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Abstract 

Human stem cells offer an unprecedented ability to restore function lost through disease or 

injury by providing options for cell therapies and regenerative medicine. Two hurdles that delay 

greater clinical use of stem cells are production of differentiated therapeutic cells in large-scale 

platforms and the challenge of choosing the optimum cell type and delivery method for cell therapy 

that is optimized for cell-cell signaling in the therapeutic microenvironment. In my thesis work I 

investigated different bioengineered platforms in combination with human stem cell technology to 

mass produce functional hiPSC-derived beta islets in a miniature bioreactor and study cytokine 

release from multipotent and differentiated hiPSC-derived neural stem cells as neural rosettes and 

their dissociated cells or differentiating inhibitory and excitatory neurons alone and in mixed 

cultures applying a neural cell-cell interaction microchip (NCCIM) with features developed 

specifically for these studies. My work has further expanded the application of hiPSC-derived 

neurons in an in vitro model of traumatic brain injury. In this study a hybrid culture of hiPSC-

derived excitatory pyramidal neurons, inhibitory GABAergic interneurons and immortalized 

human microglia are being evaluated for secreted cytokines under healthy and stretch injured 

induced conditions. One of the challenges of TBI is the inability to yet effectively and with 

minimal invasiveness track changes following injury that may indicate healing or deterioration 

and an in vitro model is one important contribution to identifying biomarkers.   
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Chapter 1: Introduction 

 
 
1.1.Human Stem cells 

 

Stem cells are undifferentiated cells of the human body that have the ability to self-renew and 

differentiate to various cell types. Stem cells are found in multiple sites in the body and each 

microenvironment determines their potency and timing to differentiate. Embryonic stem cells that 

exist in the inner cell mass of the human blastocyst 6 days after fertilization are pluripotent and 

give rise to three types of cell aggregates called germ layers that eventually generate all embryonic 

cell types and tissues of the body. The trophectoderm, the outermost layer of the blastocyst forms 

extraembryonic tissues such as those that give rise to the placenta. Pluripotent stem cells (PSC) 

therefore are not totipotent typically but have the ability to proliferate in an undifferentiated state 

and differentiate to endoderm, mesoderm and ectoderm germ layers but not into extraembryonic 

structures such as placenta (Figure 1). As stem cells differentiate, their differentiation potency is 

lowered and they become multi, oligo or unipotent (Zakrzewski 2019, Mahla 2016). The 

pluripotency state of stem cells is decided by expression of specific transcription factors, many of 

which have been identified over the last two decades of human stem cell research. This includes 

homebox protein Nanog, octamer-binding transcription factor-3/4 (Oct-3/4), and SRY-box2 

(Sox2) (Pan and Thomson 2007, Seymour 2015). Oct-3/4 is required for naïve epiblast formation 

and maintains pluripotency; Sox2 is involved in activation and suppression of various genes 

responsible for pluripotency, and Nanog is a key transcription factor, downstream of Sox2 and 

Oct-3/4 that helps cells to maintain their pluripotency and inhibits differentiation (Seymour 2015, 
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Rizzino 2009). Oct-3/4 promotes cells toward mesodermal lineage and Sox2 is upregulated during 

neuroectodermal differentiation, however Nanog is only expressed in pluripotent cells and is 

downregulated after differentiation (Seymour 2015) 

 

 

 

Figure 1.1. Differentiation of human stem cells to cells from three germ layers. It should be noted 
that glial cells derived from ectoderm include astrocytes and oligodendrocytes while microglia are 
derived from mesoderm. 



 4 

Multipotent stem cells consist of somatic or adult stem cells that are committed to a specific 

lineage and represent a recovery pool of cells to differentiate and replenish cell types of their own 

lineage. These stem cell pools reside in multiple tissues after development and not all populations 

have been identified. There are multiple types of adult stem cells identified, including 

mesenchymal stem cells, neural stem cells and hematopoietic stem cells. Mesenchymal stem cells 

(MSC) are the most popularly studied adult stem cell since they are accessible from multiple 

tissues such as bone marrow, umbilical cord, and umbilical cord blood and they can also 

differentiate to cells of other lineages (Duscher 2015, Zakrsewski 2019). 

Another type of pluripotent stem cell is the induced pluripotent stem cell (iPSC), that is 

generated by reprogramming adult tissues such as fibroblasts so that cells express pluripotent genes 

such as Kruppel-like factor 4 (Klf4), Sox2, Oct-3/4 and proto-oncogenic MYC (c-Myc) (Takahashi 

and Yamanaka 2006). These cells, like embryonic stem cells, have the ability to differentiate to 

cells of all three germ layers (Braganca 2019) and have been considered the ‘gold standard’ for 

pluripotency studies. iPSC technology requires epigenetic reprogramming which is currently 

inefficient and can vary between duplicate isogenic colonies in a dish. Whole genome RNA-seq 

and epigenetic analysis studies have shown differences between pluripotent stem cells (Müller 

2008, Bibikova 2006, Nazor 2012, Laurent 2009). Some of these differences also relate to the state 

of inactivation of the X chromosome when present. Karyotyping after iPSC generation is important 

since mutations can occur during reprogramming of cells which could result in characteristic 

differences between cell lines and properties of derived cells (Braganca 2019, Zhang 2013). 
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1.2.Applications of stem cells in clinic 

1.2.1. Therapeutics 

During development, cells proliferate before exiting the cell cycle to undergo 

specialization. Terminally differentiated cells in the body cannot proliferate and this fact imposes 

a problem for tissue regeneration when cells are lost due to aging or injury. The discovery of 

embryonic stem cells in 1998 by Thomson and development of induced pluripotent cells in 2006 

by Takahashi and Yamanaka, along with decades of research using these cells, have introduced 

new therapeutic cell approaches in regenerative medicine. The main goal of regenerative medicine 

is restoring the functions of damaged tissues when the body cannot regenerate efficiently following 

trauma or cell loss due to aging or disease (Mahla 2016).  In these cases, conventional treatment 

is organ/tissue transplantation. However, this type of therapeutic resolution has key disadvantages 

such as shortage of donors and immune rejection of the transplant. Therefore, cell therapy offering 

stem cells as an unlimited cell source has emerged as a promising alternative potentially 

eliminating the need for organ donors. Further, by applying iPSCs as an autologous cell source, 

there is the potential to offer personalized medicine alleviating the immune response and remove 

dependency on immunosuppressants (Mahla 2016). 

Cell therapy impacts tissue regeneration and function in two major ways, integration of 

cells with host cells to replace lost tissue and secretion of paracrine factors that provide a niche for 

host cells to differentiate and grow (Gennai 2015). Paracrine signaling is especially important, 

because not only do paracrine factors, such as cytokines, chemokines and growth factors, induce 

cells to proliferate or differentiate and have a regenerative role, they can also reduce pro-

inflammatory responses of the immune system in case of injury and have a protective role to reduce 

further degeneration (Mirahmadi 2016). Therefore, stem cells can be applied therapeutically either 
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in undifferentiated, partially committed, or terminally differentiated states. The upside of using 

partially or fully committed cells is that the possibility of unwanted differentiation or 

tumorigenesis is lowered. For differentiation of stem cells to a specific cell type, protocols rely on 

developmental knowledge, and cells are induced to express appropriate developmental specific 

transcription factors through ‘directed’ differentiation. In directed differentiation, cells are exposed 

to signals by growth factors or small molecules that can activate or inhibit relevant signaling 

pathways, mimicking developmental stages in vivo (Zakrzewski 2019). As our knowledge of 

development improves, so do differentiation protocols, and stem cell biology has become a driver 

for revealing detailed developmental paradigms. 

Stem cells, as a therapeutic approach, have been explored in a myriad of tissues for diseases 

such as diabetes, neurodegenerative diseases (Alzheimer’s disease, Huntington disease, traumatic 

brain injuries), spinal cord injuries and regeneration of age-related wounds and lost tissues (Bone, 

cartilage, skin…). Among different types of stem cells, embryonic stem cells (ESC), induced 

pluripotent stem cells (iPSC) and mesenchymal stem cells (MSC) are most popular therapeutic 

cell choices. Table 1 summarizes stem cell types and diseases currently being explored in cell 

therapy-based treatments.  Most recently, stem cell therapy has been applied to diseases of vision, 

age related macular degeneration (AMD) in a clinical trial launched in 2019 by the National Eye 

Institute.  

 

 

 

 

 

 

 



 7 

 

 
Table 1.1. Cells types used in pre-clinical and clinical trials of cell therapy-based therapeutics. 

Disease Cell types Clinical trials References 

Alzheimer’s Disease MSC, NSC Yes Mirahmadi 2016, 
Orlacchio 2010 

Parkinson’s Disease MSC, NSC/NPC, AD-
SVF Yes Mirahmadi 2016 

Huntington’s Disease BM-MNC Yes Mirahmadi 2016 

Amyotrophic Lateral 
Sclerosis 

MSC, NSC/NPC, BM-
MNC, HSC, GRP Yes Mirahmadi 2016 

Multiple Sclerosis MSC, NSC/NPC, BM-
MNC, AD-SVF, HSC Yes Mirahmadi 2016, 

Pluchino 2020 

Traumatic brain injury NSC/NPC, MSC, iPSC, 
BM-MNC Yes Gennai 2015, Watanabe 

2018 

Spinal Cord Injuries MSC, NSC/NPC, BM-
MNC Yes Mirahmadi 2016 

Stroke MSC, NSC, UCB-SC Yes Watanabe 2018, Chrostek 
2019 

Diabetes iPSC, ESC, MSC Yes Salg 2019 

Heart failure BMC, ADSC, iPSC, 
ESC, CSC, HSC Yes Nair & Gongora (2020) 

Ocular disease MSC, LESC, iPSC, hair 
follicle derived SC, ESC Yes Bobba (2018) 

AMD hiPSC, hESC, AD-SC, 
MSC Yes Bobba (2018), Tang 

(2017) 

Acute thermal burns MSC, UCB-SC Yes Ozturk 2015, 
Rangatchew 2020 

 
 

1.2.2. Diagnostics 

For years, rodent models, some humanized, have been widely used to study system, wide 

outcomes when developing and testing new drugs or cell therapies and related to human disease 

mechanisms. Large animal and primate models are also used in later studies, limited early on due 

to their high cost and ethical concerns in the case of primates. It is understood that rodent models 
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are not fully representative of developmental and physiological events in the human body due to 

interspecies genomic differences (Liu 2018). Human pluripotent stem cells offer an attractive 

model to supplant animal studies or provide an alternative to understand the pathology of 

complicated diseases which can expand therapeutics interventions. The ability to generate patient-

specific normal or disease cell lines by reprogramming (iPSC) and differentiating stem cells in 

vitro has made it possible to study diseases such as schizophrenia, spinal muscular atrophy and 

Fanconi anemia at the cellular level (Rowe and Daley 2019). Drug screening on human stem cells 

in addition to animal models or studies with immortalized human cells, also is expected to lead to 

increased efficacy and more accurate toxicity assays improving predictivity of clinical outcomes 

and diminishing unwanted side effects in clinical trials (Kim 2015). 

Additional important diagnostic applications of stem cells include identification of specific 

biomarkers for early disease diagnosis and evaluation of the level of damage in case of traumatic 

events such as traumatic brain injury or ischemic stroke. Co-developing technologies such as 

global genome sequencing, RNA-seq and proteomics analysis have made it possible to extend 

identification of biomarkers of cells. The information gathered from such assays can be used to 

identify changes at the cytokine level. Recognized biomarkers can then be used as diagnostic and 

prognostic tools (Valenti 2015). 

 

1.3.Bioengineered platforms 

The complex formation of multicellular organisms relies on a combination of ‘directing’ 

factors in the microenvironment of cells, such as growth factors and cytokines and micro and nano 

topographical features that form the extracellular matrix (ECM) of cells. ECM is a three-

dimensional structure that consists of fibrillar proteins such as elastin and collagen, 
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glycosaminoglycans (GAG) and glycoproteins including laminin and fibronectin that provide 

physical support and tissue-specific biochemical, mechanochemical and biophysical signals 

involved in attachment, proliferation, differentiation and migration of cells (Kusindarta and 

Wihadmadyatami 2018, Hussay 2018). In order to efficiently maintain and differentiate stem cells 

in vitro and be able to apply stem cells effectively in the clinic, we need to design a bioengineered 

platform to mimic natural ECM of cells that provides structural support and maintains cell-cell 

interaction to enable communication of cells to form a multicellular structure (Das 2019).  

Depending on its composition and structure, the substrate material can transmit specific signals to 

cells, affecting their function, which means the chemical, physical and mechanical properties of 

platforms are determining factors of cells fate (Martino 2012). Moreover, bioengineered platforms 

need to be biocompatible and biodegradable in a favorable rate for tissue replacement (Shen 2020). 

This has led to fabrication of a variety of platforms from natural or synthetic polymers and 

polymer/ceramic composites that support cell attachment, proliferation and differentiation to target 

tissues with applications in vitro and in vivo. These platforms include porous scaffolds, hydrogel 

scaffolds and microfluidic devices. Combinatorial platforms such as encapsulated cells in 

hydrogels loaded onto microfluidic devices or porous scaffolds and porous scaffolds embedded in 

units of microfluidic devices have also been explored (Yang 2015, Lopes 2019).  
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Figure 1.2. Clinical applications of human stem cells on bioengineered platforms. 

 

1.3.1 Porous Scaffolds 

Porous scaffolds (fibers, sponges and foams) provide a three-dimensional structure to 

support cell attachment, proliferation, migration and differentiation. Scaffold porosity plays an 

important role in integration of cells into the matrix and cell expansion. Interconnected pores of 

the scaffold provide oxygen and nutrients to cells and higher surface area for cells to infiltrate and 

expand. Therefore, pore size, distribution and shape are critical factors in scaffold design (Martino 

2012). Small pores can support oxygen and nutrient transfer and larger pores are suitable for cell 

migration through scaffold. In this regard, fabricating a scaffold with optimal pore sizes is 

important (Das 2019, Wojak-Cwik 2019). To address this parameter, platforms with macro, and 

micro pores have been introduced and evaluated. Different methods like polymer blending, phase 

separation and particle leaching for generation of double porous scaffolds and direct laser writing 

for controlling precise pore geometry have been used (Das 2019, Wojak-Cwik 2019, 

Chatzinikolaidu 2015).  
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Porous scaffolds are commonly made from synthetic, natural or a blend of natural and 

synthetic polymers. Natural polymers such as collagen, fibronectin, alginate and chitosan are 

biocompatible, and several are FDA approved. They can support cell attachment; however, they 

are more limited in control of mechanical properties (Natividad-Diaz 2019). Synthetic polymers 

such as polycaprolactone (PCL), poly lactic acid (PLA) and poly glycolic acid (PGA) offer the 

advantage of controllable mechanical properties through different fabrication methods; however, 

they have lower cell attachment (Dolcimascolo 2019). Therefore, natural/synthetic polymer blends 

or polymer/ceramic composite scaffolds that can offer a platform with tailorable mechanical 

properties and favorable cell adhesion properties are sometimes an attractive choice (Natividad-

Diaz 2019). The final application of the biomaterial directs what approach is favored, leading to 

an enormous database of tested conditions (Paluh 2011). 

 

1.3.2 Hydrogels 

Hydrogel scaffolds are water-swollen crosslinked polymers that allow adhesion and 

diffusion of water-soluble substances with controlled dissolution parameters. They are usually 

made of natural polymers such as alginate, collagen, fibrin, hyaluronic acid and fibronectin 

(Burdick 2009, Egorikhina 2019) making them biocompatible and biodegradable. The possibility 

of loading cells into a hydrogel during its formation and the ability to modify their structure to any 

shape make them unique platforms for cell-based therapies (Egorikhina 2019, Tran 2020). 

Hydrogels can be fabricated by physical and chemical methods. Physical approaches result in 

reversible networks and chemical approaches can result in permanent or reversible bonds (Billiet 

2012). One feature of hydrogels that makes them great candidates for tissue regeneration is the 

ability to inject cell-loaded hydrogels into the desired site in gel form. Therefore, it is important 
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that formation and degradation of hydrogel do not require harsh or toxic stimuli and that they occur 

in a predefined time frame for optimum cell transfer (Sun 2020). Common hydrogel stimuli include 

temperature and pH. Typically, hydrogels have low mechanical properties and therefore are more 

suitable for soft tissue regeneration; however, various approaches such as dual covalent and non-

covalent bonds, stretchable polymers and double networking have been used to generate tough and 

stretchable hydrogels to expand their applications (Liu 2018). Reinforced hydrogels have been 

explored in engineering tissues such as cartilage, cornea and cardiovascular system. 

 

1.3.3 Microfluidic devices 

Microfluidic devices provide precise spatial and temporal control over the cellular 

microenvironment making it possible to study physical and biological events in the cells niche that 

impact cell behavior (Paluh 2011; Park 2015). Microfluidic devices are commonly made from 

polydimethylsiloxane (PDMS) using various methods such as photolithography. Gradient delivery 

of soluble factors, alignment of cells on patterned platforms or high throughput analysis of cells in 

microarrays on a single or multi-cell level are some of the applied strategies to build a better 

understanding of stem cell biology and derived cells and tissues.  

 

1.4 Applications of bioengineered platforms  

1.4.1 Attachment, expansion and differentiation 

Attachment of cells to the platform is the first requirement of tissue engineering (Silva 

2017). Therefore, various surface manipulations have been tested to boost cell attachment and 

expansion on the bioengineered platform. Successful adhesion of cells can result in secretion of a 

wide range of paracrine factors that can affect regenerative outcome (Das 2019). 
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One strategy to enhance cell attachment and differentiation is manipulation of 

compositions used in the platform. Material composition can affect cell fate and is transmitted 

through two factors: integrin expression and cytoskeleton organization. Integrin expression affects 

cell attachment via formation of focal points by linking the ECM to cytoskeleton (Mobasseri 2018) 

and detection of integrin subunits in some cell types, suggests their presence is necessary for cells 

differentiation (Li 2015). Cytoskeleton organization that consists of intermediate filaments, 

microfilaments and microtubules can also induce or inhibit differentiation of cells toward a specific 

lineage (Li 2015). Therefore, various polymer and polymer/ceramic compositions have been used 

to achieve desired target cell types. By changing platform composition, mechanical properties of 

a material also change (Li 2015). Addition of bioceramics such as hydroxyapatite and TiO2 

(Shishkovsky 2018) and bioactive glass nanoparticles (Moonesi Rad 2019, Shamsi 2017) and 

nanomaterials such as graphene and its derivatives (Kang 2015, Liu 2017, Li 2017) result in higher 

mechanical strength and osteoconductivity that could be beneficial or detrimental to functional 

differentiation depending on target cell type. Another approach is to immobilize ECM components 

including polymers like fibronectin and hyaluronic acid (Silva 2017, Monnier 2018) and short 

sequences of the ECM protein sequence arginine-glycine-aspartic acid (RGD) and heparin binding 

sequences (Mobasseri 2018, Klim 2010) on platforms to enhance cell attachment. Yet another 

approach is chemical modification of surfaces by the addition of functional groups to generate 

charged substrates in order to enhance the cell interaction with the surface and boost attachment 

on the platform (Jeon 2019).  

For enhancing differentiation of stem cells on bioengineered platforms some additional 

manipulations have been explored. Addition of micro and nano topographical features such as 3D 

printed patterns on polymeric scaffolds and aligned fibers in fibrous scaffolds have shown to 
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support neuronal and cardiac differentiation among other cell types (Chen 2020, Hsiao 2020, Kan 

2016). 3D bioprinted hydrogels with tunable-size channels can promote vascular network 

formation by providing control over morphology and complexity of the system (Ji 2019). 

Tethering growth factors directly onto scaffolds or encapsulating them in hydrogel microspheres 

for controlled local release over time have also proved to boost differentiation (Shen 2020). In 

such methods, capsulation efficacy, growth factor release rate and their half-life should be 

considered. An additional complication that may arise is that as cells differentiate their 

requirements for attachment may change, necessitating a multistep approach in some cases. 

 

1.4.2 Uniform generation and reproducibility 

To increase reproducibility of stem cell cultures and minimize discrepancies between 

efficiency of production of derived cells, improved protocols as well as platforms for uniform 

generation of early progenitor cell constructs have been developed. One of these platforms 

frequently employed is use of PDMS microwells. The templates that have been developed by 

different labs (Tomov 2015, Kim 2019, Hookway 2016, Yang 2019) consist of a silicon-based 

substrate with openings in the shape of a circle or square that can be loaded with stem cells to form 

uniformly sized intermediates that are embryoid bodies (EB), neurospheres (NS) and rosettes 

(Knight 2018) or a combination of cell types such as neural stem cells co-cultured with endothelial 

cells (Yang 2019). Another platform is hydrogel microspheres. Hydrogel microspheres can be 

generated uniformly by droplet extrusion method and if cells are loaded onto hydrogels during 

formation, uniform cell aggregates are formed. As needed, further isolation of specific maturing 

cell types can be done by fluorescence activated cell sorting (FACS) or using column filtration 

assays. In practice, many types of differentiated cells prefer not to be maintained in a highly 
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purified format and like primary cells in culture, the media conditions for sustaining highly purified 

cultures are not always sufficient for long term cell survival. 

 

1.4.3 Large-scale production 

Depending on the type of cell therapy, patients may need high doses of cells, even up to 1 

to 10 million cells/kg of the patient’s weight. Therefore, approaches that allow large-scale 

production to generate large quantities of stem cells and stem cell-derived cell types are being 

explored. Two types of large-scale platforms have been explored, two-dimensional and three-

dimensional platforms. In two-dimensional platforms, stacks of dishes are used to culture and 

expand cells. Three-dimensional platforms allow increased surface area and include bioreactors 

combined with porous scaffolds offering multiple dimensions that can be filtrated by cells. 

Polymeric scaffolds have recently been used in static bioreactors to produce pancreatic islets 

(Amini 2020) and in perfusion bioreactors to expand adipose-derived stem cells (Kumar 2017). 

 

1.4.4 Analysis of stem cell behavior 

1.4.4.1 Developmental analysis 

Bioengineered platforms can be applied to understand stem cell behavior in the pluripotent 

state or to analyze stages of development or tissue organization, such as revealing cell-cell 

interactions on a molecular level. Advances in fabrication methods make it possible to design 

microfluidic devices with precise micro and nano-scale features to ask specific questions about 

developmental biology. Much of this work remains in its infancy but is being rapidly developed. 

Some of these devices include microarrays for multiplex screening, multi-channel devices, 

gradient generators, and devices designed to look at interfaces of cell types. 
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Microarrays offer a high throughput platform that is quick to analyze and can be used for 

various applications. Paracrine signaling of stem cells (Yang 2015) and the effect of fluid flow on 

stem cells behavior in a device attached to a perfusion system (Lopes 2019) have been analyzed 

using microarrays. Custom-designed platforms have been used to explore the effect of parameters 

such as topography, fluid flow, shear stress and growth factors on undifferentiated or differentiated 

stem cell behavior. Effect of different topographies and local geometry on cells have been 

evaluated on platforms such as devices with triangular units (Herklotz 2015) and microwells 

patterned with unique micro- and/or nano-scale topographies isolated with dividing walls (An 

2017, Arora 2020).  

A unidirectional perfusion chamber was used to study differentiation ability of stem cells 

in the presence of bone morphogenetic protein-4 (Tashiro 2018). Also, a platform with equilateral 

triangular channels that is able to produce gradient shear stress was used to study the effect of 

shear stress on differentiation ability of stem cells (Kim 2017). A polystyrene based device with 

rectangular microwells and parallel wires at each end of microwells was used to assess the effect 

of electrical conditioning and various cell densities on maturation of stem cell-derived cardiac cells 

(Zhao 2019).  

 

1.4.4.2 Disease modeling 

Disease modeling in two-dimensional platforms does not always provide the complexity 

to mimic the cell microenvironment in vivo; therefore, more complex systems and platforms such 

as organoid, constructed tissue on scaffold and organ on chip are being explored (Rowe and Daley 

2019). Diseases in multiple tissues including brain, lung, liver, kidney and heart have been 

modeled in three-dimensional platforms (Liu 2018). Microfluidic devices are one of the main 
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platforms for disease modeling. These platforms offer precise control of cell microenvironment in 

different ways such as delivery of soluble factors and dynamic changes to their environment. 

Depending on the cell type, microfluidic devices can be specifically designed to guide cell 

differentiation and facilitate study of their behavior in disease condition.  This feature has been 

used in studying neurons on devices that incorporate a multichannel compartment to isolate axons 

from soma. Such devices have been used to study neuronal injuries including traumatic brain injury 

and spinal cord injuries (Shriraro 2018, Chen 2019).  Versatile design of these devices with 

different numbers of microchannels and compartments according to the conditions of each study 

further showcases microfluidic devices as a powerful tool in combination with stem cell 

technology. Bioengineered platforms for disease modeling will sometimes need to support co-

culture of various cell types and differentiation of cells to the directed target tissue through their 

design. Multi-layer devices that are separated by permeable membranes are an example of suitable 

devices for co-culture of different cell types. A device with two parallel microchannels that are 

separated by a flexible porous membrane has been used to mimic aspects of the blood-brain- 

barrier, in which three cell types were co-cultured in the platform and the responses of healthy 

cells versus hiPSCs derived from patients with neurological diseases were analyzed. (Vatine 

2019). Multichannel devices have also been used to mimic lung-related pathologies by seeding 

lung epithelial cells on one side of the device that is separated by a membrane from an airway 

channel (Tavana 2011, Hu 2015). Combinatorial platforms such as cell-loaded hydrogels in 

microfluidic devices have also been used for modeling diseases. Fibrosis in the human heart was 

modeled recently by co-culture of hiPSC-derived cardiac cells and fibroblasts in a hydrogel seeded 

onto PMMA wells with rods on the side (Mastikhina 2020). The next step in disease modeling is 

application of organoids as the future of stem cell technology on microfluidic devices. Organoids 
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are three dimensional constructs that should contain more than one cell type of the organ they are 

mimicking and display some specific function of that organ. The organization of cells in the 

organoid should also resemble that of the original organ (Lancaster 2014). In order to generate and 

study organoids on microfluidic devices, design of the device should support cell aggregation and 

offer controlled fluid flow for constant circulation of nutrients if needed (Skardal 2016). 

Organoids, including intestine organoids (Kim 2015), lung organoids (Benam 2015) and brain 

organoids (Ao 2020) on a chip have been used to model inflammation in intestine and lung and 

brain response to prenatal cannabis exposure respectively.  

 

1.4.5 Transplantation 

To achieve a successful cell-based therapy, therapeutically delivered cells need to be 

protected from immune system response which can be particularly relevant at sites of injury and 

inflammation. Cell transplantation trials recognize that paracrine signaling from transplanted cells 

plays an important role in remodeling and regeneration and may be sufficient to achieve some 

level of recovery separate from integration of delivered cells with host tissues (Mirahmadi 2018, 

Kanda 2020). Therefore, efforts have been directed toward designing platforms for cell protection 

to permit transfer of oxygen, nutrient and signaling factors between cells and the 

microenvironment. These platforms include micro or macro-encapsulation devices. Encapsulation 

devices may need to be non-degradable and if so, to have mechanical stability to maintain cells in 

vivo for an extended period of time (Thanos and Emerich 2007). Microencapsulation devices can 

be made from injectable crosslinked hydrogels in the shape of a sphere or cylinder and as small as 

50 micrometers to hold a limited number of cells (Hou 2018, Kim 2019). Hydrogel platforms can 

also be loaded with signaling factors along with cells to be released locally to improve regeneration 
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(Liu 2020). These platforms have been used for regeneration of tissues like bone, cartilage and 

nerve (Ciocco 2018). The size of microencapsulation devices can impact cell behavior and larger 

spheres can better support cell aggregate growth and result in higher cytokine secretion (Kanda 

2020). Macro-encapsulation devices can better isolate cells from interaction with the patient 

immune system and be retrieved more easily if necessary (Thanos and Emerich 2007); however, 

they do not currently provide an ECM-like microenvironment for the cells. Therefore, recent 

redesign of such systems to use a combination of two platforms is being explored. For example, 

cells encapsulated in hydrogel can be injected into macro-encapsulation devices to take advantage 

of both systems (Rios 2016, del Burgo 2018).  

 

1.5 Thesis motivation, aims and approach 

Long term debilitating diseases that once were assumed to be poorly responsive to medical care now 

have renewed potential for treatment with human stem cells which offer an unprecedented ability to restore 

function lost through disease or injury by providing options for cell therapies and regenerative medicine. 

To harness their full biomedical potential in the clinic and do so with personalized medicine,  my research 

has focused on two pressing issues in the stem cell field: 1. Mass production of stem cell derived therapeutic 

cells, focusing on ß-islet cells for diabetic patients, and 2. Optimization of choice of therapeutic cell type, 

focusing on  platforms that allow us to examine cell-cell communication in a microenvironment,  using 

intercellular signaling. The thesis research addresses these two areas by applying human stem cell 

technologies for production of pancreatic progenitors and production of beta-islet cells on a cellulose based 

platform (Aim 1) and analysis of cytokine signaling in multipotent neural cell populations and maturing 

neurons relevant to cell therapy and to biomarker identification in traumatic brain injury (TBI).  The 

overarching goal of my research is to advance bioengineering platforms for the treatment of the human 

condition and advancing the quality of human life.  

 



 20 

Aim 1: Development of a Wicking-Biomatrix for Mass Production of Stem Cell Derived 

Human Pancreatic Beta-Islet Cells  

1a.  Generate early and late stage human iPSC derived pancreatic progenitors and 

evaluate on cellulose biomatrix modified and non-modified 3D fragments along with commercial 

Pdx1, Nkx6-1+ pancreatic progenitors. Methods: stem cell protocols, microscopy and 

immunocytology for biomarker analysis, cellulose matrix chemical modifications, SEM, MTT 

viability, and insulin production assays. 

1b. Optimize cellulose biomatrix coatings for binding of commercial pancreatic progenitor 

cells under six chemical matrix modification conditions. Methods: Chemical matrix modifications 

(gelatin, amine, sodium hydroxide, gelatin + amine, gelatin + sodium hydroxide), cell culturing, 

immunocytology and microscopy, SEM, MTT viability, and Insulin production assays. 

1c. Optimize insulin production and cell growth on an assembles amine-modified wicking 

matrix bioreactor using commercial pancreatic Pdx1+, Nkx6-1+ progenitor cells. Methods: MTT 

viability, ELISA, metabolic profile by YSI analyzer to evaluate glucose consumption, lactate 

production, and SEM analysis. 

 

Aim 2: Adaptation of a Neural Cell-Cell Interaction Microchip (NCCIM) to Evaluate 

Cytokine Signaling Profiles of Human Neural Stem Cell Rosettes Typically Used as a 

Therapeutic Cell Source 

2a.  Generate and evaluate neural stem cell rosettes in culture and establish methods for 

their formation and visualization on a PDMS microfabricated NCCIM. Methods: stem cell 

protocols, biomarker analysis by microscopy and immunocytochemistry, ELISA. 
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2b. Cytokine analysis of neural stem cell rosettes as morphologically distinct structures 

and disrupted to single cell state using the NCCIM platform. Methods: human neural stem cell 

technology, rosette formation in NCCIM chambers, generation of a customized cytokine detection 

panel, microscopy and immunocytochemistry, ELISA. 

 

Aim 3: Expand Use of the NCCIM to Evaluate Interacting Excitatory and Inhibitory Human 

Pyramidal Neruon and GABAergic Intereuron Types 

3a. Generate and evaluate human differentiating and mature pyramidal neurons and 

GABAergic interneurons from ectoderm and establish methods for formation and visualization of 

neurons on a PDMS microfabricated NCCIM. Methods: human neural stem cell protocols, seeding 

visualization by phase microscopy and immunocytochemistry, ELISA. 

3b.  Cytokine analysis of differentiating cell stages for pyramidal and GABAergic 

interneurons. Methods: Cytokine panel determination, NCCIM analysis, ELISA, NCCIM seeding 

methodologies, visualization by phase microscopy and immunocytochemistry, ELISA. 

 

Aim 4. Identification of Biomarkers Involved in Traumatic Brain Injury  

4a. Generate and evaluate human ectoderm-derived pyramidal neurons and GABAergic 

interneurons and establish co-cultures for cytokine analysis. Methods: stem cell protocols, 

immunocytology and microscopy for biomarker analysis, ELISA. 

4b.  Evaluate cytokine signaling profiles of combined human neuron and microglia cultures 

under non-injured control conditions and after applying stretch-induced injury. Methods: 

Immunocytology and microscopy for biomarker analysis, uniaxial deformation of cells by a 
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mechanical stretch-injury cytostretcher device, ELISA. Evaluate ability of the NCCIM to be used 

in complex neural cultures.  
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2  Insulin production from hiPSC-derived pancreatic cells in a novel 
wicking matrix bioreactor 
 
 
2.1 INTRODUCTION 

 

Diabetes mellitus is one of the leading causes of death, and according to the International 

Diabetes Federation (IDF), more than 420 million individuals have been diagnosed with diabetes 

worldwide. Diabetes, or elevated blood sugar, can lead to long-term complications including 

cardiovascular diseases and damage to the retina, kidney and nerves (Okere 2016, Kieffer 2018). 

There are two types of diabetes mellitus. In type 1 diabetes, an autoimmune disorder, insulin-

producing beta cells are attacked by the immune system, while in type 2 diabetes, insufficient 

insulin is produced by the beta cells and/or other cells exhibit insulin resistance (Wang 2015). 

Current treatments are insulin injection and islet transplantation. Insulin injection provides a 

temporary solution, with risks of inappropriate pre-determined dosing and dependence on external 

insulin. Islet transplantation remains the only permanent treatment; however, it is complicated by 

the shortage of donors, required immunosuppression, and risk of tissue rejection. Due to these 

limitations, a new source of beta cells for type 1 diabetes patients is needed (Vieira 2016, Jiang 

2017), which will require advances in human stem cell technologies and biomanufacturing 

platforms. 

Stem cells offer opportunities for patient-specific cell therapies and induced pluripotent 

stem cells (iPSC) are considered an attractive replacement for organ transplantation. However, 

generation and scale-up of patient-specific cells using current protocols is time consuming and 

costly (Wilmut 2015, Herberts 2011), and whether allogenic cell transplantation provides 

sufficient immune match compared with autologous cell transplantation is not yet resolved 



 32 

(Millman 2017). Induced pluripotent stem cells, embryonic stem cells, and multipotent stem cells, 

including bone-marrow mesenchymal stem cells have been successfully differentiated to insulin-

producing beta cells in culture (Kieffer, 2016, Jacobson 2017). In order to prevent immune 

responses to transplanted pancreatic cells, macro- or micro-encapsulation devices have been 

studied (Shultz 2015, Vegas 2016, Bruin 2013). A Phase I clinical trial of a macro-carrier by 

Viacyte was successfully completed, and the macro-carrier is currently in Phase II clinical trials 

(https://clinicaltrials.gov identifier: NCT02239354).  

Strategies for moving from bench to clinic require mass production of cells either in 2D 

cell factory cultures as currently performed by Viacyte (Schultz 2015), or in 3D bioreactors, which 

offer different limitations and advantages. Limited surface area in 2D cultures as well as limited 

recapitulation of the native organ 3D environment make 2D cultures impractical for scale-up 

(Kropp 2017). The advantage of 3D culture systems is that cells tend to aggregate into three-

dimensional tissue structures that exhibit more natural functional behavior than conventional 2D 

culture (Modulevsky 2014). Both static and dynamic 3D platforms have been investigated, with 

the idea that dynamic systems are better able to handle transport of metabolites in high density cell 

cultures than static ones (Kempf 2016). However, dynamic systems, such as stirred and rotating 

bioreactors, create additional complications of induced shear stress, loss of cells during media 

changes, non-adaptability of some cell types to suspension culture, cell retrieval and insufficient 

oxygenation, especially in the case of larger cell aggregates. These limitations can result in cell 

death and lower the cell yield in these systems (Kempf 2016, Kropp 2017). Therefore, an 

alternative, static, wicking-matrix bioreactor, which provides a thin film of medium dripped onto 

cells on the scaffold, offers advantages for 3D culture such as improved oxygen transfer without 

the detrimental properties of dynamic systems. 
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To optimize cell-scaffold functional interactions, we examined six surface modifications 

of the cellulose scaffold in a multi-well plate assay before scale-up (Figure 1A and Figure 1C). 

We chose two chemical surface modification approaches. One is the commonly used amine-

modification to provide positively charged functional groups for cell binding (Richbourg 2019, 

Courtenay 2017). The other is a simple NaOH-treatment, which has been shown to enhance surface 

roughness, hydrophilicity and cell attachment (Chen 2007, Park 2007, Park 2014, Bosworth 2019). 

We further evaluated whether gelatin-coating enhanced cell attachment to the cellulose matrices 

since gelatin (denatured collagen) can generally support cell attachment and growth (Davidenko, 

2016). Commercial and in-house hiPSC-derived pancreatic cells expressing NK6 Homeobox 1 

(NKX6-1)+/pancreatic and duodenal homeobox 1 (PDX-1)+ were seeded onto scaffolds and 

evaluated.  

Upon determining an optimal scaffold chemistry, we further demonstrated use of a cost-

effective, wicking-matrix bioreactor, fabricated by Sepragen Corporation for scale-up 

biomanufacturing of hiPSC-derived pancreatic cells. The bioreactor consists of a porous amine-

modified cellulose scaffold with 20 to 50-µm wide fibers (Figure 1B) in a sterile chamber with 

independent air and media inlets and a waste removal outlet (Figure 1D). This system provides a 

thin film of fresh media on the cell-seeded scaffold and a continuous oxygen environment and 

liquid waste removal. Our comprehensive analysis includes insulin production, viability, 

morphology and functionality of cells on scaffolds in culture dishes and bioreactors. Within the 

scaled-up wicking matrix-bioreactor, we achieved 10-fold expansion of hiPSC-derived pancreatic 

cells and demonstrated insulin production from cultures performed on amine-modified cellulose 
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scaffolds. Our findings indicate the potential of amine-modified cellulose for future 

biomanufacturing processes for cell-based diabetic therapies. 

 

 

Figure 2.1. Pancreatic cell culture on cellulose scaffolds with chemical surface modifications. (a) 
Cellulose scaffold modifications: unmodified (U), amine‐modified (A), and NaOH‐modified (N), 
without and with gelatin (G) coating. (b) Cell seeding on cellulose scaffold showing phase image 
of pancreatic progenitors in dish (top), scanning electron microscopy image of cellulose scaffold 
before cell seeding with 20‐ to 50‐μm fibers (middle), and fluorescent image of 4′,6‐diamidino‐2‐
phenylindole‐labeled cells on the A scaffold (bottom). Scale bars are 50, 50, and 20 μm, 
respectively. (c) Schematic of multiwell analysis of variously modified cellulose scaffolds cut into 
2 × 3 × 5 mm3 pieces. (d) Schematic of wicking matrix bioreactor.  
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2.2 MATERIALS AND METHODS 

 

Scaffold Modification 

Wicking cellulose scaffolds were manufactured by a proprietary "slit and expanded" 

chemical/mechanical process causing formation of a honeycomb structure with simultaneous 

heightened airflow and liquid wicking. Amine-modified cellulose scaffolds were manufactured by 

derivatizing the unmodified cellulose with sodium (meta) periodate followed by a solution of 

ethylenediamine dihydrochloride, borax and sodium borohydride. Hydroxyl-modified scaffolds 

were prepared by immersing unmodified scaffolds in 1% NaOH solution for 1 hour at 100° C, 

followed by 3 washes in each distilled water and phosphate buffered saline (PBS) and air drying 

overnight. All three scaffolds, unmodified (U), amine-modified (A) and NaOH-modified (N) were 

also immersed in 1% gelatin solution for 2 hours in room temperature, followed by air drying 

overnight to yield UG, AG and NG scaffolds, respectively. 

 

Cell Culture 

hiPSC-derived pancreatic cells were generated following an established stepwise protocol. 

Briefly, hiPSCs (F3.5.2, Chang 2015) were cultured in mTesr-1 (STEMCELL Technologies) in 

Matrigel-coated 6-well plates to reach 80% confluence. When confluent, cells were incubated with 

Accutase (STEMCELL Technologies) for 5 minutes to detach and pipetted to form single cells. 

Single cells were centrifuged at 300 x g for 5 minutes; the supernatant was removed, and cells 

were loaded into custom-made polydimethylsiloxane microarrays prepared by soft lithography 

(Tomov 2015) with 500-µm wells to form embryoid bodies (EB). After four days, EBs were 

transferred to Matrigel-coated petri dishes and differentiation initiated. Approximately 30 EBs 
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were plated in each well of a 6-well plate. From Day 1 to Day 12 of differentiation, Kroon’s 

protocol (Kroon 2008) was followed to generate endocrine precursors. On day 12, Millman’s 

protocol (Millman 2016) was initiated to further differentiate the cells to mature beta cells. 

Primary pancreatic cells were purchased from Celprogen (Cat# 35002-04, Torrance, CA) and 

cultured on pre-coated flasks (Celprogen, Cat# E35002-04) according to manufacturer’s protocol. 

These cells meet all ethical standards as described on the company website. 

 

Seeding NKX6-1+/PDX-1+ Pancreatic Cells on Scaffolds 

Scaffold preparation 

Uniform scaffold samples from all scaffold modifications were prepared using a 

rectangular punch (0.5 x 0.2 cm2) and autoclaved. On the day of the experiment, scaffolds were 

transferred to 96-well plates and 100 µl pancreatic islets of Langerhans cell culture complete 

growth media (Celprogen Cat# M35002-04) was added to each well. Scaffolds were incubated for 

2 hours at 37° C. Culture media was removed before seeding the cells. 

 

Culture of primary pancreatic cells 

Primary pancreatic cells were removed from culture flasks by incubation with trypsin-

EDTA (0.25%) for 5 minutes. Cells were centrifuged at 100 x g for 5 minutes; the supernatant was 

removed, and 10 µl of cell suspension containing 20,000 cells was added to each scaffold. After 4 

hours, 100 µl culture media was added to each well. To maintain pancreatic cells on scaffolds, 

medium was changed every other day for 10 days. Six replicate cultures for all six scaffold 

modifications were performed for each experiment. 
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Culture of hiPSC-derived pancreatic cells 

hiPSC-derived pancreatic cells (day 12 of differentiation) were seeded on scaffolds with 

two different modifications: amine-modified and gelatin-coated, NaOH-modified. Cells were 

seeded either as single cells or as aggregates. For seeding single cells, the aforementioned method 

was followed. To seed the aggregates, cell islets with an average of 4000 cells were detached 

manually from wells of a 6-well plate by a 10 µl pipette tip under microscopic observation and 

were transferred to a 15 ml centrifuge tube followed by gravitational settling. After 10 minutes at 

37° C, the supernatant was removed, and aggregates were resuspended in 360 µl of stage-four 

medium (DMEM/F12, B27, p/s). 10 µl of cell suspension, containing 5 aggregates was added to 

each prepared scaffold. The same differentiation protocol was followed for cells grown on 

scaffolds as in dishes. 

 

MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide) Viable Cell Assay 

After seeding primary pancreatic cells and hiPSC-derived pancreatic cells on scaffolds, 1, 

3, 5 and 10 days after seeding, the viable cell density on each scaffold was assessed by MTT assay 

(Invitrogen). Six replicates were assayed for each scaffold modification on the days indicated 

above (24 scaffolds per modification in total). Following the manufacturer’s instructions, scaffold 

culture media of cells grown on scaffolds were changed to fresh media and 10 µl reconstituted 

MTT reagent was added to each well of the 96-well plate. Scaffolds were incubated overnight. The 

next day, MTT solution was aspirated and 100 µl solubilization solution was added to scaffolds. 

Solubilized MTT solutions were transferred to clean 96-well plates and solution absorbance was 

measured at 570 nm on a Tecan infinite 200 microplate reader. 

This experiment was performed twice. 
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Scanning Electron Microscopy 

Scaffolds were fixed in 100 µl fixing solution (2.5 M glutaraldehyde, 0.2 M phosphate 

buffer, 1 mM sucrose solution) for 2 hours at room temperature, washed three times with washing 

buffer (0.05 M sucrose, 0.05 M phosphate buffer, pH 7.2) for 10 minutes. Samples were dried by 

liquid displacement using an ethanol: water gradient (25%, 50%, 70%, 80%, 95%, 100%) and then 

ethanol: hexamethyldisilazane (3:1, 1:1, 1:3). Finally, samples were air dried overnight. Dried 

samples were sputter coated with gold/palladium, mounted and imaged on a LEO 1550 scanning 

electron microscope. Two replicates of each condition were imaged. The experiment was 

performed twice. 

 

Insulin Secretion ELISA 

Insulin secretion from hiPSC-derived pancreatic cells cultured on scaffolds was assessed 

by ultrasensitive insulin ELISA kit (ALPCO 80-INSHUU-E01.1) at stages 4, 5 and 6 of 

differentiation (days 1, 5 and 10 post seeding in 96-well plates and every other day in bioreactors). 

Following the manufacturer’s instructions, cell-culture supernatants, standard solutions, and 

controls were added to anti-insulin pre-coated microplate wells and incubated with detection 

antibody at room temperature with shaking for 1 hour. Subsequently, the microplate was washed 

six times with provided wash buffer and incubated with 3,3′,5,5′-Tetramethylbenzidine substrate 

for 30 minutes with shaking. After addition of the stop solution, the absorbance of each sample 

was measured at 450 nm.  

With one replicate, the experiment was done twice. 
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For glucose stimulated-insulin secretion experiment, Krebs buffer (128 mM NaCl, 5 mM KCl, 2.7 

mM CaCl2, 1.2 mM MgSO4, 1 mM Na2HPO4, 1.2 mM KH2PO4, 5 mM NaHCO3, 10 mM HEPES 

and 0.1% BSA) was added to cell-loaded scaffolds for 30 minutes, then 100 µl of 2 mM or 20 mM 

glucose solution was added to the cell-loaded scaffold in each well of a 96 well-plate for 30 

minutes sequentially. The supernatant was collected, and insulin release was quantified as 

described above. Two replicates of each condition were assayed. Experiment was done once. 

 

Bioreactor Inoculation  

A miniature (100-ml working volume) wicking bioreactor was sterilized by ethylene oxide 

gas. The scaffold was pre-wetted with 100 ml DMEM/F12 medium overnight. The next day, 

hiPSC-derived pancreatic cells were trypsinized, and resuspended in 50 ml stage 4 culture medium. 

Cells were inoculated into the bioreactor by adding the cells to the feed bottle and recirculating the 

medium. Within 12 hours, no free-floating cells were seen in the feed bottle. Cell culture media 

were changed every other day, following the differentiation protocol. Upon completion of the 

bioreactor experiment, cells were removed by placing the scaffold in 20 ml of Dulbecco’s modified 

Eagle’s medium containing 0.5% Trypsin with EDTA and sonicating for 3 hours at 40Hz using an 

ultrasonic bath. Cell density of the released cells in the medium was assessed by two methods, Vi-

cell counter and hemocytometer. 

 

 

Metabolic Profile 

Bioreactor culture medium samples were taken every other day while changing the 

medium. One ml of supernatant was used to measure glucose consumption and lactate production 
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using a YSI 2950 biochemistry analyzer. A single sample was obtained at each time point, and the 

YSI analysis was performed in duplicate. 

 

Immunocytochemistry 

Cells were fixed with 10% formalin for 20 minutes at room temperature, washed with 

0.01M phosphate buffer (pH 7.4) three times, permeabilized in phosphate buffer with 0.5% Triton 

X-100 for 10 minutes at room temperature, washed three times with PBS, blocked with blocking 

buffer (BSA + Triton X-100) for 1 hour at room temperature, and labeled with 1:1000 dilution of 

primary antibodies (Sox9, Sox17, FoxA2, Brachyury, PDX-1, NGN3, NeuroD1, MafA, NKX2-2, 

NKX6-1 and insulin. Antibody manufacturers and catalog numbers are listed in Table S1 in 

Supplemental Materials) in blocking buffer overnight at 4° C. Samples were then incubated for an 

hour with 1:1000 donkey anti-mouse IgG labeled with Alexa Fluor 488 and/or donkey anti-goat, 

donkey anti-rabbit or donkey-anti rat IgG labeled with Alexa Fluor 594 (Thermofisher) as 

appropriate for the primary antibody. Sampled were mounted with Prolong diamond antifade 

mountant (Thermofisher) and imaged on a Zeiss Axio observer Z1 fluorescence microscope. This 

experiment was performed four times. 

 

Statistical Analysis 

One-way and two-way ANOVA were performed using GraphPad Prism for Windows 

version 8.3.0, www.graphpad.com. P < 0.05 was considered as significant. 
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2.3 RESULTS 

 

Expansion of Primary Pancreatic Cells on the Cellulose Scaffold is Affected by Scaffold 

Surface Modification  

 

To determine optimal conditions for  pancreatic cell growth on the porous cellulose 

scaffold, cellulose pieces (5 mm x 3mm x 2 mm) from wicking matrix material  subjected to  

various treatments were evaluated in a multi-well platform (Figure 1C) for cell 

attachment/retention, viability, cell penetration into the scaffold, morphology, and functionality of 

cells on the scaffold. Purchased human primary pancreatic progenitors (Islets of Langerhans) were 

cultured and expanded in coated flasks to reach the desired number for seeding onto scaffold and 

validated by immunocytochemistry for relevant intracellular pancreatic biomarkers, including 

PDX-1¾a posterior foregut biomarker, NGN3¾transiently expressed at endocrine committed 

cells, NeuroD1¾expressed downstream of NGN3 in pancreatic progenitors, and NKX6-

1¾pancreatic endocrine specification of cells (Hogrebe 2020, Haller 2019) (Figure 2A). These 

pancreatic cells, referred to as NKX6-1+/PDX-1+, were collected by trypsinization, and 20,000 

cells were seeded onto cellulose scaffolds that were either unmodified, amine- or NaOH-modified, 

with or without gelatin coating. Cells were maintained for 10 days on these scaffolds and evaluated 

at days 1, 3, 5 and 10 by MTT assay (Figure 2B) and scanning electron microscopy (Figure 3). 

The time course of cell growth on the six different cellulose scaffolds was measured by MTT 

assay. On day 1, viable cells were observed to attach efficiently to all six scaffold modifications 

(Figure 2B, Figure 3, and Figure S1). On day 3, amine-modified (A), amine-modified, gelatin-

coated (AG), and NaOH-modified, gelatin-coated (NG) scaffolds showed significantly greater 
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viable cell densities than the other scaffolds (one-way ANOVA, p < 0.001), while on day 5, the 

unmodified, non-coated scaffolds showed lower viable cell densities than any of the other scaffolds 

(one-way ANOVA, p < 0.001). Interestingly, by day 10, cells grown on the unmodified, uncoated 

scaffolds had recovered, and no statistically significant differences in cell density between any of 

the modifications were observed based on MTT assay, though qualitative differences were 

observed based on SEM imaging as described below.  

 

Figure 2.2. Viability and expansion of pancreatic cells on chemically modified cellulose scaffolds. 
(a) Fluorescence microscopy images of pancreatic progenitors before seeding onto the cellulose 
scaffold. Cells are stained with antibodies against specific biomarkers of the pancreatic lineage 
and counterstained with 4′,6‐diamidino‐2‐phenylindole (blue). Top panel scale bar = 50 μm, 
bottom panel scale bar = 10 μm. (b) 3‐(4,5‐ dimethyl‐2‐thiazolyl)‐2,5‐diphenyltetrazolium 
bromide assay of pancreatic cells on different surface‐modified cellulose scaffolds during 10 days 
of incubation  
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The MTT assay data were further used to calculate the expansion of pancreatic progenitors 

under the six modification conditions to find the optimum surface conditions for attachment and 

growth of pancreatic progenitors (Table 1). The MTT assay results indicate that the NKX6-

1+/PDX-1+ pancreatic progenitor cells attached and expanded to some degree in all six conditions. 

The largest expansion achieved was 6.6-fold on the gelatin-coated, NaOH-modified (NG) 

scaffolds; whereas only 3.8-fold expansion was observed on similarly modified NaOH scaffolds 

lacking gelatin coating (N). Gelatin coating was not always required, since unmodified (U) and 

amine-modified (A) scaffolds without gelatin coating had the next highest expansion with 5.6- and 

5.4-fold expansion respectively. Based on our observations, uncoated, amine-modified (A) 

scaffolds and gelatin-coated, NaOH-modified (NG) scaffolds provided better surface attachment 

and higher growth rates for primary pancreatic cells (Figure 2B) and were selected for further 

studies. 

 
             Table 2.1. Fold expansion of pancreatic progenitors on scaffold materials 

Scaffold Modification Fold expansion in 10 days 
(Mean ± S.D. N=6) 

U Unmodified 5.6 ± 0.28 

UG Unmodified + Gelatin 5.2 ± 0.34 

A Amine-modified 5.4 ± 0.18 

AG Amine-modified + Gelatin 4.6 ± 0.32 

N NaOH-modified 3.8 ± 0.19 

NG NaOH-modified + Gelatin 6.6 ± 0.22 
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High Resolution Imaging of Primary Pancreatic Cell Attachment and Expansion on 

Cellulose Scaffolds 

 

Due to the non-transparent nature of the cellulose scaffold, we examined cell attachment 

and extent of coverage on the scaffolds by SEM on days 1, 3, 5 and 10 after seeding (Figure 3). 

On day one, for all surface modifications, cells were distributed throughout the scaffolds. By day 

three, cells produced visible cytoplasmic extensions and were distributed more widely on the 

scaffolds. We observed a clear preference for non-coated unmodified (U) and amine-modified (A) 

and gelatin-coated, NaOH-modified (NG) surfaces compared with other conditions (Supplemental 

Figure 1). Significant cell expansion was observed by day five, along with cell migration into the 

scaffold interior pockets. Cell aggregates were also observed as well as extracellular matrix (ECM) 

on the scaffolds as shown in the images. These results were consistent with our MTT-assay 

quantification of viable cells over time under each condition. Cell aggregates were seen on 

uncoated, unmodified (U) and amine-modified (A) scaffolds more than on other surface 

conditions, which show a more extensive cell distribution (Supplemental Figure 1).  

 



 45 

 
 

Figure 2.3. Scanning electron microscopy images of pancreatic cells on chemically modified 
cellulose scaffolds. Cells were maintained on the scaffolds and fixed at Days 1, 3, 5, and 10 to 
evaluate cell attachment and growth throughout the scaffold. Black circles show cell aggregates 
on scaffold. Scale bar = 10 μm  
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hiPSC-Derived NKX6-1+/PDX-1+ Pancreatic Cells Bound to Both NaOH- and Amine-

modified Scaffolds 

 

hiPSC-derived pancreatic cells were generated and matured to beta cells by combining two 

existing protocols (Kroon 2008, Millman 2016) (Figure 4A and 4B) and validated by 

immunocytochemical analysis of pancreatic markers (Figure 4C) similar to previous experiments 

with primary pancreatic cells.  Expression of pluripotency biomarkers (Nanog, Oct-4, SSEA-4, 

and Sox2), endodermal biomarkers (Brachyury and Sox17), primitive gut tube biomarker (FoxA2), 

posterior foregut biomarkers (Pdx-1 and Sox9) endocrine progenitor biomarkers (Nkx6-1, NGN3, 

NeuroD1, and Nkx2-2) and maturing beta cell biomarker (MafA) were evaluated as appropriate. 

Biomarker expression occurred as expected for the different stages of differentiation (Figure 4D). 

On day 12 of differentiation, cells were detached and seeded onto cellulose scaffolds as single cells 

or as small aggregates (Figure 5A). Based on the results of the MTT assay and SEM analysis using 

primary pancreatic cells, two conditions, uncoated amine-modified (A) scaffolds and gelatin-

coated, NaOH-modified (NG) scaffolds were evaluated. Similar to previous experiments, 20,000 

hiPSC-derived endocrine precursors were seeded on scaffolds and differentiation was continued 

in stage 5 and 6 differentiation media (Millman 2016) for 10-12 additional days (10 days for 

aggregates, 12 days for single cells), which should result in immature beta cells expressing markers 

such as insulin, NKX6-1, PDX-1 and MAF BZIP transcription factor A (MafA). The viable cell 

density was analyzed by MTT assay on days 1, 5 and 10/12, and cells successfully attached and 

proliferated on both surfaces (Figure 5B and Figure 5C). In comparison with single cells, the 

seeded aggregates had higher initial viable cell density; however, the viable cell density declined 

over time for cells on both surface conditions, with a very significant decrease on the gelatin-
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coated, NaOH-modified (NG) scaffolds on day 5, which reduced the number of viable cells to less 

than half of the initial number (Figure 5C). In contrast, the viable cell density for single cells on 

the uncoated amine-modified (A) scaffolds increased linearly over time. Even though single cells 

on the gelatin-coated, NaOH-modified (NG) scaffolds initially demonstrated slightly higher viable 

cell density than single cells on the amine-modified scaffolds, the viable cell number dropped 

suddenly on day 5, similarly to aggregates. To determine if cell viability was being affected or if 

cells were detaching from the scaffold surface, we used SEM to assess the attachment and 

morphology of the differentiating hiPSC-derived pancreatic cells on the scaffolds on days 1, 5 and 

12. During differentiation, we observed a significant amount of ECM produced on uncoated 

amine-modified scaffolds loaded with single cells and aggregates (Figure 5G). In contrast, ECM 

deposition was lower on gelatin-coated, NaOH-modified (NG) scaffolds seeded with aggregates 

and single cells (Figure 5H). Images of aggregates on scaffolds from day 12, entering stage 6 

(immature beta cells), reveal an almost empty scaffold, in agreement with MTT data showing a 

decrease in number of viable cells (Figure 5B). In both single cells and aggregates assays, uncoated 

amine-modified surfaces showed more uniform cell attachment and growth compared to gelatin-

coated, NaOH-modified surfaces, and therefore, proved to be a better candidate for pancreatic cell 

culture.  
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Figure 2.4. Differentiation of human‐induced pluripotent stem cells (hiPSCs) to pancreatic cells. 
(a) Differentiation timeline. DE, definitive endoderm; PG, primitive gut tube; PF, posterior 
foregut; EP, endocrine progenitors; PE, pancreatic endocrine cells. (b) Phase images of 
differentiating hiPSCs at selected stages. Scale bar = 100 μm. (c) Immunocytochemistry of 
differentiating cells at selected stages. Scale bar = 50 μm. Scale bar in magnified inset images = 
20 μm. (d) Progression of biomarker expression during pancreatic differentiation stages.  
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Scaffold-Supported hiPSC-Derived NKX6-1+/PDX-1+ Pancreatic Cells Secrete Insulin  

 

Insulin release by pancreatic cells on uncoated amine-modified (A) scaffolds and gelatin-

coated, NaOH-modified (NG) scaffolds was quantified by ELISA on days 1, 5 and 10/12. Single 

cells on amine-modified (A) scaffolds produced the highest amount of insulin on day 1 (Figure 

5C); however, insulin production declined on days 5 and 12, similar to single cells on gelatin-

coated, NaOH-modified (NG) scaffolds (Figure 5D). The decrease in insulin production was 

consistent with loss of cells from the scaffolds. It is unclear if the remaining cells attached to the 

scaffolds exhibited any change in insulin production. Cell aggregates on both scaffold 

modifications had a very low insulin release at day 1. Even though insulin release increased by 

day 5 on both surfaces, it was still approximately half of the insulin released from single cells. On 

both surface modifications, insulin concentration surpassed that produced by a similar number of 

pancreatic cells cultured in a dish (data not shown). Based on ELISA results, single cells seeded 

on scaffolds secreted higher amounts of insulin than aggregates cultured on scaffolds, which in 

turn secreted more insulin than cells cultured on tissue culture dishes, with the highest amount 

produced by single cells on uncoated amine-modified (A) scaffolds.  

Glucose responsiveness of single cells on amine-modified and NG-modified cellulose scaffolds 

was evaluated by adding 2 mM and 20 mM glucose solution to cell-loaded scaffolds at stages 4 

and 5 of differentiation, respectively (Figure 5F). At both stages 4 and 5, insulin release increased 

significantly with increasing glucose concentration on amine-modified and NG-modified scaffolds 

(P-value of 0.0191 and 0.0100, respectively). There was no significant difference in insulin release 

between the two types of modified scaffolds. 
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Figure 2.5. Viability and functionality of human‐induced pluripotent stem cell‐derived pancreatic 
cells on scaffolds in multiwell platform. (a) Seeding pancreatic progenitors as single cells and 
aggregates on amine‐modified and NaOH‐modified, gelatin‐coated (NG) modified scaffolds in 
multiwell platform. (b) 3‐(4,5‐dimethyl‐2‐thiazolyl)‐2,5‐diphenyltetrazolium bromide (MTT) 
assay of pancreatic single cells (12 days) and aggregates (10 days) on amine‐modified scaffolds. 
(c) MTT assay of pancreatic single cells (12 days) and aggregates (10 days) on NG scaffolds. (d) 
Insulin release by pancreatic single cells (12 days) and aggregates (10 days) on amine‐modified 
scaffolds. (e) Insulin release by pancreatic single cells (12 days) and aggregates (10 days) on NG 
scaffolds. (f) Glucose‐stimulated insulin secretion by pancreatic cells on amine‐modified and NG 
scaffolds. (g) Scanning electron microscopy of pancreatic single cells and aggregates seeded onto 
amine‐modified scaffold. Scale bar = 20 μm. (h) Scanning electron microscopy of pancreatic single 
cells and aggregates onto NG scaffolds. Scale bar = 20 μm  
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Insulin Secretion by Scaffold-Attached hiPSC-Derived NKX6-1+/PDX-1+ Pancreatic Cells 

Increases During Bioreactor Culture  

 

A miniature bioreactor was manufactured with the uncoated amine-modified (A) wicking 

matrix scaffold, as that scaffold modification demonstrated the greatest potential for cell expansion 

and insulin production in our previous experiments. The bioreactor scaffold was pre-wetted with 

medium and then seeded with 5 x 106 or 1 x 107 hiPSC-derived pancreatic cells (An image of the 

bioreactor set up is shown in Figure 6A). Insulin release and metabolite profiles were determined 

from assays of the culture medium. At the conclusion of experiments, MTT was added to the 

bioreactor to visualize viable cells (Figure 6B), and SEM visualization of cell attachment and 

distribution throughout the scaffold from the bioreactor was performed (Figure 6C).  

Insulin ELISA of bioreactor samples from 1 x 107 seeded cells showed an insulin production 

greater than 0.28 µg on day 2 of the bioreactor run. Insulin production was again evaluated at day 

4, 6, 8, 10 and 13. Insulin production on day 6 increased to 0.3 µg and remained high through the 

last examined time point, day 13 (Figure 6D). When fewer cells were seeded (5 x 106) onto the 

bioreactor, an initial lag in insulin production was observed, but by days 7 to 13 higher insulin 

output was achieved, although slightly reduced versus seeding with 1 x 107 cells.  

In addition to insulin production, we evaluated the metabolic profile of cells seeded at the 1 x 107 

cell density for glucose consumption and lactate production, which are typically good indicators 

of process robustness. The metabolic profile of cells was determined using a YSI biochemical 

analyzer (Figure 6E and Figure S2). Glucose consumption in the bioreactor seeded with 1 x 107 

cells increased ~2-fold between day 2 and day 6, after which the glucose consumption decreased 

~15% between day 6 and 8 and another 10% by the end of experiment. Lactate production was 
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much lower than glucose consumption and showed an opposite trend from glucose consumption, 

with a substantial drop in lactate production between day 2 and 8, followed by an increase until 

the end of the culture. The relatively high glucose consumption throughout the experiment is 

indicative of sustained metabolic activity of the cells in the bioreactor over 13 days. These results 

show cells in the bioreactor were able to attach to and grow on an amine-modified scaffold, 

maintain a steady metabolic activity, and produce high amounts of insulin for 13 days. A bioreactor 

inoculated with 5 x 106 cells was disassembled after 14 days and cells were harvested from the 

amine-modified scaffold by trypsinization and sonication; 50 x 106 cells were counted, 

demonstrating ~10-fold expansion of differentiating pancreatic cells in bioreactor. 
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Figure 2.6. Growth and insulin secretion of pancreatic cells on amine‐modified scaffolds in a 
miniature bioreactor. (a) Bioreactor setup in the incubator. (b) Scaffold incubated in 3‐(4,5‐
dimethyl‐2‐thiazolyl)‐2,5‐diphenyltetrazolium bromide overnight at end of culture. Arrows 
indicate purple formazan crystals formed by viable cells on the scaffold. (c) Scanning electron 
micrographs of pancreatic cells on the scaffold after 13 days in the bioreactor. Scale bar = 20 μm. 
(d) Insulin secretion from pancreatic cells in the bioreactor during the 13‐day culture period. Left 
panel, reactor seeded with 5 × 106 cells; right panel, reactor seeded with 1 × 107 cells. (e) 
Metabolic profile of pancreatic cells seeded on the bioreactor during the 13‐day culture period.  
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2.4 DISCUSSION 

 

The need for innovative biomanufacturing platforms that sustain cell viability and 

functionality are critical to broadly advancing cell therapies. In this study, we demonstrated 

production of insulin from metabolically competent pancreatic cells seeded onto a wicking matrix 

cellulose scaffold. We tested multiple surface-modification conditions for cell attachment and 

expansion in a multi-well test platform and small-scale bioreactor. Cells seeded onto the wicking 

matrix cellulose scaffold in the bioreactor exhibited greater expansion (up to 10-fold) and 

increased insulin secretion, when compared with traditional 2D cultures. Metabolic profiling 

indicates that the oxygenation and physiological conditions in bioreactor were favorable. This 

biomanufacturing platform provides an efficient 3D microenvironment for pancreatic cells to 

support mass production of these insulin-producing cells for potential use in cell therapies to treat 

Type 1 diabetes patients. The ability to use human induced pluripotent stem cell-derived pancreatic 

cells also opens up the possibility of patient-specific treatments. 

Differentiation of human stem cells to insulin-producing pancreatic cells has been 

performed on various platforms (Figure 7), including porous scaffolds for 3D cell growth, semi-

permeable devices and hydrogel encapsulation for cell transplantation (Vegas 2016, Sabek 2013), 

cellular sheet engineering to improve vascularization upon transplantation (Komori 2013) and 

application of decellularized tissue as a biological scaffold for pancreatic tissue regeneration and 

transplantation (Damodaran 2018, Sackett 2018, Hashemi 2017 & 2018). Examples of 3D porous 

scaffolds include Activin A-grafted gelatin-poly(lactide-co-glycolide) nanoparticle scaffold, 

poly(lactide-co-glycolide) microporous scaffold layered with Exendin-4, polyvinyl alcohol 

scaffold, polycaprolactone/polyvinyl alcohol scaffold, and polyether sulfone nanofibrous scaffold 
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(Kuo 2017, Kasputis 2018, Enderami 2018 a & b, Abazari 2018, Nassiri-Mansour 2018). Theses 

3D porous scaffolds have proven to be a reliable platform for stem cell differentiation and 

generation of functional pancreatic cells that are able to release insulin in response to glucose 

challenge.  

 

Figure 2.7. Generation and transplantation of insulin‐producing pancreatic islet cells on three‐
dimensional (3D) platforms. Isolated stem cells are expanded in flasks (2D) or bioreactors (3D). 
Committed or pluripotent cells are seeded onto 3D platforms including porous scaffolds, 
semipermeable devices, hydrogels as macroencapsulation and microencapsulation devices for cell 
transplantation (Sabek et al., 2013; Vegas et al., 2016), and cellular sheets to improve 
vascularization upon transplantation (Komori et al., 2013). Alternatively, decellularized tissue can 
be used as a biological scaffold for pancreatic tissue regeneration and transplantation (Damodaran 
& Vermette, 2018; Hashemi et al., 2017, 2018; Sackett et al., 2018)  
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One of the natural polymers used for fabrication of porous scaffolds is cellulose. Cellulose 

is a naturally abundant, FDA-approved, inert polymer used frequently in biomedical applications. 

One example is to be used for cell encapsulation, including generation of stem cell-derived insulin 

secreting cells and preservation of insulin-secreting cells or islets (Chen 2019a, Stiegler 2006, 

Chen 2019b). It is economical, biocompatible and is readily modifiable to match the desired 

mechanical and chemical properties (de Oliveira Barud 2016, Courtney 2018). Because cellulose 

is not biodegradable, it can offer long lasting structural support in tissue engineering, moreover, 

its inertness can reduce immune response (Hickey 2019, Courtney 2018). Therefore, cellulose is a 

good candidate for a range of applications including, artificial skin, wound dressing, bone tissue 

engineering, nerve tissue repair and drug delivery (Hickey 2019). The adaptability of cellulose 

could lead to possible future applications as a natural carrier of pancreatic endocrine cells in vivo 

whether alone or in a macro-encapsulated device. 

Since cellulose is hydrophilic with low non-specific protein adsorption, and therefore, not 

ideal for cell adhesion, multiple surface modifications were performed to enable attachment and 

growth of primary pancreatic cells as evaluated by MTT metabolic assay and scanning electron 

microscopy. Before seeding cells, a fraction of the culture was validated in parallel for relevant 

biomarker expression by immunocytochemistry, including PDX-1, NGN3, NKX6-1, NeuroD1 

and insulin, which are indicators of pancreatic lineage-committed cells (Takahashi 2016, Kieffer 

2014, Benthuysen 2016). Pancreatic cells seeded at a density of 20,000 cells/well on various 

modified scaffolds in a multi-well platform were able to attach similarly to cellulose with all six 

surface modifications; however, their expansion varied considerably. Growth on uncoated, amine-

modified cellulose (A) and gelatin-coated, NaOH-modified cellulose (NG) scaffolds provided the 

most favorable surface conditions for expansion of cells with 5 to 6-fold expansion. By high 
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resolution SEM imaging of cells on day 1 and day 3, we observed spreading of cells on these 

scaffolds with visible lamellipodia formation. As discussed by several authors (Banik 2015, Le 

2013, Krishnamurthy 2009), surface topography of various scaffolds contributes to cell attachment 

and can impact long-term viability and differentiation of cells. The cellulose scaffold supports cell 

spreading and retention of phenotypic function. Seeded pancreatic cells displayed an affinity 

towards all modified surfaces of the porous cellulose scaffold that was apparent by formation of 

structures that resemble lamellipodia and production of a film of extracellular matrix. In addition, 

cells were able to form larger aggregates over 5-10 days, consistent with survival and proliferation 

seen in other studies (Kim 2016, Salvatori 2014).  Between day 1 and day 10, sustained culture on 

the amine-modified scaffolds resulted in better expansion, based on a greater distribution of cell 

clusters throughout the scaffold.  

Our analysis revealed that the uncoated, amine-modified (A) and gelatin-coated, NaOH-

modified (NG) scaffolds were most favorable, and these were chosen for additional analysis using 

hiPSC-derived pancreatic cells. Viability, morphology and insulin secretion of hiPSC-derived 

pancreatic cells on these two scaffold modifications were examined. The human iPSC-derived 

endocrine cells were generated by multiple stages of differentiation. In the first stage of pancreatic 

differentiation, expression of definitive endoderm biomarkers, such as Sox 17 and Brachyury 

increase while pluripotency markers decrease. Moving developmentally toward posterior foregut, 

pancreatic biomarkers such as PDX-1 appear. Following commitment to the pancreatic lineage, 

expression of biomarkers such as NKX2-2, NKX6-1, Neurogenin-3 and insulin increase 

(D’Amour 2006, Rezania 2012, Russ 2015, Abazari 2018). From committed pancreatic cells, the 

hormone-releasing beta cells arise; however, these cells are initially immature, and the amount of 

insulin released in response to changes in glucose level is low. Further differentiation to mature, 
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beta islet cells is facilitated by addition of triiodothyronine (T3) which is a thyroid receptor agonist, 

with observed upregulation of MafA in cultures (Aguayo-Mazzucato 2013, Millman 2016). We 

tested hiPSC-derived pancreatic progenitors, NKX6-1+/PDX-1+ on our uncoated, amine-modified 

(A) and gelatin-coated, NaOH-modified (NG) cellulose scaffolds for 10 days as single cells and 

as lightly dissociated cell aggregates. By MTT assay, we observed a predictable trend of decreased 

cell proliferation as cells underwent differentiation on amine-modified scaffolds from seeded 

aggregated cells. This trend has been observed in studies on other scaffolding materials as well 

(Enderami 2018 b, Abazari 2018). We observed that cell aggregates had higher viable cell density 

on amine-modified (A) scaffolds compared to gelatin-coated, NaOH-modified (NG) scaffolds on 

all days of testing. Viable cell density from single-seeded cells on amine-modified scaffolds (A) 

increased linearly throughout the experiment. However, single cells seeded on gelatin-coated, 

NaOH-modified scaffolds (NG) showed a significant decrease in viable cells on day 5. These 

findings suggest that the differentiating seeded pancreatic cells were more compatible with the 

amine-modified scaffolds. Images taken by SEM support this observation. SEM images acquired 

on day 5 showed production of significant amount of ECM on the amine-modified scaffolds seeded 

with cell aggregates. The presence of ECM was also observed on day 5 and day 10 on amine-

modified scaffolds seeded with single cells. As noted previously (Hammer 2004, Stendhal 2009, 

Llacua 2018, Smink 2018), ECM production is a necessary step for support of multiple cell 

activities on a scaffold including survival and migration, and in some cases, ECM components can 

integrate into the scaffold structure to enhance cell attachment, differentiation and proliferation for 

tissue engineering.   

A sustained ability to produce insulin is critical to biomanufacturing efforts with pancreatic 

cells. Insulin secretion was measured for cells grown on both the uncoated, amine-modified (A) 
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scaffold and gelatin-coated, NaOH-modified (NG) scaffold, and both demonstrated greater insulin 

release than was observed from the same cells in 2D culture (data not shown). This analysis 

demonstrates the enhanced functional potential of chemically modified 3D cellulose scaffolds for 

supporting hiPSC-derived pancreatic cells and differentiation into mature, functional, insulin-

secreting pancreatic cells. The amount of insulin secreted from single cells seeded on both 

cellulose surface-modified conditions decreased over time, in contrast to cell aggregates seeded, 

which showed an increase in insulin secretion on day 5. We speculate that the higher insulin 

secretion and ECM production by cell aggregates on amine-modified scaffolds is due to higher 

cell density and increased cell-cell contact on the scaffolds. As a follow up, we tested insulin 

release from single cells seeded on the scaffold in the bioreactor at two seeding densities. The 

hiPSC-derived endocrine precursors were seeded onto the amine-modified wicking matrix scaffold 

in the bioreactor, and insulin release and metabolic activity of cells were assessed for 13 days. We 

observed a significant increase in insulin secretion at both cell seeding densities that remained high 

until the conclusion of the experiment, demonstrating an improvement of cell functionality in this 

3D environment. The porous structure of cellulose fibers along with adequate oxygenation and 

continuous accessibility of all cells to media in the bioreactor appear to meet critical 

microenvironment needs enabling ~2-fold increase in insulin release in the bioreactor. Doubling 

the cell density enhanced insulin production in the bioreactor, reaching the higher insulin secretion 

by day 2 rather than day 7. Given that cell seeding density affects differentiation and maturation 

of pancreatic cells in 2D cultures (Gage 2013), we suspect that delayed insulin production at the 

lower cell seeding density in the bioreactor is a result of an arrested or slowed maturation process.  

Metabolically, glucose consumption and lactate production in the bioreactor were reflective of 

good cell viability and activity. Low glucose consumption levels, which can be a sign of lowered 
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cell viability, were not observed. Higher inoculation densities (1 x 107) exhibited increased glucose 

consumption and lactate production compared to lower cell densities (i.e., 5 x 106 cells, 

Supplemental Figure 2). The relatively low levels of lactate produced in the bioreactor indicate 

sufficient aeration, as would be expected in the wicking matrix bioreactor with the thin film of 

liquid. In addition, the low lactate concentration demonstrates a low rate of aerobic glycolysis. 

Elevated aerobic glycolysis is a hallmark of tumor cells as well as dedifferentiation in culture. In 

summary, the metabolic profile further supports the design and use of the wicking matrix 

bioreactor for cell biomanufacturing. 

Our results have shown that pancreatic progenitors could successfully attach and expand 

on cellulose scaffold and mature to insulin-producing cells. As a next step, seeding undifferentiated 

stem cells on the scaffold and performing all stages of differentiation on scaffold can be explored. 

This method has the potential to lead to greater fold expansion and eliminate the need for 2D 

expansion of pancreatic progenitors prior to seeding the cells on scaffold; however, effects of the 

cellulose surface on cell attachment and possible unwanted differentiation of stem cells needs to 

be monitored. Another aspect that can be further explored is application of the cellulose scaffold 

as a transplantable biomaterial. This approach would eliminate the need to harvest cells from 

bioreactor. In this case, biodegradability of scaffolds and potential immune responses in vivo need 

to be evaluated. Harvesting cells from the scaffold in the bioreactor, without disturbing them is 

another important issue. Our study showed that mature beta cells tend to detach from the cellulose 

scaffold (data not shown), and this interesting observation can be explored as an approach for 

retrieving mature beta cells from the bioreactor without the need to use enzymatic detachment 

solutions. In addition, the use of different hiPSC lines (e.g., sex different line, minority population 
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derived line) could further validate the utility of the wicking matrix bioreactor for cell 

biomanufacturing.   

 

2.5 CONCLUSION 

In this study, attachment and expansion of immature and maturing insulin-secreting 

pancreatic cells on various modifications of the porous cellulose scaffold was examined in a high-

throughput, multi-well platform and scaled-up in a wicking matrix bioreactor. Our findings 

demonstrate the ability of pancreatic progenitors to attach and expand on modified cellulose and 

further indicate that the amine-modified cellulose scaffold, in particular, can support 10-fold 

expansion of hiPSC-derived insulin-secreting pancreatic cells in a scaled-up bioreactor while 

maintaining steady metabolic activity over 13 days. We expect this platform to be useful in future 

biomanufacturing of pancreatic cells for advancing cell therapies for diabetes patients. 
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3   Multiplexed Analysis of Neural Cytokine Signaling by A Novel 

Neural Cell-Cell Interaction Microchip  
 

3.1 INTRODUCTION 

Neural stem cells (NSCs) present expanded opportunities for neural cell therapy due to 

their multipotency and ability to respond to diverse cell signaling microenvironments to 

differentiate and functionally integrate in vivo (Zhang 2018, Farrukh 2018). The frequent choice 

of NSCs for a variety of central nervous system (CNS) therapies (Mazzini 2015, Feldman 2014, 

Nagoshi 2019, Pereira 2019, Hagan 2003, Ma 2011, Skardelly 2011, Jain 2006, Zou 2015) is 

further facilitated by the ability to readily generate NSCs in culture and identify them through 

biomarkers and distinct rosette morphology (Tang 2017). Dissociated NSCs or cell aggregates 

have been tested for treatment of neurodegeneration (Tang 2017, Mirahmadi 2016). However, 

neuroblastoma formation can occur when NSCs are used in CNS therapies, which are presumably 

due to interrupted lineage commitment. Cytokines that participate in autocrine and paracrine 

signaling are critical for regulation of NSC growth and function. How effectively cells 

communicate in their microenvironment has been demonstrated to be important for improving 

functional integration of transplanted cells in vivo. For example, the homotypic choice of CNS 

NSCs regionally specified for spinal applications or forebrain specified NSCs, has significantly 

improved cell functional integration (Dell’Anno 2018, Dulin 2018). With the awareness that cell 

communication plays a key role in therapeutic success of transplanted cells, tools that expand our 

capability to evaluate the complex relationships between cell-cell signaling in microenvironments 

are needed. Such strategies in regard to NSCs are expected to benefit reproducibility in cell 

sourcing with more predictable outcomes in vivo and provide future platforms to advance 

strategies that manipulate cell signaling parameters (Zhang 2018).  
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 Medium to high throughput formats have been introduced recently, leveraging lab-on-a-

chip technologies that integrate microarrays as miniaturized multiplexed sensors. Most of those 

sensors rely on enzyme-linked immunosorbent assay (ELISA) for protein detection where one or 

more antibodies are anchored on the surface.  A novel extension of this approach is the use of 

antibody or DNA/RNA aptamer-based arrays in high throughput microfluidic platforms that 

allows analysis of complex cell-cell microenvironments to look at T-cell activation (Ma 2011) and 

liver cell signaling (Matharu 2014). Further technical optimization that advances throughput has 

included on-chip regeneration of aptasensors following cytokine detection for successive cycles 

(Zhou 2014), decoding DNA arrays using hybridization (Gunderson 2004), rapid, automated 

quantification (Yu 2015), and multiple cytokine detection from a single aptamer-functionalized 

electrode (Liu 2015). Use of microbeads is enabling ultrahigh throughput assays, including work 

from this group on multiplexed single-cell protein profiling (Zhao 2018). In earlier studies, 

microfluidic droplets combined with antibody-coated microbeads were used in high throughput 

evaluation of three specific cytokines to probe cell heterogeneity in activated T cells 

(Chokkalingam 2013) as well as evaluating growth factors in primary hepatocytes (Son 2017). An 

important new area of interest for cell therapies is understanding cytokine signaling potential of 

transplanted cells that may affect their behavior in vivo. There is a continuing need to improve 

high throughput and miniaturization platforms that will guide cell therapies and aid development 

of in vitro disease models. 

The NSCs remain a high priority cell resource in therapeutic neurophysiology applications. 

Two typically used methods to generate and expand pluripotent stem cell-derived NSC rosettes 

for downstream applications include formation of rosettes through embryoid body (EB)-derived 

intermediates (Zhang 2001, Elkabetz 2008, Meinhardt 2014) or by direct differentiation of stem 
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cells in monolayer cultures (Grabiec 2016, Koch 2009, Lukovic 2017). Neural rosettes obtained 

by these approaches in two comparative studies express early ectodermal lineage and radial glial 

biomarkers and have the ability to self-renew and also differentiate to neuronal and glial cell types 

based on the biological cues in their environment (Chandrasekaran 2017, Pauly 2018). Gene 

expression in NSC rosettes and during neuronal development have also been examined (Valensisi 

2017, Fathi 2011). However, the effect of two- or three-dimensional derivation strategies as well 

as aggregate or single-cell rosette morphology on cytokine secretion have not been explored. It 

has been shown that cell shape can impact cell signaling and two- or three-dimensional 

morphology of cells can alter their fate. The change in cell-matrix interactions is associated with 

varied adhesion signaling that could alter cells ability to differentiate (Guilak 2009). It is unknown 

whether disruption of the NSC rosette morphology or method of formation affect signaling profiles 

of these cells that may impact uniformity of outcomes in animal models or clinical cell therapies. 

In the current study we specifically address cytokine signaling of NSCs following different 

derivation strategies as well as state of cells as dissociated and/or as aggregates. The strength of 

our approach is the ability to track changes in ten cytokines of interest simultaneously while also 

monitoring cell microenvironment in a high throughput multiplex array. 

We report development of a neural cell-cell interaction microchip (NCCIM) for high-

throughput multiplex analysis of NSCs generated by two methods, EB intermediates and 

monolayer cultures. We evaluate cytokine signaling using EB-formed rosettes, dissociated rosettes 

and three-dimensional rosette neurospheres. We integrate a multiplex in situ tagging (MIST) 

microarray to simultaneously evaluate 10 known neurotropic factors and growth factors important 

in regard to NSC/NPCs maintenance, proliferation and differentiation (Hawryluk 2012, Drago 

2013, Quiroz 2018) (Table S1). Evaluation required development of on-microchip culture 
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conditions to form and evaluate rosettes. The delicate architecture of rosettes prevents their 

transplantation from culture dishes to the PDMS-fabricated microchambers array (PFMA) that 

forms the cell platform for the NCCIM technology. The NCCIM elegantly captures the cytokine 

signaling relationship between rosette populations including self-organized rosettes, dissociated 

rosette cells and rosette neurospheres. This study demonstrates the versatility of the NCCIM as a 

new high-throughput, multiplexed approach to evaluate architecture-dependent cytokine signaling 

in NSCs in vitro. The NCCIM technology is expected to benefit future in vivo studies in 

transplanted NSCs as well as provide a robust experimental platform for continued in vitro studies 

of 2D or 3D tissues with applications for neuronal development and diseases.  

 

3.2 MATERIALS AND METHODS 

Expansion of hiPSCs  

The human induced pluripotent stem cell line F3.5.2 (Tomov 2015) was cultured on 

Matrigel coated 6-well plates in mTeSRTM Plus media (STEMCELL Technologies, Inc., 

Cambridge UK) and passaged every five days after reaching 70% confluency using Gentle Cell 

Dissociation Reagent (STEMCELL Technologies, Inc., Cambridge UK). Each well of a 6-well 

plate was expanded 6 times, and cells were supplemented with fresh mTeSRTM Plus media every 

other day.  

 

Rosette Formation 

EB-derived rosettes 

Rosettes were generated from hiPSC embryoid bodies (EBs). After hiPSC culture reached 

70% confluency, 1 ml Accutase (STEMCELL Technologies, Inc., Cambridge UK) was added to 
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five well of a 6-well plate and incubated for five minutes at 37° C. The cell-enzyme mixture from 

all wells, was centrifuged at 300 x g for five minutes, supernatant removed, and the dissociated 

cells resuspended in 100 µl mTeSRTM Plus media on custom-made microarrays of 

polydimethylsiloxane (PDMS) with 300 μm wells according to published protocols (Drago 2013) 

and dish was supplemented with ROCK inhibitor Y-27632 (STEMCELL Technologies). Media 

was changed to fresh mTeSRTM Plus media every other day. After four days incubation in 37° C, 

uniform EBs formed in the wells. The EBs were unloaded and plated onto a Matrigel coated dish 

and supplemented with neural induction media (DMEM/F12, N2, NEAA, B27, Glutamax, p/s) and 

refreshed every other day. Two selective inhibitors, brain morphogenic protein (BMP) signaling 

inhibitor, LDN-193189 (STEMCELL Technologies) and the TGFβ type 1 receptor kinase (ALK5) 

inhibitor SB-431542 (STEMCELL Technologies) were added fresh to the media each time the 

media was exchanged. 

Monolayer rosettes 

To generate monolayer neural rosettes, cultured hiPSCs were dissociated with Accutase 

and 1.5 x 106 single cells were plated on each Matrigel coated 35 mm dish and supplemented with 

neural induction medium and ROCK inhibitor Y-27632 the first day. Media was refreshed every 

other day to neural induction media supplemented with SB-431542 and LDN-193189 for 7 days 

until NSCs were generated.  

 

Seeding Cells on the NCCIM 

EB-derived rosettes 

The PFMA was UV sterilized and plasma treated for 3 minutes then coated with 1% 

Matrigel overnight at 37˚C. Sized EBs were unloaded from custom microarrays and filtered by a 
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cell strainer (40 μm) to remove single cells before being seeded onto the Matrigel coated PFMA. 

The PFMA is maintained in a 35 mm diameter dish and neural induction media is changed every 

other day. Viability of rosettes in chambers was studied on day 4 of neural induction on PFMA 

using live/dead assay (Thermofisher) according to manufacturer’s protocol at hour 0 and after 8 

hours of incubation in custom made clamp. 

Dissociated rosettes 

To seed dissociated neural rosettes on the PFMA, Accutase was added to generated 

monolayer rosettes on the dish for 5 minutes at 37° C and single cells suspension was centrifuged 

at 300 x g for 5 minutes. Supernatant was removed and cell pellet was resuspended in 200 µl neural 

induction media. Cell suspension was added onto Matrigel coated PFMA in 35 mm dish and was 

placed on shaker (brand) at 40 rpm. After 15 minutes, 2 ml of neural induction media was added 

to the dish and incubated at 37° C for one day. 

 

Immunocytochemistry 

For analysis of biomarkers, the NSCs on chamber slides or PFMA were fixed by 10% 

formalin for 20 minutes at room temperature, washed three times with PBS and permeabilization 

solution (PBS, 0.5% Triton X-100) added for 10 minutes at room temperature, then washed three 

times and incubated with blocking buffer (PBS, 1% BSA and 0.1% Triton X-100) for one hour at 

room temperature. The antibodies, including Sox1 (R&D systems AF3360), Sox2 (R&D systems 

MAB2018), ZO-1 (Thermofisher Scientific 33-9100), Ki67 (Abcam 15580), Nestin (R&D 

systems MAB1259, Pax6 (DSHB PAX6, Pax6 was deposited to the DSHB by Kawakami, A.) 

were added (1:1000) and incubated at 4˚C overnight. Cells were subsequently washed three times 

with PBS and secondary antibodies added (Alexa Fluor 488 donkey anti mouse A32766, Alexa 
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Fluor 594 donkey anti goat A32758, Alexa Fluor 594 donkey anti rabbit A32754, Thermofisher 

Scientific) for one hour at room temperature, and washed 3 times with PBS. Coverslips were 

mounted with anti-fade diamond mountant (Thermofisher Scientific) and imaged with Zeiss Axio 

Observer Z1 fluorescence microscope. Post detection immunocytochemistry on NCCIM was done 

following the same method after 8 hours’ incubation of seeded NCCIM in custom made clamp. 

This experiment was repeated for 4 times. 

 

Conjugation of microbeads with single-stranded DNAs (ss-DNA) 

The aldehydic polystyrene microbeads (Life Technologies) were coated with poly-L-lysine 

(PLL; Ted Pella) first to increase the DNA load to the microbeads then crosslinked to the amino 

ssDNA. 100 μL of microbeads (3 μm, 4% w/v) is mixed with 1.5 mL of aqueous solution of PLL 

(0.1% w/v) with the addition of 5 μL of 0.5 M NaOH to adjust the pH at (8.5). Then, the PLL 

coating quality is validated with the nonspecific binding of the PLL coat with Cy3 conjugated 

ssDNA. After that, the microbeads were washed and centrifuged three times with 0.05% Tween 

20 in PBS. 10 μL of 1mM amino ssDNA is mixed with the PLL coated beads in the presence of 

0.85 mM of bis(sulfosuccinimidyl)suberate (BS3; Life Technologies) for 4 hours followed by 

washing and centrifuging for three times using distilled water.  

 

Conjugation of cDNA to antibodies 

40 μL amino complimentary DNAs (c-DNA, 400 μm) were reacted with succinimidyl-4-

formylbenzamide (S-4FB; Trilink Biotechnologies) in 200 times excess for 4 h with addition of 

10 μL DMF to prevent precipitation of the S-4FB. At the same time, every capture antibody (50 

μg) were reacted with succinimidyl-6-hydrazinonicotinamide (S-HyNic; TrilinkBiotechnologies) 
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in 10 times excess for 4 h. Both conjugated c-DNAs and antibodies were purified by centrifugation 

using 7K zeba spin column (ThermoFisher Scientific) at 3800 rpm for two minutes. They were 

mixed together and shaken overnight at pH 6 which is essential for the cross-linking reaction 

between S-4FB and S-HyNic. In order to ensure high sensitivity, the antibody-DNA conjugates 

were purified by fast protein liquid chromatography purification (FPLC) at 0.45 ml/min. The 10 

captured antibodies including GDNF, PDGF-AA, IL6, CNTF, IGF, BDNF, FGF, NT-3, BMP-4 

and β-NGF were tagged with D′, E′, F′, G′, H′, J’, K’ L’, M’ and O’ oligo DNAs (Integrated DNA 

Technologies;), respectively. 

 

Chip fabrication  

The PDMS mold that is used to form the PFMA with feature size of (300 μm x 300 μm x 

130 μm) was fabricated by soft-lithography method using SU-8 2100 (Microchem) on a 4-inch 

silicon wafer. Preparation of the PDMS poly(dimethylsiloxane) chip (PFMA) was started with a 

prepolymer by mixing Silicone Elastomer Curing Agent with Silicone Elastomer Base 

(SYLGARD 184; Dow Silicones) in the ratio of 1:10. The air bubbles of the mixture were removed 

by keeping it under vacuum for 20-30 min before the mixture was poured into a mold on a silicon 

wafer followed by baking for 1 hour at 70 °C. The solidified PDMS chip that becomes the PFMA 

was peeled off from the mold and cut into square shapes before use. 

 

Patterning the MIST array and characterization 

All the ten ssDNA-conjugated microbeads were mixed together (20 μL each) with 200 μL 

of non-conjugated blank beads to lower the signal overcrowding during detection. The mixture 

was centrifuged and concentrated to 50% w/v in Milli-Q water. Then the microbeads were spread 
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into a confined area on a PDMS slab (the PDFM) and kept for 15-20 mins until dry. The dried 

microbeads were spread on a pressure sensitive tape (TPA cleanroom adhesive tape; Texwipe) 

which is attached to a plain glass slide using another sticky tape (Scotch magic tape). The whole 

array was sonicated to remove excess layers of microbeads and make only a monolayer of 

microbeads. The PFMA was added over the microbeads monolayer to act as a big well to hold the 

working solutions of the experiment. The microbeads array is validated by using a cocktail of c-

DNA conjugated with Cy3 (200 nM), which was applied to the array and incubated for 1 hour at 

room temperature. The intensity of the microbeads was measured by a fluorescence microscope. 

The number of microbeads for each array is counted by a MATLAB program developed in the lab. 

 The panel of 10 oligo DNAs has been well validated without crosstalk (Zhao 2018, 

Abdullah 2019). We use destructive images for validation of antibody cross-reactivities. For this 

experiment, a Cy3 tagged cDNA was added to the MIST array, and positions of bright microbeads 

were recorded. Then the cDNA was removed by 0.5 M NaOH, followed with incubation of a 

cocktail of 10 antibody-cDNA conjugates at 0.03 mg/mL for each for 1 h. A single type of 

recombinant protein at 10 ng/mL corresponding to the selected cy3-cDNA was applied to the array 

and was incubated for 1 h, before washing and incubation for 1 h with a cocktail of 10 detection 

antibodies at various concentrations according to their product descriptions. Then streptavidin 

conjugated horseradish peroxidase (HRP 1:200; R&D systems) was incubated with the MIST array 

for 30 minutes. Finally, the tyramide conjugated Cy3 (Akoya Biosciences) were applied to the 

array for 15 minutes before imaging. Each of the steps above needs washing for three times with 

3% BSA in PBS at the end. The protein detection image is aligned and overlapped with Cy3-cDNA 

image on photoshop (Adobe) where the “blend” mode of difference is selected to show the 
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“destructive” image. The same procedure is repeated for each of Cy3 tagged cDNAs and the 

corresponding protein detection on the same array.  

 

On chip cytokine detection procedure 

A cocktail of the ten capture antibodies conjugates were mixed together in 3% BSA in PBS 

(final concentration for each conjugate = 0.03 mg/mL) and incubated for 1 hour at room 

temperature to convert the DNA array to antibody array followed by washing the array with 3% 

BSA for three times. The microchamber side of the PDMS with cells on it (the PFMA) was 

clamped with the array and incubated for 8 hours at 37 °C in a 5% CO2 incubator. Then the 

biotinylated detection antibodies were added and incubated for 2 hours at room temperature. After 

washing, the streptavidin conjugated HRP was incubated with the MIST array for 30 minutes 

followed by washing three times by 3% BSA in PBS. The tyramide conjugated Cy3 (Akoya 

Biosciences) were applied to the array for 15 minutes followed by washing several times. The 

detected protein images were taken, and the ELISA components were quenched using 0.5 M 

NaOH for 5 mins followed by decoding procedure to identify the detected protein signal. This 

experiment was repeated twice for EB-derived rosettes and dissociated rosettes and once for 

neurosphere rosette condition. 

  

Decoding procedure 

To identify 10 proteins, a cocktail of Cy3 c-DNAs and Cy5 c-DNAs is mixed together in 

4 different cycles (24 = 16 proteins; see Figure 1 and Table S2) and incubated for 1 hour at room 

temperature followed by taking images by the fluorescent microscope. The fluorescent microbeads 
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were quenched by 0.5 M NaOH for 5 mins and the same steps were repeated with the following 

cycles.   

 

Imaging and data processing  

A fluorescent microscope (Zeiss Axio Observer Z1) were used to take all images. The 

green and red fluorescence were taken using a Cy3 and Cy5 filters, respectively. The microscope 

objective of Plan-APOCHROMAT 20x/0.8 was used to collect light. A custom MATLAB code is 

developed to measure the signal intensity of the detected protein. The program also aligns six 

images for the same array including the bright-field image, the protein detection image and 4 

decoding images. The fluorescent color combination of each microbead on the PFMA was 

extracted and then matched with the predesigned color map (Table S2). Each microbead on the 

array is analyzed through the program to identify the type of protein detected. The intensities of 

microbeads for detecting the same protein were averaged across the same array to obtain cytokine 

profile. The same method was repeated to extract the data of ∼100 arrays on a chip where each 

array carries information of one well.  

 Unpaired, two-tailed t-test was used to determine statistically significant differences using 

GraphPad Prism. A P value less than 0.05 is considered statistically significant and is denoted with 

*, while **, *** and **** represent P < 0.01, P < 0.001 and P < 0.0001, respectively.  Mean value 

of cytokines for each condition is calculated and shown by a horizontal line on each box in the 

plots. Mean value of the background is shown by horizontal dotted line in the plots.  
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3.3 RESULTS 

Development of a Neural Cell-Cell Interaction Microchip, NCCIM 

NCCIM was developed as an integrated multiplex platform that allows cytokine detection 

simultaneously or sequentially with visualization of rosette cell morphology and biomarker 

analysis. The device combines a PDMS-fabricated microchambers array (PFMA) that is 

customized for number and size of microchambers and integrated with a multiplexed in situ 

tagging (MIST) sensor array based on antibody detection and immobilized onto a non-fluorescent, 

pressure-sensitive tape.  The PFMA and MIST arrays combine to form the NCCIM, with each 

component mounted onto separate glass slides. NSCs (whole or dissociated) are seeded within the 

PFMA in culture dishes then combined with the MIST sensor array in a custom clamp (Figure 1a). 

The cells can be pre-seeded and incubated in the PFMA for hours to days. Once sealed, the cells 

in the physically isolated microchambers release cytokines to the microenvironment, and thereafter 

these proteins are selectively captured and detected on the MIST array only pertinent to that 

microchamber. Thus, each microchamber relays unique information that is captured in MIST 

antibody analysis. Multiple identical or unique cell-cell interaction microenvironments can be 

identified and evaluated simultaneously. The MIST array is based on 3.1 µm microbeads, with 

~8460 microbeads per microchamber (300µm x 300µm), each saturated with antibodies to provide 

a multiplex readout. Each microbead carries one of 10 types of orthogonal oligonucleotide DNA 

at the beginning which are permanently linked to the bead surface. Such oligonucleotides serve as 

the base for conversion to antibody array through hybridization with antibody-complementary 

DNA (cDNA) as well as for decoding to identify the type of detected proteins. To obtain a 

multiplex protein readout, a series of detection and decode steps are performed, followed by 

assignment of output readings (Figure 1b).  



 81 

The MIST arrays use a fluorescence sandwich ELISA procedure to quantify released 

cytokines. In its generation, the MIST array is convertible between an antibody-tethered array and 

DNA-only tethered bead array by hybridization or dissociation of antibody-complementary DNA 

conjugates onto DNA-beads. Multiplex detection is done here with two fluorescent tags, Cy3 and 

Cy5, by processing and decoding over successive cDNA hybridization labeling and dissociation 

steps performed over a few cycles. The DNA dissociation after protein detection and after each 

cDNA labeling is highly efficient as no residual fluorescence is observed (Figure S1). Multi-color 

images acquired from each microarray cycle together with the protein detection image are aligned 

perfectly so that the same microbead at a given location generate a particular sequence of color 

changes, a color barcode, over the successive labeling/dissociation steps, corresponding to a given 

cytokine protein and its conjugated antibody-cDNA signal. The predesigned codes used are 

indexed (Table S2). The number of color tags applied and cycle number together determine the 

multiplexity which is the number of barcodes and exponentially increases with each cycle. With 2 

fluorescent color tags and 4 cycles, the maximum multiplexity is 24=16 types of cytokines 

achievable. Each cycle needs ~ 1 h operation time, and thus 4 h is needed to decode for analyzing 

10 cytokines in this work. This decoding procedure can be done either before or after the protein 

detection.  Such design is cost effective and overcomes the limit of available fluorescent tags on 

an imaging system with emission/excitation overlap that often limits evaluation to a maximum of 

four cytokines.  

 

 

 

 



 82 

 

                            

 
Figure 3.1. Principle of the NCCIM assay for evaluating neural progenitor cells. (a) 
layout of the fully assembled NCCIM. The MIST array is fabricated on the surface of a 
sticky tape which is placed on a glass slide. A PDMS replica carrying microchambers is 
mated with a MIST array with a mechanical clamp (not shown). Cells cultured in the 
microchambers release cytokines which will be captured by the antibodies on the MIST 
array for ELISA detection. (b) Procedure to identify the type of secreted proteins detected 
on individual microbeads. After protein detection, the fluorescence intensity of each 
microbead is quantified as the cytokine expression level. 0.5M NaOH is added to the 
array to dissociate the hybridized DNAs and release the antibodies and the captured 
proteins. Only single-stranded oligo DNAs are left on the MIST array. In each of 4 cycles 
of the decoding process, a cocktail of fluorophore tagged oligo DNAs is applied, and the 
same array is imaged by a fluorescence microscope. Then the hybridized DNAs are 
dissociated before the next cycle. Once all the images are overlapped, the sequence of 
fluorescent colors on each microbead is obtained, which corresponds to a specific type 
of protein. Such reiterative hybridization and dissociation enable 10-plex detection of 
cytokines.  
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Direct formation of NSC rosettes on microchips for NCCIM analysis  

 

When cultured in a dish, NSCs spontaneously form radial structures commonly referred to 

as rosettes; the importance of this structure for self-regulation of multipotency and proliferation is 

not well known. The distinct but delicate morphology of rosettes prevents consistent 

transplantation of these structures by lifting from dishes to the PFMA of the NCCIM. Instead 

rosettes were formed directly in the PFMA (Figure 2) either by dissociating rosettes from 2D 

adherent cultures in dishes and reformation in the PFMA or by direct seeding of custom-sized 300 

µm embryoid body (EB) intermediates. We previously described the use of custom microwells to 

generate uniformly sized EBs (Tomov 2015) and generation and characterization of the human 

induced pluripotent stem cell line F3.5.2 used in these studies (Tomov 2016, Chang 2015). EBs 

were loaded into the PFMA and cultured 4 days by SMAD dual inhibition method (Chambers 

2009) in neural induction medium. Before loading, the PFMA is plasma-treated and coated with 

1% Matrigel to retain cells. We determined that the microchamber dimension of 300 µm x 300 µm 

x 130 µm in the PFMA ensured the highest retention efficiency of EBs or seeded (Figure S2). For 

dissociated neural rosettes, hiPSC line F3.5.2 was used to generate a monolayer in a culture dish 

with NSCs forming after 7 days (Meinhardt 2014). NSCs were dissociated into single cells and 

equally distributed into the PFMA. Seeded cells spontaneously formed into uniform neurospheres 

containing rosettes after 48 hours (Figure 2). This is different from seeded EBs in the PFMA that 

when induced neurally form planar rosette structures.  
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PFMA-formed NSC rosettes that were derived from EBs settle into the typical distinct flower shape 

of rosettes in the PFMA chambers similar to what is previously observed on the dish (Figure 3a). 

However, when dissociated cells are seeded into the PFMA they form neurospheres within 48 

hours (Figure 3b). Within these neurospheres one can clearly see rosettes and appropriate 

biomarkers for rosettes. When we compare newly formed neurospheres from monolayer rosette 

and EB-derived rosettes on PFMA to rosette formed on the dish, we observed similar quantitively 

 
Figure 3.2. Analysis of neural rosettes by microplatform seeding onto the NCCIM. 
(a) Neural induction strategies using either custom sized EB intermediates or preformed 
rosettes in 2D cultures, dissociated and reseeded into the PDMS-fabricated 
microchamber array (PFMA).  Rosette formation in the PFMA from neural-induced EBs 
generates 3 size categories (1 large rosette, or 3-4 medium rosettes or >5 small 
rosettes), whereas dissociated NSC rosettes spontaneously form uniformly sized 
rosette neurospheres in the PFMA (b) Phase images of rosette and rosette neurosphere 
formation on the PFMA. Scale bar is 100 μm. 
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expression of early neuronal and glial biomarkers (Figure S3).  PFMA-formed NSC rosettes 

display biomarker expression patterns as discussed below. Immunocytology of six proteins 

expressed in rosettes were similar to rosettes formed in culture dishes (Figure 3a and 3b). These 

proteins include paired box (Pax) 6, one of the earliest transcription factors expressed in NSCs 

(Zhang 2010), Nestin, an intermediate filament protein expressed in NSCs prior to differentiation 

that impacts self-renewal (Park 2010), MKI67 (ki67) a nuclear protein that is expressed in dividing 

cells, and Sox 1 and Sox 2, members of Sox B family of transcription factors that regulate NPCs 

by maintaining the progenitor state and preventing neuronal differentiation (Archer 2011). The 

tight junction protein ZO-1 was also evaluated since it is initially expressed evenly on the surface 

of undifferentiated cells, but after neural induction and polarization of rosette cells, ZO-1 

relocalizes centrally to the apical membrane of rosettes and is a key feature in formed rosettes 

(Elkabetz 2008). For on-microchip analysis with the NCCIM, we focused on Sox1 (neural 

commitment) and ZO-1 (rosette polarization) for optimizing NCCIM conditions. The localization 

of ZO-1 at the center of radial neuroepithelial cells in rosettes is particularly useful to count rosettes 

by identifying the central ring of the polarized cells. Although uniformly sized EBs are seeded into 

microwells of the PFMA, we observe that the planar rosettes that form are a mixture of various 

sizes and numbers (Figure 2, 3), and they are grouped into three categories for analysis (Figure 

3c): Category 1, greater than five small rosettes, with center diameters ranging from 5 µm to 25 

µm; Category 2, less frequent, with one single large rosette with occasionally small scattered 

surrounding rosettes; Category 3, the least frequent group, with two or three rosettes of 40 µm to 

80 µm center size per microchamber. All rosettes were visible initiating from day two of culture 

in the PFMA.  
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Figure 3.3. Immunoctyology of neural rosettes formed on the NCCIM. (a) EB-
derived rosettes in the dish and in the NCCIM. Cells are stained with DAPI, tight junction 
protein ZO1, NSC multipotency marker Nestin, neural ectoderm (Pax6), proliferation 
marker ki67, and neural progenitor (Sox1, Sox2) biomarkers as indicated. (b) Monolayer 
rosettes in the dish are dissociated and seeded into the NCCIM and form uniformly sized 
NSC rosette neurospheres by Day 2. Cells are evaluated with similar biomarkers as (a). 
(c) Phase and fluorescence microscopy images of EB-derived rosettes in the PDMS 
microchambers of the NCCIM. Spontaneously formed rosettes in microwells results in 
three main size distribution categories: one large rosette, 3-4 medium size rosettes, and 
>5 small size rosettes. Cells are stained with ZO-1 (green) and Sox1 (red) antibodies. 
Scale bar is 50 µm. 
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Pyramidal neurons 

On day 5, pyramidal cultures expressed T-box brain factor 2 (TBR2), which is a transient 

intermediate neural progenitor transcription factor expressed in developing neurons (Molnar 2019) 

along with low number of cells expressing T-box brain factor-1 (TBR1), which is one of the 

transcription factors responsible for regionalization of developing cortical neurons and is involved 

in the regulation of neuronal migration (Bedogni 2010, Zhang 2015). TBR1 transcription factor 

has been detected in pyramidal neurons in multiple parts of the brain such as cortical layers 2,3, 5 

and 6 and hippocampus (Siavash 2018). Dcx, another biomarker expressed in immature migrating 

neurons, was also detected throughout the culture. By day 10, expression of TBR1 increased while 

expression of TBR2 was lowered. Expression of SMI 3122 also confirmed that neurofilaments are 

forming. On day 15, MAP2 and SMI312 were detected in culture, showing maturation of axons. 

Low levels of GFAP were also observed scattered throughout the culture. On day 20, expression 

of special AT-rich sequence-binding protein 2 (SATB2) and vesicular glutamate transporter 1 

(vGLUT1) was observed in cells; vGLUT1 is a protein responsible for transporting generated 

glutamate from the cytoplasm to synaptic vesicles in pyramidal neurons (Fremeau 2001). SATB2 

is a transcription factor controlling postmitotic specification of upper layer neurons (Britanova 

2008). By day 30, we observed the expression of presynaptic biomarker Synaptophysin 1 (Syn1), 

postsynaptic biomarker, postsynaptic density protein 95 (PSD-95) that regulates the trafficking 

and localization of glutamate receptors (Yoo 2019) and N-methyl-D-Aspartate receptor 1 

(NMDAR1), which is a glutamate receptor involved in development of synapses in pyramidal 

neurons (Zhang 2013). We also checked for oligodendrocyte biomarker, which was absent in our 

culture, meaning oligodendrocytes were not generated during the differentiation process. 
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GABAergic neurons 

On day 5, expression of transcription factor Nkx2-1 and GABA was observed at the center 

of G-NS and in cells in the outer layer of G-NS, showing commitment of neural progenitors to 

GABAergic neurons. Similar to pyramidal neurons, Dcx biomarker was also detected. On Day 10, 

GABA biomarker was detected in most of the cells inside and outside of G-NS, SMI 311 was also 

detected in cells. On day 15, expression of GABAergic specific biomarkers glutamic acid 

decarboxylase 65 and 67 (GAD65/67), enzymes responsible for GABA synthesis (Le Magueresse 

2013), was detected at low levels, which increased by day 20. Presynaptic biomarker Syn1 was 

also detected on day 20. By day 30, Syn1 and postsynaptic biomarker Gephryn and low levels of 

Parvalbumin (PV) were also detected. Calcium binding protein PV distinguishes one of the 

subtypes of GABAergic interneurons that appear later in neurogenesis (Liu 2013). Absence of 

TBR1 on day 20 confirmed that majority of differentiated cells are GABAergic interneurons. 
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Figure 4.5. Expression of biomarkers during differentiation of GABAergic neurons. On Day 1, 
early neuroectodermal biomarkers are expressed. On day 5, GABA biomarker is expressed at the 
center of neurosphere; on day 5, GABA and MAP2 were detected in migrating cells. On day 15, 
neurofilament biomarker SMI 312 was detected, which is a sign of myelinating axon; on day 30, 
GAD65/67 specific biomarker of GABAergic neurons, presynaptic biomarker Syn1 and post 
synaptic biomarker Gephryn were detected. 
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Cytokine profile of pyramidal neurons during development 

We evaluated expression of cytokines in cell culture supernatant on days 1, 5, 10, 15, 20 

and 30 after plating P-NS on the dish, using a commercially available multiplex ELISA kit with a 

panel of 30 cytokines. We observed a progressive trend in released cytokines throughout the 

differentiation process with 7 cytokines including BDNF, IL-6, IL-8, GDNF, NGF, MMP-3 and 

VEGF-A changing at each timepoint and MCP-1 constantly high. Developmental changes of these 

cytokines are presented in Figure 4.6.  

From day 1 to 5, levels of BDNF, NGF and MMP-3 were increased significantly (p-value < 

0.0001) while expression of MCP-1 decreased significantly (p-value < 0.0001). From day 5 to 10, 

levels of BDNF, NGF and MMP-3 decreased significantly (p-value < 0.01, 0.0003 and 0.002, 

respectively), while IL-6, IL-8, VEGF-A (p-value < 0.0001) and IL-1ß (p-value < 0.005) increased. 

From day 10 to 15, signal intensities of NGF, GDNF (p-value < 0.0001), IL-1𝛼 and MMP-3 (p-

value < 0.01 and 0.04, respectively) significantly increased while levels of BDNF, IL-6, VEGF-A 

(p-value < 0.0001) and IL-8 (p-value < 0.009) decreased. From day 15 to 20, levels of BDNF and 

IL-8 continued to decrease (p-value < 0.0039, p-value < 0.0001) and levels of GDNF and NGF 

also decreased after their peak at day 15 (p-value < 0.0001) while the level of VEGF-A increased 

(p-value < 0.0001). By day 30, BDNF, IL-8, IL-6 and MMP-3 had recovered, and their detected 

signal was increased again (p-value < 0.0001). We also observed a smaller increase in GDNF and 

NGF levels (p-value < 0.0065 and p-value < 0.044, respectively). The rest of the cytokines 

significantly changed at 1 or 2 timepoints or did not change at all. These cytokine changes are 

listed in Appendix C Table S1.  
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Figure 4. 6. Detected cytokines with significant changes during development of pyramidal 
neurons using semi-quantitative multiplex ELISA. P-values: ****, 0.0001; **, 0.0039; *, 0.044. 
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Cytokine profile of GABAergic neurons during development 

We evaluated expression of cytokines in cell culture supernatant on days 1, 5, 10, 15, 20 

and 30 after plating G-NS on the dish using a commercially available multiplex ELISA kit with a 

panel of 30 cytokines. We observed a progressive trend in released cytokines throughout the 

differentiation process with 6 cytokines including BDNF, GDNF, IL-8, TIMP-1, MCP-1 and 

VEGF-A changing at each timepoint. Developmental changes of these cytokines are presented at 

figure 4.7.  

From day 1 to 5, MCP-1 and TIMP-1 were increased significantly (p-value < 0.0001) while the 

rest of the cytokines did not change. From day 5 to 10, level of MCP-1 continued to increase (p-

value < 0.0001). Level of IL-8 also increased (p-value 0.0001) while GDNF and TIMP-1 decreased 

(p-value 0.0001 and p-value <0.0001 respectively). From day 10 to 15, BDNF (p-value <0.0004), 

GDNF, TIMP-1 and VEGF-A (p-value < 0.0001) increased significantly. From day 15 to 20, the 

detected signal of all cytokines was decreased; however, it was elevated again by day 30 for all of 

them (p-value < 0.0004). The rest of the cytokines did not change significantly or changed in only 

1 or 2 timepoints. Changes in these cytokines are listed in Appendix C Table S2. 
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Figure 4.7. Detected cytokines with significant changes during development of GABAergic 
neurons using semi-quantitative multiplex ELISA. P-values: ****, 0.0001; **, 0.0039; *, 0.044. 
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Total change of cytokines during development of GABAergic and pyramidal neurons is shown at 

figure 4.8. 

 
Figure 4.8. Developmental change in cytokines of GABAergic left panel and pyramidal neurons 
right panel. A) Individual values of cytokines at each timepoint during development. B) heatmap 
of detected cytokines during 30 days of differentiation. 
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Cytokine Analysis of Pyramidal and GABAergic Neurons on NCCIM 

Pyramidal neurons were detached from the plate and formed NS overnight, P-NS were 

seeded onto PDMS microchip on days 1, 5, 10, 15, 20 and 30 to find cytokine profile of neurons 

during development (Figure 4.9).  

 

 

 
Figure 4.9. Seeding GABAergic and pyramidal neurons on NCCIM. A) illustration of seeding 
protocol. After generation of neurospheres, cells are plated onto dish and one day prior to each 
timepoint are detached from the dish and suspended in media overnight to form neurospheres 
again. Newly formed spheres are seeded on Matrigel coated microchips for quantitative cytokine 
detection. B) Phase image of GABAergic and pyramidal neurosphere on the microchip and 
fluorescent images of cells prior and post detection experiment. Scale bar is 100 um in phase 
images and 50 um in fluorescent images. C) panel of selected cytokines for NCCIM. 
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Figure 4.6 Seeding GABAergic and pyramidal neurons on NCCIM. A) illustration of seeding
protocol. After generation of neurospheres, cells are plated onto dish and one day prior to each
timepoint are detached from the dish and suspended in media overnight to form neurospheres
again. Newly formed spheres are seeded on Matrigel coated microchips for quantitative
cytokine detection. B) Phase image of GABAergic and pyramidal neurosphere on the microchip
and fluorescent images of cells prior and post detection experiment. Scale bar is 100 um in
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Pyramidal neurons 

On day 1, MCP-1, IL-6, TIMP-1, PDGF-AA and GDNF were significantly expressed (p-

value < 0.0001) with MCP-1 at the highest level (fluorescence intensity 141.36 a.u.). CNTF was 

also expressed significantly (p-value < 0.0003) while detected BDNF was at low levels. By day 5, 

levels of GDNF, BDNF, CNTF and IL-6 signals increased significantly (p-value < 0.0001), while 

PDGF-AA did not change, and MCP-1 and TIMP-1 decreased significantly (p-value < 0.0001). 

On day 10, GDNF, CNTF and IL-6 were detected at a significantly lower levels compared to day 

5; PDGF-AA did not change significantly, and BDNF, MCP-1 and TIMP-1 were not significantly 

expressed. On Day 20, most cytokines were not expressed significantly except MCP-1 and TIMP-

1 (p-value < 0.0001) and on day 30, we were not able to detect any of the cytokines (Figure 4.10). 

 

GABAergic neurons 

On Days 1, 5, 10, 15, 20 and 30, GABAergic neurons were detached from the dish and 

suspended in media overnight to form neurospheres. G-NS were seeded onto NCCIM and the 

secreted cytokines were evaluated. On day 1, all of the cytokines were expressed significantly (p-

value < 0.0001); by day 5, all cytokines except MCP-1 increased significantly; MCP-1 was not 

significantly expressed on this day. Levels of PDGF-AA, BDNF, MCP-1 and TIMP-1 cytokines 

increased significantly from day 5 to 10, while fluorescence intensity of IL-6 did not change 

significantly, and intensities of GDNF and CNTF decreased. On day 15, we observed a significant 

decrease in fluorescence intensity of all cytokines (p-value < 0.0001) except GDNF, which did not 

change significantly. On day 20, continued to decrease for all cytokines except GDNF, which was 

significantly increased (p-value < 0.0001). The rest of the cytokines were not expressed 

significantly, and on day 30, none of the cytokines were detected. 
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Figure 4. 10. Cytokine detection on NCCIM during differentiation of GABAergic and pyramidal 
neurons. 
 

Detected cytokines during pyramidal and GABAergic differentiation on NCCIM are shown 

separately in figures S1 and S2 along with significant differences. 

 

 
 

Impact of inhibitory and excitatory neurons co-culture on cytokine profile 

To evaluate secreted cytokines from pyramidal and GABAergic neurons mixed culture 

after interacting with each other, pyramidal neurons and GABAergic neurons were plated in a 4 to 

1 ratio and the supernatant was collected and evaluated using a multiplex ELISA kit. 

The mixed culture was evaluated by immunocytochemistry (Figure 4.11) and the presence of 

pyramidal and GABAergic neurons along with a small quantity of astrocytes was confirmed.  We 



 128 

observed that after addition of GABAergic neurons, levels of IL-8, EGF, VEGF-A and MIP-1a 

increased significantly (p-value < 0.0001 and < 0.029), while levels of GDNF and IGF-1 decreased 

significantly (P-value < 0.0001 and < 0.0025, respectively); MCP-1 and IL-1ß stayed the same 

(Figure 4.12).  

 

 
Figure 4. 11. Phase and fluorescent images of mixed culture of GABAergic and pyramidal 
neurons. Specific pyramidal and GABAergic biomarkers, maturing neurons and glial biomarkers 
expressed in mixed culture. 
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Figure 4.12. Cytokine detection from the mixed culture of pyramidal and GABAergic neurons by 
multiplex ELISA. A) Individual values of detected cytokines from neurons before and after 
mixing. B) Detected cytokines with significant changes after mixing. 
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4.4 DISCUSSION 

 

As hiPSC technologies advance for differentiating different cell types, and creating 

physiologic microenvironments in complex 2D, 3D, organoid and temporal timeframes, 

bioengineering platforms will become more challenging to develop and more critical to advance 

research. Studies to understand excitatory and inhibitory signaling between cortical neurons can 

benefit from in vitro platforms. Here we investigate cortical pyramidal excitatory neurons and 

inhibitory GABAergic neurons and neuronal networks of the two neuronal types by ELISA and 

NCCIM multiplex platforms.  

Cytokine release affects multiple properties of cells, we chose a cytokine panel relevant to 

proliferation and differentiation along with inflammatory cytokines.  In both platforms, we 

generated inhibitory and excitatory neurons from hiPSCs and validated the cells by 

immunocytology for expression of early neuronal, pan-neuronal, presynaptic, post synaptic and 

pyramidal and GABAergic specific biomarkers during differentiation. We further detected 

secreted cytokines in multiple temporal stages of the development along with changes in cytokine 

release after mixing GABAergic and pyramidal neurons at a chosen timepoint. The complex 

morphology of neuronal compartments that are dendrites and axons prohibit seeding neurons onto 

the NCCIM platform as planar 2D cells. Therefore, we formed neuronal spheres from 

differentiating neurons to evaluate our panel of 7 pre-selected cytokines on the NCCIM. A similar 

strategy can be used in the future for evaluating more complex multicellular networks or organoids. 

We observed that the cytokine panel profile of GABAergic neurons began to differ from 

pyramidal neurons from day 1, reflective of the altered regulators that are used to direct 

differentiation of specific neuronal types. The number and level of detected cytokines from both 
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cell types increased initially during development and then became more restricted as expected 

from refinement of functionality of these cells. Prominent secreted cytokines were MCP-1, TIMP-

1, LIF and IL-8 with BNDF and GDNF significantly and differentially expressed between neuron 

types at certain timepoints. We also observed significant transient expression of IL-6 and VEGF-

A at day 10 of pyramidal differentiation that were absent in analysis of GABAergic interneurons 

at day 10. 

MCP-1 is a member of CC chemokine family, which are chemoattractant for monocytes, 

lymphocytes, natural killer cells, dendritic cells, eosinophils and basophils in immune system and 

mainly studied for their involvement in the immunoinflammatory response by recruitment of 

monocytes to the site of injury and inflammation (Reaux-Le Goazigo 2013). MCP-1 is secreted 

from glial cells in the event of neuronal degeneration (Nair 2008). MCP-1 is also secreted from rat 

neuronal cells in specific regions of the brain including cortex (Banisadr 2005), mostly from 

pyramidal and GABAergic neurons of superficial layers of cortex (Mulet 202) in normal 

physiological conditions and is believed to act as a neuromodulator in the brain. Previous studies 

in rat indicate that mature cortical pyramidal neurons express lower levels of MCP-1 while mature 

cortical inhibitory neurons express higher levels of MCP-1 (Mulet 2020). The level of MCP-1 

expression during in vivo development of rat and human brain varies in different regions of the 

brain with either a decrease or maintenance of MCP-1 level after cell maturation (Pousset 1994, 

Zhen Meng 1999). We observed MCP-1 levels during differentiation in vitro of both cell types to 

be very high initially and to remain high up to our final analysis date of 30 days after 

differentiation. Excitatory and inhibitory neurons have a long maturation period in vitro (Lepski 

2011), and we did not evaluate the level of MCP-1 after this time period of maturation in vitro. 

Presence of MCP-1 during development in various regions of the brain has also been suggested to 
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contribute to promoting migration of differentiated neurons to their specific location within the 

adult brain (Zhen Meng 1999).  

The extracellular matrix (ECM) of the CNS is modified by proteases that are secreted from 

neuroglia cells. One family of these proteases is matrix metalloproteinase (MMP) (Fujioka 2012). 

Previous studies have shown that the level of some MMPs, including MMP-2, change during 

development of mouse brain while levels of other MMPs, including MMP-3, remain the same 

(Pagenstecher 1998, Ulrich 2005). MMPs have been detected in some pyramidal neurons and glial 

cells (Fujiko 2012). We evaluated the levels of MMP-2 and MMP-3 in our assays of hiPSC-derived 

cortical neurons. We observed that although the level of MMP-2 appeared to increase with 

differentiation of our pyramidal neurons and was highest on day 10, this change in expression level 

was not significant. MMP-2 was not significantly expressed in GABAergic neurons for the 

timepoints we examined. Interestingly, we observed a change in the level of MMP-3, which shows 

significantly greater secretion than MMP-2 (p-value < 0.01) in pyramidal cells, with its highest 

level on day 5. MMP-3 secretion was lower at day 10 but increased again slightly on day 15 

although it did not reach the level of day 5. Studies have shown that MMPs can promote neurite 

outgrowth and dendrite remodeling (Zuo 1998, Gonthier 2009, Shubayev 2004). The elevation of 

MMP-2 and MMP-3 during differentiation may promote neurite outgrowth and generation of 

axons in our neuronal spheres, which is consistent with these events that are occurring in culture 

dishes before we generate our neuronal spheres for NCCIM analysis. 

Tissue inhibitor of metalloproteinases (TIMPs) can balance MMPs activities and control 

development of neurons (Frolichsthal-Schoeller 1999). It’s been reported that level of TIMP-1 

stays unchanged during differentiation of human CNS stem cells (Frolichsthal-Schoeller 1999). 

We evaluated TIMP-1 in our assays, and our data from the NCCIM showed fluctuations in the 
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level of TIMP-1 in both pyramidal and GABAergic neurons during differentiation. From day 1 to 

day 20, TIMP-1 was decreased significantly. Because TIMP-1 interacts predominantly with MMP-

2 (Frolichsthal-Schoeller 1999), it is possible that changes in expression of TIMP-1 affected MMP-

2 cytokine expression levels.  Consistent with this, we find that MMP-2 is not detected at high 

levels when TIMP-1 is high. Since TIMP-1 is lower after day 20, we then would expect to detect 

higher levels of MMP-2 after day 20, which is what we observe. 

We expected to see an increase in the levels of neurotrophic factors during differentiation 

of neurons since these factors are believed to promote neuronal differentiation and migration after 

injury (Mocchetti & Wrathall 1995). As expected, the level of GDNF was elevated during 

differentiation of GABAergic and pyramidal neurons but to the contrary, the level of BDNF in 

pyramidal neurons was very high at the beginning and then gradually decreased. The GABAergic 

neurons had a generally lower level of BDNF cytokine detected. NGF also exhibited an increasing 

trend during differentiation even though it remained at much lower levels than GDNF and BDNF. 

Other factors that were expressed at high levels were IL-8 and IL-6. In addition to the 

neuroprotective role of IL-6, it also plays a role in neurogenesis and/or gliogenesis depending on 

the activated signaling pathways (Islam 2009). The chemokine IL-8 (CXCL8) is known for its pro-

inflammatory effect on cells and is reported to induce neuronal apoptosis (Du 2018, Wang 2018). 

However, IL-8 can also enhance synaptic transmission in neurons with persistent inflammatory 

pain (Cui 2012). Recently, a role for IL-8 during neuronal development as a neurogenesis factor 

has been explored, and it was shown that it can transiently increase neurotransmitter release and 

modulate calcium channel excitability in mouse and rat neurons (Giovannelli 1998, Puma 2001). 

CXCR2, which is the receptor for IL-8, is involved in modulating electrical activity of neurons 

and neurotransmitter release (Semple 2010); therefore, expression of IL-8 in hiPSC-induced 
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cortical neurons could also be related to modulation of calcium and neurotransmitters; however, 

further experiments are needed to determine the possible developmental role of IL-8 in our in vitro 

system and in the human cortex. We also detected low levels of IL-1𝛼 and IL-1ß, a result that is 

consistent with previous studies indicating low expression of these cytokines in normal brain 

(Spulber 2009).  VEGF was also analyzed and is usually considered in a role as an angiogenesis 

promoting factor (Rosenstein 2010). However, it also has a neurotrophic effect and promotes 

neuronal development (Okabe 2020, Li 2013). Neuronal differentiation in the absence of VEGF 

leads to malformation of neuronal clusters and VEGF also affects neurite outgrowth.  

In summary, our multiplex in vitro NCCIM system correlates well with ELISA 

multicytokine assays and our findings are also consistent with evolving studies on the role of 

cytokines in animal models.  By taking advantage of the multiplex NCCIM platform in future 

studies to include RNA-seq, in-cell western, along with morphology and immunocytology or live 

cell imaging, and perhaps working towards a more automated system, we anticipate that hiPSC 

and bioengineered platforms can provide relevant and informative models to help detail the 

complex roles of cytokines in subsets or more complex sets of cells in defined domains of the 

human cortex. 

  

4.5 CONCLUSION 

 

Cytokines were thought to be pro- or anti-inflammatory factors that were expressed in sites 

of inflammation; however, it was recently observed that they are involved in other cell functions 

including brain development. We evaluated cytokines present in the microenvironment of 

differentiating pyramidal and GABAergic neurons at multiple timepoints and in their mixed 
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culture and determined the prominent cytokines involved in differentiation of cells on dishes and 

on a microchip as neurospheres. Our observations further demonstrated the critical role of 

cytokines as neurotrophic factors in human cortical development. These findings can help fill the 

gap in our knowledge of human brain development and introduce new approaches in guiding 

differentiation of neural stem cells for potential treatment of neurodegenerative diseases. 
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Chapter 5: Cytokine analysis in an in vitro model of stretch induced injury 

with microglia and hiPSC-derived pyramidal and GABAergic neurons  
 

5.1 INTRODUCTION 

 

Traumatic brain injury (TBI) is one of the major causes of disability and death in the world, 

and according to the Centers for Disease Control and Prevention (CDC), emergency visits, 

hospitalization and death due to TBI in United States has increased by 53% from 2006 to 2014. 

The TBI primary injury can be based on mechanical force or percussion damage (barotrauma), be 

centralized or globally distributed, and is followed by a cascade of events detectable within 

minutes after the injury called secondary injury. Consequences of the secondary events have been 

demonstrated to result in permanent disabilities and reduce life expectancy by as much as 9 years 

(Bramlett 2015, Harrison-Felix 2015). Inflammation, excitotoxicity, generation of reactive oxygen 

species (ROS), apoptosis and change in calcium levels are some of the secondary events that can 

exacerbate the injury and result in neurodegeneration in TBI (Torrente 2013, Bramlett 2015). 

Secondary events in the brain are regulated by immune system responses. The initial response of 

the immune system to damaged tissue is release of damage-associated molecular patterns 

(DAMPs) including s100b proteins and high mobility group box-1 (HMGB1). In turn, they result 

in production of inflammatory cytokines from astrocytes, macrophages and microglia (Needham 

2019). Secreted cytokines in the brain can act as neuroprotective and/or neurodegenerative factors. 

This feature makes them a valuable tool for both diagnostic and therapeutic resolutions. To date, 

various biomarkers have been proposed as a diagnostic measure of TBI severity such as glial 

fibrillary acidic protein (GFAP), ubiquitin C-terminal hydrolase L-1 (UCH-L1), MAPT and s100b 
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(Hajiaghamemar 2019, Olczak 2019, Czeiter 2020). However, these biomarkers are not reliable in 

all cases (Morris 2019). Defining a new reliable single or combination panel of biomarkers for 

diagnostic and prognostic use is a high priority in the TBI field, is expected to improve clinical 

outcomes, and can benefit from in vitro platforms using human stem cell-derived neural and 

microglia cells to mimic aspects of TBI injuries.  

Traumatic brain injury has been modeled in vitro by chemical injury, static mechanical 

injury or dynamic mechanical injury (Kumaria 2017). All of these methods are designed to 

generate a distinct type of injury in vitro. In chemical injury, cells are treated by chemicals such 

as glutamate or peroxidase to mimic glutamate cytotoxicity or free radical injury that happen as 

secondary events after initial insult to the brain. These treatments can be applied to cells in 

combination with mechanical injuries or alone. Static mechanical injuries include compression, 

transection and barotrauma. In compression and transection models, strain rate cannot be measured 

and barotrauma model is most appropriate for blast injury, which is a measurable subcategory of 

TBI (Kumaria 2017). Dynamic mechanical injuries include cell-stretch, acceleration/deceleration 

and hydrodynamic models. The advantage of the cell-stretch method is that cells are injured 

moderately and in a precisely controlled manner, which provides the opportunity to study 

secondary events with reproducibility.  

Currently, a large body of the data on immune response in TBI come from ex vivo animal 

studies or blood/fluid sampling (Helmy 2011); however, these studies cannot capture all details of 

complex responses of neuronal and glial cells post-injury and due to genetic differences between 

species, are not an ideal model for injuries to the human brain. Recently, human stem cells have 

been applied in a limited number of studies in the TBI field to study changes to cell viability, 

morphology and electrophysiological changes (Bianchi 2019), axonal injury caused by a custom-
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made injury device (Sherman 2016) and cytokine release induced by chemical injury (Thelin 

2018). As stem cell protocols improve along with bioengineered platforms, the ability to analyze 

more complex cell-cell microenvironments including multiple neuron types and microglia on a 

variety of platforms is expected to continue to deliver important findings relevant to clinical 

studies.  

Here, we have developed a multicellular model to examine excitatory and inhibitory 

neurons with microglia in vitro using a stretch-induced injury platform and ELISA multicytokine 

and NCCIM multiplex assays. Human iPSCs are used to generate pyramidal neurons and 

GABAergic interneurons and mixed with commercially available microglia. Because of the central 

role of microglia in cytokine release after TBI, addition of microglia to inhibitory and excitatory 

neuronal cells provides a microenvironment closer to cells physiological niche in the brain cortex 

for our studies. We co-cultured cells on a commercially available Cytostretcher chamber with a 

stretchable silicon-based substrate and electromagnetic actuator by uniaxially stretching in order 

to mimic mild TBI. Secreted cytokines from cells were quantified prior to injury and 24- and 48-

hours post injury by a fixed panel of 80 cytokines using semi-quantitative multiplex ELISA kit 

and also a semi-quantitative multiplexed ELISA neural cell-cell interaction microchip (NCCIM, 

Zhao 2018) using a 7-cytokine panel. The NCCIM requires formation of neuronal spheres of cells 

after injury and we evaluated cells in this 3D platform. Our study provides a comprehensive 

analysis of altered cytokine expression following injury, viability of cells, intracellular biomarker 

expression and morphological changes using our multicomponent pyramidal, GABAergic, 

microglia platforms in vitro. 
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Figure 5.1. Released factors in neuronal environment after TBI. 

 

 

5.2 MATERIALS AND METHODS 

 

Cell Culture 

Human induced pluripotent stem cells (F3.5.2) were maintained in mTeSR PLUS media 

(STEMCELL Technologies) and were passaged every five days using gentle cell dissociation 

reagent (STEMCELL Technologies).  

Neural induction 

hiPSCs were dissociated by Accutase (STEMCELL Technologies) according to manufacturer’s 

manual and dissociated cells were loaded onto custom-made PDMS template to form uniform 

sized embryoid bodies (EB). EB templates were kept in 53 mm tissue culture dish in 37 °C for 6 

days in neural induction medium (N2/B27: N2: neurobasal media, Glutamax, B27, B27: 
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DMEM/F12, non-essential amino acids, p/s, sodium pyruvate) with TGF-ß and BMP pathways 

inhibitors LDN-193189 and SB-431542. After 6 days EBs were transferred to Matrigel-coated 

plates and medium was changed to NIM to generate neural rosettes (Cao 2017). For generation of 

pyramidal neurons 5µM Cyclopamine (STEMCELL Technologies) was added to NIM from day 

0. 

Pyramidal neurons 

Neural rosettes were detached from the plate manually and suspended in neural 

differentiation medium (NDM) with B27 supplement (Thermofisher Scientific) and Cyclopamine 

to form neurospheres. Medium was changed every other day. After 6 days, neurospheres were 

plated onto Matrigel-coated dishes to generate neurons. Medium (NDM + cAMP + BDNF) was 

changed every five days. 

GABAergic neurons 

Detached neural rosettes were suspended in NIM plus B27 supplement and 

Purmorphamine (STEMCELL Technologies) for ten days. After ten days, neurospheres were 

plated onto Matrigel-coated plates in NDM, compound E, BDNG, GDNF, IGF-1 growth factors. 

The next day media was changed to NDM, cAMP, BDNF, GDNF and IGF-1 and was changed 

every four days (Li 2013). 

Microglia 

Immortalized human microglia cell line was provided generously by Dr. Alvarez-

Carbonell’s lab (Case Western Reserve University, Ohio) and cultured in DMEM/F12, FBS and 

p/s. Cells were passaged every three days.  
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Generation of Neuronal Microenvironment Model 

Pyramidal neurons on day 15 and GABAergic neurons on day 15 were detached from the 

dish by incubating the cells with Accutase (STEMCELL Technologies) for 5 minutes in 37 °C. 

Dissociated cells were centrifuged and transferred to stretchable chamber (Nanosurface 

biomedicals) in 4:1 ratio (pyramidal neurons: GABAergic neurons). Cells were incubated for 30 

minutes at 37 °C to settle down and then dissociated microglia cells were added to the mixed 

culture in 1:8 ratio (microglia: neurons). N2/B27 medium was added to the chamber and cells were 

used for downstream applications the next day. 

 

Stretch Injury 

Cells were seeded on 12-mm stretch chambers and were stretched uniaxially in a stretching 

device (Cytostretcher, Nanosurface biomedicals) at 50% strain and 1.2 s-1 strain rate for 10 

seconds. Seeded cells on the chambers were used for further experiments after injury. 

 

Immunocytochemistry 

Cells on chamber slides (Thermo Scientific Nunc Cat# 154526) were fixed in 10% formalin 

for 15 minutes. Fixing solution was aspirated and samples were incubated in phosphate buffer 

saline (PBS, pH= 7.2) for 5 minutes, three times. Permeabilization solution (10% Triton X-100 in 

PBS) was added to chambers for 10 minutes and cells were washed afterwards three times in PBS 

for 5 minutes each. Samples were incubated in blocking buffer (1% bovine serum albumin in PBS) 

for 1 hour at room temperature, and then primary antibodies were added (1:1000 in blocking 

buffer). List of antibodies are provided in table 1 in supplemental. Samples were kept overnight at 

4 °C and the next day secondary antibodies were added for an hour at room temperature. Samples 
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were mounted with anti-fade diamond mounting media (Thermofisher Scientific) and imaged 

using Zeiss fluorescence microscope (Axio Z1). 

For staining injured cells, cells were fixed directly on the stretchable chambers and the same 

protocol was followed.  

 

Cytokine Analysis 

Supernatant of mixed culture was collected from the dish prior to injury and 6 hours and 

48 hours after injury. Cell culture supernatants were used in various ELISA kits including GFAP 

(Alpco), Tau (Abcam), UCHL-1 (Raybiotech), NSE (Raybiotech) and semi-quantitative 

multiplexed cytokine array C5 (Raybiotech) that is a cocktail of 80 cytokines. A list of cytokines 

is provided in Appendix D. Assays were done according to manufacturer’s instructions and 

standard curves were made and detected signal was normalized. 

Injured cells were also detached from the chambers after 48 hours, were suspended overnight to 

form neurospheres and newly formed neurospheres were seeded on neural cell-cell interaction 

microchip (NCCIM) for quantitative multiplex ELISA of 7 pre-selected cytokines. A cocktail of 

conjugates was added to provided array (Dr. Jun Wang’s lab, Stony Brook University) and array 

was incubated for one hour, after multiple washes with BSA 3%, the seeded microchip was 

sandwiched onto the array and clamped for 8 hours at 37 °C. After 8 hours, the array was washed, 

and detection antibodies were added to the array at room temperature for 2 hours. At this point, 

array was then washed and sealed in a 50 ml tube filled with BSA 3% to be shipped for detection 

and decoding of the signal (Dr. Wang’s lab, Stony Brook University).  
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5.3 RESULTS 

 

Generation of Neuronal Microenvironment Model 

To generate the neuronal microenvironment model, two types of neurons, inhibitory and 

excitatory neurons were generated from human induced pluripotent stem cells and were co-

cultured with immortalized human microglia in a stretchable silicone-based chamber. GABAergic 

and pyramidal neurons were generated by modifying established protocols (Liu 2013, Espuny-

Camacho 2013). Neural rosettes were generated from uniform size EBs and were suspended in 

neuronal differentiation media plus sonic hedgehog activator (Purmorphamine) to generate 

GABAergic neurons or sonic hedgehog inhibitor (Cyclopamine) to generate pyramidal neurons. 

Suspended rosettes formed neurospheres regionalized toward ventral and dorsal forebrain 

respectively. Neurospheres were plated onto separate dishes after ten days and plated spheres were 

cultured for 30 days. Neuronal differentiation was validated by immunocytochemistry (Figure 

5.1). The presence of pan neuronal markers including class III beta tubulin, microtubule-associated 

proteins, MAP2 and SMI 312 and inhibitory and excitatory neurons specific biomarkers including 

gamma aminobutyric acid (GABA), glutamic acid decarboxylase (GAD65/67), T-box brain factor 

1 (TBR1) and vesicular glutamate transporter 1 (VGLUT1) confirmed the identity of each neuron 

type. Presence of astrocytes was confirmed by GFAP biomarker. 

Microglia cells were also validated in resting state. Cells were stained by using microglia 

biomarkers including transmembrane protein 119 (TMEM119) that distinguishes between brain 

residents microglia and circulating macrophages (Satoh 2015), triggering receptor expressed on 

myeloid cells 2 (TREM2) that promotes survival and proliferation of microglia (Zheng 2018) and 

integrin CD11b that is an adhesion receptor expressed on various cell types and its expression is 
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increased with activation of microglia (Roy 2007). Differentiated neurons were co-cultured with 

microglia in stretch chamber in ratios similar to the ratio of cortical cells in the brain to build 

neuronal microenvironment model.  

 

 
Figure 5.2. Mixed culture of GABAergic neurons, pyramidal neurons and microglia prior to 
stretch injury. A) cells before mixing, scale bar is 100 µm. B) Fluorescent images of microglia 
before mixing C) Fluorescent images of mixed culture. Scale bar is 50 microns. 
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Figure 5.2. Mixed culture of GABAergic neurons, pyramidal neurons and microglia prior to 
stretch injury. A) cells before mixing, scale bar is 100 um. B) Fluorescent images of microglia 
before mixing C) Fluorescent images of mixed culture. Scale bar is 50 microns.
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Cytokine release of neuronal population after addition of microglia was measured using a 

semi-quantitative multiplexed ELISA kit (Raybiotech) to find the impact of presence of microglia 

in neuronal culture. We observed an increasing trend in detected cytokines and cytokines such as 

s100-ß, TGF-ß, IL-10 and TNF-𝛼 that were secreted insignificantly in mixed culture of 

GABAergic and pyramidal neurons were detected at higher level after addition of microglia 

(Figure 5.3). 
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Figure 5.3. Cytokine detection before and after addition of microglia to mixed neuronal culture 
by multiplex ELISA. 
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Mild Traumatic Brain Injury (mTBI) Model 

To mimic mild stretch injury in neuronal microenvironment model, cells on chambers were 

stretched with a stretching device (Cytostretcher, Nanosurface biomedicals) uniaxially with 50% 

strain and 1.2 s-1 strain rate. Viability of cells was evaluated by Calcein-AM indicator of live cells 

and propidium iodide, indicator of dead cells at 48 hours and assay revealed that cells stayed viable 

after the injury (Figure 5.4). This was in line with our goal of stretching the cells sub-lethally to 

be able to study secondary events in the chamber. 

 

 
Figure 5.4 Fluorescent images of mixed culture 48 hours after stretch-induced injury. Cells are 
stained with Calcein-AM and PI, indicators of viable and dead cells respectively. 
 

Imaging the cells 1 hour after the stretch showed more than 50% detachment of cells from 

the surface as result of substrate displacement. However, after 24 hours, cells were reattached to 

the chamber again (Figure 5.5). To visualize impact of stretch on our model by 

immunocytochemistry, microtubule biomarker Tuj1 and astrocyte biomarker, GFAP were used to 

illustrate axonal changes and changes in level of reactive astrocytes respectively (Figure 5.5). We 

observed that the structure of axons was disrupted throughout the culture and neuronal network 
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was disconnected at multiple locations. However, despite the stretch injury, most of the axons that 

stayed attached to the dish maintained their connections. Expression of GFAP biomarker did not 

significantly change; however, we observed expanded morphology of astrocytes in the culture as 

a sign of activation of astrocytes. 

 
Figure 5.5. Mixed culture on stretch chamber. A) Stretch chamber in cytostretcher and protocol 
of stretch B) phase image of mixed culture before and after injury. Circled area shows the 
detachment of axons after injury. Scale bar is 100 µm C) Fluorescent images of mixed culture on 
stretch chamber before and after injury. Circled area shows the detachment of axons after injury. 
Scale bar is 50 µm. 
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Figure 5.3. Mixed culture on stretch chamber. A) Stretch chamber in cytostretcher B) phase 
image of mixed culture before and after injury. Scale bar is 100 um C) Fluorescent images of 
mixed culture on stretch chamber before and after injury. Scale bar is 50 um.
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Cytokine analysis of neuronal microenvironment model pre and post TBI 

The level of neuroinflammatory cytokines, glial biomarker GFAP, neuronal biomarkers 

Tau, UCHL-1 and neuron-specific enolase (NSE) was evaluated prior to injury, 24- and 48-hours 

post injury by quantitative and semi-quantitative ELISA assays (Figure 5.6, 5.7 and 5.8). 

GFAP is an intermediate filament protein in glial cells that is specific to the nervous system and is 

expressed in astrocytes. TBI damages the cytoskeleton and therefore GFAP is released 

(Bogoslovsky 2016).  Previous studies have reported an increase in serum levels of GFAP in 

patients with severe TBI (Missler 1999) and animal models of mTBI show an increase in GFAP 

level in first hours of injury that returns to normal level by 24 hours (Kulbe and Geddes 2017). It 

was also reported that serum GFAP withing the first 24 hours after injury can help differentiate 

between mTBI patients and control group (Bogoslovsky 2016). 

UCHL-1 is present in the cytoplasm of neurons and is involved in elimination of excessive 

or misfolded proteins in normal and diseased conditions (Kulbe and Geddes 2017). Increased 

levels of UCHL-1 has been detected in moderate and severe TBI, and even though there are reports 

of its elevation in mTBI, multiple studies have shown that UCHL-1 alone is not a reliable indicator 

of mTBI diagnosis and prognosis (Diaz-Arrastia 2014, Puvenna 2014, Berger 2012).  

 

Quantitative ELISA 

Levels of GFAP, Tau, NSE and UCHL-1 were measured prior to injury and 24 hours and 

48 hours after injury. The level of GFAP in supernatant was increased after injury; however, the 

difference between 24 hours and 48 hours was not significant. UCHL-1 also did not change 

significantly from 24 hours to 48 hours; however, prior to injury and 48 hours had a significant 

difference (p-value < 0.01). The level of Tau protein was changed significantly 48 hours after 
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injury (p-value < 0.005), and we also observed a significant increase from 24 hours to 48 hours (p-

value < 0.01). NSE is a glycolytic enzyme found in neurons, oligodendrocytes and blood platelets 

(Zetterberg and Blennow 2016). The level of NSE also changed significantly 48 hours after injury 

(p-value < 0.03) (Figure 5.6) 

 

 
Figure 5.6. Quantitative detection of A) GFAP, UCHL-1 and B) Tau and NSE before and after 
injury. P-values: *, 0.01; ** 0.001. 
 

 

Semi-quantitative ELISA 

Cytokine array C5 was used to comparatively measure levels of 80 cytokines in the cell 

culture supernatant. Overall, an increase in the number and level of released cytokines was 

observed 48 hours post injury (Figure 5.7). Levels of CCL1, IL-1𝛼, IL-1ß, IL-2, IL-3, IL-4 and 

IL-5 were increased 24 hours post injury,  and levels of IL-6, IL-8, VEGF-A, BDNF, GDNF, 

IGFBP2, IGFBP-3, TIMP-1, FGF-4 and FGF-6 were reduced. After 48 hours, most inflammatory 

cytokines including IL-1𝛼, IL-1ß, IL-2, IL-3, IL-4, IL-5, IL-10, IL-12, IL-13, IL-15 and IL-16 

were increased significantly. Levels of RANTES, GRO, CCL1, CCL22, CCL23, CXCL1, 

CX3CL1, CXCL9, CXCL10, CXCL13, MIP1b, MIP1d, MCP2, MCP-3 and MIP-3 were also 
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increased. An increase in the level of neurotrophic factors including EGF, IGF-1, PDGF-BB, NT-

3, GDNF and HGF was also observed. Eotaxin-1 to 3, Leptin, OSM, TPO, TARC, LIF, IGFBP-1, 

FGF-4, FGF-6, FGF-7, FGF-9 and TGF-b 2 were also among the increasing factors. (Figure 5.7) 

MCP-1 and TIMP-2 had the highest level and stayed high at all three timepoints.  
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Figure 5.7. Cytokine analysis of stretched mixed culture. A) Number of upregulated and 
downregulated cytokines at each timepoint. B) Individual values of detected cytokines before 
injury, 24 hours and 48 hours after injury. C) Heatmap of signal of 80 cytokines before injury, 24 
hours and 48 hours after injury. 
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Figure 5.8. Detected cytokines from mixed culture before and after injury by multiplexed ELISA. 
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5.4 DISCUSSION 

 

The personal and economic loss due to TBI is extensive. In this study, we apply human 

stem cell technology to generate pyramidal and GABAergic interneurons and combine these with 

immortalized human microglia in an in vitro platform to evaluate stretch injury relevant to TBI. 

The Cytostretcher chamber was chosen for its ability to mimic mild stretch injury and opportunity 

to apply nanoscale topographies in chambers as well as potential to use with custom designed 

chambers for future studies. 

Biomechanical studies on mild TBI models, typically evaluate from 10% to 50% strain and 

up to 100 s-1 strain rates, which has been demonstrated to result in mild TBI in the human brain 

(Chen 2014). In vitro models of axonal damage (Ahmadzadeh 2014) have shown that microtubules 

can tolerate up to 100% strain at low strain rates (0.001 s-1), but they break at 65% strain at higher 

strain rates (22-44 s-1) and are damaged at 77% strain at 27 s-1 (Pfister 2003). However, the 

threshold required for triggering activation of glial cells is much lower than the threshold needed 

for neuronal and glial death (Stemper 2014). Here, to model mild TBI and study cytokine release 

in our three-cell system, we have selected a low strain rate (1.2 s-1) with 50% displacement that is 

in the range of mild TBI.  

Cytokines released from injured cells were analyzed 24- and 48-hours post injury. We 

chose four commonly used biomarkers in our stretch injury studies including GFAP, UCHL-1, 

Tau and NSE to evaluate the system and as diagnostic biomarkers in our studies. Interestingly, we 

did not observe a significant change in level of UCHL-1 at 24 hours post injury and only observed 

a significant increase at 48 hours post injury. The level of GFAP also increased between 24 and 

48 hours but did not significantly change after 48 hours. It has been reported that serum and 
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cerebrospinal fluid (CSF) levels of GFAP and UCHL-1 increase in patients with severe to mild 

TBI; however, contradictory findings suggest that their level could be dependent on type and 

severity of TBI. Moreover, it has been suggested that elevation of UCHL-1 could be due to 

neuromuscular junction release (Puvenna 2014).   

Significant changes in levels of Tau and NSE that are secreted from neurons, proved the 

potential of these biomarkers in early diagnosis of mTBI. Semi quantitative ELISA of 80 cytokines 

showed an upregulation of 38 cytokines after 24 hours and 74 cytokines at 48 hours. 37 of 38 

upregulated cytokines at 24 hours were common between two timepoints. Of the 20 cytokines 

downregulated at 24 hours, 18 of them were upregulated by 48 hours. Interleukin family cytokines 

except IL-13 and IL-15 were increased during the first 24 hours with IL-6 and IL-8 expressed at 

higher levels than the rest of them, which shows their potential as an early diagnostic tool for 

mTBI. We also observed an increase in levels of CXCL1, CXCL5, CCL1, GRO, G-CSF and GM-

CSF after 24 hours. Future studies on hiPSC-derived neuronal model using different severities of 

TBI can further investigate the potential of these cytokines as diagnostic biomarkers.  

Our results show the importance of choosing a combination of biomarkers that are able to 

represent the physiological changes at different timepoints after injury. As previous studies 

showed, each of these biomarkers are capable of showing mTBI at a specific timepoint (Papa 

2016). Relying on only two or three biomarkers (Bazarian 2018) might result in misdiagnosis in 

patients arriving to hospital later than 24 hours post injury. 

 

5.5 CONCLUSION 
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In this study, a neural population containing three cell types was generated and used to 

model mild TBI in vitro. A stretch injury device (Cytostretcher) was used to displace induce a 50% 

strain on cells cultured on a stretchable surface at 1.2 s-1 strain rate. Cytokine release from neurons, 

astrocytes and microglia cells in the culture was evaluated by semi-quantitative multiplex ELISA 

and quantitative sandwich ELISA before injury, 24 hours and 48 hours after injury. We observed 

that Tau and NSE increased significantly after the first 48 hours reflecting the cell responses to the 

stretch injury. We also observed upregulation of inflammatory cytokines at 24 and 48 hours, which 

was consistent with in vivo data. Upon initial analysis, there is great potential of this model for 

future applications to study cell responses to conditions relevant to traumatic brain injury in 

various injury conditions such as repetitive mild TBI. 
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6.1 CONCLUSION 

 

Bioengineered platforms along with micro- and nanotechnology have become closely 

entwined with the field of stem cell technology, resulting in synergistic growth in each area as a 

result. By providing substrates mimicking extracellular matrix, and biomaterials that enable 

expansion and differentiation of stem cells into various types of functional cells, we can now more 

effectively study behavior of stem cell-derived cells and tissues in healthy and diseased conditions. 

We are closer to understanding mechanisms of diseases previously unknown and applying stem 

cell technology as a viable option for cell therapeutic interventions. 

Two hurdles that delay greater clinical use of stem cells are production of differentiated 

therapeutic cells in large-scale platforms and the challenge of choosing the optimum cell type and 

delivery method for cell therapy, which is optimized for cell-cell signaling in the therapeutic 

microenvironment. In my thesis work, I investigated different bioengineered platforms in 

combination with human stem cell technology to, 1. Mass produce functional hiPSC-derived beta 

islets in a miniature bioreactor and 2. Study cytokine release from multipotent and differentiated 

hiPSC-derived neural stem cells as neural rosettes and their dissociated cells or differentiating 

inhibitory and excitatory neurons alone and in mixed cultures applying a neural cell-cell interaction 

microchip with features developed specifically for these studies. My work has further expanded 

the application of hiPSC-derived neurons in an in vitro model of traumatic brain injury. In this 

study, a hybrid culture of hiPSC-derived excitatory pyramidal neurons, inhibitory GABAergic 

interneurons and immortalized human microglia were evaluated for secreted cytokines under 

healthy and stretch injury-induced conditions. One of the challenges of TBI is the inability to 

effectively and with minimal invasiveness track changes that may indicate healing or deterioration 
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following injury. An in vitro model is one important contribution to identifying biomarkers.  The 

NCCIM is designed to look at changes in cell-cell communication and may be applicable as well 

to advance these TBI studies in the future. 

 

Summary of advancements in bioengineering stem cells from my research:  

Aim 1.  A novel biofabrication platform for therapeutic pancreatic cells 

In this study, attachment and expansion of immature and maturing insulin-secreting 

pancreatic cells on various modifications of the porous cellulose scaffold were examined in a high-

throughput, multi-well platform and scaled-up in a wicking matrix bioreactor. Our findings 

demonstrate the ability of pancreatic progenitors to attach and expand on modified cellulose and 

further indicate that the amine-modified cellulose scaffold, in particular, can support 10-fold 

expansion of hiPSC-derived insulin-secreting pancreatic cells in a scaled-up bioreactor while 

maintaining steady metabolic activity over 13 days. We expect this platform to be useful in future 

biomanufacturing of pancreatic cells for advancing cell therapies for diabetes patients. 

 

Aim 2  Optimization of a novel high throughput platform to investigate neural cytokine signaling 

This study on NSC rosettes demonstrates the development, versatility and utility of a novel 

neural cell-cell interaction microchip, NCCIM, as a sensitive multiplex detector of cytokine 

signaling for neural applications. The NCCIM provides a unique approach to link cell morphology 

and tissue architectures to cytokine signaling and has provided new information on NSC rosettes 

to benefit in vitro studies and in vivo applications. In future studies, in addition to evaluating cell 

sources, the NCCIM is expected to be a valuable tool for modeling neurodegeneration or 

neuroplasticity. For example, evaluation of stretch induced response to mimic traumatic brain 
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injury or opioid drug response and screening of relevant neuronal models and contribution of 

genetic mutations to neurodegeneration.  

 

Aim 3  Analysis of developmental cytokine profiles of differentiating CNS neurons 

Cytokines are important regulating factors responding in pro- or anti-inflammatory roles 

when expressed at sites of inflammation; however, recent studies indicate that some of the same 

cytokines act in other cell functions in brain development. We evaluated cytokines released into 

the microenvironment of hiPSC differentiating pyramidal and GABAergic neurons at multiple 

differentiation timepoints independently and as a mixed culture and determined the prominent 

cytokines expressed in culture and applying the NCCIM. Analysis required preforming neuronal 

spheres. Multiple cytokines were evaluated including MCP-1, TIMP-1, BDNF, GDNF and MMP-

3. Our observations provide new information on the differing critical role of this panel of cytokines 

as neurotrophic factors in neurons relevant to human cortical development. These findings are 

expected to help fill the gap in our knowledge of how differentiation in culture relates to human 

brain development. This benefits new approaches in guiding differentiation of neural stem cells as 

well as decisions on choice of progenitor or differentiating neural cells when used as potential 

treatments for neurodegenerative diseases. 

 

Aim 4  Establishment of an in vitro human stem cell based platform to study TBI 

In this study, a neural population containing three cell types was generated and used to 

model mild TBI in vitro. A stretch injury device (cytostretcher) was used to displace induce a 50% 

strain on cells cultured on a stretchable surface at 1.2 s-1 strain rate. Cytokine release from neurons, 

astrocytes, and microglia cells in the culture was evaluated by semi-quantitative multiplex ELISA 

and quantitative sandwich ELISA before injury, 24 hours and 48 hours after injury. We observed 
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that Tau and NSE increased significantly after the first 48 hours reflecting the cell responding to 

the stretch injury. We also observed upregulation of inflammatory cytokines at 24 and 48 hours 

that was consistent with in vivo data. In initial analysis there is great potential of this model for 

future applications to study response of cells to conditions relevant to traumatic brain injury in 

various injury conditions such as repetitive mild TBI. 

 

6.2 IMPACT AND FUTURE DIRECTIONS 

 

Mass production of beta islets in miniature bioreactor 

In order to mass produce pancreatic beta islets, multiple factors should be considered. 

Foremost is the fact that terminally differentiated beta islets do not divide. Therefore, expansion 

of cells must be done prior to terminal differentiation. Two optimal timepoints are prior to start of 

differentiation and during dividing progenitor state transitions of pancreatic cells. In our 

experiments, cells were seeded at various dividing progenitor states. By seeding undifferentiated 

stem cells or EBs the expansion rate can also be increased since stem cells self-renew. Our 

experiments demonstrate that a cellulose scaffold can support attachment of undifferentiated stem 

cells and progenitor cells at the first stages of differentiation (Figure 6.1). Moreover, by 

differentiating stem cells on the scaffold from the very beginning, perturbation of the natural 

microenvironment of cells during the differentiation can be avoided. Costs and re-evaluation of 

differentiation protocols that are validated for tissue culture plates would need to be considered. 

For example, the pancreatic differentiation of hiPSCs in alginate hydrogels affects differentiation 

protocols (Legøy 2020). Therefore, if differentiation protocols are to be followed on the scaffold 

in bioreactor, then ideally gene expression of cells at each stage of differentiation should be 
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evaluated and potential optimizations done to ensure stem cells are effectively committed to the 

needed pancreatic cell type and unwanted differentiation does not occur. One way to tackle this 

issue might be to change the method of differentiation from stepwise to transcription factor-based 

reprogramming. In this method in vivo, genes of interest of beta cells are identified and expressed 

in cells of organs such as liver, intestine or pancreas itself (McKimpson 2019). Currently, multiple 

factors including PDX-1, NGN3 and MafA are known to be main regulators of pancreatic 

development and have been used for transdifferentiation of cells to produce insulin. 

 

 

 
Figure 6.1. Undifferentiated stem cell aggregates (EBs) and differentiated cells at stage 1 of 
differentiation seeded onto amine- and NG-modified cellulose scaffold. Scale bar is 100 µm. 
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A key factor in regard to mass production of beta islets in a bioreactor, is of course, the 

material of the scaffold. Cellulose with or without modifications has been demonstrated to support 

attachment and growth of pancreatic progenitors in vitro. One feature of FDA-approved cellulose 

scaffold is that it does not degrade in vivo, therefore, generated pancreatic cells on the scaffold can 

be transplanted directly into the body and retrieved at a later time if needed while eliminating the 

cell removal step. Previously, pancreatic cells on other polymers such as PLGA have shown 

positive results in vivo, which makes it interesting to compare the function of maturing beta cells 

on cellulose with those studies and find the optimum 3D platform.  

Another challenge that needs to be considered with the cellulose scaffold in our pancreatic 

applications is that pancreatic cells on the cellulose scaffold-with or without any modifications-

tended to detach from the scaffold after maturation. This issue was solved by using a proprietary 

matrix provided by Takarobio company (Figure 6.2). Depending on the substrate material, if xeno-

free, it can be applied on the scaffold to ensure attachment of mature pancreatic cells on the 

scaffold. This property of natural cell release from the cellulose scaffold can also be beneficial and 

useful in conveniently harvesting particular cells from the scaffold if desired. 

 
Figure 6.2 Mature beta cells seeded onto amine-modified cellulose scaffold with or without 

coating. 
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A critical aspect of successful cell therapy in diabetic patients is protecting the transplanted 

cells in vivo that would otherwise be destroyed by similar mechanisms that target native beta islet 

cells.  Therefore, cells have been transplanted in micro or macro-encapsulation devices. If cells 

seeded onto the cellulose scaffold were to be transplanted, they would also need to be embedded 

in a protective hydrogel such as alginate (Vegas et al 2016), or in macro-encapsulation device 

(TheraCyteTM).  

One challenge of using a cellulose scaffold is imaging because of the opaque nature of 

cellulose, which allows limited analysis of cells on the surface. Therefore, in the future 

differentiated cells on the scaffold will need to be recovered and evaluated by sequencing and other 

methods to move forward from bench to clinic. Another challenge of this current system design is 

the enclosed setup of the bioreactor, which makes it impossible to access cells during the 

differentiation process unless the whole system is opened. This means that currently the function 

of cells while in bioreactor can be primarily tracked by analyzing the supernatant of cells. 

Therefore, assays such as ELISA become important as well as knowing the composition of cells 

in the scaffold at any particular timeframe. 

Currently, studies on pancreatic cells are mostly focused on optimizing differentiation 

protocols and encapsulation of cells, which are two important pillars of pancreatic cell therapy. 

However, mass production of these cells, which can theoretically reduce costs, bring consistency 

to cell therapy and overall make cell therapy more accessible to all has not received the necessary 

attention that it deserves. Therefore, establishing a system with potential for large-scale production 

of beta islets can help advance the application of stem cell technology in treatment of diabetes 

tremendously. 
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Cytokine analysis on NCCIM 

For cytokine detection of neural rosettes, EBs were seeded onto a PDMS microchip with 

300 µm x 300 µm x 130 µm microchambers. Number and size of generated rosettes in chambers 

varied. The setup of NCCIM with isolated chambers revealed morphology of rosettes is dependent 

on the architecture of their environment. Because of the high throughput nature of NCCIM, we 

were able to determine different cytokine patterns in each category and also within each category 

along with common cytokines detected in all conditions. Differences in released cytokines are due 

to activation or inactivation of certain signaling pathways that can further bias cells toward a 

specific cell type or impact their functions. In order to be able to further define signaling pathways 

impacted by space confinement, we need to perform RNAseq or in-cell or traditional western blot 

assays. The selective detachment of cells from each chamber for more complex analysis without 

damaging the cells or detaching the rest of the cells is a challenge that needs further experimental 

optimization. One possible solution can be changing the dimension of chambers and fabricating 

larger chambers and seeding larger EBs that make the manipulation of cells easier. Whether cells 

would still form the observed multiple sized rosette categories is not clear. As well, the data may 

then simply resemble high throughput 96-well systems and lose its advantages. The ability to 

change the design of chambers to other shapes such as circles or triangles in any size also provides 

an opportunity to explore the effects of different shapes on cell-cell interactions in whole, partial 

or completely dissociated rosettes (Figure 6.3). It has been shown that circular wells promote the 

formation of one large rosette versus multiple smaller sized structures (Knight 2016); however, its 

impact on cytokine release or ability of these cells to differentiate to neuronal and glial cells have 

not been explored. 
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Figure 6.3. Possible design of NCCIM to study effect of space design on cell-cell signaling in 
neural rosette cells. 
 
 

A challenge to the current high throughput method is that the antibodies to cytokines must 

be chosen in advance and be available and of sufficient quality. The informative approach of being 

able to change the cytokine panel to design one based on specific questions is appealing. The 

chosen panel for Aim 2 was based on available literature on neural stem and progenitor cells; 

however, there are other pluripotency, neuronal and glial related cytokines such as IL-8, VEGF, 

EGF and LIF that are of interest and can provide additional information on pluripotency state of 

cells and tumorigenicity of whole versus dissociated neural rosettes (Park 2009).  

The possibility of combining desired antibodies in a panel is limited by cross-reactivity 

between some antibodies and number of desired antibodies; therefore, cross-reactivity tests can 

determine whether a designed cytokine panel is practical or not. This was the case in studying 

differentiating neurons in Aim 3, which led to a less optimal cytokine panel (Table 6.1). Also, the 

number of antibodies dictates the number of quench and tag cycles in detection and imaging steps 

(number of antibodies=2cycles), which determines the duration of the whole experiment. 

Considering the fact that we used an 8-hour incubation, continuous experiment times become long. 

Therefore, the addition of more than 16 antibodies requires automation of the system, particularly 

if a high number of chambers need to be identified and imaged.  
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Suggested Panel for aim 

2 
Role 

Updated & used panel 

for aim 2 
Role 

BDNF 

Density of dendritic 

spines, neuronal 

differentiation (Writh 

2003, Liu 2014) 

BDNF 

Density of dendritic 

spines, neuronal 

differentiation (Writh 

2003, Liu 2014) 

S100-b 
Mature astrocytes (Wiese 

2012) 
GDNF 

Neuronal differentiation 

and migration (Uesaka 

2013) 

CXCL12 
Neurite outgrowth and 

migration (Wu 2016) 
PDGF-AA 

NPC survival and 

proliferation (Funa 2014, 

Hoch 2003) 

CXCL-1 

Proliferation of OPC, 

myelin production 

(Miron 2011, Kim 2014) 

CNTF 

Astrogliosis, self-renewal 

of progenitors (Poyhonen 

2019, Schuster 2003) 

EGF 
Early and late 

progenitors (Wong 2004) 
IL-6 

Neurogenesis, 

gliogenesis, 

inflammatory response 

(Islam 2009) 

FGF-2 

Proliferatory role in 

progenitors, migration in 

NPC (Woodbury 2014) 

MCP-1 

Proinflammatory 

mediator, expressed in 

cortical neurons at 

various levels in normal 

condition 

NGF 

Axonal growth, 

differentiation of 

pyramidal neurons (Kolb 

1997, Liu 2014) 

TIMP-1 

Inhibitor of matrix 

metalloproteinase, 

involved in migration of 

cells 

Additional cytokines 

for supernatant test 
 -  

Table 6.1 Suggested and used cytokine panel for Aim 2. 
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GDNF 

Neuronal differentiation 

and migration (Uesaka 

2013) 

-  

VEGF 
Neuronal migration, 

dendrite formation 
-  

BMP-2 

Ventralization of cortical 

neurons (GABA vs. 

Pyramidal) (Kelsom 

2013) 

-  

 

 

If the cross-reactivity issues can be overcome, the NCCIM as a multifactorial platform that 

enables phase and fluorescence imaging of cells on the same platform as cytokine detection can 

be a truly powerful tool to study adherent cells in different conditions. 

Results of differentiating neurons on the NCCIM were supplemented with results of semi-

quantitative ELISA in which we used Raybiotech cytokine arrays to detect released cytokines not 

analyzed on the NCCIM. For some cytokines, in which both methods allowed detection, some 

differences were observed. One reason for this difference could be that planar neurons have to be 

detached from the dish and replated onto NCCIM as neuronal spheres to generate a uniform culture 

within the chambers. The actual formation of the neuronal sphere and their subsequent 

reattachment and spreading on the microchip may alter their cytokine release. Therefore, cells 

might need a slightly longer time to recover on the NCCIM into a planar state before analysis. I 

found that it was not practical to generate the neurons on the NCCIM from the beginning similar 

to what was done with rosettes because of neurite outgrowth and longer culture time (30 days) 

needed for the study that resulted in outgrowth of cells from the chambers (Figure 6.4). Therefore, 

application of NCCIM in cytokine detection from neurons was limited. Although strategies might 
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be possible to limit neurite outgrowth and use larger chamber sizes, we were limited in our time 

available to try multiple strategies 

 
Figure 6.4 Neurospheres on NCCIM. Neurospheres were differentiated to pyramidal neurons for 
10 days on NCCIM. Dark spots are highly dense cell structures. Note neural extensions that 
extend outside of wells and cross-connect wells. Scale bar is 100 µm. 
 

Another approach might be to seed single dissociated cells in smaller chambers, which 

could be done in future studies. In that case, it will be important to seed the cells at low density 

because we observed that high density of single cells in chambers resulted in formation of 

neurospheres by neurons within 24 hours (Figure 6.5). It should be kept in mind that this approach 

might eliminate cytokine release due to altered or limited interaction of neurons with each other. 

 
Figure 6.5 GABAergic neurons (left) and pyramidal neurons (right) seeded as single cells at 
high density in NCCIM 
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The greater the complexity of the neural culture, the greater the considerations and 

challenges in its manipulation and analysis. Another challenge in seeding cells on the NCCIM is 

related to analysis of mixed cell cultures. Manipulation of the ratio of cells and uniform distribution 

of cells in each chamber can be difficult. In the case of mixed cultures of pyramidal and 

GABAergic neurons, mixed cultures of cells on the dish were detached and resuspended overnight 

to form neuronal spheres, which were then seeded onto the NCCIM. However, this approach does 

not produce a 100% uniform ratio of both cell types in each sphere. Staining the cells with two 

different color indicator viable cell trackers can help to confirm the presence of both cell types in 

each chamber prior to cytokine detection experiments. However, the nature of neuronal sphere 

formation from culture ratios still results in a random ratio of two cell types in neuronal spheres 

and so in each chamber.. This can result in an interesting study of cytokine release in different 

classes of mixed neuronal culture with three categories (Pyramidal = GABA, Pyramidal > GABA 

and Pyramidal < GABA) that can be done in the future. 

We observed that viability of cells on the NCCIM when in the clamp decreases over time 

and more than 8 hours incubation in the clamp can lead to significant cell loss. This can be a 

limiting factor due to the fact that cytokines are released from cells at different rates (Han 2010) 

and therefore, cytokines that are released more slowly will be in lower quantity because of a lower 

number of viable cells in the chamber as well as temporally delayed release. Moreover, the 

presence of dead cells in the chamber may impact signaling profiles of the remaining viable cells. 

Depending on cytokines of interest, the differences in secretion rate should be considered and 

made as negligible as possible. 
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Modeling TBI in vitro 

Mild traumatic brain injury was modeled using a mixed culture with two types of neurons 

and immortalized microglia and applying stretching of the substrate of the chambers. Because 

microglia cells play an important role in cell response to injury as source of inflammatory 

cytokines, the use of immortalized microglia without any mitotic inhibitor reagent was not optimal 

because the proliferation of microglia over multiple days changes the initial ratio of neurons to 

microglia, which was chosen based on the neuronal population in the human cortex. This occurred 

even despite using an initial reduced cell density of seeded microglia to prevent this exact issue. 

Current existing protocols for differentiation of hPSCs to microglia can be classified into four 

approaches, including protocols that typically take 70 days to generate mature microglia (Muffat 

2016, Douvaras 2017), protocols that need hypoxic conditions (Abud 2017), protocols that require 

co-culture of cells with either astrocytes or neurons (Noto 2014) and a monolayer-based protocol 

in which the first stage was recently commercialized by STEM CELL Technologies (McQuade 

2018). We chose this last approach, which starts with generation of non-adherent hematopoietic 

progenitor cells and leads to generation of a mixture of adherent and non-adherent mature 

microglia cells on Matrigel. However, in our hands, with this protocol, the majority of cells 

remained non-adherent and therefore, we were not able to use them in our neuronal culture 

experiments (Figure 6.6) and instead used a commercial line.  
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Figure 6.6 Differentiation of hiPSCs to microglia cells. A) timeline of differentiation B) phase 
images of differentiating cells. Scale bar is 100 µm. 
 

In future studies, depending on available time and equipment, hiPSC-derived microglia can 

be purchased (Axolbio Cat# ax0668) or other protocols explored to be able to replace immortalized 

microglia with hiPSC-derived microglia cells (Figure 6.7) or to apply mitotic inhibitors to the 

immortalized microglia line. Another possible optimization of the neuronal model is addition of 
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astrocytes in a controlled ratio to further mimic neuronal microenvironments in the human brain. 

Currently, existing astrocytes in the culture occur as developmental side products of differentiation 

of pyramidal and GABAergic neurons that are purposefully not removed from the culture to 

support function of neurons in vitro. 

 

 
Figure 6.7 Various microglia differentiation protocols. Protocol 1: Noho 2014, protocol 2: 
Muffat 2016, protocol 3: Takata 2017, protocol 4: McQuade 2018, protocol 5: Abud 2017. 
 

Another aspect of the TBI model that can be further studied is the injury characteristics 

itself. Here we used uniaxial one time stretch with 50% stretch that is at higher range of mild TBI 

with 1.2 s-1 strain rate. However, injury in vivo takes place in milliseconds and therefore, using a 

system that can provide such velocity is preferable. The displacement device used in this study 

cannot stretch the substrate in a window below seconds and therefore other systems such as air 

pulse-based devices (Cell Flex) are suggested as a future approach to mimic mild and severe TBI. 

One type of mild TBI is repetitive TBI. Cyclic protocols can provide this injury with the current 

Cytostretcher device (Nanosurface Biomedical, Inc). 

One disadvantage of the current setup is mandatory use of stretchable chambers that 

prevented us from injuring cells directly on the NCCIM for cytokine detection experiments. It is 

possible in the future that the company could generate a custom platform for us, or that we can 
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generate our own custom platforms that are stretchable and useful in the Cytostretcher device. We 

were able to detach the injured cells from the chambers and seed them onto NCCIM; however, this 

transfer can change the cytokine profile of cells and consequently, some of the information from 

initial events after injury in cells may be lost. It is possible to mimic TBI on NCCIM directly using 

chemicals such as IL-1ß, TNF-𝛼 and IL-6 that are typically elevated in response to injury in 

microenvironment of cells and do a comparative study between the results of NCCIM and ELISA 

(Raybiotech cytokine array, etc.) that was tested in Aim 4. In that case, it is important to seed the 

cells on NCCIM with appropriate ratios either as spheres or dissociated cells. It was shown that 

microglia progenitors and neuronal progenitors can form 3D neuronal constructs similar to 

organoids (Shwartz 2015) and such an approach can be used here as well to form 3D spheres of 

cell types of interest. If so, chamber dimensions need to be adjusted to accommodate hybrid 3D 

organoid constructs. 
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Appendix A: 
Supplemental information for Chapter 2 

 

Figure 2. Metabolic profile of 5 x 106 seeded cells on amine-modified scaffold in

bioreactor. Glucose consumption in the bioreactor seeded with 5 x 106 cells increased

between days 2 and 5 and between days 7 and 9, and then decreased significantly after

that to near zero. Lactate production was much lower than glucose consumption and often

showed an opposite trend, decreasing when glucose consumption increased. Lactate

production reached the highest level on day 13.

Figure 1. Scanning electron microscopy of pancreatic cells on chemically modified cellulose

scaffolds. 20,000 cells were seeded onto Unmodified (U), gelatin-coated unmodified (UG),

Amine-modified (A), gelatin-coated Amine-modified (AG), NaOH-modified (N) and gelatin-

coated NaOH-modified cellulose scaffolds and cultured for 10 days in multi-well platforms.

Scaffolds were imaged on days 1, 3, 5 and 10 by LEO 1550 scanning electron microscope.

Scale bar = 50 µm
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Antibodies Catalog # Time Localization Purpose Reference

Nanog Santa Cruz, 
monoclonal
Sc-374103

Stage 0 Nucleus pluripotency Heng 2013, 
Sharma 2013

Oct-4 Santa Cruz, 
monoclonal 
Sc-5279

Stage 0 Nucleus pluripotency Huang 2019, 
Kolundzic 2019

Sox2 RnD, 
monoclonal 
MAB2018

Stage 0 Nucleus pluripotency Yang 2019, Mura 
2019

SSEA-4 RnD, 
monoclonal 
MAB1435

Stage 0 Cell surface pluripotency Sproul 2014, 
Stratigopo 2018

Sox9 RnD, 
polyclonal
AF3075

Stage 2-3 Nucleus pancreatic 
endoderm

Aigha 2018, 
Memon 2018

Sox17 RnD, 
polyclonal
AF1924

Stage 1-2 Nucleus Definitive 
endoderm

Diekmann 2019, 
Saarimaki-Vire
2017

FoxA2 RnD, 
polyclonal
AF2400

Stage 1 Nucleus Definitive 
endoderm

Lee 2019, Ida 
2018

Brachyury RnD, 
polyclonal
AF2085

Stage 2 Nucleus Meso-
endoderm

Wei 2019, Bone 
2011

Pdx-1 RnD, 
polyclonal, 
AF2419

Stage 3-4-
5

Nucleus, 
cytoplasmic

Pancreatic Robert 2018, 
Jiang 2011

Nkx2-2 DSHB, 
monoclonal 
74.5A5

Stage 3-4-
5

Nucleus pancreatic Kim 2011, 
Campbell 2019

NGN3 DSHB, 
monoclonal 
F25A1B3

Stage 3 Nucleus, 
cytoplasm

Endocrine 
progenitor

Kim 2011, 
Campbell 2019

NeuroD1 RnD, 
polyclonal 
AF2746

Stage 3 Nucleus pancreatic 
progenitor

Sharon 2019, 
Farioli-Vecchioli
2007

Nkx6-1 DSHB, 
monoclonal, 
F55A12

Stage 4-5 Nucleus pancreatic Kim 2011, 
Campbell 2019

Insulin Abcam, 
monoclonal, 
Ab181547

Stage 4-5 secreted pancreatic Yu 2018, Barati
2018

MafA Abcam, 
polyclonal, 
Ab26405

Stage 5 Nucleus Pancreatic-
mature beta 
cells

Hrvatin 2014, 
Bonnavion 2013

Table 1. List of primary antibodies used in immunocytochemistry
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Appendix B: 
Supplemental informarion for Chapter 3 
 

 
Figure S1. Images of a MIST array for protein detection and decoding. The top panel includes a 
bright-field image to show all the microbeads, a protein detection image when a recombinant 
protein is detected, and a quenched image after 0.5 NaOH is applied to dissociate double stranded 
DNA. The bottom panel images are decoding images from cycle 1 to cycle 4.  
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Figure S2. a) Evaluation of rosette formation on the dish from two EB sizes: 300 um and 
500 um. Expression of tight junction protein B-catenin and early neural stem cell 
biomarkers Sox1/Sox2 were detected on days 4, 7 and 12 to determine the optimum 
size of PFMA chambers accommodating EBs. Scale bar is 50 um. b) Shallow chambers 
(100 um) did not support attachment of EBs and they were lifted off after a day.  

Figure S3. Expression of detected biomarkers by immunocytochemistry was 
quantified using ImageJ software to quantitatively validate generated rosettes on 
PFMA versus dish. 

a 

b 
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Figure S4. (a) Histograms of background fluorescence intensity and hybridized Cy3-cDNA 
fluorescence intensity from 100 microbeads. Background fluorescence intensity is obtained on the 
microbeads that are not labeled with Cy3-cDNA on the same microarray. Both histograms are 
widely separated without interferences. The fluorescence intensities of different Cy3-cDNA 
microbeads are varied by 3%. (b) Histograms of background fluorescence intensity and ELISA 
signal from 100 microbeads. Recombinant protein BDNF was used to measure the assay variation. 
The ELISA protein detection signals across microbeads are varied by 17%.  
 

 
Figure S5. Image of TSA signal amplification and without amplification (Cy3) for protein 
detection. The average intensity of microbeads on the TSA image is only 6. 8 times higher than 
that on the Cy3 image.  
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Figure S6. Two flanking timepoints for cell viability in the NCCIM. DAPI and 
Propidium Iodide (PI) reveal that cells clamped for 14 hours show considerable cell death 
that is not observed from an earlier 4 hour (shown) and 8 hour timepoints discussed in the 
text. The shorter time period did not give sufficient cytokine detection. 
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Figure S7. Plots of quantified fluorescence intensity of three categories of EB-derived 
rosettes. Mean of background level for each category of EB-derived rosettes is shown by dotted 
lines. Significant difference of mean values between cytokines in each category are calculated and 
shown as:  P values: *, P<0.05; **, P<0.01; ***, P<0.01; ****, P<0.0001. 
 

 
Figure S8. Principal component analysis (PCA) on NCCIM assay results of 3 sizes of rosettes. 
The medium size data are distinctively different while the small and large size data have significant 
overlap.  
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Table S1. NCCIM Cytokine Panel 

Cytokines Role Signaling Pathways References 

PDGF-

AA 

NPC survival and proliferation PI3K/Akt, PLC-𝛄, MAPK [Funa 2014, Hoch 2003] 

GDNF Survival, maintenance of immature 

neurons, differentiation 

MAPK, PI3K/Akt, PLC-𝛄 [Sariola 2003, Uesaka 

2013] 

BDNF Survival, maintenance and 

differentiation of developing 

neurons 

MAPK, PI3K/Akt, PLC-𝛄, 

GTP-ases 

[Kowianski 2018, Liu 

2014] 

IL-6 Neurogenesis, gliogenesis, 

inflammatory response 

JAK/STAT, MAPK, 

PI3K/Akt, CREB 

[Islam 2009, 

Mantamadiotis 2012] 

𝛃-NGF Glial differentiation, inhibition of 

neural induction, neuronal survival 

PI3K/Akt, MAPK, PLC-𝛄, 

NF𝜥B  

[Poyhonen 2019, Wang 

2014a] 

BMP-4 Glial differentiation, inhibition of 

neural induction 

SMAD1, 5, 8, 4  [Quiroz 2018, Wang 

2014b] 

NT-3 Glial survival and differentiation, 

neuronal survival 

PI3K/Akt, MAPK, PLC-𝛄, 

NF𝜥B 

 [Poyhonen 2019, 

Reichardt 2006] 

CNTF Astrocyte differentiation, glial and 

neuronal survival 

JAK/STAT, NF𝜥B  [Pyhonen 2019, Schuster 

2003] 

FGF-2 Maintenance and expansion of NSC PI3K/Akt, MAPK [Grabiec 2016, Stravridis 

2007, Sterbeckert 2010] 

IGF-1 Proliferation of NPC, neuronal 

differentiation 

MAPK, PI3K/Akt [Aberg 2000, Aberg 2003] 
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Table S2. Color scheme for decoding to determine the type of protein detected by the MIST 

sensor. 

Antibody DNA sequence Cycle 1 Cycle 2 Cycle 3 Cycle 4 
GDNF AAAAAAAAAAAAATACTCTGACATCTCGACCAT Cy3 Cy3 Cy3 Cy3 
PDGFAA AAAAAAAAAAAAATAGATACTGCCACTTCACAT Cy3 Cy3 Cy3 Cy5 
IL6 AAAAAAAAAAAAATACCGTGAACCTTACCTGAT Cy3 Cy3 Cy5 Cy5 

CNTF AAAAAAAAAAAAAAATGCTCGGGAAGGCTACTC Cy3 Cy5 Cy5 Cy5 
IGF AAAAAAAAAAAAACGCACCGCAGTTTGGTCAAT Cy5 Cy5 Cy5 Cy5 
BDNF AAAAAAAAAAAAACCTGCTCGACAACTAGAAGA Cy5 Cy5 Cy5 Cy3 
FGF AAAAAAAAAAAAACCGCGACCAGAATTAGATTA Cy5 Cy5 Cy3 Cy3 

NT-3 AAAAAAAAAAAAAGCCGAAGCAGACTTAATCAC Cy5 Cy3 Cy3 Cy3 
BMP-4 AAAAAAAAAAAAAACAGGTTCAGAATCCTCGAC Cy5 Cy3 Cy5 Cy3 
β-NGF AAAAAAAAAAAAAGTCACAGACTAGCCACGAAG Cy3 Cy5 Cy3 Cy5 
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Table S3. Percent Viability in NCCIM microchambers of EB-derived and neurosphere rosettes 

after 8 hours in the NCCIM. 
 

 

 

Viable 

Cells % 

PFMA 1 

N=30 

PFMA 2 

N=30 

PFMA 1 

N=30 

PFMA 2 

N=30 

PFMA 1 

N=30 

PFMA 1 

N=30 

80-100% 73 94 55 69 73 55 

60-80% 18 6 24 25 27 23 

40-60% 9 0 9 0 0 15 

20-40% 0 0 6 6 0 7 

0-20% 0 0 6 0 0 0 

 

 

 

 

 

 

 

 

 

Hour 0 Hour 8 Hour 0 Hour 8 

Rosette neurospheres EB-derived rosette 
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Table S4. Mean of fluorescence signal of detected cytokines of EB-derived rosettes and rosette 

neurospheres ± standard deviation (SD) 

 

Examined 

Cytokines 

EB-derived Rosettes 

N=25 each 

 

 Rosette 

Neurosphere 

N=5 
Category 1 

(small) 

Category 2 

(Large single) 

Category 3 

(Medium) 

PDGF-AA 85.6 ± 29.2  76.7 ± 30.9  69.6 ± 31.2 
 

30.6 ± 6.6 

GDNF 54.3 ± 16.6  54.8 ± 30.8  45.7 ± 16.3 30.0 ± 7.4 

IL-6 50.2 ± 17.6 46.7 ± 17.5 41.4 ± 17.2 19.4 ± 4.7 

FGF-2 40.3 ± 16.7  31.9 ± 16.5 32.2 ± 16.6 24.8 ± 7.1 

𝝱-NGF 33.1 ± 15.9 25.4 ± 10.9 28.5 ± 14.1 24.6 ± 8.9 

NT-3 35.2 ± 16.1 26.2 ± 15.1 29.3 ± 15.6 20.2 ± 9.9 

CNTF 35.5 ± 17.1 26.4 ± 13.1 30.9 ± 15.1 16.8 ± 9.3 

BMP-4 35.7 ± 16.5  26.4 ± 12.3 29.7 ± 14.8 26.4 ± 7.4 

BDNF 32.9 ± 14.9 25.4 ± 11.6 27.1 ± 13.9 26.4 ±11.9 

IGF-1 32.2 ± 15.4 23.6 ± 11.8 26.8 ± 13.6 26.5 ± 5.9 

Background 18.6 ± 9.5 13.2 ± 7.1 15.1 ± 8.3 14.1 ± 4.4 
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Table S5. Signaling profiles of neural rosette subtypes in individual microchambers. 

Abbreviations refer to Cat 1: EB-derived small rosettes, Cat 2: EB-derived large rosettes, Cat 3: 

EB-derived medium rosettes, NS-R: neurosphere rosettes.  
 

Frequency PDGF-

AA 
GDNF IL-6 FGF-2 NT-3 ß-NGF CNTF IGF-1 BDNF BMP-4 

Cat 1 1/25 + + + - - - - - - - 

Cat 2 1/25 + + + - + + + + - + 

Cat 2 & 

3 

4/50 
+ + + + - + + + + + 

Cat 3 1/25 + + + + - - + - - - 

Cat 3 1/25 + - - + - - - - - - 

Cat 1, 2 

& 3 

67/75 
+ + + + + + + + + + 

NS-R 1/5 + + + + + + - + + + 

NS-R 1/5 + + - + - + + + + + 

NS-R 1/5 + + - + + - - + + + 

NS-R 1/5 + + + + - + - + + + 

NS-R 1/5 + + - + + - - + - + 
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Table S6. Variation seen in fluorescence signal of detected cytokines of rosette neurospheres in 

individual chambers 

Cytokines Chamber 1 Chamber 2 Chamber 3 Chamber 4 Chamber 5 

PDGF-AA 29 20 36.5 32.5 35 

GDNF 42 27 30 22 29 

IL-6 18 23 12 18 25 

FGF2 21 26 36.5 22.5 18 

NT-3 18 21 20 35 7.22 

ß-NGF 34 32 13 18 26 

CNTF 32 14 13 18 7.22 

IGF-1 31 28 23 32.33 18 

BDNF 47 26 21 18 20 

BMP-4 33 33 29 18 19 

Background 18 14 13 18 7.22 
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Appendix C: 

Supplemental information for Chapter 4 

 
Table S1. list of cytokines with significant change in 1 or 2 timepoints during pyramidal 

differentiation 

Cytokines 
Day 1 to Day 

5 

Day 5 to Day 

10 

Day 10 to 

Day 15 

Day 15 to 

Day 20 

Day 20 to 

Day 30 

MMP-2 ns ns ns ns Y 

CNTF ns ns ns ns Y 

IL-4 ns ns ns ns Y 

GM-CSF ns ns ns ns ns 

MIP-1ß ns ns ns ns Y 

TARC ns Y ns ns ns 

TGF-ß ns ns ns ns ns 

S100-ß ns ns ns ns Y 

TNF-a ns Y ns ns Y 

CRP ns Y ns ns Y 

Fas ns ns ns Y ns 

IL-1	𝛼 ns ns Y ns Y 

IL-1ß ns Y ns ns Y 

Adiponectin ns ns ns ns ns 

IFN-	𝛾 ns ns ns ns ns 

IL-10 ns ns ns ns ns 

IL-18 ns ns ns ns ns 
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Table S2. Cytokines with significant change at 1 or 2 timepoints during pyramidal 

differentiation 

Cytokines Day 1 to Day 5 
Day 5 to Day 

10 

Day 10 to Day 

15 

Day 15 to Day 

20 

Day 20 to Day 

30 

CNTF ns ns Y ns ns 

IL-4 ns ns ns ns Y 

Adiponectin ns ns ns ns Y 

GM-CSF ns ns ns ns Y 

MIP-1ß ns ns ns ns Y 

MMP-2 ns ns ns ns Y 

S100-ß ns ns ns ns Y 

IL-6 ns ns ns ns Y 

TNF-a ns Y ns ns ns 

IFN-gamma Y ns ns ns Y 

Fas Y ns Y ns ns 

Eotaxin-1 Y ns Y ns ns 

Eotaxin-2 Y ns Y ns ns 

Eotaxin-3 Y ns Y ns ns 

NGF ns Y Y ns ns 

CRP ns ns ns ns ns 
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IL-10 ns ns ns ns ns 

IL-18 ns ns ns ns ns 

IL-1	𝛼 ns ns ns ns ns 

IL-1ß ns ns ns ns ns 

LIF ns ns ns ns ns 

MMP-3 ns ns ns ns Y 

TARC ns ns ns ns ns 

TGF-ß ns ns ns ns ns 
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Table S3. List of antibodies 

Antibody Source Catalog # RRID Platform 

GABAergic and Pyramidal neurons 

Nestin (m) RnD systems MAB1259 AB_2251304 Dish 

Pax6 DSHB PAX6 AB_528427 Dish 

Sox2 (m) RnD systems MAB2018 AB_358009 Dish 

NMDAR1 (m) Abcam Ab134308 AB_2818983 Dish 

GABA (rb) Sigma A2052 AB_477652 NCCIM & Dish 

Parvalbumin (rb) Abcam Ab181086 - Dish 

GAD65/67 (rb) Abcam Ab11070 AB_297722 Dish 

TBR1 (rb) Abcam Ab31940 AB_2200219 NCCIM & Dish 

TBR2 (rb) Abcam Ab23345 AB_778267 Dish 

vGlut1 (m) Antibodies inc. 75-066 AB_2187693 Dish 

Glutamine 

synthetase (rb) 

Abcam Ab176562 - Dish 

SATB2 (m) Abcam Ab51502 AB_882455 Dish 

Foxg1 (rb) Abcam Ab196868 - Dish 

Nkx2-1 (rat) sigma MAB5460 AB_571072 
 

Otx2 (g) RnD systems AF1979 AB_2157172 Dish 

GFAP (g) Abnova PAB7137 AB_1575164 Dish & NCCIM 

GFAP (m) RnD systems MAB2594 AB_2109654 Dish 

S100-b (g) RnD systems AF1820 AB_2184423 Dish 

Olig1/2/3 (m) RnD systems MAB2230 AB_2157535 Dish 

Syn1 (Rb) EMD Millipore AB1543 AB_2200400 Dish 
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BIII-tubulin (m) RnD systems MAB-1195 AB_357520 NCCIM & Dish 

MAP2 (m) RnD systems MAB-8304 AB_10629940 Dish 

SMI312 (m) Biolegend 837904 AB_2566782 Dish 
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Table S4. List of ELISA kits and targets 

Kit Source Catalog # Gene ID 

Multiplex array- 

Neuro discovery C2 

Raybiotech AAH-NEU-2 N/A 

Target names 

Adiponectin Raybiotech N/A 9370 

Eotaxin-1 Raybiotech N/A 6356 

GDNF Raybiotech N/A 2668 

CXCL8 Raybiotech N/A 3576 

IL-1ß Raybiotech N/A 3553 

IL-1𝛼 Raybiotech N/A 3552 

MCP-1 Raybiotech N/A 6347 

TARC Raybiotech N/A 6361 

BDNF Raybiotech N/A 627 

Eotaxin-2 Raybiotech N/A 6369 

GM-CSF Raybiotech N/A 1437 

MIP-1ß Raybiotech N/A 388372; 6351 

TGF-ß1 Raybiotech N/A 7040 

ß-NGF Raybiotech N/A 4803 

Eotaxin-3 Raybiotech N/A 10344 

IFN-gamma Raybiotech N/A 3458 

IL-6 Raybiotech N/A 3569 

MMP-2 Raybiotech N/A 4313 

TIMP-1 Raybiotech N/A 7076 
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CNTF Raybiotech N/A 1270 

IL-10 Raybiotech N/A 3586 

MMP-3 Raybiotech N/A 4314 

TNF-	𝛼 Raybiotech N/A 7124 

Fas Raybiotech N/A 355 

CRP Raybiotech N/A 1401 

IL-4 Raybiotech N/A 3565 

IL-18 Raybiotech N/A 3606 

LIF Raybiotech N/A 3976 

S100 ß Raybiotech N/A 6285 

VEGF-A Raybiotech  N/A 7422 
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Figure S1. Detected cytokines on NCCIM during pyramidal differentiation. P-values: ****, 
0.0001; **, 0.0039; *, 0.044. 
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Figure S2. Detected cytokines on NCCIM during GABAergic differentiation. P-values: ****, 
0.0001; **, 0.0039; *, 0.044. 
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Appendix D: 

Supplemental information for Chapter 5 

 
Table S1. List of antibodies 

Antibody Source Catalog # RRID Platform 

GABAergic, Pyramidal neurons & Microglia 

TBR1 (rb) Abcam Ab31940 AB_2200219 Dish 

GABA (rb) Sigma A2052 AB_477652 Dish 

GFAP (g) Abnova PAB7137 AB_1575164 Stretch chamber 

& Dish 

BIII-tubulin (m) RnD systems MAB-1195 AB_357520 Stretch chamber 

& Dish 

TMEM119 (m) Abcam Ab209064 AB_2800343 Disih 

TREM2 (rb) RnD systems Af1828 AB_2208689 Dish 

SMI312 (m) Biolegend 837904 AB_2566782 Dish 

CD11b (m) Thermofisher 14011282 AB_467108 Dish 
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Table S2. ELISA kits 

Kit Company Catalog # Platform 

human UCHL1  Raybiotech ELH-UCHL1-1 96-well strips 

Neuro discovery array 
C2 Raybiotech AAH-NEU-2 2,4 or 8 sample kit 

Human NSE Abcam Ab217778 12x8 well strips 

Human GFAP Alpco 32-5188 12x8 well strips 

Human Tau Abcam Ab210972 12x8 well strips 

Cytokine array C5 Raybiotech AAH-CYT-C5 2,4 or 8 sample kit 
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Table S3. List of cytokines of Human Cytokine Array C5 (Raybiotech #AAH-CYT-C5) 

CXCL5 IL-2 IL-12 CCL22 TGF-ß1 VEGF-A Eotaxin-3 GDNF LIF 

GCSF IL-3 IL-13 CXCL9 TNF-	𝛼 PDGF-BB FGF-4 HGF LIGHT 

GMCSF IL-4 IL-15 MIP-1ß TNF-ß Leptin FGF-6 IGFBP-1 MCP-4 

GRO a/b/g IL-5 IFN-	𝛾 MIP-1d EGF BDNF FGF-7 IGFBP-2 MIF 

CXCL1 IL-6 MCP-1 RANTES IGF-1 CXCL13 FGF-9 IGFBP-3 MIP-3 

CCL1 IL-7 MCP-2 SCF Angiogenin CCL23 Flt-3 ligand IGFBP-4 NAP-2 

IL-1 𝛼 IL-8 MCP-3 SDF-1	𝛼 OSM Eotaxon-1 CX3CL1  IL-16 NT-3 

IL-1ß IL-10 MCSF TARC TPO Eotaxin-2 CXCL6 CXCL10 NT-4 

OPN OPG PARC PLGF TGF-ß2 TGF-ß3 TIMP-1 TIMP-2 - 

 

 
 
 


