section 5.2.3.1) have attempted to reduce cell 

death and hypoxia and/or reduce variability using approaches that involved: spinning mini-

bioreactors206, accelerated patterning216, slicing218, and millifluidics217, in addition to more traditional 

approaches such as shaking and bioreactors147, 183.  

The slicing was successful in eliminating cell death but the method was applicable for a specific 

study of cortical layer development218. The bioreactor method reported by Quadrato et al. was also 

impressive in extending viability to 9 months without hypoxia and cell death206. However, the other 

methods either reduced cell death or delayed it but did not eliminate it. Additionally, slicing and the 

mini-bioreactor method do not account for the role of the endothelium during development. 

Vascularization methods on the other hand were successful in reducing cell death even without live 

perfusion in some cases3, and do account for neuroangiocrine factors reciprocated between neuronal 

populations and the endothelium. Therefore, vascualrization will likely remain a key step for 

improving quality of brain organoids. Other methods that reduce cell death and hypoxia would be 

beneficial for delaying cell death until vascular morphogenesis is achieved during the culture period.  

8. Conclusion and Future Work 

 The presented work reports a PDMS microfluidic device replicated from 3D printed molds for 

studying midbrain organoid vascularization. Three successful configurations of device surface 

properties were reported for patterning a fibrin-collagen hydrogel in two formats; a capillary stop valve 

that comprises spaced microgrooves, and a continuous capillary stop valve format. This work explored 

various aspects pertaining to the development and operation of a microphysiological system for 

studying vascularization of midbrain organoids-on-a-chip.  

 Development and use of funnel structures circumvented seeding challenges such as damage to the 

organoid and hydrogel overflow outside the middle chamber where it is pipetted. The platform enabled 

monitoring and imaging several vascular processes including vascular sprouting, branching, invasion, 

and formation of vascular wall-like structures. 
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 Connecting vascular lumens to side channels with defined inlets and outlets would represent a 

valuable advancement for developing vascularized midbrain organoids. Traditional brain organoid 

vascularization methods that use well plates do not support straightforward and simplified perfusion 

of organoids. Further optimization of the platform presented in this work could advance solution to 

this problem.  

 Characterization of hypoxia and cell death in MOs provided an approximate time frame for 

vascularization to take place before onset of cell death. The time frame is between the one week to the 

one month mark for MOs in FDM.  

 Future work to advance this system will be carried by first optimizing media formulation and 

vascularization protocol. Second, characterization of endothelial and midbrain markers will be carried 

to determine the identity of cell populations and their functional properties. Third, the device design 

will be modified for live continuous perfusion culture, which would allow studying the vascular 

remodeling step that occurs after angiogenesis as the vasculature matures. Additionally, the platform 

could accommodate the addition of astrocytes and microglia which could be explored for modeling 

the permeability of the BBB, and drug testing applications. Many devastating neurological disorders 

including AD, PD, ischemic stroke, epilepsy, and multiple sclerosis occur due to breakdown or 

dysfunction of the BBB256. Therefore, a brain organoid vascularization microphysiological system 

would be valuable.  

Moreover, the neurovascular link has been predominantly studied in animal models due to the 

inaccessibility of the human brain. Current work is ongoing to characterize the secretome and exosome 

profile of the co-culture using supernatant collected from MOV devices and control mono-cultures of 

HUVECs and MOs at different time points. Such characterization would be beneficial for studying the 

neurovascular link in a clinically relevant context by using human-derived MOs and human ECs, and 

could provide opportunities towards biomarker discovery and drug development for neurovascular 

diseases.  
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