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Abstract 

 

Alzheimer’s Disease (AD) is an age-related neurodegenerative disease that does not yet 

have any disease modifying treatments. Because there is a high cost associated with the disease 

and because the prevalence of AD is increasing, the need for new drugs to treat AD is high. 

Many drugs have passed pre-clinical trials only to fail in clinical trials. Most of the pre-clinical 

trials have been conducted on 2D monolayer cell culture and animal models. The failure of these 

drugs in clinical trials indicates that these two kinds of models do not accurately model AD. A 

3D bio printed hydrogel model of AD which uses familial AD (fAD) patient derived human 

induced pluripotent stem cells (hiPSCs) can provide a more accurate model. Here we describe 

the first steps in creating a novel 3D bio printed model of AD using hiPSCs derived from a 

patient with a fAD mutation on the APP gene and a healthy control hiPSCs line. We 3D printed 

ring-shaped constructs 8mm high and 1cm wide containing fAD and healthy patient derived 

hiPSC derived neural progenitor cells (NPC’s). The 3D printed constructs were then 

differentiated for 45 days in a cortical neuron differentiation medium. We have shown that both 

the AD and healthy cell lines are able to produce neurite extensions and stain positive for the 

early neuronal cytoskeleton marker ß tubulin III in our bioink. This indicates that the cells have 

successfully differentiated into neurons within our bioink. We have also observed axonal 

boutons, and dendritic spines on both cell lines and an axonal swelling on an AD neuron which is 

associated with early AD pathology. These findings confirm past work that healthy and diseased 

patient derived hiPSC derived neurons can be differentiated in hydrogel scaffolds. This is 

however, the first time this has been done in 3D printed hydrogel scaffolds. This is also the first 
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time that dendritic spines and axonal swellings have been observed in a 3D hydrogel model of 

AD. 
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Chapter 1: Introduction 

 
1.1 Alzheimer’s Disease: 

 
Alzheimer’s disease (AD) is a neurodegenerative disease that is the most common cause 

of dementia (Prince et al. 2016). AD results in the death of neurons primarily in the hippocampus 

and cortex of the brain, eventually leading to the death of the patient and the distinctive atrophied 

appearance of the brain (DeTure & Dickson, 2019). Dementia is defined as a decline in cognitive 

function that interferes with the normal functioning of the patient. (Chertkow, 2014). Diagnosis 

of AD includes first the diagnosis of dementia and then the diagnosis of probable AD because 

actual diagnosis of AD can only be confirmed with a post-mortem analysis of the patient's brain 

tissue (McKhann, 2011). 

 
AD, a multifactorial disease, has many risk factors including a family history of AD, 

genetics, epigenetics, traumatic brain injury, low level of education, diet, immune system 

dysfunction, and vascular disease (Lindsay, 2002; Armstrong, 2010). AD prevalence increases 

with age, which is the largest risk factor of AD as approximately 3% of people age 65-74, 17% 

of people age 75-84, and 32% of people older than 84 have AD (Alzheimer’s Association, 2019). 

Only 3 % of AD cases are found in people under the age of 65.  The United Nations estimates 

that the proportion of people over the age of 65 will increase to 16% in 2050 from 9% in 2019. 

As the age of the population increases so will the incidence of AD. In 2015 it was estimated that 

46.8 million people have AD worldwide and that by 2030 that number will increase to 74.7 

million (Prince et al. 2016).  The cost associated with AD is also significant. In 2015 this cost 

was estimated to be 818 billion USD. By 2030 this number is expected to reach 2 trillion USD. 
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1.2 Tau and Amyloid Beta 

 
First discovered by Alois Alzheimer in 1906 Amyloid Plaques and Neurofibrillary 

tangles (NFTs) are now accepted as the two major pathological hallmarks of Alzheimer's disease 

(Hippius & Neundörfer, 2003). Amyloid plaques are caused by a buildup of Amyloid Beta (Aß) 

protein. Aẞ was first isolated in 1984 (Glenner, 2012). Aẞ protein is derived from the 

proteolytic processing of amyloid precursor protein (APP)(figure 1)(Chen et al. 2017). APP is a 

transmembrane protein and is a member of the APP protein family which includes APP, amyloid 

precursor-like protein 1 (APLP-1), and amyloid precursor like protein 2 (APLP-2) (Walsh et al. 

2007). There are three isoforms of APP: APP695, APP751, and APP770 (Zhang et al. 2011). 

The Aß region of APP is typically 40 or 42 residues long (Kakuda et al. 2006). APP undergoes 

significant post translational processing and is found in high concentrations in neuronal cells. 

After processing and sorting in the endoplasmic reticulum and trans golgi network (TGN), APP 

is packaged in vesicles and sent to the cell membrane (Toh et al. 2017).  

 
Non-amyloidogenic processing of APP primarily occurs in the outer plasma membrane of 

the cell after the vesicles from the TGN fuse with the membrane exposing the N-terminus of 

APP to the extracellular space (O'Brien & Wong, 2011)(figure 1). APP is cleaved extracellularly 

by the enzyme alpha secretase between the lysine 16 and leucine 17 residues within the Aẞ 

domain thereby preventing Aẞ production during non-amyloidogenic APP processing 

(Anderson et al., 1991). The N terminus of APP, now called secreted APP-alpha (APPsα), is 

released into the extracellular space (Mockett et al., 2017). The C-terminal fragment alpha 

(CTFα) is left within the membrane (Kojro & Fahrenholz, 2005).  CTFα is then cleaved by 

gamma secretase at the end of the Aẞ region into the p3 region and the APP intracellular 
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fragment (AICD). The p3 region is then released into the extracellular space and AICD is 

released intracellularly. 

 
Amyloidogenic APP processing occurs primarily within endosomes and in the TGN, 

though it can also occur on the endoplasmic reticulum and on the cell surface (Choy et al., 2012; 

Zhang & Song, 2013; Cook et al.,1997; Soriano et al., 1999). First, APP is cleaved into secreted 

APP-beta (APPsß) and C-terminal fragment beta (CTFß) by the enzyme beta secretase (BACE-

1)(figure 1). BACE-1 is a single pass transmembrane aspartyl protease that cleaves APP between 

positions 671 and 672 (Sinha et al. 1999; Vassar, 2003).  

 
CTFß is then cleaved by gamma secretase into Aẞ in the place of the p3 fragment and 

into AICD. Variability in gamma secretase cleavage position accounts for Aẞ of different 

lengths (Holmes et al., 2012).  40 or 42 residue long Aß is the most common length Aß produced 

(Qiu, 2015). Aẞ 42 forms amyloid plaques more readily and is more toxic than Aß 40. Aß 

monomers form Aß oligomers which then form amyloid plaques. There is evidence that amyloid 

oligomers cause many of the toxic effects associated with AD including activation of apoptotic 

pathways, oxidative stress, synapse loss and disruption of long-term potentiation (Sakono & 

Zako, 2010).  
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Figure 1: Processing of amyloid precursor protein  

(1) Non-amyloidogenic APP pathway in the outer plasma membrane. (2) Amyloidogenic APP 

pathway. (3) Intracellular amyloidogenic APP processing. 

 
The other hallmark of AD, neurofibrillary tangles, are caused by hyperphosphorylation of 

the protein tau (Grundke-Iqbal et al., 1987). Tau is the predominant microtubule associated 

protein (MAP) in neuronal tissue (Weingarten et al., 1975). It promotes the assembly of tubulin 

into microtubules and stabilizes their structure. There are six isoforms of tau due to the 

alternative splicing of the TAU gene on chromosome 17 (Neve et al., 1986; Goedert et al., 1989). 

Multiple of these tau isoforms are hyperphosphorylated and incorporated into NFTs. Tau is a 

phosphoprotein and the level of phosphorylation of tau is regulated by different kinases and 
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phosphatases.  Normally there are 2-3 moles of phosphate per mole of tau protein. 

Hyperphosphorylated tau has up to 3-4x more phosphorylation than normal tau (Köpke et al. 

1993). Hyperphosphorylated tau also self-assembles into paired helical filaments (PHF)(figure 

2)(Alonso et al. 2001). NFTs are aggregates of PHFs. There are 85 total phosphorylation sites on 

tau (Kimura et al., 2018; Hanger et al., 2007). 45 of these sites are on serines, 35 on threonines 

and 5 on tyrosine residues. Phosphorylation of each of these sites and combinations of these sites 

have different effects on the function of tau. Because of the large number of combinations of 

phosphorylation sites, not all of the effects of tau phosphorylation have been documented. 

However, some sites have been identified to be important in AD pathophysiology. For example, 

hyperphosphorylated tau has been shown to sequester MAP1, MAP2 and normal tau to form 

NFTs (Alonso et al. 1997). It has also been shown to promote the depolymerization of 

microtubules. Tau hyperphosphorylation occurs because tau kinases are overactive compared to 

tau phosphatases. The most prominent kinase involved in tau hyperphosphorylation is glycogen 

synthase kinase-3. Other significant kinases include cyclin-dependent kinase-5, and p38 MAP 

kinase. Hyperphosphorylated tau has a number of toxic effects including disruption of transport 

within the cell, as well as being a physical barrier in the form of NFTs (Götz et al., 2013; Lin et 

al., 2003; Ittner et al., 2008). NFTs have been found to more accurately indicate the progression 

of AD than amyloid plaques though amyloid beta levels are still important in indicating the 

progression of the disease (Bierer et al., 1995).  

 



 6 

 

Figure 2: Pathway from normal tau protein to neurofibrillary tangles  

(1) normal tau associating with and stabilizing a microtubule. (2) Hyperphosphorylated tau 

disassociating from the microtubule. The microtubule depolymerizes. (3) Paired helical filament 

forms from hyperphosphorylated tau. (4) Neurofibrillary tangle forms from aggregation of PHFs. 

 
According to the amyloid cascade theory, which has been the predominant theory of AD 

since the 1990s, tau hyperphosphorylation and all other AD related effects are downstream 

effects of accumulation of Aẞ plaques. New evidence suggests that this may not be the case and 

that Aẞ likely plays a more indirect role than originally thought (Busche & Hyman, 2020; 

Barker, 2017). However, we still do not have a complete picture of the mechanisms behind the 

development of, and progression of AD. 

 
1.3 Familial and Sporadic AD 

 
 AD comes in two forms: familial AD (fAD) and sporadic AD (sAD). fAD is monogenic 

and accounts for approximately 1% of AD cases (Piaceri et al., 2013). fAD can be caused by 

mutations in the APP gene on chromosome 21, Presenilin 1 (PSEN1) gene on chromosome 14 
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and the Presellin 2 (PSEN2) gene on chromosome 1. fAD causing mutations in the APP gene 

have a variety of effects on the processing of APP most resulting in higher total Aẞ production 

and a higher Aß 42/40 ratio (Tcw, & Goate, 2017). Trisomy 21 (Downs syndrome) also causes 

an increase in Aẞ production and Aẞ plaque formation (Wisniewski et al., 1985).  

 
Presellins are subunits of the gamma secretase enzyme which catalyze the cleavage of 

CTFß and Aß. There are over 150 mutations of PSEN1 causing fAD. It is also the cause of 70% 

of fAD cases (Medline Plus, 2020). Like APP mutations, PSEN1 mutations also cause an 

increase in the total Aẞ and Aẞ 42/40 ratio (Shen & Kelleher, 2006). There are 11 PSEN 2 

mutations that cause fAD. These mutations only account for 5% of fAD cases. These mutations 

also increase the Aẞ 42/40 ratio (Walker et al., 2005) 

 
 sAD is multifactorial and there have been many genes and risk factors associated with its 

development. The most important gene that modulates the risk of developing sAD is the APOE 

gene. APOE encodes for apolipoprotein E which is involved in the transport of lipids. There are 

3 alleles of the APOE gene: e2, e3, and e4. The e3 allele is the most common and is found in 

roughly half of the population. The APOE e4 allele is the largest genetic risk factor for 

developing sAD (Liu et al., 2013). Other risk factors include age, ethnicity, sex, traumatic brain 

injury, depression, cardiovascular disease and sleep disorders (Rabinovici, 2019). Protective 

factors include a high level of education, physical activity and social engagement.  
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1.4 AD Modeling Using Human Induced Pluripotent Stem Cells 
 

 

Induced pluripotent stem cells (iPSCs) were first discovered in 2006 by Takahashi and 

Yamanaka. This was done through the transgenic addition of the four embryonic transcription 

factors, Oct3/4, Sox2, c-Myc, and Klf4 to a culture of adult mouse fibroblasts (Takahashi, & 

Yamanaka, 2006). The next year human induced pluripotent stem cells (hiPSCs) were derived 

from adult human fibroblasts using the same four factors (Takahashi et al., 2007). hiPSCs are 

also typically derived from peripheral blood samples (Haase et al., 2019). hiPSCs can then be 

differentiated into any somatic cell. This was a landmark discovery for the fields of stem cell 

research and disease modeling. hiPSCs offer a few key advantages over embryonic stem cells 

(ESC). One key advantage is that there are fewer ethical concerns associated with the use of 

hiPSCs over ESCs. Additionally, hiPSCs can be derived directly from patients. Patient derived 

hiPSCs are useful because they share their genetics with the patient. hiPSCs derived from 

patients with diseases which are in part caused by a genetic mutation, such as fAD, will also 

have that mutation. In the case of AD, patient derived hiPSCs are most commonly differentiated 

into cortical neurons (Arber et al., 2017). Cortical neurons from these patient derived hiPSC 

models have been shown to have an increased Aß 42/40 ratio and hyperphosphorylated tau. This 

is useful for drug discovery as these are the targets of many of the pharmaceuticals currently 

being tested. It is thought that if a drug were to be found to decrease the Aß 42/40 ratio and/or 

hyperphosphorylated tau in hiPSCs it may be successful at treating AD in humans. 

 
Before being differentiated into cortical neurons hiPSCs must be differentiated into 

neural progenitor cells (NPC) in a process called neural induction. NPC’s are an intermediate 

between stem cells and glial or neuronal cells found in the central nervous system (CNS) (Zheng 
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et al. 2018; Martínez-Cerdeño & Noctor, 2018). There are two common pathways for the 

production of NPC’s. The first method of neural induction is by first producing embryoid bodies 

(EB) from hiPSCs and then differentiating into NPC’s. EBs are iPSCs that spontaneously group 

together in a process called gastrulation while in suspension (Baker, 2008). EB formation 

however can be inconsistent. EBs can aggregate causing variability in size which can affect the 

differentiation of the hiPSCs. iPSCs can also be directly differentiated into NPC’s in a 2D 

monolayer. 2D differentiation does not have the size heterogeneity issues associated with EB 

formation. 2D differentiation is also easier to perform, takes less time and is more efficient 

(Galiakberova & Dashinimaev, 2020).   

 
Dual inhibition of mothers against decapentaplegic (SMAD) signaling has been found to 

be important for the neural induction of hiPSCs (Chambers et al. 2009.)  The activin, bone 

morphogenic protein (BMP), and transforming growth factor-β pathway inhibitor SB431542, 

and the BMP pathway inhibitor LDN193189 used in combination have been found to induce 

neural induction of hiPSCs (Chambers et al. 2012; Chambers et al. 2009). During neural 

induction neural rosettes are formed. Neural rosettes are spontaneously forming radial groups of 

columnar neuroepithelial cells that are markers of proper neural induction (Wilson & Stice, 

2006). They resemble a cross section of the neural tube, the precursor of the CNS in human 

embryos. The NPC’s can then be differentiated into cortical neurons. It has been shown that in a 

2D monolayer, cortical neurons have been successfully differentiated from human NPC’s in 

cultures containing brain derived neurotrophic factor, glial derived neurotrophic factor, cyclic 

AMP and ascorbic acid (Haase et al., 2019). 
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1.5 Challenges of Modeling AD 

 

Treatment options for AD are limited. There are currently four approved drugs to treat 

AD. Rivastigmine, Galantamine, and Donepezil are acetylcholinesterase inhibitors and 

memantine is a NMDA receptor inhibitor (Alzheimer's Association, n.d.). These drugs help to 

alleviate some of the symptoms of AD such as confusion and behavioural changes and memory 

loss for some patients. None of these drugs cure or change the course of the disease. There have 

been many clinical trials of disease modifying treatments of AD mostly focusing on decreasing 

NFTs and Aß plaques. None of the drugs have been successful in clinical trials (Mangialasche et 

al., 2010). A large number of preclinical trials have been conducted using 2D cell culture and 

animal models. The low success rate of clinical trials indicates that these preclinical models are 

not sufficient. This is likely due to the differing physiology and genetics of animal models and 

the inability of 2D cell culture to recapitulate the extracellular environment and interactions 

experienced by cells in vivo (Jensen, & Teng, 2020; Perlman, 2016). A 3D bioprinted model of 

AD may be a solution to this problem. 

 

1.6 3D disease modeling 
 

Modeling neurological diseases using 3D printing technology is advantageous as it is a 

more accurate and reproducible method of creating biologically relevant neural tissue. Compared 

to a 2D culture, 3D cultures can more accurately replicate the cell-to-cell interactions and 

extracellular environment found in vivo (Jensen, & Teng, 2020). A model of the brain using 

patient derived hiPSCs in a 3D culture would have both the same genetics as humans and also 

mimic the cell-to-cell interactions and extracellular environment found in animal models.  
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Bioprinting is the incorporation of living cells into biocompatible materials (Bishop et al. 

2017). Typically, cells are incorporated into bioink, then printed using a bioprinter into a 3D 

construct. Computer aided design (CAD) is commonly used to design the structure of the 

bioprinted constructs. The most common types of bioprinting are inkjet, laser assisted and 

extrusion bioprinting. While inkjet and laser assisted bioprinting have higher resolution, 

extrusion bioprinting is faster, allows for the use of multiple bioinks at once, and allows for the 

use of different types of bioinks (Ozbolat & Hospodiuk, 2016). One issue with extrusion based 

bioprinting is the potential for large amounts of shear stress on the cells which can lead to 

decreased cell viability. Coaxial flow can be used to reduce this stress. Coaxial flow is where one 

material forms a sheath around an inner material (Kjar et al., 2021). This sheath reduces the 

shear stress on the inner material.  

 
Hydrogels are a common material used for bioinks. Hydrogels are hydrophilic polymers 

which can hold a large amount of water (Bahram et al., 2016). Because these polymers are 

chemically crosslinkable the hydrogel is able to hold its structure. A common base for hydrogel 

bioinks is fibrin (Beyer et al., 2013). Fibrinogen is a soluble protein that is found in the blood 

and upon conversion to fibrin will crosslink to form blood clots (Weisel & Litvinov, 2017). 

Fibrin is useful in bioinks as it is biocompatible and is able to be chemically crosslinked using 

thrombin. Cells are able to adhere to fibrin as it has cell binding sites (Nicolas et al., 2020). In 

this way fibrin is able to mimic the in vivo extracellular matrix (ECM) (De Melo, et al. 2020). 

Without this property the embedded cells would undergo detachment mediated apoptosis 

(Science Direct. (n.d.). Fibrin however has a weak structure. This can be amended by the 

addition of other polymers such as alginate, another common hydrogel base (Beyer et al., 2013; 

Nicolas et al., 2020). Alginate is an unbranched polysaccharide found in brown algae. Alginate is 
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cheap to produce, non-toxic and is able to be chemically crosslinked using divalent cations such 

as Ca2+ (Bahram et al., 2016; Lee et al., 2012; Datta et al., 2019). When mixed with fibrin in 

different ratios the physical properties of the bioink change. This is important as the components 

and stiffness of the matrix that NPC’s are suspended in can have an impact on the course of their 

differentiation.  

 
Our lab has shown that fibrin hydrogels support neuronal differentiation of hiPSCs, 

increase viability, and encourage neurite outgrowth (Abelseth et al. 2019). We have also found 

that the addition of genipin stabilizes fibrin hydrogels and encourages neurite outgrowth in 

hiPSC derived neurons (Robinson et al., 2017).  Our lab has created a novel fibrin based bioink 

including chitosan and alginate that is crosslinked by a solution containing thrombin, genepin, 

and calcium chloride (Abelseth et al. 2019; De la Vega et al., 2018). Thrombin first cleaves 

fibrinogen, turning it into fibrin (Weisel & Litvinov, 2013).  Ca2+ promotes the polymerization of 

the fibrin. Alginate also crosslinks in the presence of Ca2+ (Lee & Mooney, 2012). Chitosan and 

fibrin are then crosslinked by genipen (Schek et al., 2011; Dimida et al., 2017).  

 
Our bioink has been used in conjunction with the RX1 bioprinter from Aspect 

Biosystems and their lab on a printer microfluidic printhead to print mature neural tissues from 

hiPSC derived NPC’s (De la Vega et al., 2018). The RX1 bioprinter is an extrusion based  

bioprinter which uses coaxial flow to reduce shear stress (Thomas, & Willerth, 2017; Beyer et al. 

2014). In the case of the lab on a printer technology, the crosslinker wraps around the cell laden 

bioink from both sides. This outer sheath protects the cells from shear stress (Beyer et al. 2014).  
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Figure 3: Process of 3D bioprinting neural tissue using our lab’s bioink and the lab on a 

printer microfluidic printhead from Aspect biosystems.  

Neural progenitor cell laden bioink combines with crosslinker and buffer and is extruded onto 

the printing surface. The printhead is moved in concentric circles while moving up in layers to 

create a ring structure. Magnification shows NPC’s in the matrix formed by cross linked fibrin, 

alginate and chitosan. 

 
 

1.7 Hypothesis and Objectives: 

 
We believe a 3D printed model of AD using our lab’s fibrin-based bioink and patient 

derived hiPSCs could be a more accurate model of AD than either animal or 2D cell culture 
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models. The first step in creating this model is showing that our lab's bioink can support our 

patient derived hiPSC derived NPC’s and their differentition into cortical neurons. To show 

neural development we will stain the cells with the early neuronal cytoskeleton marker beta 

tubulin III (Tuj-1) and the nuclear marker DAPI and image the constructs using confocal 

microscopy to show neurite outgrowth. Successfully differentiated neurons should have both 

neurites and stain positive for Tuj-1.This study aims to begin to characterize this model before 

the eventual goal of its in drug screening and AD research 

 

Figure 4: Process from patient to drug screening using patient derived human induced 

pluripotent stem cells. 

(1) Retrieval of peripheral blood or fibroblasts from an AD patient. (2) Induction of pluripotency 

using the Oct3/4, Sox2, c-Myc, and Klf4. (3) neural induction with the dual SMAD inhibition 

protocol using LDN193189 and SB43152. (4) Bioprinting of NPC’s and differentiation of NPC’s 
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into into cortical neurons into BDNF, GDNF, cAMP, and ascorbic acid. (5) Use of the 3D AD 

model to screen for new disease modifying drugs. Highlighted area indicates the course of this 

project. 
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Chapter 2: Methods and Materials 
 
2.1 Materials 

 
DMEM/F12 + Glutamine media, Neurobasal media, N2 Supplement, B27 Supplement, 

GlutaMax, Insulin-Transferrin-Selenium-Sodium, Pyruvate, and Versene were purchased from 

Gibco. (Waltham, MA, USA). 2-Mercaptoethanol, Non-Essential Amino Acids Solution, 

primary mouse antibody anti-TUJ1, Alexa Fluor® 488 goat anti-mouse antibody, 4′,6-diamidino-

2-phenylindole (DAPI), amyloid beta 40 human ELISA kit, ultrasensitive amyloid beta 42 

human ELISA kit, cell extraction buffer, and CultureOne supplement were purchased from 

Thermo Fisher (Waltham, MA, USA). Penicillin/streptomycin, DMSO, SB431542, LDN193189, 

human basic fibroblast growth factor (bFGF), Tris(hydroxymethyl)aminomethane (Tris Base), 

sodium alginate, chitosan, β-Glycerophosphate disodium salt hydrate (β-GP), genipin, 

lyophilized thrombin, triton-X (T-X), AEBSF, protease inhibitor cocktail, normal goat serum 

(NGS) and calcium chloride were purchased from Sigma Aldrich (St. Louis, MO, United States). 

mTeSR-1 media, ReLeSR, BrainPhys Medium, 50X SM1 supplement, 100X N2-A supplement, 

and ascorbic acid were purchased from Stemcell Technologies (Vancouver, BC, Canada) NaCl 

and acetic acid were purchased from Caledon Laboratory Chemicals (Georgetown, ON, Canada). 

Y-27632, cyclic AMP, accutase solution, and lyophilized fibrinogen were purchased from EMD 

Millipore (Burlington, MA, USA). Matrigel was purchased from Corning (NY, USA). Tris HCl 

was purchased from Biobasic Canada (Markham, ON, Canada). KCl was purchased from ACP 

Chemicals (Montreal, QC, Canada). Brain derived neurotrophic factor (BDNF) & glial derived 

neurotrophic factor (GDNF) were purchased from Cedarlane Laboratories (Burlington, MA, 

USA). 
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Media formulations: 

  

Basal neural maintenance medium (BNMM): 

• 1:1 ratio of DMEM/F12 + Glutamine media (Gibco, Waltham, MA, USA) and Neurobasal 

media (Gibco, Waltham, MA, USA),  

• 0.5% v/v N2 supplement  

• 0.5% v/v N2 Supplement (Gibco, Waltham, MA, USA),  

• 1% v/v B27 Supplement (Gibco, Waltham, MA, USA),  

• 0.5% v/v GlutaMax (Gibco, Waltham, MA, USA),  

• 0.5% v/v Insulin-Transferrin-Selenium-Sodium Pyruvate (Gibco, Waltham, MA, USA)  

• 0.08% v/v 2-Mercaptoethanol (Thermo Fisher, Waltham, MA, USA),  

• 0.5% v/v Non-Essential Amino Acids Solution (Thermo Fisher, Waltham, MA, USA),  

• 1% v/v penicillin streptomycin (Sigma Aldrich St. Louis, MO, United States 

 
Brain Phys + Culture One (BP+C1): 

• BrainPhys Medium (Stemcell Technologies, Vancouver, BC, Canada),  

• 2% v/v 50X SM1 supplement (Stemcell Technologies, Vancouver, BC, Canada),  

• 1% v/v 100X N2-A supplement (Stemcell Technologies, Vancouver, BC, Canada),  

• 1% v/v 100 mg/mL cAMP (EMD Millipore Burlington, MA, USA) ,  

• 200 nM ascorbic acid (Stemcell Technologies, Vancouver, BC, Canada),  

• 1% v/v CultureOne supplement (Thermo Fisher, Waltham, MA, USA) 

• 1% v/v penicillin/ streptomycin (Thermo Fisher, Waltham, MA, USA) 

 
 



 18 

Brain Phys +-Culture One (BP-C1): 

• BrainPhys Medium 

• 2% v/v 50X SM1 supplement 

• 1% v/v 100X N2-A supplement 

• 1% v/v 100 mg/mL cAMP 

• 200nM ascorbic acid 

• 1% v/v penicillin/streptomycin 

 
Brain Phys - Culture One – ascorbic acid- cAMP (BP-C1-A.A-cAMP); 

• BrainPhys Medium 

• 2% v/v 50X SM1 supplement 

• 1% v/v 100X N2-A supplement  

• 1% v/v P/S 

 

2.2 hiPSC Cell lines: 

  

The two patient derived hiPSC’s cell lines used were from the Haakon Nygaard lab at the 

University of British Columbia. The “ADAPP” cell line comes from a female patient with the fAD 

causing APP-London (V717I) mutation. The control “HN1” line comes from the male spouse of 

the patient. The use of these cell lines has been approved by the UBC Clinical Research Ethics 

Board (H07-03022: Clinical and Laboratory Studies in Dementia). 
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2.3 hiPSC Cell Culture: 

  

hiPSCs were cultured on Matrigel coated 6 well cell culture plates. The media used was 

mTeSR-1 media and was changed daily until 85-90% confluent. The cultures were supplemented 

with 10mM Y-27632 for the first 24 hours after plating. The hiPSC’s were passaged in 50-100 cell 

aggregates using ReLeSR passaging reagent. Cells were stored in liquid nitrogen in 90% mTeSR-

1, 10% DMSO plus 10mM Y-27632 freezing medium.  

 
 

2.4 Neural Induction 

  

Neural induction protocol was based on the dual SMAD inhibition protocol used by Rose 

et al. (2018). 

 
The HN1 and ADAPP hiPSCs used for neural induction had passage numbers of 32 and 

27 respectively. On day zero of neural induction 80% confluent wells of hiPSC’ were passaged in 

a 3/1 ratio in 50-100 cell aggregates using ReLeSR passaging reagent. This was done on Matrigel 

coated six well plate in 3mL mTeSR-1 plus 10mM Y-27632. On day one to day seven of 

differentiation, neural induction medium (NIM)(BNMM + 10 μM SB431542 + 0.5 μM 

LDN193189 + 10 μM Y-27632) was used.  On the eighth day, cells were lifted by bathing the cells 

in Versene for 5 minutes at 37℃. Versine was aspirated and 3 ml BNMM was added to the well. 

Cells were scraped off of the plate and seeded into three Matrigel coated wells in 50-100 cell 

aggregates. Starting on day nine, media was changed daily with neural stem cell (NSC) medium 

(BNMM + 20ng/mL bFGF) until day eleven. Phase contrast images were taken of NPC’s on day 
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12 of their differentiation to observe neural rosettes. On day 16, media was switched to NSC 

medium + 10 μM Y-27632. The media was replaced every three days until day 23. On day 23, 

NPC’s were washed with PBS and lifted with accutase solution for 10 min at 37℃. The NPC’s 

were stored in liquid nitrogen in 90% BNMM, 10% DMSO freezing medium at 20 million cells 

per vial. Phase contrast images were taken of NPC’s on day 12 of their neural induction the Leica 

DMI3000B microscope (Leica Biosystems, Wetzlar, Germany) and the QImaging RETIGA 

2000R camera (QImaging, Surrey, BC, Canada) at 10X magnification.  

 
2.5 Bioink Preparation: 

  

Bioink was prepared, and constructs were printed and designed based on the procedure 

described in Abelseth et al. (2019). 

 
Fibrin Preparation: 

  

4L of Tris Buffered Saline Solution (TBS) (4.36% w/v, TrisHCl 0.64% w/v Tris Base, 8% 

w/v NaCl and 0.2% w/v KCl in deionized (DI) water). 185 mg of lyophilized fibrinogen was added 

to a 100mm petri dish. 3 mL of TBS was added to the fibrinogen. The fibrinogen in TBS was then 

incubated for 1-2 hours at 37°C until the fibrinogen was fully dissolved. The fibrinogen solutions 

were then dialyzed in 4L of TBS overnight. The fibrinogen solution was then sterile filtered with 

a 0.2mm syringe filter. The concentration of fibrinogen was then measured on a NanoVue Plus 

spectrophotometer. The final concentration of fibrinogen was then ensured to be approximately 

50mg/mL. 
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Alginate Preparation: 

  

A 2% alginate solution was prepared by adding sodium alginate to DI water. Alginate 

solution was then stirred overnight with a magnetic stir plate and stir bar to dissolve the sodium 

alginate.  

  

Chitosan Preparation: 

  

A 1% v/v acetic acid solution was made by adding acetic acid into DI water. While stirring 

with a magnetic stir plate and stir bar, the chitosan was added to the acetic acid solution to make a 

2.5% w/v chitosan solution. The solution was stirred overnight to allow the chitosan to fully 

dissolve. The chitosan solution was then sterile filtered with a 0.2mm syringe filter. Chitosan was 

then autoclaved at 121℃ for 30 minutes. The pH of the chitosan was brought to between pH7 and 

pH 8 by adding a 56% w/v β-GP. The chitosan solution was then stored at 4°C and assumed to be 

1.9% w/v. 

  

Genipin and Thrombin Preparation: 

  

DMSO was added to powdered genipin (Sigma Aldrich St. Louis, MO, USA) to make a 

2.5% w/v solution. Sterile TBS was added to lyophilized thrombin to make a 1000 U/mL solution. 

Both solutions were stored at -20°C. 
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Calcium Chloride Preparation: 

  

A 2.086% w/v solution of calcium chloride was prepared in TBS. The calcium chloride 

solution was then sterile filtered with a 0.2 um syringe filter and then stored at 4°C. 

  

Crosslinker Preparation: 

  

The previously prepared, 2.5% w/v genipin and 1000U/mL thrombin were added to the 

2.086% w/v calcium chloride to create crosslinker solution with final concentrations of 2% w/v 

calcium chloride, 0.075% w/v genipin and 1.7U/mL thrombin. The crosslinker solution was then 

sterile filtered using a 0.2mm filter.  

  

2.6 Incorporation of NPC’s into bioink 

 
Frozen NPC’s of both ADAPP line and HN1 line were seeded with a ratio of one vial of 

NPC’s to one Matrigel coated 6 well cell culture plate 1 week before printing. NPC’s were 

expanded in the NSC medium. This medium was replaced daily. Phase contrast images were taken 

of NPC cultures on the day of bioprinting. Before printing NPC’s were lifted by incubating in 

1.5mL accutase per well for 10 minutes at 37℃. DMEM/f12 was added to collected accutase so 

the ratio was 1:1 accutase / DMEM/F12. The number of NPC’s in solution were counted. 5 million 

cells per mL of bioink were collected. The calculated volume of cell mixture was centrifuged at 

300rcf for 5 minutes. The supernatant was removed, and the cells were resuspended in a fibrin 

solution. The genipin and thrombin were mixed and sterile filtered using a 0.2mm filter. The TBS, 

genipin/thrombin solution and NPC fibrin solution were mixed and taken to print. The final 
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concentrations of each of the components were 20mg/mL fibrin, 0.5% w/v alginate, 0.3g/mL 

chitosan and 5 million NPC’s/mL of bioink. 

  

2.7 3D Printing 

  

NPC’s were printed on the RX1 bioprinter using the Lab on a Printer microfluidic printhead 

(Aspect Biosystems, Vancouver, BC, Canada). The ring structure printed was 8 layers high and 

1cm in width. Once printed, the constructs were placed in a 12 well plate containing anti adherence 

rinsing solution (Stemcell Technologies, Vancouver, BC, Canada) and once all constructs were 

printed the anti-adherence rinsing solution was replaced with culture media. 

  

2.8 Cortical Neuron Differentiation and Culture 

  

100% media changes were done with 1mL of sterile filtered BP+C1 media on day 0 and 2. 

50% medium changes were done on day 5, 8, 11, and 14 with BP+C1 media. On day 17 & 20, 

50% media changes were done with BP-C1 media. All subsequent media changes were 50% media 

changes with BP-C1-A. A.-cAMP media. 0.2uL of 100 ug/mL brain derived neurotrophic factor 

& glial derived neurotrophic factor per 1 mL of BrainPhys medium was added fresh before every 

media change. 
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2.9 Immunocytochemistry (ICC) and Confocal Imaging 

  

On day 45 the AD and control constructs were fixed using 10% Paraformaldehyde for 15 

minutes. The constructs were permeabilized at room temperature in a 0.1M PBS, 20% v/v 

DMSO, and 2% v/v T-X solution. The constructs were stained for the early neuronal 

cytoskeleton marker Tuj-1. Constructs were blocked at room temperature in 0.1M PBS with 20% 

DMSO, 2% T-X, and 10% normal goat serum. Constructs were incubated for 4 days in 0.1M 

PBS with 20% DMSO, 2% T-X, and 2.5% NGS and a 1:500 dilution of primary mouse antibody 

anti-TUJ1 at room temperature. Constructs were washed four times for one hour at room 

temperature in 0.1M PBS with 20% DMSO and 2% triton X. the constructs were then incubated 

for two days at 4C in 0.1M PBS with 20% DMSO, 2% T-X, and 2.5% NGS and a 1:500 dilution 

of Alexa Fluor® 488 goat anti-mouse antibody. The constructs were then washed with PBS two 

times for 15 minutes at 4°C. The constructs were then stained with 1mg/mL DAPI for 10 

minutes at room temperature. The constructs were then washed again with PBS 2 times for 15 

minutes at 4°C. Confocal images were taken of the printed constructs using the FIPS – Zeiss 

Confocal Laser Scanning Microscope at 20x magnification. The excitation and emission 

wavelengths used for detecting Alexa Fluor 488 (Tuj-1) were 488 nm and 525 nm and for DAPI 

they were 358nm and 461nm.  

 

2.10 Morphological Analysis of Neural Rosettes and Neurite Structures 

Mean neural rosette diameter on day 12 of neural induction was measured using the 

ImageJ image processing software.  Three neural rosettes each from three wells of a six well cell 

culture plate was measured (n = 9). This was done for both cell lines.  
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Neurite lengths were measured using the ImageJ image processing software (n = 3). This 

was done for both cell lines. Neuron characteristics (ie. dendritic spines, axonal boutons, axonal 

varicosities and arborization) were visually identified. 

2.11 Statistical Analysis  

Two sample t-tests were performed on the diameter of neural rosettes and the lengths of 

observed neurons significance was defined as p < 0.05. Standard error of the mean neural rosette 

diameter (n=3) calculated for each cell line. Standard error for neurite length (n=3) for the AD 

and control constructs.  
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Chapter 3: Results 

 

3.1 Neural induction of hiPSCs 

 

Control (HN1) and AD (ADAPP) hiPSCs were differentiated into NPC’s. Figure 5 shows 

phase contrast images of individual wells of both the ADAPP and HN1 cell lines the 12th day of 

neural induction. In the culture of ADAPP NPC’s, neural rosettes were present and covered 

approximately 70% of the wells. In the culture of HN1 NPC’s neural rosettes were present and 

also covered approximately 70% of the well. ADAPP neural rosettes were less defined than 

those found in the HN1 cell line. The mean diameter of neural rosettes in ADAPP wells A1, A2, 

and A3 were 91.2µm, 104.8µm, 76.8µm respectively (table 1). The mean diameter of neural 

rosettes in HN1 wells H1, H2, and H3 were 33.2µm, 49.2µm, and 39.2µm respectively. The 

average diameter of neural rosettes in the ADAPP line was 91µm +/- 8.1. The average diameter 

of neural rosettes in the HN1 line was 41µm +/- 4.7. Using a two-sample t-test with a 

significance threshold of p < 0.05 it was found that the neural rosette diameter was significantly 

different between the two cell lines (p=0.0028) 
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Figure 5: Phase contrast images of neural rosettes on Day 12 of neural induction of ADAPP (A1, 

A2, A3) and HN1 (H1, H2, H3) hiPSCs. Phase contrast images were taken of three separate 

wells of a 6 well cell culture plates containing ADAPP and HN1 cells on day 12 of neural 

induction. Neural rosettes covered approximately 70% of the wells in both cell lines. Images 

were taken at 20x magnification. Scale bar represents 100µm.  
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Table 1: Mean Neural rosette diameter and standard error was calculated from three randomly 

selected neural rosettes each from three wells of a six well cell culture plate. A Two sample t-test 

was conducted between the HN1 and ADAPP neural rosette diameter with a significance 

threshold of p > 0.05. It was found that the mean neural rosette diameters between the two cell 

lines were significantly different. (p=0.0028) 

 1 2 3 Mean 
Standard 

Error 

T-test p 

value 

ADAPP 91µm 105µm 77µm 91µm 8.1 
0.0028 

HN1 33µm 49µm 39µm 41µm 4.7 

 

 

3.2 Analysis of Control and AD Constructs 

 

Control and AD constructs were 3D bioprinted using HN1 and ADAPP NPC’s 

respectively. Using ICC and fluorescent confocal microscopy, cells in the AD 3D printed 

constructs stained positive for tuj-1 (green) and DAPI (blue) (figure 6, 7).  Neurite extensions 

were observed in all three of the AD 3D printed constructs. Neurite lengths were measured to be 

367µm (construct A), 127µm (construct B), 43µm (construct C) (Table 2). The average length 

was determined to be 179µm +/- 97. Axonal arborization was also present on the neurite in 

construct A (figure 6, I). Numerous axonal boutons were present on the neurite extension in 

construct A (figure 7, II). One axonal varicosity with a length of 65µm is present on this neurite 

(figure 7, III). The neurite in construct B shows the presence of dendritic spines (figure 7, IV) as 

well as dendritic arborization (figure 7, V). The neurite in construct C also showed the presence 
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of dendritic spines (figure 7, VI) as well as dendritic arborization (figure 7, VII). Connectivity 

between neurons was not observed in any of the constructs.  

 

Using ICC and fluorescent confocal microscopy, cells in the control 3D printed 

constructs stained positive for tuj-1 and DAPI (figure 8, 9). Neurite extensions were observed in 

all three of the control constructs. Neurite lengths were measured to be 120µm (construct D), 

166µm (construct E), 56µm (construct F) (table 2). The average length was determined to be 

114µm +/- 32. An axonal bouton was present on the neurite in construct D (figure 9, VIII). The 

neurite in construct E shows the presence of axonal boutons (figure 9, IX) as well as axonal 

arborization (figure 9, X). the neurite in construct F also showed the presence of axonal 

arborization as well as (figure 9, XI) as well as a small second neurite (XII). Connectivity 

between neurons was not observed in any of the constructs.  

 

Using a two sample t-test with a significance threshold of p < 0.05 it was found that the 

mean neurite length was not significantly different between the control and AD 3D printed 

constructs (p=0.28)(table 2). 
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Figure 6: Fluorescent confocal immunocytochemistry images of 3D bio printed AD constructs. 

Cells were cultured for 45 days in a fibrin-based bio ink. A, B and C indicate individual 3D 

printed constructs. Constructs were stained for the early neuronal cytoskeleton marker tuj-1 

(green) and the nuclear marker DAPI (blue). Images were taken with the FIPS – Zeiss Confocal 

Laser Scanning Microscope at 20x magnification. The excitation and emission wavelengths used 
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for detecting Alexa Fluor 488 (Tuj-1) were 488 nm and 525 nm and for DAPI they were 358nm 

and 461nm. (I) Axonal arborization on the neurite in in construct A. Scale bars represent 100µm.  

 

 

 
Figure 7: Fluorescent confocal immunocytochemistry images of 3D bio printed AD constructs. 

Cells were cultured for 45 days in a fibrin-based bio ink. A, B and C indicate individual 3D 

printed constructs. Constructs were stained for the early neuronal cytoskeleton marker tuj-1 
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(green) and the nuclear marker DAPI (blue). Images were taken with the FIPS – Zeiss Confocal 

Laser Scanning Microscope at 20x magnification +3x digital zoom. The excitation and emission 

wavelengths used for detecting Alexa Fluor 488 (Tuj-1) were 488 nm and 525 nm and for DAPI 

they were 358nm and 461nm. (II) 65 µm axonal varicosity on the neurite in construct A. (III) 

Axonal boutons on the neurite in construct A. (IV) Dendritic spines on the neurite in construct B. 

(V) Dendritic arborization on the neurite in construct B. (VI) Dendritic arborization on the 

neurite in in construct C. (VII) Dendritic spines on the neurite in construct C.  Scale bars 

represent 50µm. 

 

Table 2: Mean neurite lengths and standard error in AD control 3D bio printed constructs. 

Neurite lengths were measured using the ImageJ image processing program with fluorescent 

confocal images at 20x magnification. Mean neurite length and standard error were calculated 

for each line of cells. A Two sample t test was conducted between the control and AD neurite 

lengths with a significance threshold of p > 0.05. It was found that the mean neurite lengths were 

not significantly different. (p=0.28) 

Neuron A B C Mean 
Standard 

Error 

T-test p 

value 

ADAPP 367µm 127µm 43µm 179µm 97 

0.28 Neuron D E F Mean 
Standard 

Error 

HN1 120µm 166µm 56µm 114µm 31 
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Figure 8: Fluorescent confocal immunocytochemistry images of 3D bio printed control 

constructs. Cells were cultured for 45 days in a fibrin-based bio ink. D, E and F indicate 

individual 3D printed constructs. Constructs were stained for the early neuronal cytoskeleton 

marker tuj-1 (green) and the nuclear marker DAPI (blue). Images were taken with the FIPS – 

Zeiss Confocal Laser Scanning Microscope at 20x magnification. The excitation and emission 

wavelengths used for detecting Alexa Fluor 488 (Tuj-1) were 488 nm and 525 nm and for DAPI 

they were 358nm and 461nm. Scale bars represent 100µm.  
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Figure 9: Fluorescent confocal immunocytochemistry images of 3D bio printed control 

constructs. Cells were cultured for 45 days in a fibrin-based bio ink. A, B and C indicate 

individual 3D printed constructs. Constructs were stained for the early neuronal cytoskeleton 

marker tuj-1 (green) and the nuclear marker DAPI (blue). Images were taken with the FIPS – 

Zeiss Confocal Laser Scanning Microscope at 20x magnification +3x digital zoom. The 
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excitation and emission wavelengths used for detecting Alexa Fluor 488 (Tuj-1) were 488 nm 

and 525 nm and for DAPI they were 358nm and 461nm. (VIII) Axonal bouton on the neurite in 

construct D. (IX) Axonal arborization on the neurite in construct E. (X) Axonal boutons on the 

neurite in construct E. (XI) Axonal/ dendritic arborization on the neurite in construct F. (XII) 

Secondary neurite on the cell in construct F. Scale bars represent 50µm. 
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Chapter 4: Discussion 

 

4.1 Rationale 

 

AD is a progressive neurodegenerative disease that affects tens of millions of people and 

represents a significant cost to healthcare systems around the world (Alzheimers Association, 

2019; Sugitani et al., 2002). Currently there are few drugs approved to treat AD, none of which 

slow or reverse the course of the disease (Alzheimer's Association, n.d.). The pathophysiology of 

the disease is not fully understood, although it is known that the aggregation of the proteins tau 

and Aß play a major role. Further research is needed to discover new pharmaceuticals and new 

aspects of the disease. The major models of AD used in the past have been animal and 2D cell 

culture models (Mangialasche et al., 2010). These models have been instrumental in our current 

understanding of the disease and in the development of current AD treatments. However, animal 

models cannot replicate the relevant human physiology and genetics and 2D cell culture cannot 

reflect the 3D structure, extracellular environment or the cell-cell interactions found in vivo 

(Jensen, & Teng, 2020; Perlman, 2016). 

 

The development of hiPSCs in 2006 opened up new avenues for disease modeling. Past 

work has shown that human cortical neurons can be created by successively differentiating 

hiPSCs into NPC’s using a dual SMAD signaling inhibition protocol. They can then be 

differentiated into cortical neurons using the small molecules BDNF, GDNF, cAMP and ascorbic 

acid in a 2D monolayer. These cultures have been shown to form neurite structures and the early 
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neuronal cytoskeleton marker Tuj-1 as well as other mature and cortical neuronal markers. (Frew 

et al., 2020).  Many studies have been published on differentiating fAD and healthy hiPSCs into 

cortical neurons in a 2D monolayer using patient derived hiPSCs and non-patient derived 

hiPSCs. When hiPSC lines are derived from a patient with fAD they can be used to model key 

aspects of the disease. fAD hiPSC derived neurons have been shown to accumulate and 

aggregate toxic amyloid beta oligomers and hyperphosphorylated tau (Lee et al., 2020). 

However, as stated previously, these 2D cultures cannot reflect the 3D environment found in 

vivo.  

 

Research on modeling AD using patient derived hiPSCs in 3D hydrogel cultures has been 

extremely limited and there has been no published research on modeling AD using 3D bioprinted 

hydrogel models. Our lab has developed a fibrin-based hydrogel bioink containing alginate and 

chitosan that is crosslinked by a solution containing calcium chloride, thrombin and genipen. In 

the past, our bioink has been used to successfully print hiPSC derived mature neural tissues using 

the RX1 bioprinter and lab on a printer microfluidic printhead (Abelseth et al. 2019; De la Vega 

et al., 2018).  

 

We believe that using fAD and healthy patient derived hiPSCs with the fAD, bioprinting 

using with our lab’s fibrin based bioink, we can create a more physiologically relevant 3D model 

of AD that can be used for drug discovery and AD research. The first step in creating this novel 

model of AD is determining if our NPC’s can survive and differentiate in our bioink. 

Differentiation of the NPC’s was determined if the cells developed neurite processes in the 

bioink.  This was also determined using immunocytochemical staining for the early neuronal 
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cytoskeleton marker tuj-1. On day 12 of neural induction neural rosettes were observed to 

confirm proper neural induction. 

 

4.2 Findings 

 

It was observed that the HN1 neural rosettes were more numerous and were smaller in 

size than the ADAPP line (figure 5, table 1). The ADAPP neural rosettes were larger and had 

less defined edges. To our knowledge no research has been published into why this may have 

been. The difference in neural rosette structure may have been a result of the different genetics 

between the two cell lines or because of different levels of hiPSC culture purity before the start 

of neural induction. This could also have been due to the hiPSCs used for neural induction being 

a high passage number. The HN1 and ADAPP line were passage number 32 and 27 respectively 

before neural induction. It has been found that hiPSCs at high passage numbers have more 

genetic mutations. This may have caused the different response in neural induction between the 

cell lines. However as neural rosettes were present in both cell lines it can be concluded that 

neural induction was successful. 

 

After 45 days in 3D cortical neuron differentiation culture, the AD and control constructs 

were visually analyzed to evaluate the success of differentiation from the NPC’s into neurons 

within the bioink. Our cells were cultured using a cocktail of the small molecules BDNF, GDNF, 

cAMP an ascorbic acid. We found that both lines of cells showed the formation of neurite 

processes (figures 6, 7, 8, 9). This indicates that the both the HN1 and ADAPP NPC’s were 

successfully differentiated into neurons. This was confirmed using ICC. Both cell line neurons 
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stained positive for the early neuronal cytoskeleton marker Tuj-1 (Figures 6, 7, 8, 9). The length 

of the observed neurites was not observed to be significantly different between the two cell lines 

(table 2). Additionally, there was a significant amount of Tuj-1 expression in cells where neurites 

were not visible indicating that these cells had also successfully been differentiated into neurons. 

Due to the planar nature of confocal images, it is likely that there are neurites present on these 

cells, but they were not in the plane that the image was taken in. This can be confirmed in future 

work by creating a 3D Z-stack image with a confocal microscope. This would allow us to 

observe if there are additional neurites present. Differentiation into cortical neurons was not 

confirmed but could be confirmed in future work by staining for the cortical layer markers 

RELN (layer I) Brn-2 (layers II-VI) and Tbr-1 (layers V-VI) (Zhang et al., 2018; Sugitani et al., 

2002; Meyer et al., 2002). 

 

We also observed that both the disease and healthy cells developed terminal and en 

passant axonal boutons, as well as dendritic spines on the neurite processes. These features are 

common on cortical neurons in vivo. Axonal boutons and dendritic spines form as a result of 

neuronal activity (Butz & van Ooyen, 2013). Their presence then suggests that the neurons 

differentiated in our model are electrically active. This further confirms the physiological 

relevance of our disease model. The activity of the neurons should be confirmed in future work 

using patch clamp recording.  

 

Interestingly, the neurite on AD construct A showed a significant axonal swelling. 

Axonal swellings have been shown to be an effect of the accumulation of organelles within 

neurites in early in AD pathology (Stokin et al., 2005). This suggests that the AD line of 
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differentiated neurons underwent early AD pathology. This could be confirmed in future work by 

staining for choline acetyltransferase as it accumulates within axonal swellings.  

 

4.3 Other 3D Disease Models Using hiPSCs 

 

Our lab has 3D printed hiPSC derived NPC’s and successfully differentiated them into 

neurons within our bioink in the past (De la Vega et al., 2018). De la Vega et al. also used dual 

inhibition of SMAD signaling to produce NPC’s and printed using the RX1 bioprinter with the 

lab on a printer printhead. NPC’s were also differentiated using a cocktail of BDNF GDNF, 

cAMP, and ascorbic acid with the addition of retinoic acid and puromorphine to induce 

differentiation into motor neurons. They found that their printed cells stained positive for Tuj-1 

and that they were able form neurites. This indicates that the NPC’s were successfully 

differentiated into neurons within the bioink. Their findings showed that our bioink is able to 

support and encourage neurite outgrowth of hiPSC derived NPC’s (Abelseth et al., 2019). Our 

work also confirms theirs which shows that healthy NPC’s can successfully be printed and 

differentiated into neurons within our bioink. Our work however represents the first time that 

both diseased and healthy patient derived NPC’s have successfully been differentiated in our 

bioink.  

 

Salaris et al. used a 50% Matrigel 2% alginate bioink and patient derived hiPSCs in their 

3D bioprinted cortical neural tissue model (2019). The researchers found that cells were able to 

form neurites and stained positive for the neuronal marker Tuj-1 as well as the deep layer cortical 

marker Tbr-1. Additionally, they observed connectivity between the neurons within their 3D 



 41 

cultures. They also found that their neurons were functional using patch clamp recording. The 

lack of connections observed in our culture could be because the concentration of cells was not 

as high as in this study. The researchers noted that they used an increased the cell density 

(unspecified) to increase the visibility of the cells and decreased construct sizes (~3-5µL) to 

conserve cells used. If our cell density was not high enough the cells would then be unable to 

“find” each other to form synapses. It is also possible that there is connectivity between neurons 

in our model, but they are not viewable as they are not in the plane of the image. This could be 

confirmed in future work by making a 3D Z stack image which would allow us to see the 

connections between the neurons. This study corroborates our lab’s work that 3D bio-printed 

NPC’s are able to differentiate in a hydrogel bioink and that 3D bioprinting is a viable tool for 

modeling the brain. They have also definitively shown that cortical neurons are able to be 

differentiated in a hydrogel bioink. 

 

To our knowledge ours is the first 3D model of AD that has employed the use of both 

bioprinting and patient derived hiPSCs. There has however been some research modeling AD in 

3D using other methods of 3D culture. 

 

Choi et al. (2014) has created a 3D model of AD using non-patient derived cells. The 

researchers used multiple fAD NPC lines containing mutations on the APP and PSEN1 genes as 

well as an unmutated control line. In their model they differentiated NPC’s into neurons within a 

Matrigel based hydrogel matrix. The constructs were created by pouring liquid Matrigel with 

incorporated cells into a cell culture plate where it then solidified. They then bathed the construct 

in differentiation media. They found that after 4-12 weeks of culture, the cells produced neurite 
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extensions and stained positive for the mature neuronal marker MAP2. This indicates that they 

were successfully differentiated into neurons. It was observed in this study that there were 

multiple neurons per image. This is likely because they used a Z stack 3D image allowing for the 

visualisation of neurons not exactly in the plane of the image. Using ICC and a western blot for 

Aß, they also found the AD cells had deposited Aß plaques while the control cells did not. The 

AD cells also stained positive for hyperphosphorylated tau within the soma and neurites. There 

findings support ours that both AD and healthy hiPSC derived NPC’s are able to be 

differentiated into neurons in a hydrogel bioink. This also show that 3D cell culture models are a 

viable option for modeling the disease as they show both molecular hallmarks of the disease.  

 

Hernández-Sapiéns et al. (2020) has created a 3D model of AD using patient derived 

hiPSCs suspended in Matrigel. The disease cell line used in this cell line used in this study 

carried the fAD causing mutation in the PSEN1 gene as well as a non-mutated control cell line. 

They also used a dual SMAD inhibition protocol to produce their NPC’s. NPC’s were plated on 

top of a 3D Matrigel construct formed by using a cell culture dish as a mold.  The 3D cultures 

were then bathed in culture medium. They found after 14 days of differentiation that the cells 

had developed neurite processes and stained positive for the neuronal markers Tuj-1 and MAP2 

indicating successful differentiation into neurons. Their AD mutated line also stained positive for 

Aß while their non-mutated line did not. They performed a western blot for Aß and found that 

the AD line produced Aß monomers and oligomers while the non-mutated line did not. Their 

findings also support ours that it is possible to differentiate AD and healthy NPC’s into neurons 

in a 3D hydrogel. Also, like Choi et al., they have definitively shown an increase of Aß 

accumulation in AD cell lines.  
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Zhang et al. (2018) investigated the effect on AD on P21-activated kinase (pPAK) 

activity using a 3D AD model. In their model they used non-patient derived hiPSC derived NPC 

line with no fAD related mutations. AD pathology was induced by adding Aß oligomers to the 

culture medium. The researchers used a Puramatrix and laminin-based hydrogel scaffold for the 

3D construct. They also ran their experiment in a 2D monolayer on poly-L-Ornithine and 

laminin coated plates. Their 2D and 3D models showed the presence of neurite process and 

stained positive for a number of neuronal and cytoskeleton markers indicating successful 

differentiation into neurons. They found a higher activity of pPAK in the 3D model compared to 

the 2D model. The addition of Aß oligomers in 3D modulated the localization of pPAK in the 

cell and had no effect in the 2D model. The redistribution of pPAK in response to Aß oligomers 

in the 3D culture matches the pathology observed in vivo while the pPAK response in the 2D 

culture did not. Their result support our findings that neurons can be successfully differentiated 

in a 3D hydrogel matrix. This also shows how 3D disease modeling can more accurately reflect 

the pathology of AD found in the human brain than a 2D culture can. 

 

Papadimitriou et al. (2018) investigated synaptic plasticity in AD using hiPSCs and a 3D 

culture model using a starPEG-heparin-based hydrogel. The hiPSCs used in this paper did not 

have any mutations associated with fAD. They induced AD pathology by adding Aß 42 to the 

cultures. They observed the presence of neurite processes after 3 weeks in culture. The cells also 

stained positive for a variety of early neuronal cortical and mature neuronal markers confirming 

that they had been successful differentiated into cortical neurons. The found that the addition of 

Aß 42 to the culture increased the production of the enzyme KAT2. This has also been observed 
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in mouse models and in the human brain. Increased production of KAT2 has the effect of 

decreasing neuroplasticity of neurons. They found that the addition of Interleukin-4 restores to 

culture medium counters the effect of KAT2 and rescues the neural plasticity of the neurons. 

These results were confirmed using a 3D culture of primary neurons. In addition, they noted the 

presence of axonal boutons on the cultured neurons. It was not specified if these were terminal or 

en passant boutons. Their findings support ours that hiPSCs can be successful differentiated in a 

3D hydrogel matrix. This also supports our finding that 3D cultured neurons can form bouton 

structures in a 3D culture. Their findings further demonstrate the ability of 3D hiPSCs models to 

accurately reflect AD pathology previously found in mouse models and in humans. 

 

Though these studies have been successful at accurately modeling AD using hiPSCs , our 

model has a few key advantages over those reported here. Choi et al. (2014) and Hernández-

Sapiéns et al. (2020) used a Matrigel based hydrogels. Matrigel gels are difficult to use as they 

need to be kept at low temperatures to avoid solidification. This is not the case with our fibrin 

based bioink. As a result, our model is easier to work with. In the model described in and 

Hernández-Sapiéns et al., rather than suspending the cells in the hydrogel, cells were seeded on 

top of the Matrigel and allowed to grow into it. This is therefore not a true 3D model. In 

Papadimitriou et al. (2018), and Zhang et al. (2018), no cell line was used that had a fAD 

mutation. AD pathology was induced by adding Aß oligomers to the culture medium. This is a 

weaker representation of the disease than the use of fAD cell lines. Additionally, none of these 

models employed the use of bioprinting.  Bioprinting allows for the easy incorporation of both 

AD and healthy cells to make a true 3D model of AD. It also allows for the creation constructs 

with a variety of shapes. This means that our cultures are not limited by the shape of the culture 
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dish used as a mold. Also, the only paper to note the presence of axonal boutons was 

Papadimitriou et al. and none of the studies observed dendritic spine structures or axonal 

swellings in the AD neurons. This is likely because the images used in our study are of higher 

quality than those taken in these studies and therefore more detail can be discerned. Dendritic 

spines and axonal swelling have been documented before in hiPSC cultures as well as in human 

brains (Butz & van Ooyen, 2013; Mariani et al., 2012, Pchitskaya & Bezprozvanny, 2020, 

Sherriff et al., 1994). This, however, is the first time they have been documented in a 3D AD 

model using hiPSCs. This further supports the fact that 3D models can accurately model diseased 

and healthy neural tissue. 

 

 4.4 Future Directions 

 

 Though our findings are promising for the future of our 3D AD model, more work is 

needed for it to be useful for AD research. Future work should confirm the development of the 

cells into cortical neurons by staining for the cortical layer markers factors RELN (layer I) Brn-2 

(layers II-VI) and Tbr-1 (layers V-VI) as described in past publications (Zhang et al., 2018; 

Sugitani et al. 2002; Meyer et al. 2002). Additionally, staining should be done for choline acetyl 

transferase to confirm the presence of axonal boutons as well as axonal swellings. This would 

work to validate the model’s relevance to cortical brain regions. Additionally, the use of 3D Z 

stack images would be advantageous as they would allow us to view multiple neurons at once 

and allow us to see the connections between neurons. This could also be achieved by using 

higher cell densities, as described in Salaris et al. (2019). Higher cell density would increase the 

chance of viewing a neuron in the plane of the confocal microscope. 
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 Future work should also show that the AD cells in our model deposit Aß plaques, 

oligomers and hyperphosphorylated tau as described in the previously described 3D AD models 

(Choi et al., 2014; Hernández-Sapiéns et al., 2020; Papadimitriou et al., 2018). This could be 

done by staining for Aß or using a western blot. Additionally, future work should also be done to 

confirm that the AD cells have an increased Aß 42/40 ratio compared to the control line. This 

could be done using and Enzyme Linked Immunosorbent Assay (ELSIA) for both Aß 42 and 40. 

This would be the first 3D hydrogel model to show this increased ratio and would greatly 

increase the relevance of our AD model.  

 

 One of the weaknesses of this study is that in the human brain, along with neurons, there 

are many kinds of glial cells that support the neurons (Jakel & Dimou, 2017). Glial cells function 

as immune cells, support cells and myelinating neurons. Glial cells have been implicated in AD 

pathology (Kim et al., 2018). It is clear then that their inclusion as a co-culture with our neurons 

is necessary to create a fully accurate model of AD. Another weakness that this study has is a 

lack of genetic diversity. Only one APP mutation from a single patient was used along with a 

genetically unrelated control. To fully validate this model, an assortment of cell lines with 

different fAD causing mutations should be used from different patients whose genetics will 

differ as seen in Choi et al. 2014). In addition, isogenic control lines should be generated which 

have the mutated genes knocked out in order to give a fully accurate control. The largest 

weakness of this model is that currently, only fAD can be modeled using this method as it has a 

genetic origin. However, fAD only makes up ~1% of all AD cases. Future work should attempt 

to further develop this model for sAD research. 
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4.5 Conclusions 

 

Here we have shown the first steps in creating this model. We have shown that both AD 

and control patient derived hiPSCs are able to successfully differentiate within our bioink. We 

have also observed dendritic spines and axon swelling structures previously unobserved in 3D 

hydrogel models of the disease. These findings fit withing the growing body of research which 

shows that modeling using hiPSCs and 3D hydrogels is a promising avenue for modeling AD. 

This is also the first time that both patient derived hiPSCs and bioprinting have been used in 

conjunction to model AD. Once our model has been fully described, it has the potential to be an 

invaluable tool in the search for new drugs to treat AD and in AD research. In the future, this 

model can be used alongside animal and 2D cell culture models and eventually could replace 

them altogether. 
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