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ABSTRACT 

Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders and 

causes cognitive impairment and memory deficits of the patients. The mechanism of AD is not 

well known, due to the lack of study materials, e.g., human brain tissues. Human pluripotent 

stem cells (PSCs) show the capacity to proliferate indefinitely and potent differentiation abilities, 

therefore, can be used to offer unlimited neural cell source for studying AD pathology and 

subsequent therapeutic purpose. Recently, the novel neural tissue patterning technology called 

organoid has been developed to generate mini-brain tissues, e.g., cerebral organoids, for 

modeling human brain development and neurological diseases. In this project, we hypothesize 

that this patterning method could also be utilized for modeling AD and studying the disease-

related phenotypes. To better understand the patterning method, we investigated the factors that 

influence the neural patterning, developed the patterning strategy for cortical organoids 

generation, and then applied it in establishment of AD models. First, we focused on the specific 

patterning factors-extracellular matrix (ECM) that regulate stem cell behavior, by cultivating 

PSCs on acellular ECM scaffolds and artificial ECM scaffolds-the auxetic polyurethane foams. 

Our data showed that ECM-laden biochemical factors and scaffold physical cues, e.g., Poisson’s 

ratio played important roles in PSCs expansion and neural specifications. Then we developed the 

neural patterning method to generate cortical neural subtypes and cortical tissues, called cortical 

organoids, by tuning the sonic hedgehog signaling. Lastly, we used this cortical patterning 

method to model AD using patient specific PSCs cell line, and observed some AD-associated 

features, including an accumulated A 4β level and hyperphosphorylated tau. Our studies 

demonstrate the capacity of PSCs for modeling AD using neural patterning technology and 

provide a potential approach for AD therapy and drug screening.   
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders and 

causes cognitive impairment and memory deficits of the patients. Clinically, the pathology of 

AD is characterized by three hallmarks including amyloid-  peptide (A ) caused extracellular 

senile plaques, formation of intracellular neurofibrillary tangles (NFTs), and selective 

functionality loss of neuronal cells [1]. The reasons induced the above pathological 

characteristics remain elusive, due to lake of proper AD models that accurately reflect human 

brain physiology. Human pluripotent stem cells (PSCs), including human embryonic stem cells 

(ESCs) and human induced pluripotent stem cells (hiPSCs), show the capacity of unlimited 

proliferation and potent differentiation, therefore, could offer a robust system to establish AD 

model [2,3]. In particular, the generation of cerebral cortex models [4–7] and corresponding 

neuronal subtypes [8–10] from human PSCs represents a reliable platform for modeling AD and 

may improve the prediction of drug screening outcome and cellular responses [11].  

Recently, human PSCs reprogramed from familial or sporadic patients have been 

differentiated into various neuronal subtypes to model AD for studying specific pathology [12–

17]. The neural cells for modeling AD in these studies were mainly patterned in two-dimensional 

(2D) culture systems, however, which could not recapitulate some of the AD-related phenotypes 

such as aberrant extracellular protein aggregation and selective functional loss of cortical 

neurons, due to the lack of extracellular matrix (ECM) and interstitial compartments. In human 

central nervous system, ECM constitutes the essential physical structures for neural cells and 
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provides diverse biochemical signals for neurogenesis, cell migration, differentiation and 

synaptic plasticity [18]. A recently developed system called organoid technology has become the 

cutting-edge method for neural patterning of human PSCs [19–21]. With the helping of 

patterning factors, the organoids mimicking in vivo situation of human tissues or organs 

assemble into three-dimensional (3D) ordered structures, which contain differentiated cells, 

relevant stem or progenitor cell populations, as well as cell-cell and cell-ECM interactions 

[20,22,23]. The stem or progenitor cells maintain the complex constructs for growth and 

differentiation, while the interactions provide an appropriate microenvironment or niche that is 

necessary to define in situ phenotypes and to regulate the organoids formation. Thus, the 

organoid-based neural patterning method of human PSCs has been utilized to model neurological 

diseases and disorders, e.g., microcephaly and Zika virus infection, and to generate functional 

cortical neurons and astrocytes [4,19,21].  

Often, the neural tissue patterning of human PSCs using organoid technology is governed 

by the stem cell niche including biochemical and biophysical signals and cell-ECM interactions. 

For the biochemical signals, neural cells are patterned by different morphogens such as BMP, 

Wnt, retinoic acid (RA), sonic hedgehog (SHH), etc. [24,25]. For instance, the first stage of 

neuroectodermal patterning celled neural induction could be induced by addition of antagonists 

of BMP and Nodal signaling [26]. The biophysical factors of matrix such as elastic modulus, 

geometry and Poisson’s ratio also play critical roles in neural patterning of human PSCs [27–30]. 

For example, neural differentiation of PSCs is very sensitive to the elastic modulus of the 

hydrogels or porous scaffolds, and low elastic modulus (< 10 kPa) promotes neural lineage 

commitment [31,32]. And also, the cell-ECM interactions acting as a unique tissue 

microenvironment could direct neural cell patterning, tissue regeneration and neuronal cells 
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maturation. PSC-secreted ECM containing fibronectin, laminin, collagen type IV, and 

glycosaminolgycans could regulate several signaling pathways such as BMP, TGF-β, FGF and 

Wnt/β-catenin which modulate neural tissue development and patterning through the binding of 

the ligands (e.g., integrins) [33–35]. To better control the cell type and organization within 

organoid systems, bioengineering approaches could be employed to study the effects of 

patterning factors, especially cell-matrix interactions, on the cell behavior in organoids formation 

processes.  

The objective of current study is to establish AD model using organoid-based neural 

patterning method. To better understand the patterning method, specific patterning factors like 

cell-matrix interactions were investigated by cultivating PSCs on cell-secreted ECM scaffolds 

and artificial ECM scaffolds-the auxetic polyurethane foams. The data demonstrated that ECM-

laden biochemical signals and biophysical cues of matrix, e.g., Poisson’s ratio, played important 

roles in PSCs expansion and neural specifications through the modulation of intrinsic signaling 

pathways such as Wnt/β-catenin and Rho/Rock/Myosin signaling. Then the neural patterning 

method was developed to generate cortical neuronal subtypes and cortical tissues, called cortical 

organoids, by tuning the sonic hedgehog signaling. And the effects of external patterning factors, 

e.g., culture environment, on cortical organoids formation were evaluated by the comparison of 

3D static suspension culture system and dynamic bioreactor culture system. Lastly, the 

developed cortical organoid patterning method was utilized to model AD using patient specific 

PSCs cell line with AD-related gene mutation. In this part of study, the model recapitulated some 

AD-associated features including an accumulated A 4β level and hyperphosphorylated and 

changed the expression of inflammatory factors and ECM-associated proteins. In conclusion, we 

successfully established the AD model using the organoid neural patterning technology of human 
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PSCs. And our work is the first few studies to show the feasibility of organoid neural patterning 

systems in AD modeling and will provide an amenable system for future studying of AD such as 

drug discovery and clinical implants.  

1.2 Background 

1.2.1. AD pathology and progression 

In 1906, a German psychiatrist, Alois Alzheimer, reported his clinical study about a 51-

year old woman who suffered a “peculiar” dementia with abnormal features in cognition and 

behaviors.  Alzheimer correlated the woman’s symptoms with “military foci” and neurofibrillary 

changes in the cerebral cortex after her death at 55 years [36]. About 110 years after Alzheimer’s 

first case report, much has been learned about AD. AD is a very common, incurable age-

associated and economically costly disease characterized by progressive neurodegeneration 

which causes deterioration and damage of neurons within the cerebral cortex, loss of memory 

and cognitive decline. It is the most common type of dementia and over 30 million people are 

suffering this disease all over the world [37]. And about 500, 000 people die of AD every year 

and this number increases year by year. Currently, no effective treatments or available drugs can 

cure AD and the total costs in 2010 were around $172 billion in United States [37], which makes 

a heavy economic burden not only on the dementia patients but also on our global society. Most 

of the clinical cases in AD have a development of late-onset symptoms (after the age of 65), 

which is also called sporadic AD (SAD). And about 2-5% of disease burden is early-onset type, 

called familiar AD (FAD), which is related to genetic mutations such as, amyloid precursor 

protein (APP), presenilin-1 (PS1) and presenilin-2 (PS2) [38]. For FAD, most of the cases are 

caused by mutations in the gene of PS1, which encodes the catalytic subunit of -secretase that 
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mediates APP cleavage events for generation of A 42, so the deviant of PS1 could increase the 

ratio of A 42: A 40 [39]. 

1.2.2. Aβ plaques 

AD is identified by three cardinal features in brain, A  plaques, NFTs and neuron loss. 

A  plaques are usually formed because the increased production or deficient clearance of 

neuronal A  causes by some reasons. APP is proteolyzed to the soluble and nontoxic A  

monomers by - and -secretases. And the monomeric A  could then aggregate to form the toxic 

A  oligomers and further generate the insoluble fibrils, which ultimately cause the plaques 

(Figure 1.1). The conversion from nontoxic A  peptides to insoluble and toxic forms is the key 

step in the development of AD. Mutations in APP, PS1 (encodes a component of multi-subunit 

of -secretase) or PSβ (also a -secretase component) would lead to abnormal APP proteolytic 

processing and overexpression of A 4β, which is the main component that contributes to 

accumulation of A  peptides and formation of amyloid plaques [40]. And some ECM 

components, e.g., heparan sulfate proteoglycans (HSPG) are considered to promote the 

extracellular formation of amyloid plaques [41]. In addition, a healthy body has the mechanism 

to remove A  peptides and balance their generation and clearance. For instance, matrix 

metalloproteinase (MMP)-γ (MMPγ), a collagen IV proteinase, could  degrade A  components 

[42,43]. Also, a defective clearance of A  and  an unbalance between the A  generation and 

clearance have been demonstrated in SAD [1]. Thus, the peculiar generation and flawed removal 

of A  peptides cause the accumulation of A . And the more accumulations of A  peptides occur, 

the more senile plaques are formed in brain.  
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1.2.3. Hyperphosphorylation of tau 

The NFTs in AD are composed of paired helical filaments (PHF) consisting of 

hyperphosphorylated tau, a protein associated with the microtubules [44]. The normal form of 

tau is soluble, whereas it depicts strong ability to assemble and becomes insoluble under 

physiological conditions.  The hyperohosphorylated tau is considered to correlate with several 

neurodegenerative diseases, for examples, AD, Parkinson’s disease, Pick’s disease and Down’s 

disease. The over phosphorylation of tau contributes to its disassembly from microtubules and 

aggregation to form insoluble fibers, that is, the NFTs in brains. However, the reasons to cause 

the pathogenesis of tau are not well understood currently. Protein kinases, such as mitogen-

activated protein kinase (MAPK), glycogen synthase kinase-3 (GSK-3) and Jun N-terminal 

kinase/stress-activated protein kinases (JNK/SAPK), could upregulate phosphorylation of tau 

[45]. Many studies support the notion that A  may interplay with tau-derived NFTs formation, 

while critical questions about A - induced tau pathology in AD are still unanswered [46,47]. 

Overall, the perturbation of tau kinases and tau phosphatases leads to the abnormally 

hyperphosphorylation which results in NFTs generation and toxicity in neurons.                       

1.2.4. Selective neuronal death 

The A  plaques and NFTs formation show toxicity to neuronal cells. However, the 

causes of synaptic dysfunctions and selective loss of vulnerable neurons, particularly subtypes 

like pyramidal, cholinergic, noradrenergic and serotonergic neurons, remain elusive [48]. Studies 

showed that A  plaques could trigger inflammatory process by increasing the secretion of pro-

inflammatory factors, e.g., IL-6 and TNF-α, which impair microglia and surrounding neural cells, 

and finally result in neurodegeneration and neuron loss [49,50]. Based on the A  plaques 

deposition and cortical NFT formation, AD initiates when the connection between entorhinal 
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cortex and hippocampus begins to be lost at the transentorhinal stage [40,51]. The basal forebrain 

cholinergic, serotonergic and noradrenergic neurons are disconnected at the limbic stage and 

further lost the function at the isocortical stage. Pyramidal cells, which are the main neuronal 

subtype in the cortex and account for the main substrate for AD progression, are also impaired at 

the limbic stage and the loss progresses further at the isocortical stage. As pyramidal neurons use 

excitatory amino acid (e.g., EAA, principally glutamate) as the neurotransmitter and receive 

prominent excitatory signals, the changes in EAA neurotransmission during cortical 

disconnection are considered the major cause of the cognitive impairments in AD [40]. Other 

neuronal cells, such as GABAergic interneurons, show their function loss during the advanced 

stage of AD, i.e., the isocortical stage.  

1.2.5. Current challenges and the demand for a good AD model 

Although the pathophysiological changes of AD are characterized, it is not clear what 

factors induce and how selective neuronal loss in AD is caused. Many hypotheses have been 

proposed for the causes of pathological characteristics of AD [1,40]. These hypotheses include: 1) 

amyloid hypothesis, which posits that the gene mutations of APP and PS1/2 induce the 

overexpression or deficient removal of A  toxic species, and thus lead to the other two cardinal 

changes associated with AD (Figure 1.1); 2) tau hypothesis, which believes that the 

hyperphosphoryled tau protein disassembles from microtubules and subsequently induces 

neuronal death (Figure 1.1); 3) unknown triggering hypothesis, which postulates that some 

uncertain factors, lead to the neurodegeneration, both directly and indirectly through the 

formation of plaques and tangles. The last case seems to incorporate both the amyloid and tau 

hypotheses to interpret the etiology of AD. Although both amyloid and tau hypotheses could 

explain some of the pathological hallmarks and clinical observations about AD, there is still a 
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controversy over which one occurs first. Thus, it is necessary to establish the disease models of 

AD given that it is difficult to obtain patient brain samples.  

 To date, the modeling of AD for mechanistic and pathological studies mainly relies on 

non-human animal models and non-neuronal human cells. Non-neuronal cells usually lack the 

specific cellular structures of neurons and fail to recapitulate the signaling pathway and other 

physiology of neurons, and therefore they cannot capture the three pathological changes in AD 

[52]. The transgenic animal models, usually mice, have been developed for discovering genetic 

mutations in FAD [53–55]. To some extent, these models could interpret the pathogenicity of A  

accumulation, plaques formation and tauopathy. For instance, one study has developed a 

transgenic AD mouse model with mutation in APP [54].  The model showed senile plaques 

formation and disconnection of synapses, but the presences of NFTs and neuronal loss were 

never found. Although animal models displayed the benefits for understanding AD 

neuropathology, they fail to reflect human brain anatomy, genetics and the AD-associated neuron 

loss. More importantly, pharmacological testing and candidate drug targets screening for AD 

using these animal models have shown no successful development for AD therapeutics till now 

[56]. So a more robust and suitable model that could capture all the three cardinal characteristics 

of AD is demanded. Recently, human adult neural stem cell-derived models through 3D culture 

in vitro, although it is limited by the cell source, have been found to increase A  plaque 

depositions and tau phosphorylation [57,58]. These studies accurately paved the way for using 

hiPSCs, a more reproducible and scalable cell type, to model AD in vitro. 

1.2.6. Human PSCs 

Human PSCs contain human ESCs derived from blastocysts and hiPSCs reprogrammed 

from somatic cells. Human PSCs show the properties of unlimited self-renewal and potent 
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differentiation capacity. Theoretically, human PSCs could give rise to the three germ layers 

including ectoderm, endoderm, and mesoderm, and generate every other cell types in the body 

(e.g., neurons, heart, pancreatic, and liver cells). HiPSCs were pioneered by Shinya Yamanaka’s 

lab in 2006 that the introduction of four reprogramming factors including Oct4, Sox2, cMyc and 

Klf4 (also dubbed Yamanaka factors) could convert adult cells into PSCs [3]. Using hiPSCs to 

model AD shows great advantages, compared to other cell lines or model systems. First, pat ient-

specific cell lines can be easily established just through collecting biopsy of patients (e.g., drop 

of blood or piece of skin) and reprogramming the tissue to iPS cells (Figure 1.2). So the ethical 

controversy using human embryos for human ESCs can be voided. And for AD, this patient-

specific cell lines loaded the gene mutations can be easily to recapitulate the mechanism of this 

disease, especially for the early onset type. Thus, the transgenic technology for specific genetic 

manipulation used in animal-models is not necessary. HiPSCs are also clinically advantageous 

since the use of autologous tissue ideally surpasses the patient’s immune rejection. Moreover, 

hiPSCs with unlimited self-renewal capacity could help to provide large numbers of patient-

specific neuronal cells for in vitro research and clinical applications.   

1.2.7. AD model using human PSCs 

 Human PSCs derived from both familial and sporadic patients have been differentiated 

into varying neuronal cells for studying in respect to specific AD pathology (Table 1.1). The 

patients generally had genetic mutations in APP, PS1 or PS2, in the case of FAD, and mutations 

in APOE3/E4 for SAD. Most of the human PSCs-derived AD models used either 2D or 

embryoid body/neurosphere neuronal differentiation protocols to generate forebrain neurons, 

such as cortical glutamatergic neurons, GABAergic interneurons, or cholinergic neurons. The 

neuronal cells were usually characterized through gene and/or neuronal marker expression, and 
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tested action potentials and calcium-handling ability for the functional assessment. And the AD-

related pathology including elevated A 4β amyloid production and hyperphorsporylated tau was 

indicated in these models.  

1.2.8. Neural tissue patterning of human PSCs 

The process using human PSCs to model AD starts the generation of neuronal cells or 

tissues that are directly affected by the disease through neural patterning (Figure 1.2). The key 

towards this utilization is to efficiently generate neural lineages, specific neuronal subtypes and 

even brain- like tissues from human PSCs. Neural tissue patterning is complex process and is 

governed intrinsic and extrinsic factors including morphogens and cell-ECM interactions. During 

the development of mammalian brain, early neural progenitors of the neural tube are derived 

through the inhibition of BMP and activin signaling [26].  The cells are then specified into 

neuronal subtypes of each region along the rostral-caudal axis by tuning Wnt and retinoic acid 

(RA) signaling pathway [59], and along the dorsal-ventral axis mainly patterned by the gradient 

of sonic hedgehog (SHH) [22,60,61]. Based on these knowledges, protocols utilizing the 

morphogens to mimic brain development have been successfully established to produce the 

regional specification of neuronal subtypes derived from human PSCs (Figure 1.3). For example, 

cortical glutamatergic neurons and GABAergic neurons from human PSCs were acquired by 

modulation of SHH and fibroblast growth factor-2 signals [9,62],  while hindbrain/spinal motor 

neurons were efficiently driven through activation of SHH, RA and Wnt signaling pathways [63] 

. And human PSC-derived mini-brain tissues, such as cerebral organoids with definable forebrain, 

midbrain, and hindbrain/spinal cord layers [19] and cortical spheroids with laminated regions [4],  

were usually generated by the default morphogens without extrinsic factors. Specially, recent 

studies have obtained the whole spectrum of region-specific neural progenitor and neuronal 
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subtypes from hiPSCs [64,65], which indicate the remarkable value of hiPSC-based models for 

the study and treatment of patient-specific neurological diseases. For AD, the A  deposition, tau 

tangles and neuronal loss ultimately occur in the cerebral cortex and lead cortical symptoms 

related to language, attention and visuospatial orientation. Therefore, studies modeling AD with 

PSCs often begin with the generation of forebrain cortical neurons. Differentiation to forebrain 

neuronal fates is often based on the “default” induction strategies without exogenous patterning 

factors after dual-SMAD inhibition in a monolayer culture or embryoid body (EB)-based culture 

[4,66].  

1.2.9. A novel neural patterning method-organoid technology 

The organoid culture systems derived from EB-based culture began to emerge as a 

promising approach to construct human brain- like tissue in vitro through spontaneously earlier 

mixed cell population in a 3D platform. Relying on the intrinsic ability of self-organization of 

stem cells, and sometimes with helping of some suitable exogenous factors (e.g., Matrigel), 

organoids recapitulate a large number of biological events in vivo. Organoids are 3D spatial 

organization including heterogeneous tissue-specific cells, cell-cell interactions and cell-ECM 

interactions, and exhibit certain physiological functions similar to tissues or organs in body. In 

the process of organoid formation, ECM is one of the most important patterning factors that 

regulate and assist the self-renewal, self-organization and differentiation of stem cells within the 

organoid. ECM either secreted by stem cells or came from artificial scaffolds provides a physical 

supporter for cell attachment and organization and an additional supplementation of signaling 

cues for cell growth and differentiation [67,68]. This organoids technology bridges a gap in 

exiting 3D in vitro culture systems by providing a robust approach  for tissue patterning of stem 

cells, while being more representative of in vivo situation [20,22,23].  
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For neural tissue patterning of human PSCs, the first generation of human neural rosettes 

from human ESCs was derived in 2001 by forming the spontaneously differentiated PSCs-

aggregates (called EB) and then plating EB on coated dishes for neuroepithelial cells cluster 

formation [69]. Combining the EB-based rosette patterning and serum-free culture, the so-called 

SFEBq (serum-free floating culture of EB-like aggregates with quick reaggregation) approach 

was developed and could generate remarkably large rosettes with lumens and apicobasal 

structures from human PSCs in 2008 [70]. And in 2011, the self-organizing optic cups with 

retinal specifications from human PSCs were derived using the entirely 3D EB-based neural 

culture [71]. This is the first study indicating that neural tissues with histologically accurate 

architecture could be patterned only in 3D floating culture of human PSCs. The above studies 

have paved the road for the advent of a new neural patterning technology, that is, organoids. In 

2013, Lancaster et al derived cerebral organoids with a broad brain regionalization to model 

microcephaly using EB-based culture of Matrigel embedding and agitation [19]. The organoids 

could reach up to 4mm in diameter with fluid- filled cavities that resembled ventricles rather than 

the small neural-tube- like lumens found in rosettes. After that, the organoid-based neural 

patterning method of human PSCs was booming and has been utilized for mimicking brain 

development, modeling neurological disease in vitro, and testing potential drug candidates.  

1.2.10. Effects of ECM on neural patterning of human PSCs 

The central nervous system (CNS) is characterized by a functional network of neurons, 

glia and their secreted extracellular matrix (ECM). ECM constitutes the essential physical 

structures for neural cells and provides diverse biochemical signals for neurogenesis, neural cell 

migration and differentiation, and synaptic plasticity, and thus it plays important role in neural 

tissue patterning of human PSCs. Studies performed with decellularized ECM from different 
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PSCs-derived derivatives indicated that ECM guided PSCs differentiation into the cell types 

residing in the cell/tissue from which the ECM was derived [72,73]. The ECM-stem cell 

interactions are mainly mediated by integrins, a large family of heterodimeric transmembrane 

receptors connecting with intracellular cytoskeleton. Thus, cell migration, organization and 

differentiation could be regulated through these ECM-integrins-cytoskeleton connections. For 

instance, the binding between α6β1 integrin and ECM protein laminin is the key player for 

neural stem cells adhesion to the vascular structures [74]. And ECM may also control stem cell 

fate decision through the modulation of intracellular signaling. For example, our previous study 

demonstrated that undifferentiated PSCs-derived ECM could upregulate Wnt/β-catenin signaling, 

while neural progenitor cells-derived ECM promoted neural patterning of PSC through the 

inhibition of the same signaling pathway [72].  

The biophysical properties such as elastic modulus, geometry and Poisson’s ratio of 

matrix, an artificial type of ECM scaffold, also impact the growth, proliferation and neural 

differentiation of PSCs. Stem cells cultured on hydrogels with varied stiffness indicated that 

substrate elastic modulus can alter critical cellular events, such as ECM assembly, cell motility, 

and cell spreading [32,75,76]. For neural patterning, a large number of studies showed the 

important effects of matrix stiffness or elastic modulus (Table 1.2).  Normally, cells sense 

elasticity during the attachment on the substrate through focal adhesions and formation of stress 

fibers. In most cases, their responses to the matrix properties rely on myosin-directed contraction 

and cell-ECM adhesions, which involve integrins, cadherins, and other adhesion molecules [77]. 

The Poisson’s ratio is another important biophysical cue that influences stem cell behaviors, as 

the nuclei of ESCs exhibiting a negative Poisson’s ratio in the pluripotent-state [78].  And our 

previous work found that Poisson’s ratio of matrix could confound the effects of elastic modulus 
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on PSCs neural differentiation [79]. In conclusion, ECM serves as a reservoir of biochemical and 

biophysical factors that impact stem cells growth, organization and differentiation. 

 

Table 1.1. hiPSCs models for AD studies 

Cell line  Neural types AD phenotypes Referen

ce 

FAD-hiPSC 
from patient 
with Down’s 
syndrome(Triso
my 21 defect) 

2D, cortical 
glutamatergic 
neurons expressed 

TBR1,CTIP, SATB 
and -tubulin III 

Increased A  peptide production, 
Intracellular and extracellular A 4β 
aggregates, 

Decreased A 40+ A 4β with -secretase 
inhibitors, 

Tau hyperphosphorylation in cell bodies 
and dendrites. Neuronal cell death 

[80] 

FAD-hiPSC 
with APP gene 

duplications and 
SAD-hiPSC 

2D, FACS-purified 
neurons expressed 

-tubulin III 
(>90%) and MAP2 

Neurons from AD patients had higher level 
of A 40, phosphor-tau and active glycogen 

synthase kinase-γ  (aGSK-γ ).  -secretase 
inhibitors not -secretase inhibitors reduced 

phosphor-tau and aGSK-3b levels. 

[15] 

FAD-hiPSCs 
with PS1 and 
PS2 mutations  

2D, neurons 
expressed -tubulin 
III (about80%) 

andMAP2 

Change in APP processing,  
Increased A 4β secretion, responding to -
secretase inhibitors and modulators 

[81] 

FAD-hiPSC 
with APP 

mutations and 
SAD-hiPSC 

2D, cortical 
neurons expressed 

-tubulin III, 
MAP2, TBR1 and 
SATB2, and 

astrocytes 
expressed GFAP 

Intracellular A  oligomer formation, 
Reduced extracellular A  peptides 

[82] 

FAD-hiPSCs 

with PS1 and 
AG mutations 

and SAD-
hiPSCs with 
APOE3/E4 

mutations 

Basal forebrain 

cholinergic neurons 
expressed 

MAP2,ChAT, 
VaChT 

Elevated A 4β,  
Increase A 40 with -secretase inhibitors, 
Increased calcium transient 

[17] 

FAD-hiPSCs 
with APP 

mutations 

Embroyid Body-
based, forebrain 

neurons expressed 
MAPβ, tau, -
tubulin III,Cux1, 

TBR1, vGlut1 

Increased A 4βμ A 40, 
Decreased APPsαμ APPs , 
-secretase inhibitor blocked APPs,  

cleavage, 
Increased total tau and p-tau (Ser262) d100, 

A  antibodies blocked increased total tau 

[83] 
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Table 1.2 Effects of matrix modulus on PSC fate decision. 

Cell source  Range of 

modulus 

Effect on self-renewal and differentiation Reference 

Mouse ESCs  0.6 kPa Soft substrate supported self-renewal [84] 

Human ESCs 

and iPSCs 

 

 

0.7-10 kPa The stiff (10 kPa) hydrogel maintained cell 

proliferation and pluripotency 

[85] 

Human ESCs  0.05-7 MPa Low modulus (<0.1 MPa) promoted 

ectoderm, intermediate modulus (0.1-1 
MPa) promoted endoderm, and high 

modulus (1.5-6 MPa) promoted mesoderm 

[86] 

Human ESCs 

and iPSCs 

 

 

0.1-75 kPa Soft matrix (0.1 kPa) promoted early neural 

differentiation 

[29]  

Human ESCs  0.08-1.17 MPa Increased stiffness favored mesoderm 

differentiation 

[87] 

Human ESCs  1 kPa, 10 kPa, 
3 GPa 

Rigid matrix promoted cardiac 
differentiation 

[88] 

Neural 
progenitor cells 

 

 
0.1 kPa – 10 
kPa 

Soft gel (100-500 Pa) favored neurons, 
harder gel (1-10 kPa) promoted glial cells 

[32] 

Neural 
progenitor cells 

 

 
1-20 kPa <1 kPa favored neuronal differentiation; 

<3.5 kPa supported astrocyte; >7kPa 

favored oligodendrocyte 

[89] 

 

 

 

 



16 

 

     

Figure 1.1. A possible pathology of AD.  It is posited that AD may be caused by the deposition 

of A  and tau hyperphosphorylation-derived NFTs, both of which could activate the caspase-
associated apoptosis. 
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Figure 1.2. Schematic illustration of using hiPSCs for AD studies. 
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Figure 1.3. Regional specification in PSC neural differentiation mimicking in vivo regional 

patterning.  
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CHAPTER 2 

DIFFERENTIAL EFFECTS OF ACELLULAR EMBRYONIC MATRICES 

ON PLURIPOTENT STEM CELL EXPANSION AND NEURAL 

DIFFERENTIATION 

2.1 Introduction 

The microenvironment of stem cells plays an essential role in directing cellular 

differentiation and tissue morphogenesis.  A critical component of the stem cell 

microenvironment, or “niche”, is the extracellular matrix (ECM), which not only provides 

adhesion sites for the cells, but also sequesters growth factors and interacts with the cells through 

intrinsic signaling pathways [90–92].  Stem cells secrete distinct profiles of ECMs that 

coordinate the signaling cascade during self-renewal and lineage commitment.  These ECMs 

provide a spectrum of signaling networks corresponding to the specific tissue development stage 

that are absent in the ECMs derived from somatic cells [93–95].  For example, mesenchymal 

stem cell (MSC)-derived ECMs preserve the stem cell niche, which maintains the long-term re-

population ability of hematopoietic stem cells [42].  In addition, ECMs derived from “young” 

stem cells (i.e., MSCs isolated from young donors) can rejuvenate aged progenitor cells, 

indicating the importance of niche properties during tissue aging and regeneration [96].  These 

native cell-derived ECMs become the unique biomaterials that can serve as the substrates, 

scaffolds, growth factor carriers, and even the bioinks in 3-D printing for various in vitro culture 

and in vivo transplantation studies  [94,97,98].  

Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs), secrete a large amounts of ECM components, such as fibronectin, 
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laminin, collagen type IV, and glycosaminoglycans [33,34,99].  ECM proteins are found to be 

involved in several signaling pathways (e.g., BMP, TGF- , FGF, Nodal, and Wnt) that affect 

tissue development through the binding of the ligands (e.g., integrins) that trigger intracellular 

signaling [35].  PSC-deposited ECMs also contain numerous growth factors such as Lefty and 

Cerberus, which may direct the survival and function of the re-populated cells [100–103].  

Additionally, ECMs can sequester the heparin-binding fibroblast growth factors (FGFs), which 

can activate mitogen-activated protein kinase and extracellular-signal-regulated kinase signaling 

and stimulate the proliferation and survival of adult myogenic progenitors, MSCs, and human 

ESC-derived neural progenitors [93,101,102].  Moreover, matrix components such as biglycan, 

syndecan and glypican are able to modulate Wnt/ -catenin signaling through frizzled receptor 

and its co-receptors such as low-density- lipoprotein receptor-related protein (LRP6)  [104,105].  

Compared to somatic cell-derived ECMs, PSC-derived ECMs have embryonic origins, a broad 

capacity to direct stem cell fate decisions, and the scalability for ECM derivation [95,106–109]. 

However, the signaling capacity of PSC-derived ECMs to act as the embryonic 

microenvironment is not well understood.  

 To further explore the signaling capacity of PSC-derived ECMs based on our previous 

study [108,110], three types of ECMs were derived from decellularized undifferentiated ESC 

aggregates (AGG), spontaneously differentiated embryoid bodies (EB), and ESC-derived neural 

progenitor cell (NPC) aggregates.  The derived ECMs were re-populated with mouse ESCs and 

human iPSCs, and the capacity of these three ECMs to influence pluripotency and neural 

differentiation of the reseeded cells was investigated.  Proteomic analysis revealed the distinct 

composition of the three ECMs, which partially explained the different cellular response to each 

type of ECM.  Additionally, canonical Wnt signaling for the cells grown on different ECMs was 
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assessed to determine the influence of cell-matrix interactions on intracellular signals.  Our 

results indicate that the embryonic niche and the differentiated niche provided by tissue context-

dependent ECMs derived from PSCs elicit distinct signaling responses, impacting stem cell fate 

decisions.  This study has significance in biomaterials design with applications in directing 

cellular differentiation, rejuvenation of progenitor cells, and tissue regeneration. 

2.2 Materials and methods 

2.2.1. Undifferentiated mouse ESC culture 

Murine ES-D3 cells (American Type Culture Collection, Manassas, VA) were maintained 

on 0.1% gelatin-coated 6-well plates as previously reported [108].The expansion medium was 

composed of Dulbecco’s Modified Eagle’s Medium (DMEM), 10% ESC-screened fetal bovine 

serum (FBS, Hyclone, Logan, UT), 1 mM sodium pyruvate, 0.1 mM -mercaptoethanol, 

penicillin (100 U/mL), streptomycin (100 µg/mL) (all from Life Technologies, Carlsbad, CA), 

and 1000 U/mL leukemia inhibitory factor (LIF, Millipore, Billerica, MA).   

2.2.2. Generation of undifferentiated aggregates, spontaneous EBs, and NPC aggregates  

Undifferentiated aggregates were generated by seeding cells from ESC monolayers into 

Ultra-Low Attachment (ULA) 6-well plates (Corning Incorporated, Corning, NY) at 1×106 cells 

per well in growth media containing LIF [108]. The aggregates were cultivated for 4 days and 

used to derive ECM scaffolds.  For spontaneous EB formation, 1×106 ESCs were seeded in ULA 

plates in 3 mL of differentiation medium (DMEM plus 10% FBS without LIF).  The EBs were 

cultivated for 4 days and used to derive ECM scaffolds.  To generate NPC aggregates, ESCs 

were seeded at 1×106 cells in 3 mL of DMEM-F12 plus 2% B27 serum-free supplement (Life 

Technologies) [111,112].  After 4 days, 1 µM all-trans retinoic acid (RA) (Sigma-Aldrich, St. 
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Louis, MI) was added to enrich neural lineage.  After an additional 4 days, the resulting NPC 

aggregates were collected to derive ECM scaffolds. 

2.2.3. Decellularization to generate ECM scaffolds 

Decellularization of ESC-derived aggregates was performed as previously described  

[108].  Briefly, about 600-1000 undifferentiated aggregates (AGG), spontaneously differentiated 

embryoid bodies (EB), or ESC-derived neural progenitor cell (NPC) aggregates were distributed 

into each of 1.5 mL microcentrifuge tubes and treated with sterile 1% Triton X-100 (Sigma) for 

30 min.  After the treatment, the samples were spun at 18,000 g for 2 min, rinsed twice with 

phosphate buffered saline (PBS), and incubated with 2,000 unit/mL DNAse I (Sigma) for 30 min.  

The samples were then centrifuged at 18,000 g for 2 min and rinsed with PBS prior to 

subsequent experiments.  About 90 g proteins of acellular matrices were generated per million 

of day 0 seeded cells for aggregate formation.  The morphology and topography of the ECM 

scaffolds have been characterized previously [108,110]. 

2.2.4. Undifferentiated human iPSC culture  

Human iPSK3 cells were derived from human foreskin fibroblasts transfected with 

plasmid DNA encoding reprogramming factors OCT4, NANOG, SOX2 and LIN28 (kindly 

provided by Dr. Stephen Duncan, Medical College of Wisconsin) [113,114].  Human iPSK3 

cells were maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver, 

Canada) or knockout serum replacement (SR) medium supplemented with FGF-2 (40 ng/mL) on 

6-well plates coated with Geltrex (Life Technologies) [115].  The SR serum-free medium 

contains 80% DMEM, 20% knockout SR, 1 mM L-Glutamine, 0.1 mM -mercaptoethanol, and 

0.1 mM nonessential amino acids.  The cells were passaged by Accutase dissociation every 5-6 
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days and seeded at 1×105 cells per cm2 in the presence of 10 M Yβ76γβ (Sigma) for the first β4 

hours.   

2.2.5. Cell reseeding and cultivation on the decellularized ECMs 

Undifferentiated ES-D3 cells were seeded at 0.5×105 per mL on the decellularized ECMs 

in ULA 24-well plates as previously described  [108].  The cells self-assembled into aggregates 

and were associated with ECM scaffolds during the culture (Figure 2.1). The cells were 

cultivated for 4 days for short-term study and three passages for long-term study in growth media 

without LIF (a suboptimal growth condition of ES-D3 cells to assess cell fate decisions).  The 

cells were counted at each passage, assessed by alkaline phosphatase (ALP) assay, 

bromodeoxyuridine (BrdU) assay, and pluripotent marker expression.  The supernatants were  

measured for glucose and lactate levels.  For neural differentiation, the cells after three passages 

were replated on Geltrex-coated surface in neural differentiation medium (DMEM/F-12 and 2% 

B27) for 7-8 days and assessed for neural marker expression.  For human iPSK3 cells, about 

1×105 per mL were seeded on the decellularized ECMs in the presence of Y27632.  The cells 

were cultivated in SR media plus FGF-2 (40 ng/mL) for 3 passages.  During the culture, hiPSK3 

cells self-assembled into aggregates associated with ECM scaffolds.  For early stage neural 

differentiation, the cells were cultured in DMEM/F-12 plus Bβ7 medium for 5 days (with 1 M 

RA).  For late stage differentiation, the RA-treated cells were replated on Geltrex-coated surface 

in DMEM/F-12 plus B27 medium for 10-14 days and assessed for neural marker expression.  For 

Wnt signaling study, Wnt activator CHIR990β1 (10 M, STEMCELL Technologies Inc.) or Wnt 

inhibitor IWP4 (5 M, Stemgent, Cambridge, MA) was added to the culture for 5 days before 

characterizations.   
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2.2.6. Biochemical assays 

The supernatants were analyzed for glucose and lactate with YSI β700 Select™ 

Biochemistry Analyzer (Yellow Spring Instruments, Yellow Spring, OH).  The lactate yield from 

glucose metabolism (mol/mol) was calculated as the ratio of lactate production to glucose 

consumption.  The value around 2.0 indicates anaerobic metabolism and the ratio is usually in 

the range of 1.0-2.0 for aerobic metabolism.  For ALP assay, the cells were digested with lysing 

buffer (PBS with 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mg/ml PMSF, 

and 3% aprotinin).  Cell lysate with the substrate was incubated at 37oC for 15 min, stopped 

using 0.5 N NaOH, and the amount of p-nitrophenol liberated was determined at 415 nm on a 

microplate reader (Bio-Rad, Philadelphia, PA). 

2.2.7. BrdU proliferation assay 

ES-D3 cells grown in different ECM scaffolds were replated and assessed using BrdU 

staining [111].  Briefly, the cells were incubated in growth medium containing 10 µM BrdU 

(Sigma) for 90 minutes.  The cells were then fixed with 70% cold ethanol, followed by a 

denaturation step using 2N HCl/0.5% Triton X-100 for 30 minutes in the dark.  The samples 

were reduced with 1 mg/mL sodium borohydride for 5 minutes and incubated with mo use anti-

BrdU (1:100, Life Technologies) in blocking buffer (0.5% Tween 20/1% bovine serum albumin 

in PBS), followed by the incubation with Alexa Fluor® 488 goat anti-Mouse IgG1 (1:200, Life 

Technologies).  The cells were mounted with 4',6-Diamidino-2-Phenylindole (DAPI) and 

visualized using a fluorescent microscope (Olympus IX70, Melville, NY).   

2.2.8. Protein extraction of decellularized ECMs 

Proteins from decellularized ECMs were isolated, digested with trypsin, and prepared 

using a filter-aided sample preparation method with some modifications [116].  Briefly, the 
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samples were homogenized in 2% sodium dodecyl sulfate (SDS), 100 mM dithiothreitol (DTT), 

100 mM Tris (pH 8.0), and sonicated for 50 s.  The SDS was removed by filtration and replaced 

with 8 M urea in 100 mM Tris (pH 8.5) after centrifugation at 14,000g for 15 min.  For 

alkylation of cysteine residues, extracts were incubated with 50 mM iodoacetamide in dark for 

30 min.  After centrifugation at 14,000 g for 15 min, the urea buffer was replaced by 100 mM 

ammonium bicarbonate.  Protein concentrations were determined using the Bradford Assay (Bio-

Rad).  Trypsin digestion was carried out overnight at 37ºC at 1:50 enzyme-to-protein ratio.   

2.2.9. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

The digested protein from each sample (AGG, EB, and NPC) was analyzed in triplicate 

on an Orbitrap Velos Pro (Thermo Fisher) using a Thermo Easy-nLC-II separation.  Following 

injection, the sample (1 g) was loaded onto an EASY C18-A1 guard column (20 mM × 0.1 mM, 

5 M particle size) for desalting at 6 L/min for β.5 min of Buffer A (0.1% formic acid)ν 

retained peptides were separated on a Thermo EASY C18-A2 column (100 mM × 0.075 mM, 3 

M particle size).  The elution gradient was 0% to 45% Buffer B (100% acetonitrile in 0.1%  

formic acid) in 60 minutes.  Data analysis was performed using Proteome Discoverer (Thermo 

Scientific, version 1.4.0.288) and Scaffold software (Proteome Software, version 4.4.1.1) based 

on the Mus Musculus Swissprot reference proteome database.  Data sets were filtered using gene 

ontology classification for cellular components based on the terms “extracellular proteins”.   

2.2.10. Immunocytochemistry 

The cells on ECM scaffolds were replated in 24-well plates coated with Geltrex.  For 

immunocytochemistry, the cells were fixed with 4% paraformaldehyde (PFA) and permeabilized 

with 0.2-0.5% Triton X-100 except for surface marker NCAM.  The samples were then blocked 

and incubated with mouse monoclonal or rabbit polyclonal primary antibodies (Table 2.1).  
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Active -catenin antibody was specific to dephosphorylated Ser-33 and Thr-41.  After washing, 

the cells were incubated with the corresponding secondary antibody: Alexa Fluor® 488 goat 

anti-Mouse IgG1, Alexa Fluor® 488 or 594 goat anti-Rabbit IgG.  The samples were 

counterstained with Hoechst 33342 and visualized under a fluorescence microscope. 

2.2.11. Flow cytometry 

To quantify the levels of pluripotent and neural marker expression, the cells on ECM 

scaffolds were trypsinized for flow cytometry.  Briefly, 1×106 cells per sample were fixed with 4% 

PFA and washed with staining buffer (2% FBS in PBS).  The cells were permeabilized with 100% 

cold methanol, blocked, and incubated with primary antibodies against Oct-4, Nestin, Musashi-1, 

and -tubulin III followed by the corresponding secondary antibody: Alexa Fluor® 488 goat 

anti-Mouse IgG1, Alexa Fluor® 488 or 594 goat anti-Rabbit IgG (Table 2.1).  For surface 

markers NCAM and KDR, the cells were stained without permeabilization.  The cells were 

acquired with BD FACSCanto™ II flow cytometer (Becton Dickinson) and analyzed against 

isotype controls using FlowJo software. 

2.2.12. Western Blotting 

 Cell pellets were lysed in the buffer of 50 mM Tris-HCl pH 7.4, 1% NP40, 0.25% sodium 

deoxycholate, 150 mM NaCl, 1 mM EDTA, and 0.02% Sodium Azide.  After centrifugation, the 

protein concentration of the lysed samples was determined via bicinchoninic acid assay.  Each 

protein lysate (20 µg) was resolved on a 10% running/4% stacking SDS-PAGE gel for 30 min at 

50 V then at 120 V till end.  Proteins were then transferred overnight at 4oC onto nitrocellulose 

membranes.  Then the blots were blocked with 5% milk PBS-Tween 20 (PBST) solution for one 

hour.  After blocking, blots were probed with 0.05 µg/ml -catenin or 1μ10,000 -actin antibody 

in 1% milk PBST for 2 hours at room temperature.  After washing, each blot was incubated with 
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1:20,000 anti-rabbit or 1:5,000 anti-mouse secondary antibody for one hour.  Finally, blots were 

washed, incubated for 5 min in SuperSignal® West Pico Chemiluminescent Substrate (Thermo), 

and then developed onto Kodak X-ray film. 

2.2.13. Statistical analysis 

Each experiment was carried out at least three times.  The representative experiments 

were presented and the results were expressed as [mean ± standard deviation].  To assess the 

statistical significance, one-way ANOVA followed by Fisher’s LSD post hoc tests were 

performed.  A p-value <0.05 was considered statistically significant. 

2.3. Results 

2.3.1. ESC expansion on different ECM scaffolds 

 ES-D3 cells were seeded into ULA 24-well plates containing different ECM scaffolds 

(referred as AGG, EB, and NPC) at 1×105, 2.5×105 and 5×105 cells per well and grown for 5 

days.  Glucose consumption and lactate production indicated cell density-dependent metabolic 

activity, with higher density having higher consumption especially for the AGG and the EB 

groups (Figure 2.2A, B).  The metabolic activity of NPC group was much lower than the 

corresponding AGG and EB groups.  The lactate to glucose ratio (mol/mol) was higher for the 

EB and NPC groups at 1×105 and 2.5×105 cells/well than the AGG group (2.0-2.2 vs. 1.5-1.7), 

indicating more aerobic metabolism for the AGG group at low densities (Figure 2.2C).  However, 

this ratio was comparable (1.8-2.0 mol/mol) for all three groups at 5×105 cells/well.  The 

expansion folds of the AGG and the EB groups were higher than the NPC group, especially at 

the densities of 2.5×105 and 5×105 cells/well (Figure 2.2D).  Based on these results, the density 

of 5×105 cells/well was used for the following study. 
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ES-D3 cells were then grown on different ECMs for three consecutive passages in the 

absence of LIF.  Cell numbers at each passage were the highest for the AGG group and lowest 

for the NPC group (Figure 2.3A).  Consistently, the AGG group had the highest level of BrdU+ 

cells (59±9%) and the NPC group had the lowest level (25±6%), indicating that the AGG group 

stimulated cell proliferation better than the EB group (49±5%) and the NPC group (Figure 2.3B).  

Sustained ALP activity was observed for the AGG group, while ALP activity decreased over 

time for the EB and the NPC groups (Figure 2.3C).  After three passages, the AGG group 

contained the highest percentage of Oct-4+ cells (80.4%), followed by the EB group (66.0%) and 

the NPC group (29.2%) (Figure 2.3D). Thus, AGG ECM maintained the expression of 

undifferentiated markers for the reseeded cells while NPC ECM down-regulated these markers. 

2.3.2. Neural differentiation of ESCs grown on different ECM scaffolds  

 The ES-D3 cells grown for three passages on different ECM groups were able to 

differentiate into the three germ layers for all the ECM groups. The differentiation into neural 

lineage was further examined (Figure 2.4). The cells from the NPC group expressed abundant 

neural markers, including Nestin, Musashi-1, NCAM, and -tubulin III (Figure 2.4A).  

Quantification of neural markers by flow cytometry showed high levels of neural markers (39% 

Nestin, 68% Musashi-1, γ9.4% NCAM, and 70.8% -tubulin III) for the NPC group, while the 

cells from the AGG and the EB groups had low levels of neural marker expression (2-4% Nestin, 

32-38% Musashi-1, 5-12% NCAM, and 0.3-β.β% -tubulin III) (Figure 2.4B).  These data 

indicate that the NPC group preferably induces ES-D3 cells to differentiate into neuronal cells 

compared to the AGG and the EB groups.   
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2.3.3. Human iPSC expansion on different ECM scaffolds 

 To further examine the regulatory capacity of different ECMs, human iPSK3 cells were 

seeded onto different ECMs in SR medium plus FGF-2 (40 ng/mL) for three passages.  Human 

iPSK3 cells expressed high levels of Oct-4 and Nanog prior to the experiments (Figure 2.5A).  

Starting in the second passage on ECMs, the cells displayed cystic morphology for the NPC 

group while the cells of the AGG and the EB groups maintained undifferentiated aggregates 

(Figure 2.6A).  After three passages, the cells from the AGG and the EB groups continued to 

express high levels of Oct-4 and Nanog, while a substantial portion of the cells from the NPC 

group showed no expression (Figure 2.6A).  Flow cytometry analysis showed 89-90% Oct-4+ 

cells for the AGG and the EB groups, but only 56% for the NPC group (Figure 2.5B and Figure 

2.6B).  Finally, cell numbers at the end of each passage were consistent for the AGG group but 

decreased over time for the EB and the NPC groups (Figure 2.6C).  These results indicate that 

the AGG and the EB groups can better maintain the undifferentiated markers in human iPSK3 

cells when compared with the NPC group. 

2.3.4. Neural differentiation of human iPSCs grown on different ECM scaffolds  

Analysis revealed that human iPSK3 cells grown on each ECM group were able to 

differentiate into cells of the three germ layers (Figure 2.5C).  Neural lineage commitment was 

further examined for early and late stage differentiations (Figure 2.7).  For early stage 

differentiation, the cells grown on different ECMs expressed high levels of progenitor markers 

Nestin and PAX6 (Figure 2.7A).  Quantification by flow cytometry showed higher Nestin 

expression for the NPC group compared to the AGG and the EB groups (65% vs. 50-55%).  For 

late stage differentiation after 10-14 days, neuronal networks were formed based on -tubulin III 

expression (Figure 2.7B-i).  Higher -tubulin III expression was observed for the NPC group 
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(31.8% vs. 7.3-19.1%) than the other groups, while differential Nestin expression was found for 

different ECMs (Figure 2.7B-ii).  These data indicate that the NPC ECM can enhance neuronal 

differentiation of human iPSK3 cells when compared to the AGG and the EB groups. 

2.2.5. Proteomic analysis of ECMs 

 2-D electrophoresis analysis was conducted with samples from the AGG group and the 

NPC group tagged with fluorescent dye Cy2 (green) and Cy5 (red) respectively (Figure 2.8).  

Differential protein expression was observed, indicating different expression profiles in the AGG 

and the NPC ECMs.  The composition of different ECMs was further analyzed using LC-

MS/MS.  The results showed that ECMs from the NPC group displayed more distinct difference 

(284 proteins, 27%) than the EB ECMs (169 proteins, 16%) or the AGG ECMs (95 proteins, 

12%) (Figure 2.9A).  Data sets were also filtered using gene ontology classification for cellular 

components based on the term “extracellular proteins”.  Differential expression of key matrix 

proteins in the three ECM groups was observed (Figure 2.9B).  The NPC group had higher 

spectral counts for laminin subunits alpha-1, alpha-5, gamma-1, and heparan sulfate 

proteoglycan core protein  [117,118].  It also had high levels of heat shock proteins and no serum 

albumin (due to serum-free culture condition).  Representative proteins related to ECMs and 

growth factors identified in the “NPC group only” included collagen IV alpha β, laminin B1, 

glypican, activity-dependent neuroprotective protein (ADNP), neuron-derived neurotrophic 

factor (NDNF), and hepatoma-derived growth factor (HDGF) etc. (Figure 2.9C).  These results 

reveal the distinct differences of both ECM composition and neurotrophic proteins in the NPC 

group when compared to the AGG and the EB groups.  
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2.2.6. Characterization of Wnt/β-catenin signaling 

 Given the importance of Wnt/ -catenin signaling during PSC lineage commitment and 

the interaction between the Wnt signaling pathway and ECM proteins  [104,119], various forms 

of -catenin were examined in cells grown on the different ECMs (Figure 2.10A-i).  High 

expression of -catenin and transcription-active -catenin was observed for ES-D3 cells grown 

on the AGG and the EB groups, while reduced expression was observed for the NPC group.  

Consistently, Western blot analysis showed strong bands of -catenin and ubiquitinated -

catenin (mediating the degradation and turnover of -catenin) for the AGG and the EB groups, 

but weak expression was observed for the NPC group (Figure 2.10A-ii).  A similar observation 

was made for human iPSK3 cells, with higher expression of -catenin in cells from the AGG and 

the EB groups but lower expression in cells from the NPC group (Figure 2.10B).  Because α-

catenin binds to the cadherin- -catenin complex and bridges the complex to cytoskeleton actin  

[120], α-catenin expression was also examined and the trend was consistent with -catenin 

expression (Figure 2.11).  

The effects of Wnt activator CHIR99021 (CHIR) and Wnt inhibitor IWP4 on human 

iPSK3 cells grown on the different ECMs were examined (Figure 2.12).  When treated with 

CHIR, Oct-4 expression was reduced in cells grown on the AGG and the EB ECMs, indicating 

the loss of self- renewal ability (Figure 2.12A).  No significant change was observed in cells 

grown on the NPC ECMs.  Additionally, Nestin expression was reduced for the EB and the AGG 

groups, but increased for the NPC group.  When treated with IWP4, Nestin and KDR expressions 

were reduced for the AGG group, but no significant change was observed for the EB and the 

NPC groups (Figure 2.12B).  These results indicate that there are different levels of endogenous 

Wnt signaling for human iPSK3 cells grown on different ECMs. 
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2.4. Discussion 

 Dynamic ECM composition and ECM-ligand interactions can actively coordinate the 

signaling cascade during stem cell lineage commitment, and provide the signaling specificity 

corresponding to the specific stages of tissue development [93–95].  In this study, ECMs derived 

from different types of PSC aggregates demonstrated differential effects on mouse ESC and 

human iPSC expansion and neural differentiation, indicating a critical role of ECMs in stem cell 

fate decision.   

For ECMs derived from undifferentiated PSCs, the reseeded cells were able to maintain 

proliferative ability and pluripotent marker expression.  The ECMs secreted by undifferentiated 

cells resemble embryonic microenvironments, and the presence of embryonic regulators and 

factors in transforming growth factor (TGF)- /Nodal and Wnt signaling pathways, such as Lefty 

A and B, Cerberus, and sFRP1/2, have been observed in the secreted matrix proteins [100,103].  

Undifferentiated human ESCs have also been demonstrated to secrete FGF-2, which can interact 

with ECM components through heparin-binding [102].  For example, matrix-bound FGF-2 has 

been shown to interact with the secreted ECMs and stimulate human MSC proliferation 

[101,121].  AGG-derived ECMs may have implications in studying aging and tissue 

homeostasis[100,122].  

For spontaneous EBs, ECMs derived from day 4 EBs showed similar cellular responses 

to the ECMs derived from day 4 undifferentiated aggregates.  However, the EB group showed 

slightly higher -catenin expression compared to the AGG group, which may bias the cells 

towards mesodermal lineage commitment [123].  The secreted ECM-mediated growth factors 

from EBs include vascular endothelial growth factor (VEGF), bone morphogenetic protein 4, and 

insulin- like growth factor 2, which promote proliferation and migration of fibroblasts and 
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endothelial cells [124].  Increased ECM protein expression including collagen IV, fibronectin 

and vitronectin has also been observed during EB development [108,109].  EB-derived ECMs 

can be re-populated with 3T3 fibroblasts or mouse ESCs for applications in wound healing and 

cell culture [99,107,108,115], or directly injected in vivo to promote bone formation [125].   

The ECMs derived from NPCs reduced pluripotent marker expression and enhanced 

neuronal differentiation of the reseeded cells.  Decellularized ECMs from neural tissues of 

central nervous system (CNS) were shown to retain VEGF and FGF-2 [126–129].  Reseeding 

adult neural stem cells on these ECMs can increase neuronal differentiation and promote neurite 

extension especially when compared to the ECMs derived from non-CNS tissues (e.g., urinary 

bladder)  [79, 80].  With limited sources of CNS tissue, NPCs differentiated from PSCs have the 

potential to create a spectrum of stem cell ECM niches at various points along neural lineage 

commitment.  While the ECMs in the present study were derived from day 8 NPCs, ECMs can 

be derived from various time points and allow for further investigations into microenvironment 

remodeling during neural tissue development. 

Characterization of stem cell-derived ECMs provides insights on the ECM composition 

and the signaling networks that contribute to the stem cell fate decisions [130].  Based on 

proteomic analysis, ECMs derived from NPCs were more distinctly different from those derived 

from undifferentiated aggregates and EBs.  This result partially explains the different cellular 

response to the ECMs derived from NPCs compared to the AGG and EB groups.  NPC-derived 

ECMs also expressed higher levels of matrix proteins that promote neural tissue development, 

such as laminin-related peptides, heparin sulfate proteoglycan core protein, and collagen IV.  

Laminin and heparin sulfate have been shown to promote neuronal and glial cell differentiation 

from neuronal progenitor cells [118,131].  In addition, NPC-derived ECMs retain several 



34 

 

neurotrophic and neuroprotective proteins such as NDNF, ADNP, and HGDF.  ADNP and 

HDGF have neuroprotective functions [132,133].  NDNF has fibronectin type III domain and 

can promote migration and neurite growth of mouse hippocampal neurons [134].  Both the ECM 

composition and the ECM-sequestered proteins are thought to participate in the modulation of 

the reseeded PSC fate decision [135,136].  

 Human PSCs provide an unlimited source of progenitors at different developmental 

stages that can be used to re-populate acellular matrices [137].  For example, reconstruction of 

myocardium and vascular structures was demonstrated using human iPSC-derived multipotential 

cardiovascular progenitor cells that re-populate decellularized heart matrices [138].  Islet cell-

derived matrices with distinct molecular composition and the controlled modulus can direct 

human ESC differentiation into -cells [139].  Human iPSC-derived neurons cultured on the 

acellular matrix derived from porcine brain showed dendrite formation and synapsin expression 

[140].  Our results indicate that human iPSCs can adapt their early stage fate decision according 

to the embryonic ECM microenvironment towards neural lineage commitment.   

The reduced -catenin expression in the cells grown on NPC-derived ECMs in our study 

demonstrates the influence of Wnt/ -catenin signaling mediated by the ECMs during early stage 

of PSC ectodermal differentiation.  Temporal modulation of Wnt/ -catenin signaling has recently 

been found to play an important role in PSC self-renewal and lineage specification [119,141,142].  

Undifferentiated PSCs express high levels of -catenin at the cell membrane due to the formation 

of cadherin-catenin complexes, while nuclear translocation of -catenin activates Wnt signaling 

[143].  Inhibition of Wnt signals was found to promote anterior structure and enhance 

neurectodermal differentiation, while local activation of Wnt signaling posteriorized EBs and 

promoted mesendodermal differentiation [142].  The characterization of Wnthigh and Wntlow 
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populations in human ESCs revealed that Wnthigh cells mainly differentiated into endodermal and 

cardiac cells (FOXA2+), while Wntlow cells differentiated into neuroectodermal cells (PAX6+ and 

Otx2+) [141].   

During the late stage of neural differentiation from human PSCs, Wnt inhibition was 

found to promote telencephalic specification and ventral patterning of telencephalic neural 

precursors [144].  Moreover, in the presence of endogenous Wnt signaling, NPCs adopted a 

posterior neural fate and expressed higher levels of hindbrain and spinal cord markers  [145], 

while in the absence of endogenous Wnt signaling, NPCs expressing forebrain and anterior-

specific markers were enriched [145].  Since Wnt signaling can be mediated by ECMs, future 

study is needed to elucidate the influence of different ECMs on neural tissue patterning.   

Changes in the spatial localization and phosphorylation state of -catenin expression can 

be regulated during the PSC aggregation process by modulating culture systems [123,143].  For 

example, both the speed of rotary culture and 3-D microwell culture modulate -catenin 

expression in PSC aggregates, affecting the subsequent mesoderm and cardiomyocyte 

differentiation [123][143].  Our study implies that Wnt/ -catenin signaling can also be affected 

by the ECMs surrounding the cells.  In particular, matrix components such as biglycan, syndecan, 

glypican, and heparan sulfate are able to modulate the activation or inhibition of Wnt/ -catenin 

signaling [104,105].  While further investigation is required to show the direct binding of Wnt 

ligands or inhibitors to specific ECM proteins, the present study demonstrates the influence of 

acellular ECM microenvironment on intracellular Wnt signaling.  

2.5. Conclusions 

This study indicates that the embryonic niche and the differentiated niche provided by 

tissue context-dependent ECMs derived from different PSC aggregates elicit distinct signaling to 
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impact pluripotent stem cell fate.  The differential expression of various forms of -catenin 

reveals a role of Wnt/ -catenin signaling in the cell-matrix interactions.  These acellular ECMs 

have applications in directing cellular differentiation, rejuvenating aged progenitor cells, and 

promoting tissue regeneration. 
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Table 2.1. A list of antibodies for decellularized ECM. 

Cells Primary Antibody Origin/ 

Isotype 

Supplier/ Cat# Dilution 

Mouse 

ESCs 

Oct-4 Mouse IgG1 Millipore, MAB4419 1:500 

 Nestin Mouse IgG1 Developmental Studies 
Hybridoma Bank 

(DHSB), Rat-401 

1:10 

 Musashi-1 Rabbit IgG ABCAM, ab52865 1:100 

 NCAM Mouse IgG1 DHSB, 5B8 1:10 

 -tubulin III Mouse IgG1 Millipore, MAB1637 1:200 

 BrdU Mouse IgG1 Life Technologies, 03-
3900 

1:100 

 α-catenin Rabbit IgG Millipore, AB19021 1:100 

 -catenin Rabbit IgG Millipore, ABE208 1:100 

 Active- -catenin Mouse IgG1 Millipore, 05-665 1:100 

 α-actinin Mouse IgG1 Sigma, A7811 1:400 

 FOXA2 Rabbit IgG Millipore, AB4125 1:100 

Human 
iPSCs 

Oct-4 Mouse IgG1 Millipore, MAB4419 1:500 

 Nanog Rabbit IgG Millipore, AB9220 1:200 

 Nestin Rabbit IgG Sigma, N5413 1:100 

 PAX6 Mouse IgG1 Santa Cruz, sc-81649 1:100 

 -tubulin III Mouse IgG1 Millipore, MAB1637 1:200 

 α-catenin Rabbit IgG Millipore, AB19021 1:100 

 -catenin Rabbit IgG Millipore, ABE208 1:100 

 Active- -catenin Mouse IgG1 Millipore, 05-665 1:100 

 KDR Mouse IgG1 Millipore, 05-554 1:100 

 α-actinin Mouse IgG1 Sigma, A7811 1:400 

 FOXA2 Rabbit IgG Millipore, AB4125 1:100 

Secondary  Alexa 488, goat anti-
mouse IgG1 

- Life Technologies, 
A-21121 

1:200 

 Alexa 488, goat anti-

rabbit IgG 

- Life Technologies, 

A-11008 

1:200 

 Alexa 594, goat anti-
rabbit IgG 

- Life Technologies, 
A-11012 

1:400 
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Figure 2.1. Morphology of mouse ES-D3 cells grown on different ECMs. ES-D3 cells 

aggregated into spheres and were associated with the ECMs.  The arrows point to the ECMs, 
which appear darker than the cells.  Scale barμ β00 m. 
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Figure 2.2.  Short-term mouse ES-D3 cell expansion on different ECM scaffolds.  ES-D3 
cells were seeded on different ECM scaffolds (AGG, EB, and NPC) at different seeding densities 

(1×105, 2.5×105, 5×105 cells per well of 6-well plate) and grown for 5 days. (A) Glucose 
consumption; (B) Lactate production; (C) Lactate to glucose ratio (mol/mol); (D) fold of 

expansion. * p < 0.05. 
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Figure 2.3.  Long-term mouse ES-D3 cell expansion on different ECM scaffolds.  ES-D3 

cells were seeded on different ECM scaffolds (AGG, EB, and NPC) at 5×105 cells per well of 6-
well plate and grown for 3 passages. (A) Cell number kinetics. (B) Cell proliferation indicated by 

BrdU incorporation. (i) Representative fluorescent images of BrdU expressionν scale barμ 100 m. 
(ii) Percentage of cells positive for BrdU.  (C) Alkaline phosphatase (ALP) activity.  * p < 0.05.  
(D) Oct-4 expression determined by flow cytometry. Black line: control; red line: Oct-4.  
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Figure 2.4.  Neural differentiation of mouse ES-D3 cells on different ECM scaffolds.  ES-D3 
cells were grown on different ECM scaffolds (AGG, EB, and NPC) for three passages.  The cells 

were then replated for 8 days in neural differentiation medium and examined for neural marker 
expression.  (A) Representative fluorescent images of various neural markers for the NPC group. 
Scale barμ 100 m. (B) Representative flow cytometry histograms of various neural markers.  For 
the histogram of each neural marker, black line: control; red line: the AGG group; blue line: the 
EB group; green line: the NPC group. 
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Figure 2.5.  Characterization of human iPSK3 cells.  (A) (i) Phase contrast image showing 

high nucleus to cytoplasm ratio. Scale bar: 50 m. (ii) Oct-4 expression. Scale barμ β00 m.  (iv) 
Nanog expression with the corresponding Hoechst staining (iii)ν Scale barμ 100 m. (B) 

Quantitative Oct-4 expression determined by flow cytometry for human iPSK3 cells grown on 
different ECM scaffolds (AGG, EB, and NPC). * p<0.05. (C) Three-germ layer differentiation of 
human iPSK3 cells grown on different ECM scaffolds. The cells were differentiated in 

DMEM+10% FBS as EBs for 4 days.  Then, the cells were replated on gelatin-coated surface for 
another 10 days and stained for markersμ Nestin and -tubulin III (ectoderm), α-actinin 

(mesoderm), and FOXA2 (endoderm).  Scale bar: 100 m. 
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Figure 2.6.  Human iPSK3 cell expansion on different ECM scaffolds.  Human iPSK3 cells 

were seeded on different ECM scaffolds (AGG, EB, and NPC) at 1×106 cells per well of 6-well 
plate) and grown for three passages.  (A) Phase contrast images of cell morphology and 

fluorescent images for the expression of Oct-4 and Nanogν Scale barμ β00 m for phase contrast 
imagesν 100 m for fluorescent images. (B) Representative flow cytometry histograms of Oct-4 
expression.  Black line: control; red line: Oct-4. (C) Cell number at the time of passage. * p < 

0.05. 
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Figure 2.7.  Neural differentiation of human iPSK3 cells on different ECM scaffolds.  

Human iPSK3 cells were grown on different ECM scaffolds (AGG, EB, and NPC) for three 
passages.  The cells were then differentiated in suspension for 5 days for early stage neural 
differentiation.  The cells were replated for 10-14 days for late stage neural differentiation.  (A) 

Early stage neural differentiation. (i) Representative fluorescent images of Nestin and PAX6.  
Scale barμ 100 m.  For NPC group, scale barμ 50 m. (ii) Nestin expression quantified by flow 

cytometry.  * p < 0.05.  (B) Late stage neural differentiation after 14 days.  (i) Representative 
fluorescent images of -tubulin III.  Scale barμ 100 m. (ii) Nestin and -tubulin III expression 
after 10 days quantified by flow cytometry.  Black lineμ controlν red lineμ Nestin or -tubulin III.  

 

 



45 

 

         

Figure 2.8. 2-D electrophoresis of endogenous ECMs showed differential protein expression 

of the AGG group and the NPC group. Green circle: proteins in AGG labeled with Cy2; red 
circle: proteins in NPC labeled with Cy5; yellow circle: proteins in both AGG and NPC groups.  

The protein samples (50 g) of the AGG and NPC groups were tagged with fluorescent dye Cy2 
(green) and Cy5 (red) respectively.  The two labeled lysates were combined and loaded in a 17 
cm immobilized pH gradient (IPG) strip with isoelectric focusing (IEF) loading buffer (7 M urea, 

2 M thiourea, 2% CHAPS, 65 mM DTT, and 0.8% ampholytes).  The sample (adjusted volume 
of β50 L) was placed in the Bio-Rad protein IEF cell machine (Bio-Rad) to run the gel for the 

first dimension.  The IPG strip was equilibrated in the equilibrium buffer (0.375 M Tris-HCl, 6 
M urea, 20% glycerol, 2% SDS, 5% bromophenol blue, 2% DTT, and 2.5% iodoacetamide) prior 
to SDS polyacrylamide gel electrophoresis.  The equilibrated IPG strip was applied to the 

second-dimension gel between the two glass plates.  The IPG strip was sealed with 1%  agarose 
and ran in the electrophoresis unit in the running buffer (25 mM Tris, 192 mM glycine, and 0.1% 

SDS) for about 6 hours.  The gel image was processed using Adobe photoshop software.   
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Figure 2.9.  Proteomic analysis of different ECM scaffolds.  Different ECM scaffolds (AGG, 

EB, and NPC) were extracted for proteomic analysis of the proteins by LC-MS/MS.  (A) Venn 
diagram represents the number of protein identifications found in each ECM group.  (B) ECM 
proteins that were differentially expressed in different ECM groups.  (C) Examples of ECM 

proteins specifically expressed in NPC group. 
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Figure 2.10.  The expression of β-catenin in mouse ES-D3 cells and human iPSK3 cells 

grown on different ECM scaffolds.  (A) Mouse ES-D3 cells. (i) Representative fluorescent 
images of -catenin and active -catenin.  Scale barμ 100 m. (ii) Western blotting bands of 
ubiquitinated -catenin and -catenin in mouse ESCs grown on different ECMs (AGG, EB, and 
NPC). (iii) Quantification of band density normalized to -actin.  (B) Human iPSK3 cells.  (i) 
Representative fluorescent images of -catenin and active -catenin.  Scale barμ 100 m. (ii) 
Quantification of intensity of -catenin and active -catenin in cells grown in different ECM 
groups.  RFI: relative fluorescence intensity. *, **, or *** indicates p < 0.05. 
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Figure 2.11. α-catenin expression in cells grown on different ECM groups. α-catenin 
expression for the cells grown on different ECMs (AGG, EB, and NPC) was determined by (A) 
immunocytochemistry (scale barμ 100 m) and (B) flow cytometry.  Black line: control; red line: 

α-catenin. 
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Figure 2.12.  Effects of Wnt activator CHIR99021 and Wnt inhibitor IWP4 on human 

iPSK3 cells grown on different ECM scaffolds.  (A) Effects of CHIR99021 treatment on Oct-4 

and Nestin expression (quantified by flow cytometry); (B) Effects of IWP4 treatment on Nestin 
and KDR expression (quantified by flow cytometry). * p < 0.05.   
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CHAPTER 3 

PLURIPOTENT STEM CELL EXPANSION AND NEURAL 

DIFFERENTIATION IN 3-D SCAFFOLDS OF TUNABLE POISSON’S 

RATIO 

3.1 Introduction 

Recently, generating neural cells and constructs from pluripotent stem cells (PSCs) has 

been shown as a promising platform to understand brain development for the applications in 

disease modeling and drug screening in order to treat neurological diseases [9,19,146–149].  

During this process, biophysical signaling from the substrates/scaffolds plays a critical role in 

neural differentiation of PSCs [28–30,150].  For example, neural lineage commitment is very 

sensitive to the elastic modulus of the hydrogels or porous scaffolds, and low elastic modulus 

(<10 kPa) promotes neuronal differentiation [31,32].  However, the understanding of these 

biophysical signals during PSC lineage commitment is very limited [28], and it is realized that 

the influence of different niche factors of substrates/scaffolds needs to be investigated [151].  

The capability of a scaffolding material to transmit biophysical forces is mainly described by its 

elastic modulus (E), and Poisson’s ratio (), the degree to which the materials contract or expand 

in the transverse direction compared to that of the longitudinal direction.  Together, E and  

define the materials deformation characteristics in three-dimensional (3-D) space, which 

influence PSC lineage commitment.   

In addition to the materials with different E that are used in most of previous studies [28–

30,150], materials with the same E but different  will provide different 3-D biophysical signals.  

For example, in a typical scaffold with a positive  value, when the cells experience the tensile 
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stress in the longitudinal direction, a compressive force would be exerted on the cells due to the 

contraction of the materials in the transverse direction.  By contrast, a scaffold with a negative  

would expand in the transverse direction when tensile stress is applied in the longitudinal 

direction.  This would result in the cells being stretched in all directions.  Therefore, even if the 

two scaffolds have the same elastic modulus, the cell-matrix interactions would be substantially 

different if they have different Poisson’s ratio.  While the important influence of elastic modulus 

of biomaterials on stem cell differentiation has been revealed recently [29,32,110,150,76,152–

154], the impact of Poisson’s ratio has barely been explored despite its importance.  This is 

primarily due to 1) the scarcity of the materials with tunable Poisson’s ratio as most existing 

materials (natural or man-made) have a narrow range of Poisson’s ratio, typically 0.γ-0.5; and 2) 

lack of technology to produce materials with tailorab le Poisson’s ratio over a wide range.   

Auxetic materials, the materials that display tunable Poisson’s ratio in zero and negative 

range, have attracted great interests recently [155,156], and recent studies have shown the 

important role of Poisson’s ratio in several biophysical processes [157,158].  For example, it has 

been reported that the Poisson’s ratio of materials would affect cellular divisions [157,159].  

Moreover, embryonic stem cells (ESCs) exiting pluripotency were reported to exhibit auxetic 

nuclei shape [78,160].  Hence it might be desirable to use auxetic scaffolds to exert extracellular 

force and induce PSCs exiting pluripotency and modulate stem cell fate decisions [160].  In 

addition, materials with tunable Poisson’s ratio would be more suitable to mimic the brain tissue 

environment than existing scaffold materials, as brain tissue has Poisson’s ratio of nearly zero 

[161,162] while most current materials in neural tissue engineering have Poisson’s ratio of 0.γ-

0.5.  In addition, PSC neural differentiation is mechanosensitive [163], and should be responsive 

to the biophysical microenvironment provided by auxetic materials.  
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Motivated by these advancements and challenges, the objective of this study is to 

evaluate the ability of the 3-D auxetic scaffolds with tunable biophysical properties (E and ) to 

influence PSC expansion and neural differentiation.  Since auxetic conversion needs the 

modification of pore structure, the synergistic interactions of scaffold microstructure with E and 

 were also studied.  It is hypothesized that auxetic scaffolds with tunable E and  along with 

microstructure affect cell organization and transduce biophysical signals to modulate neural 

differentiation of PSCs.  To test this hypothesis, auxetic scaffolds were fabricated and compared 

with the regular scaffolds that were used for the auxetic conversion in this study.  Thereafter, a 

series of auxetic polyurethane scaffolds with different  (0 to -0.45), E (10 kPa to 100 kPa), and 

microstructure were fabricated and used to elucidate the contribution of each physical parameter 

to the cellular response.  The influences of both regular scaffolds and auxetic scaffolds were 

evaluated on the cellular organization and neural d ifferentiation of mouse ESCs and human 

induced pluripotent stem cells (hiPSCs).  To our knowledge, this is the first study to investigate 

neural differentiation from PSCs in 3-D auxetic scaffolds.   

3.2. Materials and Methods 

3.2.1. Undifferentiated PSC culture 

Murine ES-D3 line (American Type Culture Collection, Manassas, VA) was maintained 

on 0.1% gelatin-coated 6-well plates in a standard 5% CO2 incubator as previously reported 

[164].  The expansion medium was composed of Dulbecco’s Modified Eagle’s Medium 

(DMEM, Life Technologies, Carlsbad, CA) supplemented with 10% ESC-screened fetal bovine 

serum (FBS, Hyclone, Logan, UT), 1 mM sodium pyruvate, 0.1 mM -mercaptoethanol, 

penicillin (100 U/mL), streptomycin (100 µg/mL) (all from Life Technologies), and 1000 U/mL 
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leukemia inhibitory factor (LIF, Millipore).  The cells were seeded at 2-4×104 cells/cm2 and sub-

cultured with 0.05% trypsin/EDTA (Invitrogen) every 2-3 days.   

Human iPSK3 cells were derived from human foreskin fibroblasts transfected with 

plasmid DNA encoding reprogramming factors OCT4, NANOG, SOX2 and LIN28 (kindly 

provided by Dr. Stephen Duncan, Medical College of Wisconsin) [113,114].  The human iPSK3 

cells were maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver, 

Canada) on 6-well plates coated with growth factor reduced Geltrex (Life Technologies).  The 

cells were passaged by Accutase dissociation every 5-6 days and seeded at 1×106 cells per well 

of 6-well plate in the presence of 10 M Yβ76γβ (Sigma) for the first β4 hours [72].   

3.2.2. Fabrication of auxetic scaffolds 

The auxetic scaffolds were fabricated by auxetic conversion of open cellular 

polyurethane foams (regular scaffolds) that showed compatibility in neutral differentiation [165], 

using technologies developed in our previous studies  [166–168].  Briefly, the auxetic conversion 

is achieved by tri-axially compressing (compress in all three dimensions) the regular scaffolds 

under temperatures higher than a characteristic system transition temperature to partially buckle 

the foam cell ribs to generate re-entrant structures.  Figure 3.1A (top) shows schematically the 

conversion of this structure and Figure 3.1B (top) illustrates the auxetic behavior such re-entrant 

structure would result.  The regular scaffolds were referred as R and the auxetic scaffolds were 

referred as Au.   

3.2.3. Measurements of elastic modulus and Poisson’s ratio 

Tensile tests were performed using a tensile tester (Shimadzu ASG-J) at a strain rate of 6 

mm/min and maximum strain of 10%.  The elastic modulus was determined by using the slope of 

the initial portion of the stress-strain curve, following standard methodology in mechanical 
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property testing [166–168].  Determinations of Poisson’s ratio ( ) and elastic modulus (E) of the 

scaffolds were performed based on video data acquired during tensile tests from a video 

extensometer system (Shimadzu DV-201).  The video data were first transformed into static 

image data via the software MATLAB 2013b.  Then, the length ( l) and diameter (d) of the 

sample for every image were analyzed and determined using a MATLAB routine.  Based on the 

length and the diameter, the transverse strain (εx) and longitudinal strain (εy) were calculated, 

respectively, using the following equations:
0

x

l

l
 

  and 
0

y

d

d
 

 , where, l0 is the original length 

and d0 is the original diameter.  The Poisson’s ratio was calculated following the definition of 

Poisson’s ratioμ x

y




  .   

3.2.4. PSC seeding and cultivation on the scaffolds 

 Prior to seeding, the scaffolds (10 mm × 10 mm × 1 mm) were washed with phosphate 

buffer saline (PBS) and sterilized with 70% ethanol.  After extensive rinsing with PBS, the 

scaffolds were transferred into the wells of low attachment 24-well plates.  For ES-D3 cells, the 

scaffolds were coated with 0.1% gelatin for 30 min.  About 0.5×106 ES-Dγ cells in 100 L of 

expansion medium were seeded into each scaffold.  For human iPSK3 cells, the scaffolds were 

coated with 1% Geltrex for one hour.  About 1.0×106 cells in mTeSR medium were seeded into 

each scaffold.  After incubation overnight, the cell-seeded scaffolds were transferred into new 

wells with 1 mL of culture media.  The seeding efficiency was about 30-35%.  The cells within 

scaffolds were cultured for 3-5 days and then characterized for cell organization, proliferation, 

and pluripotent marker expressions.   
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3.2.5. Biochemical assays 

MTT assay:  The cells in the scaffolds were incubated with 5 mg/mL 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) solution at day 1, 3, and 

5.  Afterwards, the formazan crystals were hydrolyzed with dimethyl sulfoxide (Sigma) and the 

absorbance was measured at 500 nm using a microplate reader (Biorad, Richmond, CA).  

Glucose/Lactate assay: The supernatants were analyzed for glucose and lactate concentration 

with a YSI β700 Select™ Bioanalyzer (Yellow Spring Instruments, Yellow Spring, OH).  The 

lactate yield from glucose (mol/mol) was calculated based on the ratio of lactate production to 

glucose consumption.  Alkaline phosphatase (ALP) assay: The cell-seeded scaffolds were 

digested with lysing buffer (PBS with 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 

0.1 mg/mL PMSF, 3% aprotinin).  Cell lysate was then mixed with substrate and alkaline buffer.  

The mixture was incubated at 37oC for 15 min and the reaction was stopped using 0.5 N NaOH 

solution.  The absorbance was read at 415 nm on a microplate reader (Bio-Rad). 

3.2.6. DNA assay 

Cell numbers in the scaffolds were measured using DNA assay [108].  DNA standard was 

prepared by dissolving salmon testes DNA in TEX (10 mM Tris, 1 mM EDTA, 0.1% Triton X-

100 at pH 8) and a standard curve was constructed for each assay.  The cells in the scaffolds 

were lysed with 0.1 mg/mL proteinase K (Fisher Scientific, Pittsburgh, PA) at 50oC overnight.  

The lysates (100 L) were mixed with 100 L of Picogreen (Molecular Probes, Eugene, OR) in a 

96-well plate.  The plate was incubated for 5 min in the dark and then read on a fluorescent plate 

reader (FLX800, Bioinstrument Inc., Winooski, VT). 
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3.2.7. Aggregate size distribution 

The images of cell aggregates in the scaffolds after staining with MTT dye (for cell 

visualization) were captured by a phase contrast microscopy.  The captured images were 

converted to binary images using ImageJ software (http://rsb.info.nih.gov/ij) and analyzed to 

obtain the Feret’s diameter of each aggregate and the aggregate size distribution [169].  For the 

cells treated with cytochalasin D (Sigma), β M cytochalasin D was added to the cell-scaffold 

constructs two days after seeding.  The images with or without treatment were captured 24 hours 

later and analyzed for aggregate size distribution. 

3.2.8. Scanning electron microscopy (SEM) 

To assess scaffolds only, samples without cells were cut using a razor blade and the 

exposed surface was sputter-coated with a thin layer of gold before observation.  For PSCs 

grown in the scaffolds, the samples were washed with PBS, fixed in 2.5% glutaraldehyde for 30-

60 min, and dehydrated in graded ethanol solutions.  The samples were dried by 

hexamethyldisilazane evaporation, mounted, and sputter-coated with gold.  Observations were 

made using a JEOL 7401 SEM (FEI, Hillsboro, OR) under low-vacuum conditions. 

3.2.9. Neural differentiation of PSCs grown on the scaffolds 

 For neural differentiation, ES-D3 cells were seeded into scaffolds in neural differentiation 

medium composed of DMEM-F12 plus 2% B-27 serum-free supplement (Life Technologies) 

[111,170].  At day 4, all-trans retinoic acid (RA) (Sigma-Aldrich, St. Louis, MI) was added at 1 

µM in the differentiation medium.  After another four days of RA treatment, the cells were 

harvested with 0.05% trypsin/EDTA and replated onto Geltrex-coated 6-well plates.  Extensive 

neural structures were observed after replating for 3-5 days.  The neural marker expression was 

assessed by immunocytochemistry (after replating) and flow cytometry (upon harvesting).  For 

http://rsb.info.nih.gov/ij
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human iPSKγ cells, neural differentiation was induced with 0.1 M LDN19γ189 (Sigma) and 10 

M SB4γ154β (Sigma) in DMEM-F12 plus 2% B-27 for 7 days [171].  Then the cells were 

treated with 10 ng/mL fibroblast growth factor-2 (Life Technologies) and 2 µM RA.  At day 15, 

the cells were harvested to analyze neural marker expression.  

3.2.10. Immunocytochemistry 

The samples were fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.2-

0.5% Triton X-100 for intracellular markers, followed by blocking and incubating with mouse or 

rabbit primary antibody against: Oct-4, Nanog, Nestin, PAX6, -tubulin III, and E-cadherin 

(Table 3.1).  After washing, the cells were incubated with the corresponding secondary antibody: 

Alexa Fluor® 488 goat anti-Mouse IgG1, Alexa Fluor® 488 or 594 goat anti-Rabbit IgG (Life 

Technologies).  For surface markers SSEA-1 and NCAM, no permeabilization was performed.  

The secondary antibodies used were Alexa Fluor® 488 goat anti-Mouse IgM (for SSEA-1) or 

goat anti-mouse IgG1 (for NCAM).  For F-actin staining, the cells were incubated with Alexa 

Fluor® 594 Phalloidin (Life Technologies).  The samples were stained with Hoechst 33342 or 

4,6-diamidino-2-phenylindole (DAPI) and visualized using a fluorescent microscope (Olympus 

IX70, Melville, NY) or a confocal microscope (Leica TCS SP2 AOBS, Bannockburn, IL). 

3.2.11. Flow cytometry 

To quantify the levels of various marker expression, the cells were harvested by 

trypsinization and analyzed by flow cytometry [108].  Briefly, 1×106 cells per sample were fixed 

with 4% PFA and washed with staining buffer (2% FBS in PBS).  The cells were permeabilized 

with 100% cold methanol for intracellular markers, blocked, and then incubated with primary 

antibodies against Oct-4, Nestin, PAX6, or -tubulin III followed by the corresponding 

secondary antibody (Table 3.1).  For surface markers, the cells were blocked and then incubated 
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with primary antibodies against SSEA-1 or NCAM followed by the Alexa Fluor® 488 goat anti-

Mouse IgM (for SSEA-1) or IgG1 (for NCAM).  The cells were acquired with BD FACSCanto™ 

II flow cytometer (Becton Dickinson) and analyzed against isotype controls using FlowJo 

software. 

3.2.12. Statistical analysis 

Each experiment was carried out at least three times.  The representative results are 

expressed as [mean ± mean absolute deviation (MD)] unless otherwise noted.  Student’s t-test 

was performed for the comparison of two groups.  ANOVA followed by Fisher’s LSD post hoc 

tests were performed for multiple group comparisons.   A p-value <0.05 was considered 

statistically significant. 

3.3. Results 

3.3.1. Fabrication and characterization of auxetic scaffolds 

 Auxetic polyurethane (PU) scaffolds were fabricated using isotropic compression (tri-

axial compression) [34-36] to produce the re-entrant structure by partial bucking of the cell ribs 

(Figure 3.1A, top).  The SEM micrographs in Figure 3.1A (bottom) revealed the prevalence of 

the re-entrant structure in the auxetic scaffold (Au, Figure 3.1A, bottom right) after the a uxetic 

conversion using a regular scaffold (R, bottom left).  Figure 3.1B (top) illustrates the mechanism 

by which the re-entrant microstructure would result in the auxetic behavior.  It is conceivable 

that materials with this type of structure would expand in the transverse direction when being 

stretched.  Figure 3.1B (bottom) shows the shape change of the auxetic scaffold under tensile test.  

Notable expansion in the transverse direction was evident, confirming the auxetic behavior of the 

Au scaffold.  The mechanical properties of both scaffolds were measured following the methods 

described in the experimental section.  The Au scaffold had a Poisson’s ratio of -0.45 and elastic 
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modulus of 44 kPa (pore size range 250-γ00 m, porosity 90.65 ± 0.9β%), whereas the regular 

scaffold had a Poisson’s ratio of 0.γ0 and elastic modulus of 100 kPa (pore size range γ00-400 

m, 96.γ1 ± 0.16%).  The regular scaffolds (R) and the scaffolds after auxetic conversion (Au) 

were then evaluated in the following study for PSC growth and neural differentiation.  

3.3.2. ESC growth, organization, and pluripotent marker expression in auxetic scaffolds  

 Mouse ESCs seeded into auxetic (Au) and regular (R) scaffolds organized into cell 

aggregates associated with the scaffolds (Figure 3.2A and 3.2B).  Noticeably, smaller aggregates 

were observed in the Au scaffolds compared to the R scaffolds.  Cell organization inside auxetic 

scaffolds was also confirmed in a confocal image (Figure 3.2C), showing cellular aggregates 

associated with the porous structure of the scaffolds.  The cells forming the aggregates displayed 

typical physiological morphology with microvilli as seen in SEM images (Figure 3.2D).  

Average aggregate diameter was 76±ββ m for the Au group and 145±48 m for the R group 

(Figure 3.2E).  MTT activity showed cell viability and metabolic activity of the cells in the 

scaffolds (Figure 3.2F).  Higher MTT activity was observed for the Au group compared to the R 

group.  Cell expansion was observed over 3 days and from the cell number  kinetics (Figure 2G), 

the doubling time was 23.5 hours for the cells grown in the Au scaffolds or 28.7 hours for cells 

grown in the R scaffolds.  The lactate to glucose ratio reflects the metabolic activity of the cells.  

The cells in Au scaffolds had the ratio of 1.45±0.29 (mol/mol), lower than the ratio for the R 

scaffolds at 1.68±0.30 (mol/mol).  The smaller aggregates in Au scaffolds may result in less 

diffusion limitation of the oxygen and nutrients compared to the larger aggregates in R scaffolds, 

leading to the lower lactate to glucose ratio.   

 Undifferentiated marker expression was assessed for the cells grown in different 

scaffolds.  The cells harvested from both scaffolds resumed the morphology of undifferentiated 



60 

 

colonies when replating onto gelatin-coated surface.  The cells expressed high levels of 

undifferentiated markers SSEA-1, Oct-4, and Nanog for both groups (Figure 3.3A).  Consistently, 

flow cytometry analysis showed 91.9% SSEA-1+ and 91.0% Oct-4+ cells for the Au group, and 

88.3% SSEA-1+ and 87.1% Oct-4+ cells for the R group (Figure 3.3B).  The in situ Oct-4 

expression was examined by confocal microscopy and the aggregates in both scaffolds displayed 

a high level of Oct-4 expression (Figure 3.3C).  ALP activity, another indicator of the 

undifferentiated cells, was comparable for the cells grown in the two scaffolds (Figure 3.3D). 

3.3.3. Neural differentiation of ESCs in auxetic scaffolds 

 After 8 days of differentiation in the scaffolds, the ES-D3 cells were harvested and 

replated on Geltrex-coated surface for 5 days.  Significant amounts of neurites/axons grew out of 

the small clumps and formed extensive neural networks (Figure 3.4A).  Consistently, extensive 

expression of -tubulin III, a marker for mature neurons, was observed for the cells from both 

scaffolds.  The expression of neural cell adhesion molecule (NCAM), the marker for late neural 

progenitors, was also observed.  By contrast, little expression of Nestin (a marker for early neural 

progenitor cells) was observed.  Neural marker expression was further quantified by flow 

cytometry (Figure 3.4B).  -tubulin III expression was found significantly higher for the Au 

group compared to the R group (81±9% vs. 59±5%).  The expression of NCAM was lower for 

the Au group compared to the R group (44±8% vs. 57±11%), but the difference was not 

significant.  The expression of Nestin was low and comparable for the cells from the two 

scaffolds, demonstrating neural lineage commitment toward more mature cells.  Taken together, 

differential expression of neural markers was observed in the Au and the R scaffolds.   
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3.3.4. Human iPSK3 cell growth and differentiation in auxetic scaffolds  

 Neural differentiation from hiPSCs was performed in the Au scaffolds comparing with 

the R scaffolds (Figure 3.5).  Consistently, the cells formed aggregates or clusters in the scaffolds 

(Figure 3.5A).  At day γ, the average diameter of the aggregates was 90±γ8 m for the Au group 

and 1β4±4β m for the R scaffolds (Figure 3.5B).  At day 5, the aggregate size increased to 

1β6±47 m for the Au group and 186±57 m for the R group.  Higher MTT activity was 

observed for the Au group compared to the R group (Figure 3.5C).  In situ expression of Oct-4 

and Nanog in the cells grown in both scaffolds were also observed (Figure 3.5D).  The cells 

harvested from both scaffolds expressed a high level of pluripotent marker Nanog (Figure 3.6).  

Upon neural differentiation, the cells from both scaffolds expressed neural progenitor markers 

Nestin and PAX6, along with a portion of more mature neural cells expressing -tubulin III 

(Figure 3.7A).  The cells from the Au scaffolds had significantly higher Nestin (61.2±9.7% vs. 

47.0±4.6%) and -tubulin III (55.1±1.6% vs. 46.5±5.3%) expression compared to the cells from 

the R scaffolds (Figure 3.7B, 3.7C). 

3.3.5. Effect of cytochalasin D treatment 

 Because the major difference of cells grown in Au or R scaffolds was the aggregate size 

distribution, which may contribute to different metabolic activities and differential neural marker 

expression, the effect of cytochalasin D, an actin depolymerization agent, on the cell 

organization in both scaffolds was examined.  For Au scaffolds, the size of the aggregates was 

notably larger after cytochalasin D treatment (Figure 3.8A).  The average diameter changed from 

70±β4 m to 111±γ7 m after the treatment.  For R scaffolds, after the cytochalasin D treatment, 

there was little change (from 1ββ±45 m to 111±γβ m) in the aggregate size distribution 

(Figure 3.8B).  This observation might indicate the presence of aggregate compaction and 
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contraction mediated by actin cytoskeleton for the cells grown in the auxetic scaffolds.  F-actin 

distribution in the aggregates grown in both scaffolds was then examined for mouse ES-D3 cells 

and human iPSK3 cells (Figure 3.8C).  Dense F-actin expression inside the aggregates was 

observed for the Au group, while F-actin was uniformly distributed around cell-cell contacts 

throughout the aggregates for the R group.  With cytochalasin D treatment, disorganized actin 

distribution was observed for both groups.  These observations suggest that aggregate 

contraction in the Au scaffolds may be influenced by flexible re-entrant structure, in a different 

way from the cells in the R scaffolds with reticulate structure. 

 Additional studies were performed with Rho-associated kinase (ROCK) inhibitor Y27632 

treatment for F-actin localization and E-cadherin expression (Figure 3.9).  Y27632 treatment 

resulted in more localized F-actin distribution.  E-cadherin is an additional marker for cell 

organization/cell-matrix interactions [172].  Cells in auxetic scaffolds had more heterogeneous 

E-cadherin expression (some areas have higher intensity than other areas) while cells in regular 

scaffolds had more homogeneous expression.  Y27632 treatment slightly increased E-cadherin 

expression.  Further study is required for quantitative analysis of the role of the 

Rho/Rock/Myosin signaling axis in order to understand the cellular mechanism in cells grown in 

different scaffolds. 

3.3.6. Neural differentiation in scaffolds with different elastic modulus and Poisson’s ratio 

 To further ascertain the contribution of different biophysical properties of the auxetic PU 

scaffolds, a series of auxetic scaffolds (No. 2 to No. 6 in Table 3.2) was fabricated, and their 

morphology was shown in Figure 3.10A.  For reference, the regular scaffold R was included as 

scaffold No. 1.  These scaffolds can be divided into several groups to allow for de-convoluting 

the confounded influences of different biophysical properties.  Scaffold No. 1-3 had similar 
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elastic modulus E (83-100 kPa) but different Poisson’s ratio  (+0.30 vs. 0 vs. -0.45).  Scaffolds 

No. 4 and 5 had similar pore structure, similar E (55-61 kPa), but different  (0 vs. -0.30).  

Scaffold No. 6 had similar  (-0.45) to scaffold No. 3, but different E (10±1 kPa vs. 94±5 kPa).   

 Neural differentiation of ESCs on the six scaffolds was induced and neural marker 

expression (PAX6, Nestin, and -tubulin III) for the cells grown in different scaffolds was 

quantified (Figure 3.10B).  The group of No. 3 scaffolds (E=94±5 kPa; =-0.45) had the highest 

expression of all three neural markers (72.8±3.4% PAX6+, 62.4±3.6% Nestin+, and γ7.9±1.6% -

tubulin III+), which was significantly higher than No. 1 (E=100±5 kPa; =0.30; 39.1±2.3% 

PAX6+, 40.1±6.8% Nestin+, β7.β±4.9% -tubulin III+), and No. 2 (E=83±4 kPa; =0.03; 

49.0±9.8% PAX6+, 44.2±5.2% Nestin+, and β1.1±7.5% -tubulin III+) (Figure 3.10Bi).  -tubulin 

III expression for No. 4 scaffolds (E=61±3 kPa; =0.01) was significantly higher (32.8±5.8% vs. 

18.4±3.0%) than No. 5 scaffolds (E=55±3 kPa; =-0.30) (Figure 3.10Bii).  The group of No. 3 

scaffolds (E=94±5 kPa; =-0.45) also expressed higher levels of neural markers than No. 6 

(E=10±1 kPa; =-0.45; 41.5±2.7% PAX6+, 47.0±4.1% Nestin+, and 11.9±4.6% -tubulin III+) 

scaffolds (Figure 3.10Biii).  Nestin expression for No. 3 scaffolds was significantly higher 

(62.4±3.6% vs. 50.1±3.7%) than No. 4 scaffolds (E=61±3 kPa; =0.01) (Figure 3.10Biv).  The 

cells from all the scaffolds were harvested and replated on Geltrex-coated surface.  Majority of 

the cells were neuronal with extensive neurite extension and -tubulin III expression (Figure 

3.11).  Overall, the results demonstrate differential expression of neural markers for the cells 

grown in the scaffolds with different biophysical properties.  In particular, No.3 (E=94±5 kPa; 

=-0.45) and No.4 scaffolds (E=61±3 kPa; =0.01) promoted neural marker expression 

compared to other scaffolds.  



64 

 

3.4. Discussion 

 Scaffolds having a tunable Poisson’s ratio have shown advantages in some specific 

biomedical applications.  For example, auextic materials have been used for bioprostheses and 

artery stents due to the enhanced compressive strength and shear stiffness [173,174].  Auxetic 

materials are also the candidate scaffolds for cardiac tissue repair by cell injection because they 

can overcome biaxial squeezing of the contracting myocardium that is the cause of significant 

cell death during injection [175,176].  Recently, Poisson’s ratio of biomaterials was found to 

have influence on cellular divisions and cell morphology [157,159].  All these studies indicate 

that the 3-D scaffolds with tunable Poisson’s ratio provide special biophysical microenvironment 

and have unique biomedical implications.   

In particular, stem cells not only adhere to but also pull on the substrates, thereby 

responding to the deformation characteristics of the scaffolds in all three axes, which were 

collectively determined by the elastic modulus and the Poisson’s ratio [159,177].  The elastic 

modulus alone only represents the influence of the force balance on the cells along the principal 

loading axis (loading direction) [151,178], and does not reflect the complete 3-D influence of the 

scaffold.  To date, only a few studies have investigated the effects of Poisson’s ratio on the 

cellular fate using adult fibroblasts [157,159,161].  The effects of Poisson’s ratio on neural tissue 

development and the influence of 3-D biophysical microenvironment on lineage commitment of 

PSCs have not been well understood.  Such understandings would be highly valuable because 

lineage commitment and neural construct formation from PSCs can provide good model systems 

to study neurological diseases and pathological progression [19,179].   

 Our results demonstrate that auxetic scaffolds did not impact pluripotent marker 

expression when the cells were maintained at undifferentiated state, but enhanced neural 
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differentiation of PSCs when the cells were grown under neural induction condition.  It is 

postulated that cellular organization and cell aggregate contraction are responsible for the 

observed effects of the auxetic scaffolds on neural differentiation, since the effect of cell 

organization/aggregates has been revealed to be an important parameter during PSC lineage 

commitment [180,181].  This postulation is supported by the different response of cellular 

aggregates (aggregates size distribution and F-actin expression) in auxetic scaffolds with 

cytochalasin D treatment compared to those in regular scaffolds.  Aggregates in auxetic scaffolds 

appeared to be more compact, which was indicated by dense F-actin expression inside the 

aggregates and the change in aggregate size distribution after cytochalasin D treatment.   

The auxetic scaffolds studied herein differ from the regular scaffolds in the following 

biophysical properties, which provide a valuable platform to probe the effects of each physical 

parameter on the cellular behaviorμ 1) pore structure (size and geometry)ν (β) Poisson’s ratioν and 

(3) elastic modulus (Table 3.2).  Our results indicate that pore structure in combination with 

Poisson’s ratio could enhance neural differentiation by comparing neural marker expression for 

the No. 3 group (E=94±5 kPa; =-0.45) to the No. 1 (E=100±5 kPa; =0.30) and No. 2 (E=83±4 

kPa; =0.03) groups, where No. 3 scaffolds (with highest neural marker expression) had the 

smaller pore and a  value of -0.45.  Comparing scaffold No. 4 (E=61±3 kPa; =0.01) and No. 5 

(E=55±3 kPa; =-0.30), where the two scaffolds had similar pore structure and E (55-60 kPa) but 

different , higher -tubulin III expression was observed for No. 4 scaffolds with  close to 0.  

Unexpectedly No. 6 scaffolds (E=10±1 kPa) supported lower neural marker expression 

compared to No. 3 scaffolds (E=94±5 kPa), which had similar  (-0.45) but different E.  It was 

postulated that Poisson’s ratio may confound the effect of elastic modulus during neural 

differentiation of PSCs.  Within the tested range in the present study, the pore structure and 
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Poisson’s ratio are the likely two factors that contribute to the enhanced neural differentiation in 

the auxetic scaffolds. 

 The proof-of-concept study presented herein demonstrates the feasibility of using auxetic 

scaffolds to facilitate neural differentiation of PSCs, which has immediate applications in drug 

testing and toxicity study [149].  More detailed understanding of the impact of the biophysical 

properties and the micro/nano structure of 3-D auxetic scaffolds requires further explorations.  In 

particular, applying mechanical stretching or compression during PSC differentiation may be of 

interest to biomaterials field.  Auxetic conversion of 3-D scaffolds relies on ingenious materials 

design and engineering, and to-date was only realized with selected materials.  With the 

advancement of the manufacturing technologies of the auxetic materials, the array of the 

scaffolds can be further expanded.  Current cellular interactions with the scaffolds are on the cell 

cluster levels (aggregates of hundreds of microns).  For example, technologies to fabricate 

auxetic scaffolds with pore size of 1-10 m using biocompatible materials would be highly 

desired, as such materials would enable the investigation of cell-scaffold interaction on the 

cellular level.  Nonetheless, the critical role of biophysical cues of extracellular 

microenvironment has just been discovered recently [150,154] and this study adds a novel angle 

to understand the impact of biophysical microenvironment on stem cell fate decision.  

3.5. Conclusions 

 In this study, auxetic scaffolds were evaluated for expansion and neural differentiation of 

mouse ESCs and hiPSCs.  Different aggregate size distribution was observed between the regular 

and auxetic scaffolds, which may contribute to different cellular behaviors.  When induced for 

neural differentiation, cells in auxetic scaffolds exhibited higher neuronal marker expression 

compared to the scaffolds before auxetic conversion.  The microstructure and the Poisson’s ratio 
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of auxetic scaffolds likely contribute to the enhanced neural differentiation.  It is noted that 

Poisson’s ratio may also confound the effect of elastic modulus.  This study provides the first 

step to decouple the effects of elastic modulus and Poisson’s  ratio to elucidate the influence of 

biophysical properties of 3-D microenvironment on stem cell fate decisions.   
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Table 3.1. A list of antibodies for auxetic scaffold. 

Cells Primary Antibody Origin/ 

Isotype 

Supplier/ Cat# Dilution 

Mouse 

ESCs 

Oct-4 Mouse IgG1 Millipore, MAB4419 1:500 

 SSEA-1 Mouse IgM Developmental Studies 
Hybridoma Bank 
(DHSB) 

1:50 

 Nanog Rabbit IgG Millipore, AB9220 1:200 

 Nestin Mouse IgG1 DHSB, Rat-401 1:10 

 PAX6 Mouse IgG1 Santa Cruz, sc-81649 1:100 

 NCAM Mouse IgG1 DHSB, 5B8 1:10 

 -tubulin III Mouse IgG1 Millipore, MAB1637 1:200 

Human 
iPSCs 

Oct-4 Mouse IgG1 Millipore, MAB4419 1:500 

 Nanog Rabbit IgG Millipore, AB9220 1:200 

 Nestin Rabbit IgG Sigma, N5413 1:100 

 PAX6 Mouse IgG1 Santa Cruz, sc-81649 1:100 

 -tubulin III Mouse IgG1 Millipore, MAB1637 1:200 

 E-cadherin Mouse-IgG1 Millipore; MABT26 1:100 

Secondary  Alexa 488, goat anti-
mouse IgG1 

- Life Technologies, 
A-21121 

1:200 

 Alexa 488, goat anti-
rabbit IgG 

- Life Technologies, 
A-11008 

1:200 

 Alexa 488 goat anti-
Mouse IgM 

- Life Technologies, 
A-21042 

1:200 

 Alexa 594, goat anti-
rabbit IgG 

- Life Technologies, 
A-11012 

1:400 

 

Table 3.2. Summary of biophysical properties of different PU scaffolds. 

Scaffold ID Elastic 

Modulus 

(kPa) 

Poisson’s 
Ratio 

Pore Geometry Pore Size 

(μm)* 

Porosity 

No. 1 100±5 0.30 Pentagonal 

dodecahedron 

300-400 96.31 ± 0.16% 

No. 2 83±4 0.03 Re-entrant structure 250-300 94.73 ± 0.27% 
No. 3 94±5 -0.45 Re-entrant structure 200-250 85.55 ± 0.35% 

No. 4 61±3 0.01 Re-entrant structure 250-300 94.99 ± 0.38% 
No. 5 55±3 -0.30 Re-entrant structure 250-300 94.58 ± 0.41% 

No. 6 10±1 -0.45 Re-entrant structure 200-250 88.98 ± 1.32% 

* Pore size range was estimated based on scanning electron microscopy (SEM) images. Porosity 

was calculated based on the measured foam density and comparison with the density of solid 

polyurethane (PU) density. 
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Figure 3.1.  Fabrication and characterization of auxetic polyurethane scaffolds. (A) Top: 
schematics of the auxetic conversion process by partial buckling of the cell ribs using isotropic 

(tri-axial) compression; Bottom: Scanning electron microscopy (SEM) micrographs of the 
regular scaffold (left) and the auxetic scaffold (right). Note the extensive re-entrant structures in 
the auxetic scaffold; (B) Top: a schematic illustration of the auxetic response from the re-entrant 

microstructure. When materials with this type of microstructure are stretched, the inverse 
trapezoid would flatten, resulting in the expansion in the lateral direction; Bottom: photographs 

of the fabricated auxetic foam in the original (left) and stretched state (right), Note the 
considerable expansion in the lateral direction, which confirms the excellent auxetic property.  
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Figure 3.2.  Cell organization, proliferation, and metabolic activities of mouse ESCs in 

auxetic scaffolds. (A) Phase contrast image of cell organization in auxetic scaffolds; white 
arrows: aggregates on the pore hinge; red arrow: aggregates in the pore; (B) phase contrast image 

of cell organization in regular scaffoldsν scale barμ β00 m.  (C) Fluorescent image of cell 
organization in auxetic scaffolds; Blue-DAPI for cell nuclei showing aggregate structure; Red-
scaffoldsν scale barμ 100 m. (D) Scanning electron microscopy (SEM) image of cells grown in 

auxetic scaffolds (5000X), scale bar: 3 m. (E) Aggregate size distribution (day 3); (F) MTT 
activity of cells grown in different scaffolds; (G) Cell number in different scaffolds determined 

by DNA assay; (H) Lactate to glucose ratio for cells grown in different scaffolds. * p<0.05. 
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Figure 3.3.  Undifferentiated marker expression of mouse ESCs in auxetic scaffolds.  (A) 

Fluorescent images of SSEA-1, Oct-4 and Nanog expression of cells from different scaffolds; 
scale barμ β00 m for SSEA-1 and Oct4, 100 m for Nanog. (B) SSEA-1 and Oct-4 expression 

quantified by flow cytometry; (C) Confocal images of in situ Oct-4 expression of cells grown in 
different scaffoldsν scale barμ 100 m. Greenμ Oct-4; Blue: Hoechst 33342.  Scaffolds exhibit 
blue fluorescence.  (D) Alkaline phosphatase (ALP) expression.  
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Figure 3.4. Neural differentiation of mouse ESCs in auxetic scaffolds.  (A) Fluorescent 
images of neural marker expression of replated cells from different scaffolds; Green: neural 

marker of interest; Blue: Hoechst 33342, scale barμ β00 m. (B) Neural marker expression 
quantified by flow cytometry. (a) -tubulin III; (b) NCAM; (c) Nestin. (i) Representative 
histograms from flow cytometry; (ii) quantification of neural marker expression (n=3).  * p<0.05.  
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Figure 3.5.  Cell organization and pluripotent marker expression of human iPSK3 cells 

grown in auxetic scaffolds. (A) Phase contrast images of cell organization in different scaffolds; 

white arrows: cell aggregates; red arrows: cell clusters; (B) Aggregate size distribution at (i) day 
3 (n=115); (ii) day 5 (n=115).  (C) MTT activity of cells grown in different scaffolds (from one 

representative experiment); (D) Confocal images of in situ Oct-4 and Nanog expression of cells 
grown in different scaffolds.  Scale barμ β5 m for Oct-4 (Au and R) and Au Nanog.  Scale bar: 
100 m for R Nanog. * p<0.05. 
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Figure 3.6. Human iPSK3 Cells grown in auxetic scaffolds.  (A) Fluorescent images of Nanog 
expression of the cells from different scaffolds (day 5)ν scale barμ 100 m. (B) Representative 
histograms from Nanog flow cytometry. 
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Figure 3.7.  Neural differentiation of human iPSK3 cells grown in auxetic scaffolds.  (A) 
Fluorescent images of neural marker expression (Nestin and PAX6, Nestin and -tubulin III) of 

replated cells from different scaffoldsν scale barμ 100 m.  (B) Neural marker (Nestin and -
tubulin III) expression after 15-day differentiation quantified by flow cytometry (n=3).  * p<0.05. 

(C) Representative histograms from flow cytometry. 
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Figure 3.8. Effect of cytochalasin D treatment on cell organization in auxetic scaffolds. (A) 
Phase contrast images of mouse ESC aggregates in different scaffolds with or without 

cytochalasin D treatment.  The images were taken after staining with MTT dye.  Scale bar: 200 
m.  (B) Aggregate size distribution of mouse ESC aggregates for different scaffolds with or 

without cytochalasin D treatment.  (C) Confocal images of F-actin organization for human 
iPSK3 cell aggregates in different scaffolds with or without cytochalasin D treatment.  Red: F-
actinν Blueμ Hoechst γγγ4β. Scale barν 50 m, (i) auxetic scaffolds (Au); (ii) regular scaffolds 

(R). 
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Figure 3.9. Confocal images of F-actin and E-cadherin for human iPSK3 aggregates in 

different scaffolds with or without ROCK inhibitor (Y27632) treatment. Yβ76γβ (15 M) 
was added at day 5 cultures for 3 days. (A) F-actin expression when treated with ROCK inhibitor. 
The images for “without ROCK inhibitor” are the same as those in Figure 7C.  Redμ F-actin; 
Blueμ Hoechst γγγ4β. Scale barν 50 m. (i) Auxetic scaffolds (Au); (ii) regular scaffolds (R). (B) 

E-cadherin. Green: E-cadherinν Blueμ Hoechst γγγ4β. Scale barν 50 m. (i) Auxetic scaffoldsν (ii) 
regular scaffolds. 
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Figure 3.10. Neural differentiation of mouse ESCs grown in auxetic scaffolds with different 

elastic modulus and Poisson’s ratio.  (A) The series of auxetic scaffolds with different elastic 
modulus and Poisson’s ratio ( ).  The images of different scaffolds (No.1 to No. 6) were captured 

using scanning electron microscopy (50X).  The range of elastic modulus is 10 kPa to 100 kPa. 
The range of Poisson’s ratio is 0.γ to -0.45.  (B) Neural marker (Nestin, PAX6, and -tubulin III) 
expression at day 6 differentiation quantified by flow cytometry (n=3). (i) compares scaffold #1, 

#2, #3, which have similar elastic modulus, but different Poisson’s ratio and pore sizeν (ii) 
compares scaffold #4, #5, which have similar elastic modulus and pore size, but different 

Poisson’s ratioν (iii) compares scaffold #γ, #6, which have similar Poisson’s ratio and pore size, 
but different elastic modulus; (iv) compares scaffold #3, #4, the two best conditions which have 
different combinations of Poisson’s ratio, elastic modulus, and pore size.  * p<0.05. 
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Figure 3.11. Neural marker expression of cells from auxetic scaffolds with different elastic 

modulus and Poisson’s ratio. (A) Phase contrast images demonstrate the neurite extension from 

cell aggregates.  Fluorescent images show the neuronal marker expression.  Greenμ -tubulin III; 
Blueμ Hoechst γγγ4β (cell nuclei). Phase imagesμ scale bar β00 m.  Fluorescent imagesμ scale 
bar 100 m. (B) Quantification of neurite outgrowth for cells from different scaffolds.  For the 

neurite length, the distance between the edge of attached aggregates and the extremities of at 
least 8 neurites per aggregates were calculated using ImageJ software.  At least three spheres per 

condition were analyzed.  * indicates significant difference (p < 0.05) comparing to #3 scaffolds.  

 

A 
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CHAPTER 4 

NEURAL PATTERNING OF HUMAN INDUCED PLURIPOTENT STEM 

CELLS IN 3-D CULTURES FOR STUDYING BIOMOLECULE-

DIRECTED DIFFERENTIAL CELLULAR RESPONSES 

4.1 Introduction 

Restricted access to human brain tissues limits the discovery of novel interventions and 

pharmacological treatments for one billion people with neurological disorders globally [182]. 

Human induced pluripotent stem cells (hiPSCs) can generate allogeneic or patient-specific neural 

cells, cortical tissues, and even mini-brains (i.e., brain organoids), which are physiologically 

relevant to model neural diseases and to identify pharmacological therapeutics [4,24,149,183–

185]. While some disease progressions (e.g., amyloid-  plaques) may take years, in vitro neural 

models derived from hiPSCs can be used to probe disease on-set and development in a shortened 

time frame [82]. Another advantage of in vitro models derived from hiPSCs is the ability to 

generate specific neuronal subtypes, which are known to exhibit differential susceptibility to 

disease specific molecules [9,186]. For example, cortical neurons derived from hiPSCs have 

been used to screen anti-amyloid  (A ) drugs and to evaluate A - induced toxicity [9,187,188]. 

Moreover, hiPSC-derived motor neurons have been derived to model a variety of motor neuron 

diseases, such as amyotrophic lateral sclerosis (ALS) [185,189]. 

Generating multiple neuronal subtypes from hiPSCs with a tunable differentiation 

protocol to delineate differential cellular responses is in a critical medical need [65,149,186,190]. 

In particular, 3-D neural cultures provide a good platform to generate region-specific neuronal 

subtypes or human brain- like tissues (e.g., micro-tissues or organoids) [4,149]. Compared to 2-D 
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cultures, 3-D cultures promote neuronal cell specification and maturation, therefore better 

recapitulating disease pathology or predicting neural toxicity [10,149,191,192]. There are two 

types of 3-D cultures: scaffold-based and scaffold-free. Scaffold-based 3-D cultures use natural 

or synthetic scaffolds to create 3-D template that allow the cells adhere, proliferate, and 

differentiate. Scaffold-free 3-D cultures are based on the self-organization ability of the stem 

cells. The cells spontaneously organize into multicellular aggregates, spheroids, or organoids [4]. 

The embryoid body (EB)-based neural differentiation is a major approach to promote the self-

organization of human pluripotent stem cells (hPSCs) into complex brain- like tissue structures 

[4,19,70], besides the scaffold-based approaches [193,194]. However, functional differentiation 

into specific neural subtypes from hPSCs has been challenging [195], largely because the 

capacity of different signaling factors that regulate 3-D neural tissue patterning in vitro has not 

yet been fully understood [190]. 

In neural patterning of brain tissues, i.e., the process through which neural progenitors 

acquire brain regional identity, activation of sonic hedgehog (SHH) signaling induces ventral (V)  

identity of the developing neural ectoderm while SHH inhibition generates dorsal (D) 

telencephalic progenitors (i.e., affects D-V patterning) [62,196]. Thus, differential levels of SHH 

signaling, in combination with other signaling such as Wnt and retinoic acid, influence neural 

regional specification of hPSCs into forebrain cortical tissues, midbrain tissues, and 

hindbrain/spinal cord tissues [24]. In biomaterials research, one attractive approach is to 

modulate hPSC fate decisions and differentiations using small molecules that regulate signaling 

pathways through defined mechanisms [197–200]. Specifically, small molecules in SHH 

signaling [62,201] have been demonstrated previously to facilitate the generation of some 

specific neural types from hPSCs [202]. However, the capability of SHH-related small molecules 
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to tune different neuronal subtypes in 3-D differentiation from hiPSCs has not been fully 

investigated. 

The objectives of this study are: (1) 3-D patterning hiPSCs with small molecules that 

affect sonic hedgehog signaling along with other factors (e.g., fibroblast growth factor-2, retinoic 

acid, and Wnt signaling) to generate different neuronal subtypes (cortical glutamatergic neurons  

and motor neurons); (2) assessing the differential cellular responses of different hiPSC-derived 

neuronal subtypes to the biomolecules that affect neurotoxicity and/or neurogenesis. Neural 

patterning of hiPSCs was tuned through the treatment with cyclopamine (the antagonist of SHH 

signaling) or purmorphamine (the agonist of SHH signaling) [201]. Then, differential cellular 

responses to the three categories of biomolecules were evaluated: (1) matrix metalloprotease  

(MMP) inhibitors to affect extracellular matrix remodeling [203]; (2) N-methyl-D-aspartate 

(NMDA) to induce general neurotoxicityν and (γ) A (1-42) oligomers to induce disease-specific 

neurotoxicity. The knowledge gained in this study should advance our understanding of hiPSC 

self-organization and neural tissue development, and provide a transformative approach to  

establish 3-D neural models for neurological disease modeling (e.g., Alzheimer’s disease, ALS,  

etc.), drug discovery, and possibly cell therapy. 

4.2. Materials and Methods 

4.2.1. Undifferentiated hiPSC culture 

Human iPSK3 cells were derived from human foresk in fibroblasts transfected with 

plasmid DNA encoding reprogramming factors OCT4, NANOG, SOX2 and LIN28 (kindly 

provided by Dr. Stephen Duncan, Medical College of Wisconsin) [113,114]. Human iPSK3 cells 

were maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver,  

Canada) on growth factor reduced Geltrex (Life Technologies) [72]. The cells were passaged by 
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Accutase every 5-6 days and seeded at 1×106 cells per well of 6-well plate in the presence of 10 

M Yβ76γβ (Sigma) for the first β4 hours. Two other media were also testedμ StemPro serum-

free medium (Life Technologies) and knockout serum replacement (SR) medium (80% DMEM,  

20% knockout SR, 1 mM L-Glutamine, 0.1 mM -mercaptoethanol, and 0.1 mM nonessential 

amino acids) supplemented with fibroblast growth factor (FGF)-2 (40 ng/mL). When induced for 

neural differentiation in suspension, iPSK3 cells expanded in StemPro medium and SR medium 

formed smaller aggregates than those in mTeSR medium (Figure 4.1). So hiPSK3 cells grown in 

mTeSR medium were used in the following study. 

4.2.2. Neural differentiation of hiPSCs 

Human iPSK3 cells were seeded into Ultra-Low Attachment (ULA) 24-well plates 

(Corning Incorporated, Corning, NY) at 3×105 cells/well in differentiation medium composed of 

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) plus 2% B27 serum-

free supplement (Life Technologies). Yβ76γβ (10 M) was added during the seeding and 

removed after 24 hours. At day 1, the cells formed EBs and were treated with retinoic acid (RA)  

(β M, Sigma) and FGF-2 (25 ng/mL) (RA/FGF-2 protocol) [204] or with dual SMAD signaling 

inhibitors 10 M SB4γ154β (Sigma) and 100 nM LDN19γ189 (Sigma) [205]. After 8 days, for 

RA/FGF-2 protocol, RA was removed and FGF-2 was reduced to10 ng/mL. For dual SMAD 

inhibition protocol, the cells were treated with different growth factor combinations: (1) no  

growth factorsν (β) RA (β M) and FGF-2 (10 ng/mL); (3) FGF-2 (10 ng/mL) and cyclopamine 

(1 M, Sigma). RA was not included to minimize caudalization effect; (4) FGF-2 (10 ng/mL), 

purmorphamine (1 M, Sigma) and RA (β M)ν (5) FGF-2, purmorphamine, and RA plus 

CHIR990β1 (γ M) [201]. After another 7-10 days in suspension, the 3-D neural progenitor cell 

(NPC) aggregates (day 15-18) were replated onto Geltrex-coated surface and characterized a day 
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20. For long-term characterizations at days 35-55, the neural progenitors were matured wit brain-

derived neurotrophic factor (10 ng/mL, R&D Systems) and gently passaged with trypsin once in 

two or three weeks with minimal pipetting. The replated cells consisted of the aggregates and the 

outgrowth of single cells.  

4.2.3. Immunocytochemistry 

Briefly, the cells were fixed with 4% paraformaldehyde (PFA) and permeabilized with 

0.2-0.5% Triton X-100 for intracellular markers. The samples were then blocked (5% fetal 

bovine serum) and incubated with various mouse or rabbit primary antibodies (Table 4.1). After 

washing, the cells were incubated with the corresponding secondary antibody: Alexa Fluor® 488 

goat anti-Mouse IgG, Alexa Fluor® 488 or 594 goat anti-Rabbit IgG, or Alexa Fluor® 594 

donkey anti-goat IgG (Life Technologies). The samples were stained with Hoechst 33342 and 

visualized under a fluorescent microscope (Olympus IX70, Melville, NY). The images from five 

independent fields (800-1000 cells) were analyzed using ImageJ software. The proportion of 

positive cells was calculated based on the intensity of marker of interest normalized to the 

nuclear intensity, indicating the relative expression among different conditions. 

4.2.4. Flow cytometry 

To quantify the expression of neural markers, the cells were harvested by trypsinization 

and analyzed by flow cytometry. Briefly, 1×106 cells per sample were fixed with 4% PFA and 

washed with staining buffer (2% fetal bovine serum in phosphate buffered saline). The cells were 

permeabilized with 100% cold methanol, blocked, and then incubated with primary antibodies 

against Nestin, -tubulin III, and Oct-4 followed by the corresponding secondary antibody (Table 

4.1). The samples were acquired with BD FACSCanto™ II flow cytometer (Becton Dickinson) 

and analyzed against isotype controls using FlowJo software. 
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4.2.5. Reverse transcription polymerase chain reaction (RT-PCR) analysis 

Total RNA was isolated from neural cell samples using the RNeasy Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol followed by the treatment of DNA-Free 

RNA Kit (Zymo, Irvine, CA). Reverse transcription was carried out using 2 mg of total RNA, 

anchored oligo-dT primers (Operon, Huntsville, AL), and Superscript III (Invitrogen, Carlsbad,  

CA) (according to the manufacturer). Primers specific for target genes were designed using the  

software Oligo Explorer 1.2 (Genelink, Hawthorne, NY; Table 4.2). The gene -actin was used 

as an endogenous control for normalization of expression levels. Real-time RT-PCR reactions 

were performed on an ABI7500 instrument (Applied Biosystems, Foster City, CA), using 

SYBR1 Green PCR Master Mix (Applied Biosystems). The amplification reactions were 

performed as follows: 2 min at 50oC, 10 min at 95oC, and 40 cycles of 95oC for 15 sec and 55oC 

for 30 sec, and 68oC for 30 sec. Fold variation in gene expression was quantified by means of the 

comparative Ct method:2− �� ����� � � −��  � �� , based on the comparison of the target gene 

expression (normalized to -actin) between the test samples and the reference sample. 

4.2.6. Whole-patch clamping for electrophysiology 

Whole-cell recording was conducted on the cells after 30-50 days of differentiation.  

Patch electrodes with resistances of 4-8 M were pulled from borosilicate glass and fire-

polished.  Current and voltage traces were digitized at 20 kHz and filtered at 1 kHz respectively 

with an Axopatch 200B amplifier.  Data acquisition and analysis were performed with 

pCLAMP10 software (Molecular Devices).  The bath solution contained 2 mM KCl, 148 mM 

NaCl, 2 mM MgCl2, 10 mM HEPES and 1 mM EGTA, pH 7.4.  The pipette solution contained 

130 mM KCl, 10 mM HEPES and 5 mM EGTA, pH 7.4.  Na+ and K+ currents were evoked by 

voltage-clamp steps from -60 mV to +70 mV in 10 mV increments.  Action potentials were 
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elicited by current-clamp steps from -60 pA to +120 pA in 20 pA increments.  Spontaneous post-

synaptic currents were recorded in voltage-clamp configuration at a holding potential of -80 mV. 

4.2.7. Treatment of hiPSC-derived neural cells with different drugs and small molecules  

The derived neural cells were replated onto Geltrex-coated 96-well plate and treated with 

different drugs or molecules: (1) MMP inhibitors: ARP 100 (MMP-2 inhibitor), MMP-9 inhibitor 

I, and SB-3CT (MMP-2 and MMP-9 inhibitor) (all from Santa Cruz) at 1 Mν (β) NMDA 

(Sigma) at 0, 0.05, 0.5, 1 mM; (3) Neural protective molecule carbenoxolone (Cx, Sigma) [206].  

For Cx treatments, different doses (0, 10 M, 50 M) of Cx were added with 0.5 mM NMDA for 

the first 24 hrs.  Then samples were washed with phosphate buffer and the same doses of Cx 

were added for another 24 hrs.  The cells were then characterized by MTT, reactive oxygen 

species (ROS), and poly caspase assays. For some experiments, cell numbers were counted using 

hemocytometer after trypsin/EDTA dissociation. 

4.2.8. Aβ(1-42) oligomer treatment and culture characterizations 

 To prepare oligomer of A (1-4β) peptide, biotinylated A (1-42) (Bachem) was fully 

dissolved at 0.5 mg/mL in hexafluor-2-propanole (HFIP, Sigma) [191].  10 L of HFIP A (1-42) 

solution was dispensed into siliconized Snap-Cap microtube, put in a desiccator to completely 

evaporate HFIP and thereafter stored at -80oC.  Oligomer solutions were prepared freshly for 

each experiment.  The stock was dissolved in 10 L of DMSO (to 105 M) and incubated for γ 

hours at room temperature.  Oligomer of A (1-42) was added to the neural cultures derived from 

human iPSKγ cells at 0, 1 and 5 M.  The cells we re evaluated for viability using Live/Dead® 

staining kit (Molecular Probes).  After 72 hours, the cells were incubated in DMEM-F12 

containing 1 M calcein AM (green) and β M ethidium homodimer I (red) for γ0 min.  The 

samples were imaged under a fluorescent microscope.  Using ImageJ software, the viability was 
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analyzed and calculated as the percentage of green intensity over total intensity (including both 

green and red cells).  In addition, the cells were characterized by MTT, ROS, and poly caspase 

assays [164,170].  To evaluate the influence of glycogen synthase kinase (GSK)-γ  inhibitor, 

CHIR990β1 (1 or 10 M) was added to the culture treated with 1 M A (1-42) oligomer for 

three days and characterized.   

4.2.9. MTT, ROS, and poly caspase assays 

Briefly, the replated neural cells were incubated with 5 mg/mL 3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) solution.  The absorbance was measured at 

500 nm using a microplate reader (Biorad, Richmond, CA).  Image- iT™ Live Green Reactive 

Oxygen Species Detection kit (Molecular Probes) was used to detect the intracellular ROS.  

Briefly, neural cells were seeded at 1×105/mL in 96-well plates (100 L).  After γ days, the cells  

were rinsed with Hank’s balanced salt solution and incubated with β5 M carboxy-H2DCFDA 

for 30 min at 37℃.  The samples were washed and measured under a fluorescence microplate 

reader using 488 nm excitation wavelength and 530 nm for emission (Bio-Tek, FLx800, 

Winoosk, VT).  Image-iT™ Live Green Poly Caspase Detection kit (Molecular Probes) was used 

to detect the expression of caspases.  The replated cells were incubated for one hour with the 

fluorescent inhibitor of caspases reagent and analyzed by a fluorescence microplate reader.   

4.2.10. Statistical analysis 

Each experiment was carried out at least three times.  The representative experiments 

were presented and the results were expressed as [mean ± standard deviation].  To assess the 

statistical significance, one-way ANOVA followed by Fisher’s LSD post hoc tests were 

performed.  A p-value <0.05 was considered statistically significant. 
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4.3. Results 

4.3.1. Neural ectoderm induction using small molecules 

Two different methods were evaluated for neural ectoderm induction through EB-based 

differentiation: RA/FGF-2 induction or dual SMAD inhibition by LDN193189 and SB431542 

(referred as LDN/SB) (Figure 4.2A).  For both methods, EBs were readily formed in suspension 

and developed into NPC spheres during day 0-8 (Figure 4.2Bi, 4.2Bii), while the NPCs from 

LDN/SB induction appeared larger.  After replating the day 8 NPCs for additional 5 days, 

Nestin+ progenitors and -tubulin III+ neuronal cells were observed in cultures induced by both 

methods (Figure 4.2Bi, 4.2Bii).  However, flow cytometry quantification of day 15 NPC spheres 

revealed higher Nestin (73±6% vs. 46±14%) and -tubulin III (41±2% vs. 11±3%) expression 

with LDN/SB induction than RA/FGF-2 induction (Figure 4.2Biii, 4.2Biv).  The day 15 NPC 

spheres using LDN/SB induction were replated and further matured on Geltrex. The cells 

expressed Nestin and PAX6 (with rosette morphology).  After another 15 days, the cells were 

observed to express multiple markers including Lim3 (a motor neuron marker) and glutamate 

(glutamatergic neurons. Based on these results, the LDN/SB induction method was used in the 

subsequent experiments.  

4.3.2. Patterning neuronal progenitors using SHH-targeting small molecules 

 After LDN/SB induction, neuronal progenitors were patterned using different SHH-

targeting molecules during days 8-16 (Figure 4.3A).  The tested groups include: 

cyclopamine/FGF-2 (Cyclo), purmorphamine/RA/FGF-2 (Purmo), and RA/FGF-2 as a control 

group.  For all the conditions, the cells at day 20 expressed high leve ls of Nestin and Pax6 (0.60-

0.85) and moderate levels of -tubulin III (0.20-0.40) (Figure 4.3B).  At day 35, the patterning of 

differentiated cells was further examined using various neuronal markers, including glutamate 
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for cortical glutamatergic neurons, Lim3 (progenitor stage) and HB9 (mature stage) for motor 

neurons (Figure 4.3C).  The Cyclo condition resulted in a higher portion of glutamate-expressing 

neurons than the Purmo condition (0.66±0.10 vs. 0.16±0.07), whereas the Purmo group had more 

Lim3-expressing cells than the Cyclo group (0.56±0.01 vs. 0.46±0.02).  Consistently, HB9 

expression was higher for the Purmo group than the Cyclo group (0.24±0.01 vs. 0.03±0.01) 

(Figure 4.3C).  The cell population in RA/FGF-2 group was more similar to the Cyclo group, 

indicating that this condition favored the generation of cortical neurons [196].  

 Additional characterizations were performed on day 35 cells using neural patterning 

marker TBR1 (a deep cortical layer VI marker [196]) and ISL1 (Islet-1, another marker for 

motor neurons [207]) (Figure 4.4Ai, 4.4Aii).  Here, the Cyclo and Purmo groups were compared 

with RA/FGF-2 as well as no growth factor control (no GFs).  Among the four groups, the Cyclo 

group had the highest portion of TBR1-expressing cells (0.59±0.03) while the Purmo group had 

the highest portion of ISL1-expressing cells (0.68±0.04).  Consistently, RT-PCR analysis 

showed that the Purmo group had higher gene expression of HOXB4 (3.5±0.2 vs. 1.4±0.1) and 

HB9 (5.2±0.5 vs. 0.6±0.1) than the Cyclo group (Figure 4.4Bi).  By contrast, the Cyclo group 

had higher expression of TBR1 (29.5±1.0 vs. 5.8±0.4) and vGlut1 (22.0±0.5 vs. 19.9±0.2) than 

the Purmo group at day 35  (Figure 4.4Bi).  At day 45, the vGlut1 gene expression in the Cyclo 

group became 3-fold higher than the Purmo group (Figure 4.4Bii).  Collectively, these results 

indicate that the Cyclo group enriches the population of cortical glutamatergic neurons while the 

Purmo group promotes the generation of motor neurons.  

In the absence of patterning factors, gene expression of HOXB4 and HB9 increased by 5-

7 folds from day 21 to day 35, while the increase of TBR1 and vGlut1 was 48-104 folds (Figure 

4.5), indicating that our basal differentiation condition favored the generation of cortical 
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glutamatergic neurons.  Therefore, additional factor CHIR99021 (CHIR, a Wnt activator) was 

included in the Purmo group [63,190].  The inclusion of CHIR was found to enhance motor 

neuron differentiation as indicated by the increased expression of ISL-1 and HB9 for the day 42 

cells (Figure 4.6).  

4.3.3. Characterizations of long-term culture and electrophysiology assessment 

 Characterizations of the derived neuronal cells were also performed at day 55 (Figure 

4.7).  While high levels of -tubulin III+ cells (0.83-0.88) were observed for both the Cyclo and 

the Purmo groups, the Cyclo group had higher glutamate expression (0.82±0.06 vs. 0.26±0.08) 

than the Purmo group, and the Purmo group had higher ISL1 (0.59±0.03 vs. 0.29±0.07) and HB9 

(0.36±0.04 vs. 0.07±0.02) expression than the Cyclo group.  The cortical identity of the derived 

cells in the Cyclo group (day 42) was also confirmed by the expression of BRN2, a superficial 

cortical layer II-IV marker (Figure 4.8A).  Additional characterization showed the presence of 

GABAergic interneurons and astrocytes in the derived population from the Cyclo group (Figure 

4.8B).   

 The cells from all the groups expressed pre-synaptic marker synapsin I and post-synaptic 

marker PSD95, indicating the development of synaptic structure (Figure 4.9A).  

Electrophysiology of the replated neural aggregates was further investigated.  

Electrophysiological assessments demonstrated several functional neural activities for the cells in 

the Purmo group: (1) the cells exhibited fast- inactivating Na+ currents followed by long- lasting 

outward K+ currents; (2) the cells were able to generate action potentials in response to 

depolarizing current injections, as well as at the end of hyperpolarizing current injections 

(“rebound” action potentials)ν (γ) the cells displayed spontaneous excitatory post-synaptic 

currents (EPSCs), suggesting a functional connectivity (synapse formation) between neurons 
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(Figure 4.10).  Similar electrophysiology was observed in neuronal cells for the Cyclo group 

(Figure 4.9B).  These results indicate that the derived neuronal cells display appropriate currents, 

action potentials, and synaptic activities. 

4.3.4. Differential effects of MMP inhibitors  

 The activities of MMPs influence neural progenitor cell proliferation, migration, and 

lineage commitment [208–211].  The effects of MMP-2 inhibitor (ARP 100), MMP-9 inhibitor I, 

and MMP-2/MMP-9 inhibitor (SB-3CT) on different cell populations from the Cyclo group and 

the Purmo group were evaluated (Figure 4.11).  Morphological assessment indicated the 

reduction of neurite density after SB-3CT and MMP-9 inhibitor I treatment for the Purmo group 

(with more motor neurons), while neurite density had little changes for the Cyclo group (with 

more cortical glutamatergic neurons) (Figure 4.11A).  Furthermore, MTT assay and cell counting 

were performed to quantify the effects of MMP-2/-9 inhibition.  MMP inhibition by SB-3CT and 

MMP-9 inhibitor I reduced MTT activity by 30-48% (day 20-25, Figure 4.11B) or decreased cell 

numbers by 16-24% (day 45-50, Figure 4.11C) for the Purmo group.  However, MTT activity 

and cell numbers were comparable for all the conditions when neuronal cells of the Cyclo group 

were treated.  These results demonstrate differential reponses of different neuronal subtypes to 

MMP-2/-9 inhibitors.  The Purmo group is more sensitive than the Cyclo group. 

4.3.5. Effects of NMDA that induces general neurotoxicity 

 The biological relevance of different neuronal populations for neurotoxicity study was 

investigated.  The general neural toxicity was induced by NMDA exposure (Figure 4.12A).  

MTT activity was reduced (by 30-50%) in the presence of NMDA (0.5 or 1 mM) for neuronal 

cells from all the three groups.  The expression of ROS and caspase was inc reased 

correspondingly.  These results indicate that different neuronal subtypes similarly respond to 
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NMDA that induces general neurotoxicity.  Then, the neuroprotective effect of carbenoxolone, a 

gap junction blocker and modulator of 11- -hydroxysteroid dehydrogenases [206], was 

evaluated after 24-hr exposure to 0.5 mM NMDA (Figure 4.12B).  MTT activity increased (by 

28-56%) with the carbenoxolone treatment (10 or 50 M) and the expression of ROS and 

caspase decreased correspondingly for all the three groups.  These results indicate that 

carbenoxolone provides neural protection from NMDA-induced neurotoxicity for the cell 

populations in all three conditions.  

4.3.6. Effects of Aβ(1-42) oligomers that induce disease-specific neurotoxicity 

 Oligomer of A (1-42) was added to the derived neuronal cells at 0, 1, or 5 M (Figure 

4.13A).  Significant cell death was observed following 5 M A (1-42) oligomer treatment.  At 1 

M, differential cell death was observed for different neuronal subtypes.  Cyclopamine- induced 

cortical neurons were more sensitive to A (1-42) treatment with more cell death and lower 

viability than purmorphamine- induced motor neurons (30.2±5.6% vs. 69.2±4.1% in viability, 

respectively).  Similar trends were observed for MTT activity (Figure 4.13Bi).  The expression 

of oxidative stress, indicated by ROS expression, displayed a corresponding increase for the 

groups that had decreased cell viability (Figure 4.13Bii).  Caspase expression was consistent 

with ROS results (Figure 4.13Biii).  The expression of synapsin I and glutamate was also 

reduced by 1 M A (1-4β) oligomer, indicating the influence of A (1-42) on the synaptogenesis 

and/or functional maintenance of the derived neuronal cells (Figure 4.14A and Figure 4.15).  

Cellular response induced by 1 M A (1-42) oligomer was then evaluated in the presence of 

GSK-γ  inhibitor CHIR990β1 (CH) at 1 M and 10 M for day 46 cells (Figure 4.14B) 

[212,213].  In the presence of CH (10 M), MTT activity was increased (by 25-45%) compared 

to the groups without CH or with 1 M CH.  Consistently, ROS and caspase levels were reduced 
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in the presence of CH (10 M) compared to the groups without CH or with 1 M CH, indicating 

that GSK-γ  inhibitor may attenuate A -induced cytotoxicity, in particular for the Cyclo group.   

4.4. Discussion 

Understanding the influence of neural patterning factors in hPSC-derived 3-D cultures is 

critical for constructing human brain- like tissue models and studying differential cellular 

responses of specific neuronal subtypes [82,186,211].  Here, our study generated and 

characterized cortical glutamatergic neurons and motor neurons using EB-based differentiation 

by tuning SHH signaling along with other factors (FGF-2, RA, and CHIR99021).  Moreover, our 

study demonstrated differential cellular responses to MMP-2/-9 inhibitors, NMDA, and A 42 

oligomers from different neuronal populations. 

Neural patterning in 3-D differentiation from hPSCs in vitro aims to mimic in vivo 

regional patterning of human brain [24].  SHH signaling that patterns ventral part of neural tube 

in vivo has been used to derive a specific neuronal cell type in vitro in combination with several 

other signaling pathways, such as Wnt, RA, and FGF-2 [190].  As a ventralization factor, SHH 

influences neural patterning (D-V axis) in forebrain, midbrain, and hindbrain [214].  SHH 

activation plus Wnt inhibition results in the generation of ventral telencephalic cells [195], while 

SHH inhibition leads to the generation of dorsal telencephalic progenitors and helps cortical 

tissue development [196].  On the contrary, Wnt activation enriches neural progenitor 

populations from posterior (P) hindbrain/spinal cord and is used for deriving motor neurons, 

while low Wnt signaling is required for generating anterior (A) forebrain neurons (affecting A-P 

axis) [63,65,145].  Recent advancements in organogenesis of hPSCs demonstrate the importance 

of understanding neural patterning factors in 3-D culture [22,24,68].  Our study enriched cortical 

neurons with dorsal telencephalic origin under SHH inhibition and motor neurons under SHH 
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activation in the presence of caudalization factors (e.g., RA, Wnt activation by CHIR99021) in 3-

D EB-based differentiation.  In future, using 3-D differentiation systems that provide gradients of 

various patterning factors should be able to further promote the coordination of regional 

specification and neuronal subtypes of human brain tissues.   

Moreover, dynamic remodeling of extracellular matrices (ECMs) during hiPSC neural 

differentiation is essential to construct 3-D brain- like tissues with appropriate structure 

[22,210,215].  ECM composition and remodeling, i.e., a balance of ECM secretion and 

degradation, not only affect cell adhesion sites but also influence signaling pathways that control 

stem cell fate and tissue development [216,217].  In particular, MMPs are crucial proteins during 

ECM remodeling process [217,218].  The activities of MMPs influence neural progenitor cell 

proliferation, migration, and lineage commitment [208–211], and were suggested to play a role 

in long-term brain memory [219,220]. Therefore, understanding dynamic cell-matrix interactions 

and differential response of neuronal subtypes to MMP inhibition is important to regulate neural 

tissue development and understand neurological disease pathology.  From our results, MMP-2/-9 

inhibitors affected the migration and proliferation of motor neurons but had less effect on cortical 

excitatory neurons in short-term treatment (5 days).  MMP-2/-9 mainly degrade type IV collagen 

and endogenous MMP-9 has been shown to promote the differentiation and migration of 

embryonic or adult neural progenitors [208,221].  The differential cellular responses to MMP-2/-

9 inhibitors indicate that the role of MMP-2/-9 may be neuronal subtype-dependent.  It is also 

noted that this study used Geltrex as the substrate. Fully understanding the relationship between 

cells and the ECM proteins may need further study on the effects of different ECM substrates on 

the cellular responses to MMP inhibitors [18,222].  
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The diversity of human brain cell subtypes results in the selective cell death or 

region/circuit-specific dysfunctions in a variety of neurological diseases [9,223].  However, 

numerous neuronal subtypes, complicated cellular interactions, and diverse genetic background 

of the patients pose a difficulty for drug development and disease modeling.  In this regard, 

hiPSC-based neural models, particularly 3-D neural constructs that provide in vivo-like cell-cell 

interactions in human brain, may provide a novel platform to understand differential responses of 

various neuronal populations in a physiologically relevant testing environment [147,149]. So, 

characterization of cell population and cellular responses in 3-D cultures along brain tissue 

development should advance the development of hiPSC-based neural models.  

 NMDA-induced excitotoxicity represents a possible mechanism in the pathogenesis of 

ischemic brain tissue [206] as well as neurodegenerative conditions (e.g., Alzheimer’s disease) 

[224].  Overexposure to NDMA may over activate NDMA receptor and lead to neuronal cell 

death.  In our study, different neuronal subtypes showed similar responses to NMDA-induced 

neurotoxicity as well as carbenoxolone treatment, which is in line with previous reports showing 

that NDMA exposure has general influence on the neuronal cells of central nervous system [206].  

Modeling Alzheimer’s disease (AD) using hPSC-derived cortical neurons has emerged as 

a promising tool to understand disease progression and to screen therapeutic drugs [15,82]. The 

ability of hPSC-derived cortical neurons to model AD has been illustrated using patient-specific 

hiPSC lines mostly in 2-D cultures [15,82].  For example, hiPSC-derived neurons from AD 

patients (two familial and one sporadic) demonstrated the elevated levels of A 40, phosphor-tau 

and active GSK-γ  [15].  In another study, extracellular A 4β increased with the decrease in 

intracellular A 4β in familial AD-derived cells compared to the healthy neural cells [82].  

Differential response to decosahexaenoic acid (DHA) for neural cells derived from hiPSCs of 
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different AD patients indicated that DHA treatment may be used for a subset of patients [82].  

Previously, 3-D cultures of hiPSC-derived neural progenitors have been shown to better 

recapitulate AD pathology and display higher levels of co- localization of debrin and F-actin than 

2-D cultures [191], but this model did not demonstrate differential cellular behaviors of various 

neuronal subtypes.  Here our study found that A  (1-42) oligomers caused more detrimental 

effects on 3-D cultures mostly comprised of cortical excitatory neurons than those of motor 

neurons.  Further validation for our 3-D neural cultures using hiPSCs derived from patient with 

neurological diseases needs to be performed in future. The potential of 3-D neural models with 

multiple neuronal subtypes derived from hiPSCs would benefit the identification of therapeutic 

drugs for the treatment of neurological diseases that only affect specific types of neural cells 

[186]. 

4.5. Conclusions 

This study indicates that cortical glutamatergic neurons and motor neurons can be 

generated by tuning sonic hedgehog signaling along with other factors in Wnt and RA signaling 

based on 3-D EB formation from hiPSCs.  The differential response of neuronal subtypes to 

different biomolecules reveals the importance of physiologically relevance of the neural culture 

models for neurotoxicity and neuropathological study.  This study has implications in 

establishing 3-D models for neurological disease modeling and drug discovery. 
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Table 4.1. A list of antibodies of neural patterning 

Cells Primary 

Antibody 

Origin/ Isotype Supplier/ Cat# Dilution 

Neural 

progenitor 

Nestin Rabbit IgG Sigma, N5413 1:100 

 Pax6 Mouse IgG1 Santa Cruz, sc-81649 1:100 

Neuron -tubulin III Mouse IgG1 Millipore, MAB1637 1:200 

Cortical 
neuron 

TBR1 Rabbit IgG ABCAM, ab31940 1:200 

 BRN2 Goat IgG Santa Cruz, sc-6029 1:200 

 Glutamate Rabbit IgG Sigma, G6642 1:1000 

Motor neuron Lim3 Rabbit IgG Millipore, AB3202 1:200 

 Islet-1 Rabbit IgG Millipore, AB4326 1:300 

 HB9 Goat IgG Santa Cruz, sc-22542 1:100 

Synaptic 
marker 

Synapsin I Rabbit IgG Millipore, 574777 1:500 

 PSD95 Rabbit IgG Life Technologies, 51-
6900 

1:200 

Others GABA Rabbit IgG Sigma, A2052 1:1000 

 GFAP Mouse IgG1 Millipore, MAB360 1:400 

 Amyloid β 42 Rabbit IgG ABCAM, ab10148 1:200 

Secondary  Alexa 488, goat 
anti-mouse IgG1 

- Life Technologies, 
A-21121 

1:200 

 Alexa 594, goat 

anti-rabbit IgG 

- Life Technologies, 

A-11012 

1:400 

 Alexa 594, 
donkey anti-goat 
IgG 

- Life Technologies,  
A-11058 

1:400 

 

Table 4.2. Primer sequence for target genes of neural patterning 

Gene Forward primer 5' to 3' Reverse primer 5' to 3' 

TBR1 TGCGCACCCACTCATTTTATT GGTCGGTGAGCTAATTGCAGA 

HOXB4 AATTCCTTCTCCAGCTCCAAGA CCTGGATGCGCAAAGTTCA 

vGluT1 CCCCAATTCCTCGCACTTTAT GGGAAGGATCCCAGATTTTGA 

MNX1 (HB9) TGAAACTTGAAACCGCCTCTG AGCAGTTTGAACGCTCGTGAC 

-actin GTACTCCGTGTGGATCGGCG AAGCATTTGCGGTGGACGATGG 
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Figure 4.1. Embryoid body (EB) formation from hiPSK3 cells grown in different media.   
The EBs were formed in DMEM/F-12 plus 2% B27 medium. Phase contrast images are shown 

for different EB morphology for different media.  mTeSR condition supported robust EB 
formation.  Scale bar: 200 m.   
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Figure 4.2. Neural ectoderm induction from hiPSK3 cells through EB formation.  (A) 
Schematic illustration of different methods of neural ectoderm induction during day 0-8. (B) 
Comparison of RA/FGF-2 and LDN/SB methods. (i) and (ii) show the phase contrast images of 

neural spheres and neural outgrowth, and fluorescent images of neural marker expression. (i) 
RA/FGF-2 induction. (ii) LDN/SB induction. Scale barμ 100 m. (iii) Representative flow 

cytometry histograms of Nestin and -tubulin III expression; (iv) Neural marker (Nestin and -
tubulin III) expression at day 15 of differentiation in suspension quantified by flow cytometry.  * 
and ** indicate p < 0.05. 
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Figure 4.3. Neural tissue patterning from hiPSK3-derived EBs using cyclopamine or 

purmorphamine. (A) Schematic illustration of different neural patterning conditions during day 
8-15 (or 16). (B) Characterizations of the derived neuronal cells at day 20. (i) Representative 
fluorescent images of Nestin/Pax6/Hoechst and -tubulin III ( -tub III)/Hoechst. Scale bar: 100 

m. (ii) Quantification of Nestin, Pax6, and -tubulin III expression; (C) Characterizations of the 
derived neuronal cells at day 35. (i) Representative fluorescent images of Glutamate/ -tubulin 

III/Hoechst, Lim3/ -tubulin III/Hoechst, and HB9/Hoechst. Scale barμ 100 m. (ii) 
Quantification of -tubulin III, Glutamate, Lim3, and HB9 expression. * p < 0.05. 
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Figure 4.4. Characterizations of neuronal cells derived from hiPSK3 cells for patterning 

markers.  (A) (i) Patterning markers (day 35). Representative fluorescent images of TBR1 (red, 
a deep layer VI cortical marker)/Hoechst (blue) and ISL1 (red, a motor neuron marker)/ -tubulin 
III (green)/Hoechst (blue). Scale barμ 100 m.  (ii) Quantification of TBR1 and Islet-1 (ISL1) 

expression.  (B) (i) RT-PCR analysis for HOXB4 (hindbrain/spinal cord), HB9 (motor neuron), 
TBR1 (cortical glutamatergic neuron), and vGlut1 (cortical glutamatergic neuron) expression in 

day 35 cells (reference: day 21 control cells). (ii) RT-PCR analysis for TBR1 and vGlut1 
expression in day 45 cells (reference: day 45 Purmo cells). * p < 0.05. 
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Figure 4.5.  RT-PCR analysis of day 35 vs. day 21 differentiation of neural cells for the 

control group. (i) HOXB4 and HB9 expression; (ii) TBR1 and vGlut1 expression. *p-value < 
0.05. 

 

 

 

Figure 4.6.  Further improvement of motor neuron differentiation. The use of CHIR99021 

(Wnt activator) to enhance motor neuron differentiation. (i) Representative fluorescent images of 
ISL1 (red)/ -tubulin III (green)/Hoechst (blue) and HB9 (red)/Hoechst (blue). (ii) Quantification 
of ISL1 and HB9 expression. No GFs: no factors was used during day 8-16; -CHIR: 

Purmorphamine/FGF-2/RA (same as the Purmo group); +CHIR: Purmorphamine/ FGF-
2/RA/CHIR.  *p-value < 0.05. 
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Figure 4.7. Long-term characterizations of neuronal cells derived from hiPSK3 cells. Long-
term characterizations of the derived neuronal cells were performed at day 55. (A) 
Representative fluorescent images of Glutamate (red)/ -tubulin III (green)/Hoechst (blue), ISL1 

(red)/ -tubulin III (green)/Hoechst (blue), HB9 (red)/Hoechst (blue), and synapsin I (red)/ -
tubulin III (green)/Hoechst (blue). (i) Cyclopamine group; (ii) Purmorphamine group. Scale bar: 

100 m. (B) Quantification of -tubulin III, Glutamate, ISL1, and HB9 expression. * p < 0.05. 

 

 

 

 

         



104 

 

                             

Figure 4.8. Additional cell characterizations. (A) Representative fluorescent images are shown 

for the expression of a superficial cortical layer II-IV marker BRN2 (red)/Hoechst (blue) (day 
42). (B) Representative fluorescent images are shown for GABA (red)/ -tubulin III 
(green)/Hoechst (blue) and GFAP (green)/Hoechst (blue) expression (day 45 cells from the 

Cyclo group). Scale barμ 100 m. 

 

                      

Figure 4.9. Synaptic marker expression and additional electrophysiology of the neural cells 

derived from hiPSK3 cells. (A) Synaptic markers (day 35). Representative fluorescent images 
of Synapsin I (red)/ -tubulin III (green)/Hoechst (blue) and PSD95 (red)/ -tubulin III 

(green)/Hoechst (blue). Scale barμ 100 m.  (B) (i) Patch clamp recordings on the derived 
neuronal cells (day 35 of differentiation, Cyclopamine group) showing the generation of Na+ and 

K+ currents. (ii) Patch clamp recordings on the derived neuronal cells (day 35 of differentiation, 
Cyclopamine group) showing the firing of action potential.  
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Figure 4.10. Electrophysiology of neuronal cells derived from hiPSK3 cells.  (A) Patch clamp 
recordings on the neuronal outgrowth of the replated aggregates (day 50 of differentiation, 

Purmorphamine group) showing the generation of Na+ and K+ currents. (i) Phase contrast image 
of patch clamp recordings; Scale bar: 50 m. (ii) fast- inactivating Na+ currents followed by long-
lasting outward K+ currents; (iii) I-V curve for Na currents; (iv) I-V curve for K currents. (B) 

Patch clamp recordings on the neuronal cells (day 30 of differentiation, Purmorphamine group) 
showing the firing of action potential and spontaneous excitatory post-synaptic currents (sEPSC). 

(i) Phase contrast image of patch clamp recordings; Scale bar: 50 m. (ii) action potentials in 
response to depolarizing current injections, as well as at the end of hyperpolarizing current 
injections (“rebound” action potentials); (iii) spontaneous excitatory post-synaptic currents.  
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Figure 4.11. The influences of matrix metalloproteinase (MMP)-2 and -9 inhibitors on 

neuronal cells derived from hiPSK3 cells. (A) Phase contrast images showing the neuronal 
outgrowth when the cells (day 45) were treated with different MMP inhibitors. Arrows point to 

the neurites.  Scale barμ β00 m. (B) Effect of MMP inhibition on day 20 cells. (C) Effect of 
MMP inhibition on day 45 cells.  Purmo: purmophamine group; Cyclo: cyclopamine group. *p-

value < 0.05.  non: no MMP inhibitor. ARP100: MMP-2 inhibitor; SB-3CT: MMP-2/MMP-9 
inhibitor.  
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Figure 4.12. N-methyl-D-aspartate (NMDA)-induced neurotoxicity and the influence of 

carbenoxolone treatment.  (A) NMDA-induced neurotoxicity. (i) MTT activity, (ii) reactive 

oxygen species (ROS) expression, and (iii) caspase expression. (B) The influence of 
carbenoxolone treatment on NMDA-induced neurotoxicity.  (i) MTT activity, (ii) ROS 
expression, and (iii) caspase expression. * and ** indicate p-value < 0.05. 
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Figure 4.13. Aβ(1-42) oligomer-induced cellular responses in neuronal cells derived from 

human iPSK3 cells.  The day γ5 cells were treated with A (1-42) oligomer (1 or 5 M) for 
three days. (A) (i) LIVE/DEAD images. Greenμ live cellsν Redμ dead cells. Scale barμ 100 mν 
(ii) Cell viability.  (B) Cellular responses: (i) MTT activity, (ii) reactive oxygen species (ROS), 
and (iii) caspase expression.  Purmo: purmophamine group; Cyclo: cyclopamine group. Control: 

No growth factors.  *p-value < 0.05. 
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Figure 4.14. Aβ(1-42) oligomer-induced synaptic activity and the effects of GSK-3β 
inhibitor.  (A) Treatment with A (1-42) oligomer reduced the expression of synapsin I and 

glutamate of day 35 neuronal cells.  (i) glutamate (red)/ -tubulin III (green) expression; (ii) 
synapsin I (red)/ -tubulin III (green) expression. Scale barμ 100 mν Purmoμ purmophamine 

group; Cyclo: cyclopamine group. Control: No growth factors (No GFs).  (B) A (1-42) 
oligomer- induced cellular response in the presence of GSK-γ  inhibitor CHIR990β1 (CH).  The 
day 46 neural cells were treated with A (1-42) oligomer (A , 1 M) for 48 hours in the presence 
of CH at 1 or 10 M.  (i) MTT activity, (ii) ROS expression, and (iii) caspase expression. A -
CH-μ no A  or CH was addedν A -CH+(10 M)μ no A  but had 10 M CHν A +(1 M)CH-: 

with 1 M A  but no CHν A +(1 M)CH+(1 M)μ with 1 M A  and 1 M CHν A +(1 
M)CH+(10 M)μ with 1 M A  and 10 M CH. *p-value < 0.05. 
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Figure 4.15. Expression of amyloid β (Aβ) 42 on the day 42 cells (the Cyclo group).  The 
cells were treated with different concentrations (0, 1, and 5 M) of A (1-42) oligomers for three 
days.  Representative fluorescent images are shown for A 4β/ -tubulin III/Hoechst. Scale bar: 

100 m.  
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CHAPTER 5 

DERIVATION OF CORTICAL ORGANOIDS FROM HUMAN INDUCED 

PLURIPOTENT STEM CELLS IN A SUSPENSION BIOREACTOR 

5.1 Introduction 

Recapitulating neural development and pathology in a 3-D human brain tissue model is 

critical for studying disease progression and screening drugs for the treatment of neurological 

diseases such as Alzheimer's disease [4,10,149,225].  Human cerebral cortex is different from 

that of the rodent due to the significantly increased size, complexity and the increase in layer 

diversity and neuronal cell types [226].  Recently, in vitro 3-D neural cell cultures have been 

investigated to mimic forebrain cortical tissue [10,192]. However, these 3-D models were 

established using adult human neural stem cells and restricted access to human brain tissues 

limits the distribution of such models.  hiPSCs have great potential to generate allogeneic or 

patient-specific cortical cells, tissues, and “mini-brains” (also known as brain organoids) that are 

physiologically relevant to model neurological diseases [9,15,19,20,82,147,227].  While some 

disease progression (e.g., amyloid-  plaques) may take years, in vitro cortical organoids derived 

from hiPSCs can be used to probe early stages of disease on-set and to identify pharmacological 

therapeutics [82].  For example, amyloid  (A )-secreting neurons derived from hiPSCs have 

been used to screen anti-A  drugs and evaluate A - induced toxicity [9,187,188].  Compared to 

2-D culture models, 3-D cortical neural culture models were shown to promote neuronal 

maturation and better recapitulate neurological disease pathology[10,191]. Therefore, hiPSC-

derived cortical organoids provide valuable forebrain- like tissue models with human genetic 
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background for neurological disease modeling, drug screening, and studying virus infection (e.g., 

Zika virus) [228]. 

A dynamic spinner bioreactor culture enhances diffusion in neural progenitor cells (NPC) 

spheres derived from hiPSCs and allows further growth and maturation of large size aggregates 

(up to 4 mm in diameter) [19,228]. While the ultimate solution to generate large size of forebrain 

tissues needs the vascularization of the constructs [149,229], bioreactor culture provides an 

immediate and simple approach for the human PSC (hPSC)-derived aggregate development into 

mini-tissues through enhanced diffusion [230]. The suspension-based stirred bioreactor is simple, 

scalable, and has the potential to generate a large quantity of cortical organoids for downstream 

applications in drug screening and disease modeling. Generation of stem cell spheroids or 

organoids in a suspension bioreactor has been demonstrated for mesenchymal stem cells, hPSC-

derived cardiac cells, and hPSC-derived NPCs [230–233].  The size of stem cell aggregates can 

be regulated by agitation speed/shear stress, which indirectly affects the diffusion of 

biomolecules [234–236]. Collectively, the simple setup of suspension bioreactor allows us to 

delineate the complex biological problems involved in cortical tissue development from hPSCs.  

But the influence of suspension bioreactors on brain tissue structure has not been well explored.   

 The objective of this study is to investigate the effect of dynamic bioreactor culture on 

the formation of cortical organoids from hiPSCs.  Current systems have derived cortical cells or 

spheroids from hPSCs in static cultures [4,70]. How dynamic bioreactor culture impacts the 

development of cortical tissues from hPSCs remains unclear.  In addition, current methods to 

derive cortical organoids from hPSCs involve long-term culture (up to 140 days).  It would be 

advantageous if the developmental time is shortened by modulating the culture system.  In this 

study, it is hypothesized that cortical tissue development from hiPSCs may be accelerated by the 
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dynamic culture due to enhanced diffusion of patterning factors.  So this study compared the 

aggregate formation from hiPSCs, neural patterning marker expression, and the expression of 

cortical layer-specific genes in a spinner bioreactor and a static culture.  To evaluate the temporal 

effect of bioreactor culture, the inoculation with single hiPSC suspension and pre-formed 

embryoid bodies (EBs) were investigated.  The outcome of this study should provide the 

knowledge on cortical tissue development from hPSCs and a transformative platform to generate 

cortical organoids for disease modeling, drug screening, and possibly cell therapy.   

5.2 Materials and Methods 

5.2.1. Undifferentiated human iPSC culture  

Human iPSK3 cells were derived from human foreskin fibroblasts transfected with 

plasmid DNA encoding reprogramming factors OCT4, NANOG, SOX2 and LIN28 (kindly 

provided by Dr. Stephen Duncan, Medical College of Wisconsin, and Dr. David Gilbert, 

Department of Biological Sciences of Florida State University) [113,114]. Human iPSK3 cells 

were maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver, 

Canada) on 6-well plates coated with growth factor reduced Geltrex (Life Technologies).  The 

cells were passaged by Accutase dissociation every 5-6 days and seeded at 1×106 cells per well 

of 6-well plate in the presence of 10 M Yβ76γβ (Sigma) for the first β4 hours [72].  

5.2.2. Neural differentiation and cortical organoid formation from hiPSCs in static culture  

 For neural differentiation in static culture, human iPSK3 cells were seeded into Ultra-

Low Attachment (ULA) 24-well plates (Corning Incorporated, Corning, NY) at 4.0-4.5×105 cells 

per well in 1 mL of differentiation medium composed of Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F-12) plus 2% B27 serum-free supplement (Life 

Technologies) [237].  Yβ76γβ (10 M) was added during the seeding and removed after β4 
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hours.  At day 1, the cells formed EBs and were treated with no growth factor or with dual 

SMAD signaling inhibitorsμ 10 M SB431542 (Sigma) and 100 nM LDN193189 (Sigma).  After 

7 days, the cells were treated with cyclopamine (1 M) and fibroblast growth factor (FGF)-2 (10 

ng/mL) until day 14.  The suspension cultures were maintained for 7 days in short-term study or 

for 21-71 days in long-term study.  For immunocytochemistry characterizations, the aggregates 

were replated onto Geltrex-coated surface for 5-7 days.   

5.2.3. Preparation of spinner bioreactors 

 A 50 mL glass spinner bioreactor (Wheaton, #356875) was used for studying NPC 

differentiation and neural tissue patterning from hiPSCs.  Prior to the inoculation, the vessel was 

immersed with 2 mL Sigmacote (Sigma, #SL2) overnight to avoid cell attachment on the glass 

surface.  Then the vessel was dried at room temperature.  The spinner bioreactor was autoclaved 

at 121oC for 20 min before using.  Wheaton Micro-Stir platform (Wheaton, #W900701-A) was 

used for bioreactor culture.  The Micro-Stir platform allows for the control of agitation speed and 

the pattern (e.g., intermittent agitation with different cycles).  The Micro-Stir platform was put 

into a 37oC, 5% CO2 incubator prior to setting up bioreactor culture (Figure 5.1).   

5.2.4. Neural induction and cortical organoid formation from hiPSCs in bioreactor culture  

 The bioreactor was inoculated with day 0 undifferentiated hiPSK3 single cell suspension 

in the presence of Y27632 or day 8 EBs, in parallel to static control.  For undifferentiated cells, 

the seeding density was 4.0-4.5×105 cells/mL.  For EB inoculation, the EBs formed with the 

equivalent cell density to static culture were put in the bioreactor.  The working volume of the 

bioreactor was 15 mL.  After single cell inoculation, the bioreactor was agitated at an 

intermittent mode (15 min-on, 15 min-off cycle for 12 hours) at 80 rpm.  After that, a constant 

agitation (100 rpm) was maintained until the harvest time (day 7-67 in bioreactor).  For EB 
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inoculation, the bioreactor was agitated at a constant speed (100 rpm) until the harvest time.  

Complete medium change was performed every 3-4 days.  During the culture time, samples were 

taken to monitor aggregate size distribution, glucose consumption and lactate production.  The 

cell numbers were determined at the harvest time by counting a 2 mL aggregate sample.  The 

harvested aggregates were either replated to Geltrex-coated surface for another 4-7 days for 

immunocytochemistry, flow cytometry, or RT-PCR analysis, or kept in low attachment plates 

(up to a total of 71-day culture) for confocal microcopy analysis.   

5.2.5. Immunocytochemistry 

Briefly, the samples were fixed with 4% paraformaldehyde (PFA) and permeabilized with 

0.2-0.5% Triton X-100 for intracellular markers.  The samples were then blocked and incubated 

with various mouse or rabbit primary antibodies. After washing, the cells were incubated with 

the corresponding secondary antibody: Alexa Fluor® 488 goat anti-Mouse IgG or Alexa Fluor® 

594 goat anti-Rabbit IgG (Life Technologies).  The samples were stained with Hoechst 33342 

and visualized using a fluorescent microscope (Olympus IX70, Melville, NY) or a confocal 

microscope (Zeiss LSM 880).  The proportion of positive cells was calculated based on the area 

of marker of interest normalized to the nuclei using ImageJ analysis, indicating the relative 

expression among different conditions. 

5.2.6. Flow cytometry 

To quantify the levels of various markers expression, the cells from the bioreactor and 

static control were harvested by trypsinization and analyzed by flow cytometry. Briefly, 1×106 

cells per sample were fixed with 4% PFA and washed with staining buffer (2% FBS in PBS).  

The cells were permeabilized with 100% cold methanol for intracellular markers, blocked, and 

then incubated with primary antibodies against Nestin, PAX6, -tubulin III, or SATB2 followed 
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by the corresponding secondary antibody.  The cells were acquired with BD FACSCanto™ II 

flow cytometer (Becton Dickinson) and analyzed against isotype controls using FlowJo software. 

5.2.7. Reverse transcription polymerase chain reaction (RT-PCR) 

Total RNA was isolated from neural cell samples using the RNeasy Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol followed by the treatment of DNA-Free 

RNA Kit (Zymo, Irvine, CA).  Reverse transcription was carried out using 2 mg of total RNA, 

anchored oligo-dT primers (Operon, Huntsville, AL), and Superscript III (Invitrogen, Carlsbad, 

CA) (according to the protocol of the manufacturer).  Primers specific for target genes were 

designed using the software Oligo Explorer 1.2 (Genelink, Hawthorne, NY; Table 5.1).  The 

gene -actin was used as an endogenous control for normalization of expression levels.  Real-

time RT-PCR reactions were performed on an ABI7500 instrument (Applied Biosystems, Foster 

City, CA), using SYBR1 Green PCR Master Mix (Applied Biosystems).  The amplification 

reactions were performed as follows: 2 min at 50oC, 10 min at 95oC, and 40 cycles of 95oC for 

15 sec and 55oC for 30 sec, and 68oC for 30 sec.  Fold variation in gene expression was 

quantified by means of the comparative Ct method: 2− �� ����� � � −�� � �� , which is based on 

the comparison of expression of the target gene (normalized to the endogenous control -actin) 

between the bioreactor samples and the static controls.  

5.2.8. Statistical analysis 

To assess the statistical significance of the experimental results, Student’s t-test was 

performed on the measurements from three replicates of bioreactor and static samples.  The 

results were expressed as [mean ± standard deviation].  A p-value <0.05 was considered 

statistically significant. 
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5.3 Results 

5.3.1. Short-term bioreactor culture for no growth factor induction and LDN/SB induction 

 Neural differentiation of hiPSK3 cells in the bioreactor was first evaluated for 7 days 

using neural medium without any growth factor, inoculated with single hiPSK3 cell suspension 

(Figure 5.1).  At day 1, bioreactor condition had larger EB-like aggregates than static condition, 

and with the culture time, the aggregate size in both conditions increased (Figure 5.1B).  The 

static condition had larger aggregates by day 7 than the bioreactor condition, probably due to the 

merge of aggregates since the bioreactor reduced the frequency of EB merging due to agitation.  

The size distribution of aggregates was analyzed through image analysis (Figure 5.1C).  By day 

7, the average diameter was 301±67 µm for bioreactor condition and 394±100 µm for static 

condition.  Lower lactate (mol)/glucose (mol) ratio was observed for bioreactor culture than 

static culture (1.70±0.01 vs. 1.94±0.08) (Table 5.2).  The harvested cell density (day 7) was 

comparable for the two conditions (1.13-1.26 ×106 cells/mL) (Table 5.3).  The aggregates were 

harvested and replated for another 7 days.  The expression of Nestin and PAX6 was similar for 

both conditions (Figure 5.1D, 5.1E).  The cells also expressed patterning marker TBR1 (a 

forebrain layer VI cortical marker) and HOXB4 (a hindbrain/spinal cord marker) (Figure 5.1E).  

RT-PCR analysis for HOXB4, HB9 (motor neuron marker), TBR1, and vGluT1 (a glutamatergic 

neuron marker) showed higher TBR1 expression and lower vGluT1 expression for bioreactor 

culture than static culture (Figure 5.1F).  The expression of HOXB4 and HB9 were comparable. 

 Then the neural differentiation was induced using LDN193189 and SB431542 for 7 days, 

inoculated with single cell suspension (Figure 5.2).  Similarly, at day 1, bioreactor condition had 

larger size of aggregates than static condition.  With the time, the aggregate size increased and 

the static condition had larger aggregates by day 7 than bioreactor condition (274±122 µm vs. 



118 

 

416±164 µm) (Figure 5.2A).  The lactate (mol)/glucose (mol) ratio for bioreactor culture was 

lower than static culture (1.58±0.21 vs. 2.10±0.17) (Table 5.2) and the harvested cell density 

(day 7) was comparable (0.81-0.85 ×106 cells/mL) (Table 5.3).  The harvested aggregates were 

replated for neural marker analysis (Figure 5.2B).  The cells expressed patterning markers of 

Nestin, PAX6, TBR1 and HOXB4, as well as more mature neural markers -tubulin III (Figure 

5.2C).  The quantification results showed higher PAX6 and TBR1 expression for bioreactor 

culture than static culture, but no difference in Nestin and HOXB4 expression was observed 

(Figure 5.2B).  The expression of -tubulin III was also comparable (41-46%) (Figure 5.2C). 

These results indicate that bioreactor culture may alter the expression of forebrain patterning 

markers.  

5.3.2. Long-term bioreactor culture for single cell inoculation  

 Prolonged neural differentiation to generate cortical spheroids was then performed for 21 

days in the bioreactor in the presence of LDN193189 and SB431542 (Figure 5.3A).  With the 

increased culture time, the aggregate size increased, and the bioreactor condition had larger 

aggregates than static condition after day 10 (Figure 5.3B, 5.3C).  By day 21, the average 

diameter was 1047±174 µm for bioreactor condition and 803±167 µm for static condition.  The 

harvested cell density (day 21) was 1.24±0.06×106 cells/mL for bioreactor culture and 

1.38±0.02×106 cells/mL for static culture (Table 5.3).  The structure of cortical spheroids (day 

21) was evaluated by confocal microscopy (Figure 5.4Ai).  The expression of TBR1 was 

observed in the spheroids, but the expression of SATB2 (a marker for superficial cortical II-IV 

layer) was minimal.  The aggregates also expressed HOXB4 and -tubulin III.  The expression of 

pre-synaptic marker synapsin I and post-synaptic marker PSD95 was observed (day 28) (Figure 

5.4Aii).  RT-PCR analysis showed higher HOXB4 and TBR1 expression but lower vGluT1 
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expression for bioreactor culture than static culture (Figure 5.4B).  Gene expression of matrix 

metalloproteinase (MMP)-2 and -3 was evaluated to show the influence of culture environment 

on matrix remodeling (Figure 5.4C and Figure 5.5).  MMP-2 expression was lower but MMP-3 

expression was higher for bioreactor culture than static culture.  These results demonstrate the 

development of early stage cortical spheroids from hiPSCs, and bioreactor culture increased the 

gene expression of HOXB4 and TBR1 and altered MMP-2/-3 expression.  

5.3.3. Long-term bioreactor culture for EB inoculation 

 To evaluate if the exposure to bioreactor culture has temporal effect, the bioreactor was 

inoculated with day 8 EBs after the ectoderm induction by dual SMAD inhibitors (Figure 5.6A).  

With the increased culture time, the aggregate size increased.  The bioreactor condition had 

larger aggregates than static condition probably due to better nutrient diffusion (Figure 5.6B, 

5.6C).  By day 27, the average diameter was 1121±91 µm for bioreactor condition and 997±152 

µm for static condition. The replated spheroids expressed cortical markers of TBR1 and 

glutamate, as well as synaptic markers synapsin I and PSD95 (Figure 5.7A).  HOXB4 expression 

was also visible.  RT-PCR analysis showed higher HOXB4 and TBR1 expression but slightly 

lower vGluT1 expression for bioreactor culture than static culture (Figure 5.7B).  The expression 

of SATB2 (day 32) showed 37% for bioreactor culture and 14% for static culture (Figure 5.7C).  

High expression of -tubulin III (78-92%) was observed for both cultures.  These data indicate 

that bioreactor culture increases the expression of TBR1, SATB2, and HOXB4 at the neural 

patterning stage after day 8 of ectoderm induction.  

5.3.4. Characterization of long-term cortical organoids derived from hiPSCs  

 Long-term culture of cortical organoids in bioreactor inoculated with the pre-formed EBs 

was performed (Figure 5.8).  The structure of cortical organoids was evaluated by confocal 
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microscopy for the expression of TBR1 and SATB2 (Figure 5.8A).  While SATB2 expression 

appeared at day 4γ, no clear layer structure was observed.  The expression of -tubulin III was 

around 88-89% for both cultures (Figure 5.8B), distributed throughout the organoids. The 

expression of SATB2 was 40.1% for bioreactor and 50.6% for static culture at day 44, indicating 

that static culture reached the similar level of SATB2 expression after a longer culture period 

(Figure 5.8B).  Another superficial layer II-IV marker BRN2 (layer III) was observed at day 48 

(Figure 5.8C).  Prolonged culture was performed up to day 71 and the layered cortical structure 

was more visible (Figure 5.8D), with a specific superficial layer of SATB2+ cells formed next to 

the deep layer of TBR1+ cells.  The expression of TBR1 and SATB2/BRN2 at different time 

points demonstrates that the cortical organoids followed “inside-out” developmental pattern of 

human cortex (Figure 5.9).  Moreover, co-localization of BRN2 and BrdU was observed, 

indicating the proliferation capability of superficial layer cells (Figure 5.8E).  By contrast, TBR1 

and BrdU expression was not co-localized, indicating the formation of deep layer cells at the 

early stage of the development prior to the appearance of superficial layer cells [4]. These results 

demonstrate the formation of layer-specific structure of cortical organoids from hiPSCs in a 

long-term culture.   

 Additional characterizations confirmed the expression of cortical markers BRN2 and 

TBR1 (Figure 5.10A).  GABAergic interneurons were also observed based on the expression of 

GABA and vGAT (about 15-20%) (Figure 5.10B).  In addition, mature neuron markers MAP-2 

and tau, the microtubule-associated proteins involved in pathological development of various 

neurological diseases [238], were expressed in the replated organoids (Figure 5.10C).  The cell 

populations also have some astrocytes indicated by the expression of GFAP (Figure 5.10D).  

These data further indicate the cortical tissue properties of the derived organoids.  
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5.4 Discussion 

 Recent developments in recapitulating neurodegenerative diseases and the findings of 

differential susceptibility of different neuronal subtypes demonstrate the critical needs for novel 

in vitro brain- like tissue models for disease modeling and drug screening [20,23,82,186,68]. 

Forebrain cortical neurons, spheroids, and organoids have wide applications in neurological 

disorders including Alzheimer’s disease, microcephaly, brain injury, and stroke etc. [4,228,239].  

Human cortex has six layers with the deep layer VI neurons (TBR1+ early-born neurons) being 

generated first and the superficial layer II-IV neurons (SATB2+ late-born neurons) appearing 

later [196]. To date, derivation of forebrain cortical neurons from hiPSCs in vitro has been 

demonstrated mainly in static 2-D cultures [187], following “inside-out” developmental pattern 

[240].  However, the brain- like tissue models not only need to contain relevant cell populations, 

but also the 3-D organization of appropriate structure.   

The forebrain- like 3-D cortical tissue development from hPSCs has been investigated to 

show the possibility of reconstructing human brain tissue in vitro in static culture environment 

[179,70,196].  Comparison of 3-D aggregate-based neural differentiation with 2-D monolayer 

differentiation showed that aggregate-based neural differentiation resulted in higher MAP-2+ 

cells (93% vs. 45% at day 40) [241]. Using serum-free floating embryoid body- like quick 

aggregates method, multilayer structures were derived from hiPSCs with lower and upper 

cortical layer fates in dorsal forebrain [179].  Genomics study showed that the derived 3-D 

structure was correlated to the brain development at 4-10 postconceptional weeks [179].  

 Despite rapid development of in vitro generation of 3-D mini-brain or organoid models 

from hPSCs, the size and the complexity of the neural structures are limited by the culture 

systems and inadequate supply of nutrients and oxygen [242]. Bioreactors can enhance the 
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diffusion of biomolecules and patterning factors and were used for generating large size of 

organoids in a couple of studies  [19,228], but the exact role of bioreactor system in brain 

organoid development remains unknown.  Our study indicates that bioreactor culture promotes 

the expression of TBR1 (a forebrain cortical layer marker) and HOXB4 (a hindbrain/spinal cord 

marker), affecting neural tissue patterning in brain organoids derived from hiPSCs.  

It was thought that the effect of bioreactor culture on cortical tissue development was bi-

phasic based on our results.  On one hand, the dynamic culture environment exposes  shear stress 

to the surface of the aggregates which causes signal transduction of mechanical forces, leading to 

the activation of intracellular pathways such as Wnt [235,236], which may contribute to the 

upregulation of HOXB4 [145]. On the other hand, the dynamic culture environment enhances the 

diffusion of neural patterning factors (e.g., cyclopamine), nutrients, and oxygen and promotes 

cortical tissue development [243,244], which may contribute to the upregulation of TBR1.  

Based on the geometry of the bioreactor used in this study, the estimated maximum shear stress 

is 2.3-3.4 dyne/cm2 [245]. Shear stress in bioreactors alters the kinetics of ligand-receptor 

binding and changes the frequency of cell collision, which may also lead to altered cell 

phenotype [234,246]. The fluidic pattern in a spinner bioreactor shows the maximum flow 

velocity at the edge of the impeller, and the lowest flow velocity in the center under the impeller 

based on our computational fluidic dynamics (CFD) analysis (Figure 5.11) [247], which 

contributes to the heterogeneity of aggregate size.  These differences in culture environment may 

collectively contribute to the difference of cortical tissue development from hiPSCs between the 

bioreactor culture and static culture.  

 The bioreactor culture of day 8 pre-formed EBs also showed the elevated gene expression 

of HOXB4 and TBR1, indicating that the temporal exposure to dynamic culture environment is 
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important during neural patterning stage (day 8-15) rather than neural ectoderm induction stage 

(day 0-7).  Neural patterning stage involves multiple signaling pathways to modulate the regional 

specificity of brain tissue along anterior-posterior (A-P) axis and dorsal-ventral (D-V) axis 

[24,65].  It was thought that the gradients of signaling molecules during neural patterning play a 

critical role in spatially defining the neuronal subtypes in the 3-D neural spheroids/organoids 

[24].  In particular, bioreactor culture alters the concentration gradients inside the aggregates and 

thus exerts differential impact on neural patterning from hPSCs compared to static culture.   

Besides the bulk fluid dynamic environment, it was thought that the interstitial flow (0.1-

1.0 dyne/cm2) inside the aggregates may play an important role in tissue morphogenesis and 

development [248]. The parenchymal cells of brain are surrounded by interstitial fluid [249]. 

Regulation of the fluid composition and volume is achieved by the barriers between central 

nervous system and blood.  The interstitial space is usually occupied by ECMs, which determine 

the resistance to fluid flow.  Therefore, interstitial flow is very s low and generates low levels of 

shear stress.  Besides enhancing nutrient diffusion, the interstitial flow affects ECM deposition 

and cytokine production from the cells.  Shear stress at interstitial levels (0.135 dyne/cm2) on 

MSCs was found to increase the nuclear localization of transcriptional coactivator with PDZ-

binding motif (TAZ) [250], an effector protein and signaling mediator of mechanotransduction 

along with Yes-associated protein [251,252]. Consequently, the interstitial flow stimulates 

osteogenic differentiation of MSCs through Rho activation [250].   

Based on the knowledge of interstitial flow, it is speculated that stirred agitation in a 

spinner bioreactor may provide interstitial flow inside the aggregates that is felt by the cells and 

promotes nutrient diffusion in our study.  The embryonic stem cell (ESC) aggregate porosity (or 

void space) is estimated to be about 0.26-0.48 [244,253]. If the aggregate surface experience 3-
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15 dyne/cm2, the flow penetration into the aggregates (tissue- like structure) would be at 

interstitial level (0.1-0.2 dyne/cm2) due to the resistance from ECMs among the cells in the 

aggregates.  It is possible that the interstitial flow inside the aggregates of bioreactor culture 

contributes to the alter expression of neural patterning makers (TBR1 and HOXB4) observed in 

this study.  

The results from this study indicate that MMP-2 and MMP-3 expression can be altered by 

the culture system.  MMP-2 expression was slightly decreased while MMP-3 expression was 

increased in bioreactor culture compared to static culture.  MMP-2, also known as gelatinase A, 

mainly degrades type IV collagen, the most abundant basement membrane protein [209].  MMP-

3, also known as stromelysin-1, degrades collagen types II, III, IV, IX, and X, proteoglycans, 

fibronectin, laminin, and elastin.  MMP-3 is also an activator for pro-MMP-9 which regulates 

MMP-9 activity [215].  MMP-3 deficiency has been shown to result in the delayed granule cell 

radial migration and disturbance in synaptogenesis in Purk inje cells of cerebellar cortex 

[210,215]. Our study demonstrates the effect of dynamic culture on forebrain- like cortical tissue 

development from hiPSCs by temporally modulating ECM remodeling proteins.  The dynamic 

culture of ESC aggregates has been shown to modulate the ECM (e.g., laminin) and growth 

factor (e.g., bone morphogenetic protein-4) expression pattern compared to static culture, during 

the development of mesodermal lineages [109]. The ECMs in brain tissues consist of basement 

membrane proteins (e.g., laminin, fibronectin, collagen IV, and heparan sulphate proteoglycans), 

perineuronal nets (e.g., hyaluronic acid, chrodroitin sulphate proteoglycans), and interstitial 

matrix (e.g., laminin, tenascin R) [18,219].  Investigation of ECM remodeling and composition 

affected by the culture systems may reveal the mechanisms of brain tissue memory and 

neurological disease progression, which needs further study.  



125 

 

5.5 Conclusions 

This study indicates that bioreactor culture alters the expression of neural patterning 

markers during the cortical organoid formation from hiPSCs compared to static culture.  The 

results demonstrate the importance of culture environment in cortical tissue development from 

hiPSCs during the establishment of in vitro 3-D brain- like tissue models.  This study has 

significance in deriving brain organoids from hPSCs for disease modeling and drug discovery.   
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Table 5.1. Primer sequence for target genes of bioreactor study. 

Gene Forward primer 5' to 3' Reverse primer 5' to 3' 

TBR1 CCCCCTCGTCTTTCTCTTACC TAATGTGGAGGCCGAGACTTG 

HOXB4 AATTCCTTCTCCAGCTCCAAGA CCTGGATGCGCAAAGTTCA 

vGluT1 CCCCAATTCCTCGCACTTTAT GGGAAGGATCCCAGATTTTGA 

MNX1 (HB9) GCACCAGTTCAAGCTCAACA TTTGCTGCGTTTCCATTTC 

MMP2 CATCGCTCAGATCCGTGGTG GCATCAATCTTTTCCGGGAGC 

MMP3 CCATCTCTTCCTTCAGGCGT ATGCCTCTTGGGTATCCAGC 

Beta-actin GTACTCCGTGTGGATCGGCG AAGCATTTGCGGTGGACGATGG 

 

Table 5.2. The ratio of lactate production to glucose consumption.  

Neural Induction 

method 

No growth factor LDN/SB induction 

Time Bioreactor Static  Bioreactor Static  

Day 1 1.61 2.03 1.32 1.89 
Day 3 1.71 1.96 1.60 2.05 
Day 5 1.71 1.87 1.58 2.18 

Day 7 1.69 1.88 1.83 2.28 
Average 1.70±0.01a 1.94±0.08 a 1.58±0.21b 2.10±0.17 b 
a indicates statistical difference (p-value < 0.05) between bioreactor and static cultures for no 

growth factor method.   
b indicates statistical difference (p-value < 0.05) between bioreactor and static cultures for 

LDN/SB induction method.   
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Table 5.3. Harvested cell density of the bioreactor and static cultures. 

Neural Induction 

method 

No growth factor LDN/SB induction 

Parameters Bioreactor Static  Bioreactor Static  

Day 0 Seeding 

density (cells/mL) 
 

0.42±0.02×106 0.42±0.02×106 0.40±0.01×106 0.40±0.01×106 

Day 7, Harvesting 

density (cells/mL) 

1.13±0.04×106 1.26±0.04×106 0.81±0.03×106 0.85±0.02×106 

 

Day 0 Seeding 
density (cells/mL) 
 

- - 0.40±0.02×106 0.40±0.02×106 

Day 21 harvesting 
density (cells/mL) 

- - 1.24±0.06×106 1.38±0.02×106 
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Figure 5.1.  Short-term bioreactor culture for no growth factor induction.  (A) The setup of 

bioreactor culture.  (B) Phase contrast images of aggregates from bioreactor culture and static 
culture over 7 days.  Scale barμ β00 m. (C) Aggregate size distribution of bioreactor culture and 
static culture. (D) Expression of Pax6 and Nestin (day 14).  (E) Representative fluorescent 
images of Pax6, Nestin, TBR1 and HOXB4.  Scale barμ 100 m. (F) RT-PCR analysis of gene 
expression of TBR1, vGlut1, HOXB4 and HB9. *p-value < 0.05. 
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Figure 5.2.  Short-term bioreactor culture for LDN/SB induction.  (A) Characterization of 

aggregate kinetics. (i) Phase contrast images of aggregates from bioreactor culture and static 
culture over 7 days.  Scale barμ β00 m. (ii) Aggregate size distribution of bioreactor culture and 
static culture. The day 7 aggregates from bioreactor culture and static culture were replated and 
characterized (day 14).  (B) Representative fluorescent images of Pax6 and Nestin (i), and the 
neural patterning markers TBR1 and HOXB4 (ii).  Scale barμ 100 m.  (C) Quantification of 

neural marker expression.  (D) (i) Representative fluorescent images of -tubulin III.  Scale bar: 
100 m.  (ii) Representative flow cytometry histogram for -tubulin III.  *p-value < 0.05. 

 

 

 

 

 



130 

 

 

Figure 5.3. Long-term bioreactor culture for single cell inoculation---aggregate 

characterization.  (A) Schematic illustration of cortical spheroid development from hiPSK3 
cells in a bioreactor culture, inoculated with single undifferentiated hiPSK3 cells.  (B) Phase 

contrast images of aggregates from bioreactor culture and static culture over 21 days.  Scale bar: 
β00 m. (C) Aggregate size distribution of bioreactor culture and static culture.  
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Figure 5.4.  Long-term bioreactor culture for single cell inoculation---neural differentiation 

characterization.  The day 21 aggregates from bioreactor culture and static culture were 

harvested and characterized.  (A) (i) Confocal images of TBR1(red)/SATB2(green)/Hoechst(blue) 
expression and HOXB4(red)/ -tubulin III(green)/Hoechst(blue) expression in the spheroids (day 

β5) derived from bioreactor culture and static culture. Scale barμ β00 m.  The aggregates were 
replated for another 7 days for synaptic marker expression. (ii) The expression of pre-synaptic 
marker Synapsin I (SYN I) and post-synaptic marker PSD95 (day β8).  Scale barμ 100 m.  (B) 
RT-PCR analysis of gene expression of TBR1, vGlut1, HOXB4 and HB9 (day 21).  (C) RT-PCR 
analysis of gene expression of MMP2 and MMP3 (day 21). *p-value < 0.05. 
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Figure 5.5. RT-PCR analysis of gene expression of MMP2 and MMP3 (day 14) for short-

term bioreactor culture.  The gene expression for bioreactor samples was normalized to the 

expression of static samples.  *p-value < 0.05. 
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Figure 5.6.  Long-term bioreactor culture for EB inoculation---aggregate characterizations.  

(A) Schematic illustration of cortical spheroid development from hiPSK3 cells in a bioreactor 
culture, inoculated with day 8 EBs.  (B) Phase contrast images of aggregates from bioreactor 

culture and static culture over β7 days.  Scale barμ 400 m. (C) Aggregate size distribution of 
bioreactor culture and static culture. 
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Figure 5.7.  Long-term bioreactor culture for EB inoculation---neural differentiation 

characterization.  The day 27 aggregates from bioreactor and static cultures were replated and 
characterized.   (A) Representative fluorescent images of TBR1, HOXB4, glutamate, and the 

expression of pre-synaptic marker synapsin I and post-synaptic marker PSD95 (day 32).  Scale 
barμ 100 m.  (B) RT-PCR analysis of gene expression of TBR1, vGlut1, HOXB4 and HB9 (day 

γβ).  (C) Representative flow cytometry histograms for SATBβ and -tubulin III (day 30). *p-
value < 0.05. 
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Figure 5.8.  Layer-specific structural characterizations of long-term cortical spheroids 

derived from hiPSCs.  (A) Confocal images of TBR1/SATB2/Hoechst expression in the 

spheroids (day 43) derived from bioreactor culture and static culture.  (B) Representative flow 
cytometry histogram for SATBβ and -tubulin III (day 44).  (C) Confocal images of spheroids 
with cortical layer-specific markers (TBR1-layer VI, BRN2-layer III, and SATB2-layer IV at 

day 48).  (i) BRN2/TBR1/Hoechst; (ii) BRN2/SATB2/Hoechst. (D) Confocal images of 
spheroids with cortical layer-specific markers (TBR1 and SATB2 at day 71); (i) Bioreactor 

culture; (ii) Static culture.  (E) Confocal images of spheroids with localization of BrdU 
expression and cortical layer-specific markers (TBR1 and BRN2 at day 70). (i) 
BRNβ/BrdU/Hoechstν (ii) TBR1/BrdU/Hoechst. Scale barμ 100 m.   
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Figure 5.9.  Schematic illustration of cortical layer development in the cortical organoids 

derived from hiPSCs. (A) Cortical layers and regional-specific markers; (B) Marker expression 
during cortical tissue development from hiPSCs.  
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Figure 5.10.  Additional phenotypic characterizations of long-term cortical organoids 

derived from hiPSCs.  The day 35 aggregates from bioreactor culture and static culture were 
replated and characterized (day 40). (A) cortical layer markers TBR1 and BRN2, (i) 
Representative fluorescent images; (ii) quantitative expression. (B) GABAergic neuron markers 

GABA and vGAT, (i) Representative fluorescent images; (ii) quantitative expression. (C) the 
expression of MAP-β and tauν (D) the expression of astrocyte marker GFAP.  Scale barμ 100 m. 
*p-value < 0.05. 
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Figure 5.11.  Computational fluid dynamics (CFD) in the spinner bioreactor showing the 

distribution of the velocity profile and shear stress.  (A) Mesh for fluid domain; (B) Velocity 
magnitude contour plots at 100 rpm; (i) yz plane; (ii) xz plane;  (C) Shear stress magnitude 

contour plots at 100 rpm; (i) yz plane; (ii) xz plane.  
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CHAPTER 6 

3-D CORTICAL ORGANOID FROM HUMAN PATIENT-SPECIFIC 

INDUCED PLURIPOTENT STEM CELLS FOR MODELING 

ALZHEIMER’S DISEASE 

6.1 Introduction 

Restriction of the access to human brain tissues requires alternative approach to study 

human brain.  Human pluripotent stem cells (hPSCs), including human embryonic stem cells 

(hESCs) and human induced pluripotent stem cells (hiPSCs), emerge as a promising source to 

construct human brain tissue in vitro to study neurological diseases [4,5,19].  For example, the 

forebrain- like cortical tissues, spheroids, and organoids derived from hPSCs have been 

investigated recently in 3-D cultures [70,196].  Compared to 2-D cultures, 3-D neural cultures 

promote neuronal maturation and regional specification, better mimicking human brain 

structures [10,254,255].  The cortical neural cells have shown the potential in modeling 

Alzheimer’s disease (AD) [9,13].  Recently, several studies have utilized 3-D neural cultures to 

investigate Alzheimer’s disease and other neurological disorders [256].  For example, a human 

neural stem cell-derived 3-D culture was evaluated as a potential in vitro AD model [10].  Upon 

overexpression of familial Alzheimer’s disease mutations in amyloid precursor protein and 

presenilin-1 (PS1), this 3-D culture showed amyloid  (A ) aggregation and recapitulated several 

A  and tau- induced pathology.  Moreover, 3-D neurospheres were formed in concave microwells 

using prenatal rat cortical neurons and exhibited A - induced toxicity [192].  Using hiPSC-

derived neural progenitors, the 3-D neural cultures in hydrogels showed higher levels of co-

localization of debrin and F-actin than 2-D cultures, better recapitulating AD pathology [254].  
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However, this 3-D culture model lacks complex human cortical structures and cannot show 

differential cellular responses of various neuronal subtypes.   

To understand the influence of genetic background of patients in AD progression, AD-

patient specific hiPSCs have been recently studied to model neural degeneration [12,15,188].  In 

one such study, hiPSCs were derived from two familial and two sporadic AD patients [15].  

Neurons from AD patients (two familial and one sporadic) had the elevated levels of A 40 and 

phosphor-tau.  In another study, extracellular A 4β increased along with the decrease in 

intracellular A 4β in familial AD-derived cells compared to the control neural cells [13].  While 

these studies demonstrate the potential of AD patient-specific hiPSCs in understanding neural 

degeneration mechanism in 2-D cultures, the investigations of 3-D cortical organoids from AD 

patient-specific hiPSCs to recapitulate the specific brain regions has been under explored.  

While previous investigations demonstrate the potential of hiPSCs in modeling AD 

[13,15], the 2-D cultures used in these studies cannot fully recapitulate AD-associated 

neuropathology (e.g., demonstration of A  aggregation and deposition).  On the other hand, 

modeling brain tissues with cortical layers was performed using hiPSCs [4,5,70] and the 3-D 

structures that contain polarized glia progenitors and layer-specific cortical neurons were 

generated [4,5].  While these studies demonstrate the feasibility of using hiPSCs to create 3-D 

cortical tissues, the use of these 3-D models to probe AD-associated pathology has not been well 

demonstrated.  This study fills this knowledge gap by using a novel 3-D cortical organoid model 

derived from hiPSCs to recapitulate AD-associated neuropathology.   

The objective of current study is to establish and characterize an AD model using 3-D 

cortical organoids derived from patient-specific hiPSCs with PS1 M146V mutations in 3-D 

culture.  The organoids were characterized for cortical layer phenotypes, neuronal markers, 
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cytotoxicity, and neural degeneration-associated phenotype (amyloid  4β secretion, tau etc.).  

Neural inflammation cytokines including interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-

α) and matrix remodeling proteins were also characterized.  In addition, the cellular responses to 

-secretase inhibitor DAPT, heparin, and heparinase III were investigated.  This study indicates 

that the 3-D cortical organoids derived from hiPSCs of AD patients retain their genetic 

backgrounds and have applications as patient-specific in vitro models for studying AD 

progression and identifying therapeutic target(s).  

6.2 Materials and methods 

6.2.1 Undifferentiated human iPSC culture 

Human iPSK3 cells were derived from human foreskin fibroblasts transfected with 

plasmid DNA encoding reprogramming factors OCT4, NANOG, SOX2 and LIN28 (kindly 

provided by Dr. Stephen Duncan, Medical College of Wisconsin[113,114].  Human iPSK3 cells 

were maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver, 

Canada) on 6-well plates coated with Geltrex (Life Technologies) [72]. The cells were passaged 

by Accutase (Life Technologies, #A1110501) dissociation every 5-6 days and seeded at 1×105 

cells per cm2 in the presence of 10 M Yβ76γβ (Sigma) for the first β4 hours.   

Patient-specific hiPSC with PS1 mutation, the SY-UBH cell line, was derived from the 

fibroblasts of an early-onset AD individual with PS1 M146V mutation (kindly provided by Dr. 

Takahisa Kanekiyo and Dr. Guojun Bu, at Alzheimer’s Disease Research Center, Mayo Clinic, 

Jacksonville, FL).  The SY-UBH cells were maintained in mTeSR serum-free medium on 

Geltrex-coated surface.  The cells were passaged by dispase and mechanical scraping every 

seven days at 1μγ split ratio in the presence of Yβ76γβ (10 M) for the first β4 hours.  For 

experimental set up, additional wells were harvested and dissociated by 0.05% Trypsin/EDTA 
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for cell counting with hemacytometer.  To compare the passaging of different cell lines, SY-

UBH cells were also passaged by Accutase and seeded at 3.0-3.5×105 cells per well of 24-wp in 

1 mL of mTeSR medium. 

6.2.2 Neural differentiation and cortical organoid formation from human iPSCs 

Briefly, human iPSK3 cells or SY-UBH cells were seeded into Ultra-Low Attachment 

(ULA) 24-well plates (Corning Incorporated, Corning, NY) at 3.0-3.5×105 cells per well in 1 mL 

of mTeSR medium and grown for two days.  Yβ76γβ (10 M) was added during the seeding and 

removed after 24 hours.  Then the culture was switched to neural differentiation medium 

composed of Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) plus 2% 

B27 serum-free supplement (Life Technologies) [237].  At day 1 in neural medium, the cells 

were treated with dual SMAD signaling inhibitorsμ 10 M SB4γ154β (Sigma) and 100 nM 

LDN193189 (Sigma).  After 7 days, the cells were incubated with cyclopamine (1 M) and 

fibroblast growth factor (FGF)-2 (10 ng/mL) for another 8 days.  The suspension cultures were 

maintained in FGF-2 until day 22 and matured for up to 71 days in FGF-2 and 5 ng/mL brain-

derived neurotrophic factor (BDNF).  Supernatants were collected for quantitative A 4β ELISA 

and lactate dehydrogenase (LDH) activity assay.  For immunocytochemistry characterizations, 

the aggregates were replated onto Geltrex-coated surface for 5-7 days.  To compare aggregate 

formation, both iPSK3 and SY-UBH cells were seeded in ULA 96-well plates at 1.0×104 cells 

per well in β00 L of mTeSR medium to form aggregates for 2 days and then were induced for 

neural differentiation.  The aggregate size of both cell lines was evaluated at different days. 

6.2.3 Cell number and aggregate size assessment 

 Cell numbers were determined using a hemocytometer after cell trypsinization of the 

aggregates. The images of aggregates were captured over the culture time by a phase contrast 
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microscopy.  The captured images were converted to binary images using ImageJ software 

(http://rsb.info.nih.gov/ij) and analyzed with the “particle analysis tool”.  Through particle 

analysis in ImageJ software, the Feret’s diameter of each aggregate in the images can be 

calculated, which can be used as the average diameter of cell aggregates.   

6.2.4. Biochemical assays: LIVE/DEAD and LDH assay  

Live/Dead® staining kit (Molecular Probes) was used to assess cell viability[164]. 

Immediately after harvesting, the cells were incubated in DMEM-F12 containing 1 M calcein 

AM and 2 M ethidium homodimer I for 30 min.  The samples were then washed and imaged 

under a fluorescent microscope (Olympus IX70, Melville, NY).  Using ImageJ software, the 

staining intensity (red for dead cells and green for live cells) was measured and each value was  

subtracted from the background intensity.  The viability was calculated as the percentage of 

green intensity over total intensity.  

The cytotoxicity of cells was assessed using LDH activity assay kit (Sigma, MAK066). 

Briefly, a total volume of 100 L of spent medium and LDH reaction mixture was mixed well 

and measured the initial absorbance at 450 nm using a microplate reader (Bio-Rad iMarkTM). 

The mixture was incubated at 37 °C and taken measurement every 5 min. The LDH activity was 

calculated through the subtraction of final and initial measurements in comparison to the 

standard curve. 

6.2.5. ELISA assay of Aβ42 

The secreted A 4β was quantified through Human A 4β Quantikine® ELISA kit (R&D, 

DAB14β) according to the manufacturer’s instructions.  Briefly, 100 L per well of samples was 

added to the provided microplate and incubated for 2 hours at 4°C.  The samples were removed 

and the wells were washed after incubation.  Then, β00 L of human A 4β conjugate buffer was 

http://rsb.info.nih.gov/ij


144 

 

added to each well and incubated for ano ther β hours at 4°C.  After the washing, β00 L of 

substrate solution was added to each well and incubated for 30 min at room temperature.  And 50 

L of stop solution was then added to each well.  The absorbance was measured at 450 nm using 

a microplate reader with wavelength correction at 540 nm or 570 nm. 

6.2.6 Immunocytochemistry 

Briefly, the samples were fixed with 4% paraformaldehyde (PFA) and permeabilized with 

0.2-0.5% Triton X-100 for intracellular markers.  The samples were then blocked and incubated 

with various mouse or rabbit primary antibodies (Table 6.1).  After washing, the cells were 

incubated with the corresponding secondary antibody: Alexa Fluor® 488 goat anti-Mouse IgG or 

Alexa Fluor® 594 goat anti-Rabbit IgG (Life Technologies).  The samples were stained with 

Hoechst γγγ4β and visualized using a fluorescent microscope (Olympus IX70, Melville, NY) or 

a confocal microscope (Zeiss LSM 880).  The proportion of positive cells was calculated based 

on the area of marker of interest normalized to the nuclei using ImageJ analysis, indicating the 

relative expression among different conditions. 

6.2.7 Flow cytometry 

To quantify the levels of various marker expressions, the cell aggregates were harvested 

by trypsinization and analyzed by flow cytometry.  Briefly, 1×106 cells per sample were fixed 

with 4% PFA and washed with staining buffer (2% FBS in PBS).  The cells were permeabilized 

with 100% cold methanol for intracellular markers, blocked, and then incubated with primary 

antibodies against A 4β, total tau, or SATB2 followed by the corresponding secondary antibody 

(Table 6.1).  The cells were acquired with BD FACSCanto™ II flow cytometer (Becton 

Dickinson) and analyzed against isotype controls using FlowJo software. 
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6.2.8 Reverse transcription polymerase chain reaction (RT-PCR) 

Total RNA was isolated from neural cell samples using the RNeasy Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol followed by the treatment of DNA-Free 

RNA Kit (Zymo, Irvine, CA).  Reverse transcription was carried out using 2 mg of total RNA, 

anchored oligo-dT primers (Operon, Huntsville, AL), and Superscript III (Invitrogen, Carlsbad, 

CA) (according to the protocol of the manufacturer).  Primers specific for target genes were 

designed using the software Oligo Explorer 1.2 (Genelink, Hawthorne, NY; Table 6.2).  The 

gene -actin was used as an endogenous control for normalization of expression levels.  Real-

time RT-PCR reactions were performed on an ABI7500 instrument (Applied Biosystems, Foster 

City, CA), using SYBR1 Green PCR Master Mix (Applied Biosystems).  The amplification 

reactions were performed as follows: 2 min at 50oC, 10 min at 95oC, and 40 cycles of 95oC for 

15 sec and 55oC for 30 sec, and 68oC for 30 sec.  Fold variation in gene expression was 

quantified by means of the comparative Ct method: 2− �� ����� � � −�� � �� , which is based on 

the comparison of expression of the target gene (normalized to the endogenous control -actin) 

between the iPSK3 and SY-UBH samples.  

6.2.9. Treatment with DAPT, heparin, and heparinase 

The day 35 organoids from iPSK3 and SY-UBH groups were seeded into ULA 96-well 

plates and one organoid with comparable size was seeded in each well.  The cultures were 

treated with different moleculesμ (1) 5 M DAPT (a -secretase inhibitor) (Sigma, D5942); (2) 

100 Units/mL heparin (Sigma, H3149), which binds heparan sulfate proteoglycans to reduce 

A 42 uptake; or (3) 0.05 Units/mL heparinase III (Sigma, H8891), which degrades heparan 

sulfate proteoglycans, for 72 hours, respectively.  The culture without treatment was used as the 

control.  The treated samples were evaluated by immunocytochemistry (A 42, glutamate, 
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GABA, TBR1, and BRN2) and Live/Dead assay.  The culture supernatants were collected for 

LDH activity assay. 

6.2.10, Statistical analysis 

To assess the statistical significance of the experimental results, Student’s t-test was 

performed on the measurements from three replicates of the samples.  The results were expressed 

as [mean ± standard deviation].  A p-value <0.05 was considered statistically significant. 

6.3 Results 

6.3.1 Generation of cortical organoids using patient-derived iPSC line with PS1 mutation 

 The patient-derived iPSC line with PS1 mutation exhibited the property of pluripotency, 

demonstrated by the high expression of pluripotent markers Oct-4 and Nanog (Figure 6.1A).  

Cortical organoids of both human iPSC lines were derived using previous developed protocol 

(Figure 6.2A) [237].  To better form cell aggregates, the post-passaged cells were initially 

maintained in mTeSR medium for two days, and the aggregates were incubated with neural 

differentiation medium.  For cortical organoid generation, the pre-formed cell aggregates were 

induced by dual SMAD inhibitors and the cortical patterning was tuned by the inhibition of sonic 

hedgehog signaling.  The cell aggregates were maintained up to 70 days in the differentiation 

medium in the presence of BDNF and FGF-2.  The neural sphere formation of iPSK3 and SY-

UBH lines was compared. The iPSK3 group showed a better aggregate formation, as the average 

aggregates size was much larger than the aggregates size of SY-UBH cell lines for each time 

point (Figure 6.2B). For instance, diameter of iPS Kγ cell aggregates was about 700 m at day 

12, while the aggregate size for SY-UBH cells was about 500 m (Figure 6.2C). And for day 65, 

the aggregate size of both groups increased to 1500 m for iPSKγ cells and 900 m for SY-UBH 

cells.  The aggregates were harvested and analyzed for neural markers expression.  For day 15, 
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the SY-UBH aggregates showed positive expression of neural markers Nestin and Pax6 (Figure 

6.1B).  RT-PCR analysis of TBR1 (a cortical layer VI marker) and vGluT1 (a glutamatergic 

neuron marker) showed that the expression was comparable at day 17 for both iPSK3 and SY-

UBH groups, while at day 28 iPSK3 group had a much higher TBR1 expression (Figure 6.2D).  

At day 70, the structure of cortical organoids was evaluated by confocal microscopy for the 

expression of TBR1 and SATB2 (a marker for superficial cortical II-IV layer) (Figure 6.2E).  A 

clear layer separation was observed for iPSK3 group, whereas TBR1 layer and SATB2 layer had 

no clear separation for SY-UBH group.  These results indicate that hiPSC genetic background 

could impact the cortical tissue development in vitro. 

 The cortical organoids were also characterized at day 28, day 42 and day 54 for 

additional neuronal and synaptic markers (Figure 6.3).  At day 28, the deeper cortical layer VI 

marker TBR1 and another superficial layer II-IV marker BRN2 (layer III) were observed for 

both cell lines. The expression of glutamate (Glut) (a glutamatergic neuron marker) and GABA 

(a GABAergic neuron marker) showed the presence of two main forebrain neuronal subtypes: 

glutamatergic and GABAergic neurons. The synapse-related markers pre-synaptic marker 

synapsin I and post-synaptic marker PSD95 were observed at day 28 and day 42. Presence of 

GFAP expression, an astrocyte marker, was also observed. The quantitative expression for Glut, 

GABA, TBR1 and BRN2 was comparable for both iPSK3 and SY-UBH groups at day 28.  When 

comparing day 28 and day 42 samples for SY-UBH group, the relative proportion of positive 

cells of different neuronal markers increased with culture time, showing the development of 

cortical tissues.  
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6.3.2. Characterization of AD-associated pathology 

 The AD-associated marker expression was also evaluated for day 28 and day 42 (Figure 

6.4). At day 28, the SY-UBH group displayed the expression of tau (a microtubule protein), 

A 4β (amyloid aa1-42) and p-tau (phosphorylated tau protein) (Figure 6.4A).  However, the 

expression of A 4β and p-tau were low for iPSK3 group (Figure 6.4B).  The expression of 

markers tau, A 4β and p-tau were also observed for SY-UBH samples at day 42 (Figure 6.4C).  

For the quantitative data, both SY-UBH and iPSK3 groups showed a similar level for tau protein 

expression (65.5% for SY-UBH and 73.3% for iPSK3), while SY-UBH group dramatically 

upregulated the expression of A 4β (6β.0% vs. 49.4% for SY-UBH vs iPSK3) (Figure 6.4D).  

For SY-UBH group, the relative proportion of positive cells of tau, A 4β and p-tau increased 

from day 28 to day 42 (Figure 6.4C).  

 Live/Dead assay indicates that the day 35 SY-UBH organoids had some cell death, while 

for the iPSK3 group nearly no cell death was observed (Figure 6.5A). The LDH activity of the 

supernatant from culture media indicated the cytotoxicity of SY-UBH group dramatically 

increased from day 8 to day 26, whereas for iPSK3, the LDH levels fluctuated in a small range 

(Figure 6.5B).  Besides, the cellular expression of A 4β for SY-UBH group showed a higher 

level than the expression for iPSK3 group from confocal images (Figure 6.5C). The extracellular 

level of A 4β measured by ELISA was compared at day 8 and day 25 for SY-UBH and iPSK3 

groups, while the A 4β secretion was significantly elevated for SY-UBH group at day 48 (Figure 

6.5D).  These data demonstrate that SY-UBH derived cortical organoids could partially 

recapitulate the AD-related phenotype. 
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6.3.3. AD-associated inflammation response and ECM change 

Another important event occurred in the pathogenesis of AD is inflammation response, 

which may cause dysfunction of neurons. To evaluate the neuro- inflammation process of the 

established AD model, the expression of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-

α) was analyzed. IL-6 and TNF-α for SY-UBH group were expressed at a much higher level than 

those of iPSK3 group at day 17 and day 28 (Figure 6.6A), indicating that AD-associated genetic 

background upregulates the expression of pro-inflammatory factors IL-6 and TNF-α.  

Next, the expression of ECM protein and remodeling proteins was analyzed, including 

matrix metalloproteinase (MMP), e.g., MMP2 and MMP3, and syndecan-3, a transmembrane 

heparan sulfate proteoglycan (HSPG) which mediates both cell spreading and neurite outgrowth 

[257]. The results showed that MMP2 and MMP3 expression was lower for SY-UBH samples 

than the corresponding data for iPSK3 group, especially at day 17 and day 35 (Figure 6.6B).  For 

syndecan-3 expression, SY-UBH condition resulted in an increased level at day 28, comparing 

with iPSK3 group.  These data demonstrate differential expression of MMPs and HSPGs 

(syndecan-3) in 3-D cortical organoids of healthy and AD-specific hiPSCs, suggesting their 

possible role in modulating neural degeneration. 

6.3.4. Treatment of AD models with drugs 

 The day 35 cortical organoids derived from the two cell lines were treated with different 

drugs, heparin, heparinase III, and DAPT for three days. Studies have showed that heparin could 

attenuate the A  plaque induced cytotoxicity and inflammatory response [258]. In this study, the 

treatment of heparin and heparinase III could slightly decrease cell death and LDH activity for 

SY-UBH group, while there was no change in viability for iPSK3 group (Figure 6.7). DAPT is 

the inhibitor of -secretase and could block the amyloid precursor protein (APP) cleavage and 
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A 4β generation [10,15]. In this study, DAPT improved cell survival of SY-UBH, as the cell 

viability of SY-UBH was comparable with the viability for iPSK3 group after the treatment of 

DAPT (Figure 6.7). In addition, the LDH activity was dramatically decreased after DAPT 

treatment for SY-UBH group.  The expression of neuronal and AD-related markers, including 

Glut, GABA, -tubulin III, BRNβ, TBR1 and a 4β, was assessed for the treatment of the drugs. 

The level of A 4β for SY-UBH group was reduced from 66.2% to 50.7% with the treatment of 

DAPT (Figure 6.8). The portion of GABA positive cells slightly decreased (Glutamate positive 

cells increased) and TBR1 expression was slightly lower for SY-UBH group with DAPT 

treatment. For heparin and haparinase III, the treatments slightly reduced A 4β level and 

impacted on neuronal markers (lower GABA, higher Glut, and lower TBR1 with heparin 

treatment) expression for SY-UBH group (Figure 6.9). These findings demonstrate that heparin 

and heparinase III may counteract A  impairment to neurons through blocking the binding of A  

peptides.  

6.4 Discussion 

As an age-progressive disease, the mechanism of AD pathology is usually difficult to 

investigate partially due to the lack of proper brain models. An efficient and robust approach for 

modeling AD would largely accelerate our steps in uncovering the disease’s mechanism. In 

current work, an AD model using hiPSC-derived 3D organoids was established and applied to 

investigate AD phenotype, neuro-inflammation, ECM remodeling and drug screening  

To date, hiPSCs have provided us a useful tool for in vitro neurological disease modeling 

[19,228,259]. Several groups have derived specific neural cells to model some AD-related events 

using iPSCs from sporadic or familiar AD patients [10,15,81–83]. Although these AD model 

systems could partially reflect AD-associated pathology in some aspects, most of the studies 
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utilized simple 2D cultures, which are lack of the interstitial compartments and specific 

architecture of human brain tissue. The recently developed 3D scaffold-free method, meaning 

organoid or spheroid, has been used to model diseases, e.g., microcephaly and Zika virus 

infection [19,228], as organoids contain ordered structure with cell-ECM interactions and 

represent partial components of human tissues or organs [20]. Only a few studies has showed the 

feasibility of organoid technology in modeling AD phenotypes and drug screening for AD 

[255,256]. The effects of AD-associated gene mutation on neural patterning from hiPSCs and 

AD phenotype have not been well investigated. In our study, cortical organoids from AD-patient 

derived iPSCs with PS1 mutation were generated to recapitulate the disease’s pathology. First, 

our data demonstrated the difference of cortical organoid formation between healthy and AD 

hiPSCs. Comparing with the healthy organoids, AD derived cortical organoids may induce 

imbalanced Glutamatergic and GABAergic neurons, the main neuronal subtypes constituting 

human cortex. The generated cortical organoids from healthy cell line had a clear boundary 

between the TBR1+ cells and SATB2+ cell layers, while the separation of deep and superficial 

cortical laminates was unclear for AD cell line. These findings indicate that AD pathology may 

impact the composition of the cortical organoids, suggesting the alterations of nervous tissue 

during AD progression.  

The current work could partially recapitulate some aspects of AD pathology including 

A 4β aggregation, abnormal phosphorylation of tau protein and neural cell death. A significantly 

higher level of both cell-bound A 4β and secreted A 4β in culture media from AD organoids 

culture was observed compared to healthy control. An increased expression of p-tau through 

immunostaining was also detected, which was time-dependent.  The sequential emergence of 

amyloid aggregation and hyper-phosphorylated tau remains unclear [46,47], and our model 
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didn’t display a distinct timeline on which event occur. Moreover, our study demonstrated 

significant cell death and high level of LDH activity in culture media for AD organoids group, 

indicating the AD-induced toxicity to the cells.  

AD progression is a complex process involving in no only the three hallmarks of 

pathology but also other episodes, such as synaptic dysfunction, neuroinflammation, gliosis, 

DNA damage, U1 tangles, ECM remodeling and etc. [260,258,50]. In this study, the synaptic 

activities were examined through staining of synaptic markers and no clear difference between 

AD organoids and control samples was detected. A further study would employ 

electrophysiological microscopy to test the electrical activities and synaptic connections in our 

model. Also, the inflammatory responses and ECM-associated proteins expression were 

evaluated using our AD model. AD-derived organoids increased the gene expression levels of 

cytokines such as IL-6 and TNF-α.  In AD, A  plaques could potentiate the secretion of IL-6 and 

TNF-α by IL-1 -activated astrocytoma cells and lipopolysaccharide-(LPS) stimulated astrocytes 

[261–264], which impair microglia and surrounding neural cells, possibly aggravate tau 

pathology and finally result in neurodegeneration and neuron loss [50,49]. These increased 

expression of IL-6 and TNF-α and the existence of astrocytes in AD organoids could partially 

interpret the observations of toxicity and neural cell death in our study.  

In human central nervous system, ECM constitutes the essential physical structures for 

neural cells and provides diverse biochemical signals for neurogenesis, cell migration, 

differentiation and synaptic plasticity. The AD-associated activities could trigger inflammatory 

responses and modulate the expression of ECM molecules and MMPs, which may result in 

dysfunction of synapse and neuron loss [22–25]. For instance, previous works demonstrated an 

increased level of some ECM components, e.g., collagen IV, perlecan and fibronectin in brain 
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samples of AD patients [26].  However, these events and how ECM being involved in AD 

pathology were not fully investigated in hPSC-based AD models. 

In this study, AD organoids changed the expression of MMP2, MMP3 and syndecan-3, 

comparing with the control healthy samples. MMP2 plays important role in neurogenesis, 

remodeling of the basal lamina, and regeneration of axons [265,266], and MMP3 facilitates 

synaptic remodeling and degrades A  components [42,43]. Syndecan-3, a protein of HSPG 

family which mediates cell spreading, neurite outgrowth and inflammation process [267–269],  

has been associated with amyloid plaques formation [270,271].  The differences of MMPs and 

Syndecan-3 level between AD organoids and healthy control suggested that AD-induced toxicity 

could be triggered through changes of ECM compositions and remodeling.  

In AD research, pharmacological testing and candidate drug targets screening usually use 

primary cultures and animal models and no reliable drugs have been successfully developed for 

AD therapeutics, as studies done in these systems could not be easily transferred to clinical work 

[56]. HiPSCs-derived AD models have become a promising approach  to evaluate potential drugs 

[187,255].  In our work, the established AD model was applied for drug development with 

treatments of different compounds including DAPT, heparin and heparinase III. The AD patient 

cell line in our study loaded PS1 M146V mutations, which could cause abnormal translation of 

-secretase and stimulate the generation of amyloid plaques [272–277]. Thus modulation of -

secretase activity becomes one of the drug targets for AD therapeutics. Our results showed that 

DAPT treatment inhibited endogenous aggregation of A 4β and thus led to a lower cell toxicity 

and higher cell survival. Another potential therapeutic candidate in AD is heparin, which exhibits 

anti- inflammatory effects as well as inhibitory effects on HSPGs assembly and thus may 

attenuates cytotoxicity of amyloid plaques [258,278,279]. The result in this study show that 
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heparin slightly decreased A 4β level in cells from AD organoids. Similarly, the effects of 

heparinase III were also insignificant. As a proteinase, heparinase III selectively degrades 

HSPGs from ECM, thereby reduces the binding of pro- inflammatory factors such as IL-8, and 

prevents A -HSPGs interactions [280][281]. Heparinase III was also found to decrease 

intracellular tau protein aggregation [282][283], thus it may also prove as a powerful 

neuroprotective agent in AD. The small differences of heparin and heparinase III treatment may 

contribute to the limited diffusion in 3D organoid system as the specific 3D configuration and 

structure of organoids reduce the exposure of cells to large compounds such as heparin and 

heparinase III [255]. Future work would examine the time- and dose-dependent manners of 

different drugs by comparison of the 3D organoid culture and traditional 2D culture. 

6.5 Conclusion 

In this study, a novel AD model system using hiPSC-derived organoids was developed to 

evaluate AD-induced inflammatory responses, ECM remodeling and assembly, and therapeutic 

drug testing.  Our study represents the few attempts of applying organoid method in modeling 

age-related AD-like pathology and demonstrates the feasibility of using organoid system to study 

neurodegenerative disorders.  The organoid model is an ideal tool to investigate cell-cell 

communication and cell-matrix interactions.  Future work would focus on understanding the 

connections between different cell types such as neurons, microglia, and astrocytes for AD-

induced inflammatory studies.  
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Table 6.1. A list of antibodies of AD model. 

Cells Primary Antibody Origin/ 

Isotype 

Supplier/ Cat# Dilution 

Undifferentia

ted 

Oct-4 Mouse IgG1 Millipore, 

MAB4419 

1:500 

 Nanog Rabbit IgG Millipore, AB9220 1:200 

NPC Nestin Rabbit IgG Sigma, N5413 1:100 

 Pax6 Mouse IgG1 Santa Cruz,  
sc-81649 

1:100 

Cortical 

layers 

TBR1 (layer VI) Rabbit IgG ABCAM, ab31940 1:200 

 SATB2 (layer IV) Mouse IgG1 ABCAM, ab51502 1:5 

 BRN2 (layer III) Goat IgG Santa Cruz, sc-6029 1:200 

Neurons -tubulin III Mouse IgG1 Millipore, 
MAB1637 

1:200 

 Glutamate Rabbit IgG Sigma, G6642 1:1000 

 GABA Rabbit IgG Sigma, A2052 1:1000 

 MAP-2 Rabbit IgG ABCAM, ab32454 1:200 

Pathway Aβ 42 Rabbit IgG ABCAM, ab10148 1:200 

 Tau Mouse IgG1 Sigma, T9450 1:100 

 Phospho-PHF-tau 
pSer202+Thr205 

(AT8) 

Mouse IgG1 Thermal Fisher, 
MN1020 

1:200 

Synaptic 
markers 

Synapsin I Rabbit IgG Millipore, 574777 1:500 

 PSD95 Rabbit IgG Life Technologies, 
51-6900 

1:200 

Astrocytes GFAP Mouse IgG1 Millipore, MAB360 1:400 

Secondary  Alexa 488, goat anti-
mouse IgG1 

- Life Technologies, 
A-21121 

1:200 

 Alexa 488, goat anti-
rabbit IgG 

- Life Technologies, 
A-11008 

1:200 

 Alexa 594, goat anti-

rabbit IgG 

- Life Technologies, 

A-11012 

1:400 

 Alexa 594, donkey 
anti-goat IgG 

- Life Technologies,  
A-11058 

1:400 
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Table 6.2. Primer sequence for target genes of AD model. 

Gene Forward primer 5' to 3' Reverse primer 5' to 3' 

TBR1 CCCCCTCGTCTTTCTCTTACC TAATGTGGAGGCCGAGACTTG 

vGluT1 CCCCAATTCCTCGCACTTTAT GGGAAGGATCCCAGATTTTGA 

MMP2 CATCGCTCAGATCCGTGGTG GCATCAATCTTTTCCGGGAGC 

MMP3 CCATCTCTTCCTTCAGGCGT ATGCCTCTTGGGTATCCAGC 

SDC3 CTGGGAGTTGCCATCTGAGAG CCACGCTGCCTACGAAAAATA 

TNF-a CCTGGGATTCAGGAATGTGTG TGTAGGCCCCAGTGAGTTCTG 

IL-6 ATGAGGAGACTTGCCTGGTGA ATCTGCACAGCTCTGGCTTGT 

-actin GTACTCCGTGTGGATCGGCG AAGCATTTGCGGTGGACGATGG 
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Figure 6.1. Pluripotent and neural markers expression for SY-UBH samples. (A) 

Representative fluorescent images of pluripotent markers: Oct-4 and Nanog. The 
undifferentiated SY-UBH cells were maintained in mTeSR medium for proliferation. The day 7 

samples were harvested and replated on Geltrex-coated plate. After 3 days, cells were stained 
with pluripotent marker Oct-4 and Nanog. The results showed cells had high expression level of 
pluripotent markers, indicating the capacity of self-renewal of the cells. Green: Oct-4, red: 

Nanog, blue: Hoechst 33342. Scale bar: 100 m. (B) Representative fluorescent images of neural 
markers: PAX6, Nestin and MAP2. Scale bar: 100 m. 
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Figure 6.2.  Derivation of cortical spheroids and organoids from hiPSCs.  (A) Schematic 
illustration of cortical organoids generation from hiPSCs.  (B) The average diameter of spheroids 

at different time points for iPSK3 cells and SY-UBH cells. (C) Phase contrast images of 
organoids at day 12 and day 65 for iPSK3 cells and SY-UBH cells.  Scale barμ β00 m. (D) RT-
PCR analysis of gene expression of TBR1 and vGlut1 at day 17 and day 28. (E) Confocal images 

showed the cortical layer structures for samples of day 70 for iPSK3 cells and SY-UBH cells. 
Red: TBR1; green: SATB2; blue: Hoe (Hoechst 33342). Scale barμ β00 m. *p-value < 0.05, 

**p-value < 0.01. 
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Figure 6.3.  Characterization of cortical organoids for neural marker expression.  (A) 
Representative fluorescent images of neural markersμ BRNβ, TBR1, Glutamate (Glut), -tubulin 
III ( -tub), GABAergic (GABA) and synaptic markers Synapsin I (SYN I) and PSD 95, for SY-

UBH and iPSKγ cells at day β8.  Scale barμ 100 m (B) Representative fluorescent images of 
neural markers for SY-UBH cells at day 4β.  Scale barμ 100 m.  (C) Quantification of neural 
markers (GABA, Glutamate, BRN2 and TBR1) expression for SY-UBH and iPSK3 samples at 
day 28. Unpaired two-tailed t-test with equal variance: p = 0.091(Glutamate), p = 0.074 (BRN2).  
(D) Quantification of neural marker expression for SY-UBH samples at day 28 and day 42. 

Unpaired two-tailed t-test with equal variance: **p = 0.008(GABA), *p = 0.035 (Glutamate), p = 
0.052 (BRN2), and *p = 0.019.  *p-value < 0.05, **p-value < 0.01. 
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Figure 6.4.  Characterization of Aβ42 and tau expression.  (A) Representative fluorescent 
images of AD-associated markersμ tau, A 4β, and p-tau for SY-UBH and iPSK3 samples at day 
28.  Scale barμ 100 m.  (B) Fluorescent images of SY-UBH samples at day 42. Scale bar: 100 

m.  (C) Expression of A 4β (6β% vs 49.4%) and tau (65.5% vs 7γ.9%) by flow cytometry. (D) 
Quantification of A 4β and tau expression for SY-UBH and iPSK3 samples at day 28.  (E) 

Quantification of A 4β and tau expression for SY-UBH samples at day 28 and day 42. *p-value 
< 0.05, **p-value < 0.01, *** p-value < 0.001.  
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Figure 6.5.  Characterization of viability, cytotoxicity, and Aβ42 secretion. (A) Live/Dead 
assay for SY-UBH and iPSK3 groups at day 35. Scale barμ β00 m.  (B) LDH activity in culture 
supernatants for SY-UBH and iPSK3 groups at different time points.  (C) Confocal images 
showed intercellular accumulation of A 4β at day 70. Scale barμ β00 m.  (D) The secreted A 4β 
levels in in culture supernatants of for SY-UBH and iPSK3 groups determined by ELISA. **p-

value < 0.001. 
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Figure 6.6.  Gene expression of AD-associated inflammation markers and ECM-associated 

proteins.  RT-PCR analysis of gene expression of TNF-α (A), IL-6 (B), MMP-2 and MMP-3 (C); 
and Syndecan-3 (D) of SY-UBH and iPSK3 groups. *p-value < 0.05. 
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Figure 6.7.  The effect of drug treatment of the derived cortical organoids on cell viability 

and cytotoxicity.  The day 35 organoids from SY-UBH and iPSK3 groups were treated with 
heparin, heparinase III and DAPT for day 3.  (A) Live/Dead assay after the treatment.  Green: 

Liveν redμ Dead. Scale barμ β00 m.  (B) Cell viability after the treatment.  (C) LDH activity after 
the treatment. *p-value < 0.05. 
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Figure 6.8. Treatment of cortical organoids with DAPT. (A) Representative fluorescent 
images of  markersμ Glut, GABA, -tub, BRNβ, TBR1 and A 4β after the treatmen.   Scale bar: 
100 m. (B) Flow histogram showed the expression of A 4β for samples with and without 
DAPT treatment. The day 35 samples were treated with DAPT for 3 days and then collected for 
flow cytometry. (C) Quantification of GABA and Glutamate expression for SY-UBH and iPSK3 

samples with or without DAPT treatment.  (D) Quantification of A 4β, BRNA and TBR1 
expression for samples with or without treatment. *p-value < 0.05.  
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Figure 6.9. Treatment of cortical organoids with Heparin and Heparinase III. (A) 
Representative fluorescent images of markersμ Glut, GABA, -tub, BRN2, TBR1, p-tau and 

A 4β for SY-UBH samples after the treatments.  Scale barμ 100 m. (C) Quantification of A 4β, 
GABA, Glutamate, BRNA and TBR1 expression for samples after the treatments. *p-value < 
0.05.  
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CHAPTER 7 

CONCLUSION  

In current work, we developed a novel AD model system using the cutting-edge neural 

tissue patterning technology, meaning organoid. To establish the model, we divided the study 

into three parts: 1) to evaluate the patterning factors such as ECM and physical cues from matrix 

that influence neural cell derivation from PSCs; 2) to develop the patterning method for the 

cortical neurons generation by tuning SHH and further to derived cortical organoid in a dynamic 

bioreactor; and 3) to apply the organoid system in the establishment of AD models. Each parts of 

the work have smoothly done and advanced our knowledge in understanding neural tissue 

patterning of human PSCs. 

First, we focused on how natural ECM influences on stem cell behavior, especially neural 

patterning, by cultivating PSCs on different acellular ECM scaffolds. In this part, we 

demonstrated that the embryonic niche and the differentiated niche provided by tissue context-

dependent ECMs derived from different PSC aggregates elicited distinct signaling response to 

impact pluripotent stem cell fate.  And the differential expression of various forms of -catenin 

revealed a role of Wnt/ -catenin signaling in the cell-matrix interactions. This knowledge would 

direct our following work for modeling AD using hiPSCs. 

In addition, we employed an auxetic scaffold, which can regulate matrix elasticity and 

Poisson’s ration individually to investigate the stem cell fate by culturing mouse ESCs and huna 

PSCs in the scaffolds. In this project, we observed different aggregate size distribution of stem 

cells between the regular and auxetic scaffolds. When induced for neural differentiation, cells in 

auxetic scaffolds exhibited higher neuronal marker expression compared to the scaffolds before 
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auxetic conversion. Thus, our results showed the important roles of physical cues from matrix, 

which would guide biomaterials design for the applications in AD models.  

Then we developed the neural patterning method to generate forebrain neuronal subtypes 

and cortical tissues, called cortical organoids, by tuning the sonic hedgehog signaling. We first 

indicated that cortical glutamatergic neurons and motor neurons could be generated by 

modulation of sonic hedgehog signaling along with other factors in Wnt and RA signaling based 

on 3D EB formation from hiPSCs. We also demonstrated that the importance of culture 

environment in cortical tissue development from hiPSCs during the establishment of in vitro 3D 

brain- like tissue models, by comparison of static 3D floating culture and dynamic bioreactor 

culture.  Our findings have significance in deriving brain organoids from human PSCs and the 

developed method could be utilized for AD modeling.   

 Lastly, we applied this cortical patterning method to model AD using patient specific 

PSCs cell line, and observed some AD-associated features, including an accumulated A 4β level 

and hyperphosphorylated tau. And the established model could be used to examine AD-induced 

inflammatory activities and ECM remodeling and to evaluate potential drug targets for AD 

treatment in clinic. In a summary, our work demonstrate the capacity of PSCs for modeling AD 

using neural patterning technology and provide a potential approach for AD therapy and drug 

screening. The organoid model is ideal tool to investigate cell-cell communication, cell-matrix 

interactions. Future work would focus on understanding these connections between different cell 

types such as neurons, microglia, astrocytes and even immune cells, especially for AD-induced 

inflammatory studies. And the organoid technology could be combined with other engineering 

tool, e.g., 3D printing and microfluidic device, to develop more complex stem cell niche for in 

vitro disease models.  
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APPENDIX A 

ABBREVIATION 

2D: two dimensional 

3D: three dimentional 

AD: Alzheimer’s disease 

AGG: aggregates 

ALP: alkaline phosphatase 

ALS: amyotrophic lateral sclerosis 

APP: amyloid precursor protein 

Au: auxetic scaffold 

A 4βμ amyloid beta 1-42 

BMP: bone morphogenetic protein 

BrdU: bromodeoxyridine 

CNS: central nervous system 

Cx: carbenoxolone 

Cyclo: cyclopamine 

CytoD: cytochalasin D 

DA: dopaminergic 

DAPI: 4', 6-Diamidino-2-Phenylindole 

DMEMμ dulbecco’s modified eagle’s medium 

DTT: dithiothreitol 

EAA: excitatory amino acid 

EB: embryoid body 

ECM: extracellular matrix 

ESCs: embryonic stem cells 

FADμ familiar Alzheimer’s disease 

FBS: fetal bovine serum 
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FGF2: fibroblast growth factor-2 

FGF8: fibroblast growth factor-8 

GABA: GABAergic 

GSK-3: glycogen synthase kinase-3 

HFIP: hexafluor-2-propanole 

hiPSCs: human induced pluripotent stem cells 

hPSCs: human pluripotent stem cells 

HSPGs: heparan sulfate proteoglycans 

IL-6: interleukin-6 

JNK/SAPK: Jun N-terminal kinase/stress-activated protein kinases 

LC-MS/MS: liquid chromatography-tandem mass spectrometry 

LDH: lactate dehydrogenase 

LIF: leukemia inhibitory factor 

LRP6: low-density-lipoprotein receptor-related protein 

MAPK: mitogen-activated protein kinase 

MMP: matrix metalloprotease 

MSC: mesenchymal stem cell 

NMDA: N-methyl-D-aspartate 

NPC: neural progenitor cell 

NTFs: neurofibrillary tangles 

PBS: phosphate buffered saline 

PFA: paraformaldehyde 

PHF: helical filaments 

PS1: presenilin 1 

PS2: presenilin 2 

PSCs: pluripotent stem cells 

p-tau: phosphorylated tau 

PU: polyurethane 

Purmo: purmorphamine 
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R: regular scaffold 

RA: retinoic acid 

ROCK: Rho-associated kinase 

ROS: reactive oxygen species 

RT-PCR: reverse transcription polymerase chain reaction 

SADμ sporadic Alzheimer’s disease 

SDS: sodium dodecyl sulfate 

SEM: scanning electron microscopy 

SHH: sonic hedgehog  

SR: serum replacement 

TNF-α: tumor necrosis factor-α 

VEGF: vascular endothelial growth factor 
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