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ABSTRACT 

The three-dimensional (3D) culture of neural cells in Matrigel, a thermoresponsive, self-

assembling, extracellular matrix hydrogel, holds promise for modelling neurodegenerative 

disorders such as Parkinson’s disease (PD). 3D cell culture has been proposed as a way to 

bridge the cell culture vs. tissue gap by providing more realistic mass transport, cell-cell 

interactions, and environmental cues compared to standard two-dimensional (2D) cell 

culture. However, air-liquid interfacial tension and evaporation can result in inconsistent 

3D cultures at low volumes. Thick-layer hydrogels can counter these factors, but large 

diffusion distances, high cost, and incompatibility with standard imaging tools, plate 

readers, and assays limit their use. To address these limitations, two low cost, high-

throughput, thin-layer, Matrigel-based, 3D cell culture techniques compatible with well-

established equipment and commercially available materials were developed. The first 

technique involved using aqueous two-phase systems (ATPSs) to confine small volumes 

of Matrigel containing the model human neural cell line previously used in PD research, 

SH-SY5Y, into thin layers. Alternatively, the Matrigel-only 3D culture method involved 

dispensing cell-laden Matrigel directly into culture medium. Matrigel evaporation was 

eliminated in both the ATPS-Matrigel 3D culture and Matrigel-only 3D culture platforms, 

and small volumes could form thin gels. The ATPS-Matrigel 3D culture method provided 

viable cell cultures with excellent control over gel shape and thickness but was discovered 

to generate non-adherent cell cultures that would be more applicable towards contraction 

assay studies. Matrigel-only 3D culture produced thin gels also capable of supporting 

viable cell cultures but offered less control over gel shape and size. Nonetheless, the 

Matrigel-only 3D culture method provided a simpler protocol and adherent cultures. Thus, 

this platform was ultimately selected as the foundation for a potential 3D cell culture model 

to study PD and assess the impacts of 3D growth environment on SH-SY5Y cell growth, 

differentiation, and morphology. In 3D conditions, SH-SY5Y cells extended neurite-like 

processes in three-dimensions when differentiated with retinoic acid (RA) and brain-

derived neurotrophic factor (BDNF) and contained purer neuronal phenotypes compared 

to alternative cell culture platforms (e.g., standard 2D cell culture). High-throughput 

neurotoxin assays using compounds previously used to model PD revealed that 3D-grown 

RA/BDNF-differentiated SH-SY5Y cells were more robust against neurotoxins compared 

to 2D-grown cells indicating that growth environment significantly impacted cell 

differentiation outcomes and behaviour. While these results suggested that RA/BDNF-

differentiated SH-SY5Y cells do not provide an appropriate foundation for modelling PD, 

they also revealed the influence of 3D cell culture environment on cell growth and 

differentiation. As both 3D culture techniques are compatible with various cell types, 

alternative cell lines combined with these novel technologies may provide powerful new 

platforms to model PD in the lab and reveal information previously masked by standard 

2D cell culture methods. 
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CHAPTER 1: INTRODUCTION 

 

Neurological disorders account for approximately 12% of all deaths and impact nearly 1 

billion people globally (1). With advancements in healthcare and technology increasingly 

promoting longer life expectancies and age-associated susceptibility to neurodegenerative 

diseases such as Alzheimer’s (AD) and Parkinson’s (PD), these numbers are projected to 

rise with time (1–3). As a result, considerable efforts and resources have been directed 

towards the study of the human nervous system. Neural imaging technologies and post-

mortem organ donations have allowed us to investigate neural function and disease 

pathophysiology in actual human patients (4, 5). However, these techniques offer limited 

information about the molecular and cellular processes underlying disease pathogenesis. 

Alternatively, animal models and standard two-dimensional (2D) cell culture techniques 

provide manipulable living systems where certain features of disease can be modelled and 

isolated. These systems have been particularly useful for preclinical drug and 

neurotoxicological assessment in the laboratory. Once preclinical assessment generates 

promising therapeutic results, human clinical trials can proceed. Using the information 

gathered from these models, many novel therapeutics have emerged to prevent, halt, or 

potentially reverse neural damage. Between 2006-2015, 1304 promising treatments for 

neurological diseases were submitted for clinical assessment, the second highest number 

of drug submissions for a single disease category (6). Unfortunately, preclinical successes 

do not often translate to clinical success. The field of neurology has been reported to have 

one of the highest drug attrition rates (6). This disparity between preclinical laboratory 
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results and those observed in human patients reveal the limitations of our current preclinical 

modelling strategies. 

 

1.1. Traditional Preclinical Modelling Strategies 

1.1.1. Animal Models 

The nervous system is an incredibly complex and challenging environment to model. In 

humans, the brain contains approximately 85 billion neurons and an equivalent number of 

non-neuronal cells (7). Interconnecting neural networks generate complex thought and 

control our bodies. In turn, changes in overall physiology (e.g., increasing aortic stiffness 

with age or modifications to gut microbiota) can influence nervous system function and 

health (8, 9). Despite significant scientific advancements over the past decade, we are not 

capable of fully recreating such intricate systems. Therefore, we have relied on animal 

models to offer insight into the complexities of intact living organisms. Using animal 

models, disease pathogenesis, behaviour, and drug efficacy can be assessed without 

requiring a human subject (10–13). Animal models also offer simpler, more controlled, and 

replicable systems for experimentation. For example, C57BL/6 is a common strain of 

laboratory mouse. This strain has been inbred to produce close genetic profiles useful for 

the development of transgenic mouse models. This avoids complications of genetic 

diversity and allows for closer inspection of specific details within a disorder. 

 

However, due to species differences, many human neurological disorders are not easily 

replicable in standard laboratory animals. Mimicking disease neuropathology is 

particularly difficult when the full etiology of the disease is unknown. This is generally the 
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case for neurodegenerative disorders. In animal models, such pathologies must be 

artificially induced. Genetic manipulation or targeted cell death using toxins or physical 

damage are common techniques used to simulate certain neurological deficits (11–16). 

These models are informative and offer insight into the significance of genetic 

predispositions, protein function, cellular interactions, disease progression, and drug 

efficacy (11–15). However, physiological and pathological differences between animal 

models and humans can result in potentially unreliable information that may not translate 

well to the clinic (16–18). Therefore, alternative methods are essential to clarify and 

contextualize information obtained from animal models as well as minimize animal 

sacrifice. The most common preclinical supplement to in vivo animal work is traditional 

2D cell culture. 

 

1.1.2. Two-Dimensional (2D) Cell Culture 

2D cell culture traditionally involves growing cells on treated plastic or glass surfaces. 

Sufficient nutrients, humidity, and CO2 are provided to maintain cell viability. This 

technique offers a simplified model of living systems. Environmental cues and complex 

cellular interactions are stripped away to a minimum requirement for cell life. While 

removing information initially sounds counterintuitive, reducing complexity allows for 

greater control over the design and manipulation of the experimental system. Specific 

interactions and cellular behaviours can be further isolated and observed under highly 

regulated conditions. 
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Cells used in standard 2D culture can be obtained from several sources. Model cell lines 

are the most common and are typically derived from tumours. Cell lines can proliferate 

indefinitely and generate numerous identical samples for high-throughput analysis of 

genetically similar samples. Alternatively, primary cells offer disease-relevant models and 

are harvested directly from a source tissue. A substantial library of cell types and cell lines 

derived from humans and other species are commercially available and relatively easy to 

access. Compared to animal models, 2D cell culture offers the opportunity to examine 

human-derived cells and investigate disease pathologies from within the same species. In 

addition, with the rapid evolution of stem cell technologies, patient-derived in vitro 

modelling has emerged (19–21). 

 

Due to the simplicity of this technique, 2D cell culture remains the gold standard for in 

vitro analysis of cellular interactions and behaviour in response to drug therapies. The 

minimalistic growth conditions offer relatively straightforward, low-cost, high-throughput, 

screening capabilities. However, 2D cell culture can suffer from its overly minimalistic 

methodology. Cells are not naturally accustomed to growing on plastic or glass. In typical 

2D cell culture conditions, cells are directly exposed to a liquid medium that is changed 

every few days to remove waste and replenish nutrients (Figure 1). The shift between static 

and turbulent fluid motion against the cell body, while the other half of the cell remains 

adhered to a hard surface instead of a compliant extracellular matrix (ECM), generates 

highly unusual mass transport and environmental cues. Additionally, under 2D conditions, 

neighbouring cells are limited in their ability to form three-dimensional (3D) cell-cell 

interactions. All of these factors can have significant impacts on cellular morphology, 
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differentiation, function, behaviours, and responses to experimental treatments (22–25). 

For example, primary neural and astrocytic cell cultures have been shown to respond to 

substrate stiffness (22, 25, 26). Neurons have been noted to preferentially grow on softer 

substrates compared to astrocytes, which multiply and expand in stiffer environments (22). 

Puschmann et al. also observed that 2D growth conditions elevated markers of cellular 

stress and reactivity in astrocytes (25). 

 

 

Figure 1 Cartoon representation of 2D, 3D, and native tissue growth 

environments. 

Green arrows (→) depict oxygen and nutrient flow while red arrows (→) depict 

waste. 2D cell cultures are directly exposed to liquid medium while 3D cell 

culture attempts to mimic mass transport characteristics of native tissue. 

 

With these limitations, pursuing novel techniques for in vitro modelling may be beneficial 

to supplement current 2D cell culture practices and obtain a clearer picture of neural cell 

behaviour. In recent years, more complex models of disease have emerged using 

microfluidic organ-on-a-chip technologies and have been used to mimic blood-brain 

barrier function in vitro, for example (27, 28). In these novel systems, cells can be 

organized and grown within microscale compartments and channels that offer defined 

spatiotemporal control over the microenvironment. While these technologies offer insight 



6 

 

into cellular and molecular mechanisms of disease and minimize reagent use due to their 

microscale requirements, they do not alone address the unnatural growth conditions of cells 

grown in 2D conditions. Therefore, the concept of building 3D cell culture models to better 

mimic native tissue has grown increasingly attractive (27, 29, 30). 

 

1.2. Three-Dimensional (3D) Cell Culture 

Alone, animal models and 2D cell culture offer limited portrayals of human neurological 

disease. Alternative techniques are becoming increasingly necessary to supplement 

information generated from these models. Many of these novel methods fall under the wide 

umbrella of 3D cell culture. 3D cell culture techniques aim to provide more representative 

neurological disease models in the laboratory. Many of these techniques attempt to provide 

natural environmental cues, mass transport, and 3D cell-cell and cell-ECM interactions 

(Figure 1). Neural cells grown in 3D culture conditions show different morphology (24, 

25), improved differentiation into neuronal phenotypes (24), and minimization of 

spontaneous astrocyte reactivity (25) compared to 2D-grown cells. By bridging the gap 

between artificial in vitro models and native in vivo tissue, 3D cell culture has the potential 

to improve preclinical assessment of drug efficacy and neurotoxicology. In this section, I 

will briefly cover a small selection of the most popular 3D cell culture methods used in 

modelling the nervous system: explant culture, self-assembling aggregate culture, and 

scaffold-based culture. 
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1.2.1. Explant Culture 

Commonly identified as organotypic slice culture, ex vivo modelling, or histoculture, 

explant culture involves growing a piece of animal or human tissue in the lab. Animal 

tissues are typically derived from healthy animals or genetically modified disease models 

(31–34). Explants from younger animals are preferred as these tissues are more robust and 

have been shown to survive for 15 weeks or more (32, 33). However, immature tissue can 

be a distant representation of certain neurodegenerative disease pathologies. Explants from 

older animals have been used in the past, but tissues are more sensitive and challenging to 

maintain (34, 35). For human explants, brain tissues are typically obtained from tumour 

biopsies or from epilepsy patients who undergo resective surgery to remove seizure 

epicentres (36–38). 

 

Once the animal or human tissue has been retrieved, they are sectioned and can be grown 

on various platforms. These include in well-plates on membrane inserts (31–36), in 

microfluidic brain-on-a-chip devices (39), in suspension (40), or on gelatin-based sponge-

gel matrices (38, 40, 41). Explants can be further processed to retrieve primary neural cell 

populations for other cell culture purposes (42, 43). However, leaving the ECM, 

vasculature, and existing circuitry intact offers opportunities for unique insight into neural 

cell growth and behaviour in their native tissue architecture, a key benefit of explant culture 

that we have not been able to fully mimic artificially. 

 

Compared to animal models, explant culture offers greater control over the experimental 

environment and isolates areas of interest for further study. Small subsets of specialized 
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neuronal populations that cannot otherwise be harvested and propagated in vitro can be 

analysed using this technique (44). Explant culture also has potential to minimize animal 

sacrifice as multiple explants can originate from the same brain or spinal cord of a single 

animal (31). Furthermore, human-derived explant models avoid the limitations of species 

differences between humans and laboratory animal models. 

 

Despite these advantages, explant culture can be time consuming, sensitive, and difficult 

to perform and maintain. Human explants can have high inter-specimen variability, and 

tissue quantity is limited. Targeting specific brain regions or neuronal populations is 

difficult as samples vary. Experiments rely on the availability of resective surgeries and 

close ties between research groups and surgical teams for successful transferal of viable 

tissues (37). As a result, most explant studies rely on animal models and experience similar 

limitations of species differences attributed to their source. 

 

Explant culture should not be entirely discounted, however. In fact, the future of 3D cell 

culture may rely on this technique to validate and standardize the physiological relevancy 

of artificially engineered 3D tissue culture models. At present, explant culture offers a 

model we have yet to fully recapitulate and can be considered our current gold standard for 

3D in vitro modelling. 

 

1.2.2. Self-Assembling Aggregate Culture 

Self-assembling aggregate culture is a category of techniques that encourage cells to 

spontaneously form 3D tissues without the presence of a scaffold to provide structural 
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support. Aggregate culture techniques include spheroids, organoids, neurospheres, 

microtissues, embryoid bodies, and “mini-brains”, colloquially (45). Neural aggregate 

cultures can be formed from neuroblastoma cell lines (46, 47), neural progenitor cells (48, 

49), neural stem cells (50, 51), embryonic stem cells (ESCs) (52, 53), and induced 

pluripotent stem cells (iPSCs) (54, 55) through various methods. These include the use of 

ultra-low attachment plates (46, 47, 55), concave microwells (48, 49), hanging drop 

techniques (51), uniform mechanical agitation (e.g., bioreactors or rotary orbital shaking) 

(50, 56), and aqueous two-phase systems (ATPSs) (57–59). 

 

ATPS methods use two immiscible water-based solutions to confine cells within small 

spaces and induce aggregation. ATPS-based techniques represent novel strategies for 

microtissue fabrication and have yet to be applied towards neural aggregate formation. 

However, ATPSs show promise as useful tools for the field of 3D neural tissue engineering. 

I will discuss ATPSs in more detail in section 1.3. Ultimately, all techniques promoting 

aggregate formation aim to increase cell-cell interaction and limit cell adhesion to a stiff 

substrate. When successful, tight 3D colonies are formed. Depending on the method used 

to generate aggregates, some may offer improved control over microtissue structure and 

size over others. For example, bioreactors and low-attachment plates can generate multiple 

aggregates in one vessel, but offer limited control over the size of each construct. In 

contrast, isolating small cell colonies with defined seeding densities using ATPS 

techniques and/or in separate microwells offers more control over aggregate formation. 
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With the range of neural cell sources available and advancements in stem cell technologies, 

aggregate culture has emerged as an exciting field for neural tissue engineering. The close, 

compact structure of aggregates can be considered an appropriate model of native brain 

tissue (60). Complex self-assembled structures mimicking premature fetal corticogenesis 

have been fabricated using commercially available low-binding plates to promote stem cell 

aggregation (52, 61). iPSCs from AD patients have been used to develop 3D neural 

microtissues to assess AD candidate drugs (55). Aggregate technology has also been 

applied towards studying the impacts of the Zika virus on neural development and 

microencephaly (62). 

 

Despite these discoveries and relatively simple and scalable protocols for microtissue 

fabrication, these methodologies have yet to be well established within the general 

scientific community due to several limitations. Firstly, aggregate formation using stem 

cell sources can be significantly impacted by culture conditions such as cell density, 

passage number, and changes to media composition (63). Batch-to-batch differences have 

been observed in cellular composition as a result of these confounding factors (63). This 

can limit the reproducibility of aggregate cultures. Furthermore, aggregates are limited in 

terms of their ability to expand. Aggregates that grow too large can form necrotic cores. 

The lack of vasculature results in poor diffusion of oxygen, nutrients, and waste at the 

centre of the structure. Additionally, not all cell types spontaneously aggregate (27, 58). 

This factor limits the usage of alternative cell sources. Therefore, in cases where aggregate 

culture is unfeasible, a scaffold is necessary to provide a viable 3D environment. 
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1.2.3. Scaffold-Based Culture 

Scaffold-based cell cultures take advantage of synthetic and/or natural biomaterials to 

provide 3D structural support for cultured cells. Porous sponge-like constructs, electrospun 

fibre networks, and hydrogels are some examples of cell culture scaffolds. For sponges and 

fibre networks, cell seeding can only occur after the scaffold is fabricated. Cells are added 

on top of the solid construct to form 3D cultures. Alternatively, hydrogels offer a cells-

embedded-in-gel option. Cells can be seeded within hydrogels by providing the appropriate 

crosslinker to stimulate the hydrogel solution to assemble around the cells and form the 

necessary scaffolding for 3D growth. 

 

Scaffold-based techniques are unique from aggregate culture in that they allow 3D 

environments to be designed rather than spontaneously formed by cells. However, many 

factors must be considered when crafting an appropriate scaffolding system to best model 

the environment of a chosen organ. The ideal 3D neural culture scaffolding should account 

for the stiffness of the native tissue, provide sufficient porosity for nutrient and oxygen 

exchange, and potentially mimic environmental and architectural cues such as ECM 

alignment if modelling the peripheral nervous system (64). Furthermore, if a 

polymerization reaction is required to form a 3D scaffold, crosslinkers such as chemical 

agents and extended ultraviolet (UV) photopolymerization must be assessed to determine 

impacts on cell viability (64). The degree of difficulty in fabricating the scaffold and its 

scalability for high-throughput testing for pharmaceutical development purposes should 

also be considered. With each material offering advantages and limitations towards their 
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use in modelling select systems, an appropriate scaffolding substrate must be chosen with 

these factors in mind. 

 

Synthetic biomaterials that have been used in the past for 3D cell culture include, but are 

not limited to, poly(ethylene glycol) (PEG) (65–67), polystyrene (68), polycaprolactone 

(69), and graphene (70). These materials offer finer control over the tissue architecture. 

Porosity, scaffold orientation, mechanical stiffness, and electrical conduction can be 

readily manipulated and reproduced with minimal batch-to-batch variation. However, as 

these materials require more complex fabrication and functionalization steps, they can be 

expensive to produce and are not as readily accessible for high-throughput cell culture. 

Additionally, due to their synthetic origins, many of these materials do not have 

endogenous characteristics of native ECM. 

 

Natural biomaterials are an alternative option to synthetic biomaterials and encompass any 

product isolated from natural sources. In contrast to synthetic biomaterials, natural 

biomaterials have higher risk of batch-to-batch variance. However, preparation steps are 

reduced lending to simpler protocols. Commercialized products are readily available and 

relatively standardized to minimize variance. As natural biomaterials can vary wildly in 

characteristics and capabilities, this category can be further divided into non-ECM-based 

materials and ECM-based materials. Non-ECM-based materials include alginate (24, 71), 

chitosan (72), agarose (73), and silk (74). Since many of these materials do not contain 

endogenous cellular adhesion motifs, they require further modification to promote cell 

infiltration and expansion. Some investigators have functionalized these platforms by 
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adding Arg-Gly-Asp (RGD) sequences, ECM components, or polyamino acid coatings to 

improve cellular attachment (24, 71, 72). Without such modifications, cell viability can be 

significantly impaired (73). 

 

Common ECM-based materials include hyaluronic acid (HA) (23, 75, 76), collagen (23, 

74, 76–78), basement membrane extracts (67, 79–81), and decellularized matrices (82). 

Decellularized matrices are materials that originate from harvested tissues stripped of all 

cells using several chemical washing steps to leave behind the ECM architecture. Residual 

detergents from decellularization processes may have an impact on cell growth, but this 

can be dependent on the protocol used (83). Decellularization technology has potential to 

offer the closest mimic of native neural tissue. While human neural tissue is limited, 

decellularized nerve and brain tissue can be obtained from laboratory animals. As other 

commercial ECM-based materials are commonly derived from rodent and bovine tissues, 

decellularization remains a promising technique for generating materials for 3D neural cell 

culture. However, while a single animal can provide multiple samples, scalability 

comparable to standard 2D cell culture performed in the pharmaceutical industry is 

challenging. 

 

Unfortunately, most laboratories are not well equipped to handle more complex 3D tissue 

models. However, most are well-accustomed to liquid handling equipment and liquid-

based culture assays. Therefore, hydrogel techniques may offer the most accessible high-

throughput platform for 3D scaffold-based cell culture. While non-ECM-based materials 

such as agarose and alginate can serve as hydrogel platforms, their lack of cell attachment 
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sites limits their use. Alternatively, HA is a particularly attractive material as it constitutes 

the majority of ECM within the brain and can readily form a hydrogel when crosslinked 

(60). However, HA has poor cell attachment and suffers from similar limitations to non-

ECM-based materials. HA requires the addition of polyamino acids or other ECM 

supplements such as collagen and laminin to support cell survival (23, 75, 76). This aspect 

of HA is compatible with its understood role within the adult brain ECM architecture. After 

development and maturation, the neural network consists of highly organized cellular 

interactions that are plastic but well regulated (60). An environment that promotes 

excessive cellular migration, proliferation, and random synaptogenesis is not ideal for the 

mature brain. Therefore, HA coupled with lecticans and tenascins within perineural nets 

control cell attachment and regulate the neural environment (60, 84). 

 

Alternatively, hydrogels of type I collagen and Matrigel (a common ECM extract 

containing type IV collagen and laminin) are particularly prevalent in scaffold-based 3D 

culture due to their commercial availability, ease of handling, and endogenous cell 

adhesion motifs. However, cell survival and differentiation within type I collagen have 

been observed to produce poorer cell responses compared to Matrigel in studies using 

neural stem cells (85) and muscle progenitor cells (86). 

 

1.2.4. Matrigel 

Matrigel is a basement membrane extract from Engelbreth-Holm-Swarm mouse sarcoma 

cells. It has been used extensively in the field of oncology to study tumour cell infiltration 

and promote aggregate formation (87). Matrigel is an thermoresponsive, commercially 
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available, ECM-based hydrogel that self-assembles into an optically-clear scaffold at 

temperatures above 10 °C. As this material does not require any other crosslinking agent 

or chemical other than a minor temperature change to induce gelation and encapsulation of 

cells, Matrigel is relatively easy to use with minimal negative impact on cell growth. Each 

batch of Matrigel contains a mix of ECM proteins including ~60% laminin, ~30% type IV 

collagen, ~8% entactin, heparan sulfate, and other growth factors (although growth-factor 

reduced Matrigel can be purchased). While not a direct mimic of adult ECM in the brain, 

laminin has been noted to promote neurite outgrowth and is an important ECM protein 

during early neural development (88). Thus far, Matrigel has shown promising results as a 

3D culture platform for modelling AD (79, 80). Investigators observed hallmark increases 

in amyloid beta and phosphorylated tau aggregation in a familial AD model grown under 

Matrigel-based 3D cell culture conditions (79). A microfluidic device called the 

“OrganoPlate” has also been developed using Matrigel as a 3D scaffold for iPSC-derived 

neural cell cultures (81). 

 

While such advancements are exciting, hydrogel systems such as Matrigel are not 

commonly used platforms for neural cell culture. Like other 3D cell culture systems, 

hydrogel techniques are more difficult to perform compared to traditional 2D cell culture. 

3D cell cultures also have limited compatibility with standard high-throughput equipment, 

assays, and imaging platforms. Despite the simplicity of Matrigel systems, the challenges 

involved in assessing 3D cell cultures and limitations in liquid handling impede their 

general use. Evaporation and air-liquid interfacial tension prevent effective handling of 

small volumes, so thick gels must be created. However, thicker gels are problematic 
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because they use additional material and have large diffusion distances. While large 

diffusion gradients may model features such as stoke, cardiac ischemia, and the formation 

of necrotic cores in tumours, they are not ideal for generating viable models of neural 

tissues. Neural tissues remain highly vascularised in the brain in many neurodegenerative 

diseases. Permeable transwell inserts can address issues with diffusion, but adding this step 

further complicates the 3D cell culture methodology and reduces high-throughput 

capabilities. 

 

Attempts have been made to circumvent these limitations and generate thin-layer cultures 

using small volumes of Matrigel. The Whitesides group made use of chromatography paper 

to absorb 2-4 µl of cell-laden Matrigel prior to gelation (89, 90). The chromatography paper 

provided structural support for the spot of gel, and printed wax borders minimized leaching 

into adjacent cultures. After incubation at 37 °C, the technique produced thin cultures (200 

µm) of cardiomyocytes and cardiac fibroblasts seeded in densities ranging from 2 x 104 to 

1 x 105 cells/spot. However, the investigators noted that visualization of cells through 

chromatography paper was challenging and evaporation remained a high risk. This 

technique is unique in that chromatography papers filled with Matrigel spots could be 

stacked and split as desired for the study of ischemic gradients, for example. However, the 

protocol is difficult to perform and assess on a larger scale. 

 

In 2015, Kim et al. detailed a novel “thin-layer” 3D cell culture method (80). Matrigel was 

diluted past the manufacturer’s recommended gelling point to generate a thin protein 

coating around cells (80). Evidently, the coating was sufficient to produce a thin gel around 
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the seeded cells. Cells were then grown and differentiated over a period of 2-12 weeks and 

were observed to form thin-layer 3D cultures ranging from 100-300 µm in thickness. This 

technique is promising due to its minimization of evaporation effects, interfacial tension, 

and material usage. Additionally, the thin-layer structure was compatible with standard 

liquid handling tools and could be assessed by immunocytochemistry. The investigators 

observed their model display key pathologies observed in AD (79, 80). However, while 

assessing this technique, I realized that their thin-layer 3D methodology did not appear to 

promote a cells-embedded-in-gel model as described in their protocol. Firstly, treated 96-

well plates were used. The treated coating on culture vessels ordinarily promotes cellular 

adherence to the hard, plastic substrate. This feature is contrary to the goal of 3D neural 

cell culture, which would ideally mimic the softer tissue environment of the brain. 

Combined with the 2-12-week growth period and a seeding density of 2 x 106 cells/ml (79) 

to 1 x 107 cells/ml (80), cells may have been forced to grow as a tight stack. These growth 

conditions would certainly differ from a cells-embedded-in-gel model, which the 

investigators also assessed and termed as “thick-layer” 3D cultures. These thick-layer 

cultures used concentrated Matrigel and transwell inserts to accommodate for diffusion 

limitations. Ultimately, the thin-layer and thick-layer methodologies would provide 

dissimilar environmental cues that may impact cellular behaviour and differentiation 

depending on the chosen platform. The high seeding density would also not be ideal for 

high-throughput assay analysis. To address some of these initial concerns, I decided to 

replicate the thin-layer 3D culture protocol detailed by Kim et al. (2015) (80) and determine 

if this platform could sustain a lower cell seeding density. I also considered creating my 

own novel methodology for thin-layer 3D neural cell culture using Matrigel. To do so, I 
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investigated the use of ATPSs to shape small volumes of Matrigel to form thin-layer 

cultures in a 96-well plate format. 

 

1.3. Aqueous Two-Phase Systems (ATPSs) 

As previously described, ATPSs consist of two immiscible polymer-polymer or polymer-

salt water-based solutions that phase-separate above critical concentrations. Factors that 

influence phase separation include temperature, molecular weight, ionic content, polarity, 

viscosity, etc. (91). Critical concentrations are typically determined by turbidimetric 

titration or cloud point method (91). These methods assess the point at which two solutions 

switch from miscibility to immiscibility or vice versa. Critical points are then plotted as a 

binodal curve on a phase diagram that delineates the concentrations of each solution 

required to form two phases (Figure 2). The ability of ATPSs to phase-separate offers 

unique utility in the separation of different compounds under aqueous conditions. 

Successes in ATPS-facilitated 3D aggregate culture have revealed the potential of ATPSs 

for use in 3D cell culture and tissue engineering applications (57–59). As ATPSs provide 

a unique platform for the precise manipulation of liquids, this technology has revealed 

intriguing applications beyond aggregate culture. 
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Figure 2 Hypothetical example of a binodal curve. 

Black circles (•) indicate hypothetical critical points determined via 

turbidimetric titration. Two known concentrations (% w/v) of polymer 1 (red) 

and polymer 2 (blue) are combined to form an ATPS. The solution is gradually 

diluted with a solvent until the concentrations of each polymer can no longer 

maintain a stable ATPS, and a single phase (purple) is formed. The process is 

repeated to generate the rest of the points on the curve. Concentrations of 

polymer 1 and polymer 2 that lie above the binodal curve are predicted to form 

stable ATPSs, while concentrations that lie below the curve are expected to 

form a single-phase solution. 

 

Moraes et al. demonstrated that by combining type I collagen with a bottom-phase-forming 

polymer, smaller volumes of hydrogel-forming solution could be used (92). The top-phase 

solution essentially formed a barrier that isolated the bottom-phase collagen solution from 

air and replaced the former air-liquid interface with that of a liquid-liquid interface prior to 

gelation. Evaporation was eliminated, and interfacial tension was significantly reduced. 

Volumes as low as 0.25-10 µl of cell-laden type I collagen were used to form microscale 

3D cell cultures (92). Leung et al. further optimized this technique for liquid handling 

robotics and developed a high-throughput 3D breast cancer model using flat-bottomed 384-

well plates (93). 
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Since ATPSs could provide a liquid-liquid interface for type I collagen, a similar strategy 

could be applied to Matrigel to form thin-layer cultures (Figure 2). I selected a 96-well 

plate format to take advantage of standard plate reader settings and common multichannel 

liquid handling tools for future high-throughput applications. To minimize cellular 

adherence to the plastic, untreated plates were used. The bottom-phase-forming solution 

would contain cell-laden Matrigel while the top-phase-forming solution containing culture 

medium would act as the protective barrier between the cell-laden Matrigel and air. 

 

 

Figure 3 Cartoon representation of the ATPS-Matrigel 3D cell culture method in 

a high-throughput, 96-well plate format. 

The presence of the top-phase solution effectively isolates the cell-laden 

Matrigel-bottom-phase solution from air to eliminate evaporation and reduce 

air-liquid interfacial tension. 
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By developing and optimizing a novel, thin-layer, hydrogel technique, I hypothesized that 

this system would address some of the limitations suspected in the Kim et al. methodology. 

Additionally, the new 3D culture technique would provide an improved 3D modelling 

platform compatible with high-throughput technologies and assays. As recent efforts in 3D 

neural cell culture have provided novel information previously undetected in animal and 

2D cell culture models of AD (79), I considered whether other neurodegenerative diseases 

such as PD could be similarly modelled. 

 

1.4. Parkinson’s Disease (PD) 

PD is the second most common neurodegenerative disorder after AD, impacting 0.2-0.3% 

of the world’s population with prevalence rising with age (1, 94). PD is most notable for 

its gradual degradation of motor control. Key symptoms for a diagnosis of PD include 

bradykinesia (i.e., slow movement) with rigidity and/or resting tremor (95). Throughout 

progression of the disease, common nonmotor symptoms that can arise include sleep 

dysfunction, autonomic dysfunction (e.g., orthostatic hypotension, constipation, and 

urinary dysfunction), hyposmia, and psychiatric dysfunction (e.g., depression, anxiety, and 

hallucinations) (95). Cognitive impairments and dementia can also occur but typically 

appear during late stage PD (96). Both environmental factors and genetics appear to play 

roles in PD onset. For example, men are more likely to be diagnosed with PD than women 

(94, 96). Lower prevalence of PD has been observed in Asia compared to North America, 

Europe, and Australia (94). Pesticide exposure and the consumption of dairy products have 

been linked to greater incidence rates for PD, while caffeine and smoking have been 

associated with decreased risks (97). The impacts of geographical location, ethnicity, 
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lifestyle, sex, and genetics have offered hints towards the underlying etiology of PD. 

However, we remain far from understanding the complexities of this disease. 

 

1.4.1. Etiology 

PD is characterized by the substantial loss of dopaminergic (DAergic) neurons in the pars 

compacta region of the substantia nigra. These neurons are involved in sending projections 

to the striatum. Here, DA is released at the synapse and activates the DA receptors, D1 and 

D2, which correspond to the direct and indirect pathways of movement, respectively. The 

direct pathway promotes movement when DA is present, and the indirect pathway inhibits 

movement when DA is not present. In the direct pathway, release of DA at the striatum 

leads to increased excitatory thalamic output towards the motor cortex through a series of 

synaptic relays. Conversely, activation of D2 receptors in the indirect pathway results in 

decreased inhibition of the thalamus, which can then be free to send more excitatory signals 

to the motor cortex. The net result of these pathways when DA is released at the striatum 

is the promotion of movement. When DAergic neurons degenerate, the supply of DA is 

reduced, and the direct pathway weakens. The indirect pathway, however, strengthens 

inhibition on the thalamus and key motor symptoms of PD appear  (96). Since the brain is 

plastic enough to accommodate losses in DAergic neuronal populations during early stages 

of the disease, by the time PD is diagnosed, many are already lost (98). 

 

Current Treatments for PD 

Having been discovered many decades ago, levodopa remains the gold standard treatment 

for PD motor symptoms. Levodopa, or L-3,4-dihydroxyphenylalanine (L-DOPA), is a 
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precursor to DA. It is endogenously catalysed by tyrosine hydroxylase (TH) from L-

tyrosine, which is the rate-limiting step in catecholamine production (99). When given to 

patients, L-DOPA can pass through the blood-brain barrier and enter surviving DAergic 

neurons. L-DOPA bypasses the rate-limiting step and is immediately converted into DA to 

increase overall DA output. Despite potential side effects such as dyskinesia and DA 

dysregulation with long term use, L-DOPA remains the most efficacious treatment above 

alternatives such as DA agonists and monoamine oxidase B (MAO-B; an enzyme that can 

degrade DA) inhibitors (100). However, L-DOPA, like all other PD treatments, have only 

shown limited to moderate success in addressing the symptoms of PD. None have yet been 

successful in preventing or suspending PD’s degenerative progress due to our lack of 

understanding of its etiology. Substantial research has been done to investigate the 

pathophysiology of PD with considerable attention having been focused on abnormalities 

in α-synuclein expression. 

 

Lewy Bodies & Abnormalities in α-synuclein Expression in PD 

The other main hallmark of PD is the aberrant deposition of oligomerized α-synuclein 

within the cytoplasm of neurons (96). The accumulation of α-synuclein deposits then 

aggregate to form insoluble structures called Lewy bodies or Lewy neurites (96). While 

initially assumed to be pathogenic, post-mortem assessment has suggested that DAergic 

neurons die before such aggregates appear (98). Thus, there is debate as to whether Lewy 

bodies innately impact disease progression or is more of a compensatory storage response 

to soluble toxic aggregates of α-synuclein (101). Older but otherwise healthy brains with 

no history of neurodegenerative disease have been found to express Lewy bodies as well, 
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suggesting a more benign impact of these features on brain function (102). Nonetheless, 

the comorbid spread of Lewy bodies and progressive deterioration of DAergic neurons has 

led to the suspicion that α-synuclein aggregation underlies PD pathology (96, 98). 

 

Overexpression, misfolding, and dysfunction within proteolytic pathways, such as the 

ubiquitin-proteasome and autophagic-lysosomal systems, have been observed to lead to 

pathological accumulation of α-synuclein (96, 103). Rare duplications or point mutations 

(e.g., A53T or A30P) of the α-synuclein gene, SNCA, result in elevated levels and/or 

aggregation of α-synuclein and have been implicated in variations of familial PD (104, 

105). Theories regarding the prion-like capabilities of misfolded α-synuclein to spread into 

other cells and act as seeds for new aggregates have also been postulated (96). 

Alternatively, genes such as PARK2 and PARK9, for example, are involved in 

ubiquitination and lysosomal autophagy, respectively, and when mutated have been held 

responsible for several cases of early-onset PD (101). While the ubiquitin-proteasome 

pathway has a role in degrading α-synuclein, past research has pointed towards a greater 

contribution of the autophagic-lysosomal pathway to PD pathology (96, 106). In the case 

of lysosomal dysfunction, unfolded/misfolded proteins end up accumulating in the 

endoplasmic reticulum (ER) leading to disruption of ER homeostasis, ER stress and 

eventual cell death (107, 108). Due to the complexities of these systems, the role of α-

synuclein and how it may impact the brain remains unclear. 
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Other Factors Involved in PD Neurodegeneration 

Why DAergic neurons of the substantia nigra selectively die in PD is also not completely 

understood. It has been proposed that their complex morphology, long (up to ~4.5 m), 

unmyelinated axons, an estimated ~1-2.4 million synapses at the striatum, and elevated 

basal mitochondria activity generates high amounts of reactive oxygen species (ROS) (109, 

110). These features render these neurons particularly sensitive to oxidative and metabolic 

stressors (110). 

 

The concept of mitochondrial dysfunction playing an important role in PD initially arose 

in 1983, when Langston et al. encountered four cases of illicit drug use leading to sudden 

onset of PD symptoms (111). The drug that the individuals had taken was 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), which had been marketed as the new 

“synthetic heroin” at the time (111). This compound was found to cause irreparable and 

targeted DAergic cell death in the substantia nigra. MPTP is a lipophilic compound that 

alone is not toxic. However, due to its lipophilicity, MPTP can easily pass through the 

blood-brain barrier. Once inside the central nervous system, MPTP can be metabolized by 

MAO-B into its toxic form, 1-methyl-4-phenylpyridinium (MPP+) (112). MPP+ can then 

enter DAergic neurons through the DA transporter (DAT), the reuptake mechanism for 

endogenous DA (112, 113). Inside the cell, MPP+ inhibits complex I of the mitochondrial 

electron transport chain leading to decreased ATP production, increased ROS production, 

and cell death (112, 114, 115). MPTP has been used across many different animal models 

and cell types and lines to reproduce PD neuropathology. 
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Past cell culture and animal work have also noted the impacts of DA and its metabolites 

on neuronal cell viability (116). Mosharov et al. observed that the presence of α-synuclein 

elevates L-DOPA induced DAergic neurotoxicity, suggesting the interplay between these 

factors may further selectively predispose DAergic neurons to die (116). On a side note, 

the observation of L-DOPA-induced neuronal death has led some to question the long-term 

prognosis of this treatment. However, no clear evidence has been found that L-DOPA 

aggravates PD progression in patients, and cell culture and animal model work have shown 

mixed results (117, 118). 

 

Ultimately, it is well accepted that multiple factors play a role in PD. Impacts of 

neuroinflammation, oxidative stress, mitochondrial dysfunction, ER stress, and proteasome 

dysfunction likely have complementary exacerbating effects and are mutually impacted by 

dysregulation within any of these systems (96). Parsing the roles of these systems in PD 

using laboratory models will be key to better understanding disease progression and to 

developing novel therapeutic targets. 

 

1.4.2. Preclinical Modelling in PD  

Investigations into genetic factors that lead to familial PD have offered useful insights into 

the various mechanisms behind PD neuropathology. Our growing understanding of some 

of these genes have generated several methods for modelling PD. Common manipulations 

that have been done in both animal models and cell culture include altering expression of 

SNCA, PARK2, and other genes associated with familial PD (119–121). Alternatively, PD 

modelling has been accomplished using neurotoxins (e.g., MPTP, 6-hydroxydopamine [6-



27 

 

OHDA], etc.) and pesticides (e.g., rotenone, paraquat, etc.) that have previously been noted 

to promote selective degeneration of DAergic neurons and induce symptoms of PD in 

humans and animal models (120). Due to the rapid onset of motor symptoms, 

neurotoxin/pesticide-based animal models are typically faster to produce compared to their 

transgenic counterparts, which has led to their popularity in PD research. In cell culture, 

toxins have been used as a method to test the efficacy of promising neuroprotective 

therapies and identify key cellular interactions involved in DAergic cell death (122, 123). 

However, most of these studies have used standard 2D cell culture practices to generate 

their results. 

 

As previously discussed in section 1.1.2., 2D cell culture environments have been 

associated with alterations to cell behaviour, morphology, differentiation, etc. What 

impacts may these changes in cell behaviour impart to these experimental findings? Would 

neurotoxicological results differ when growth conditions are altered to better match native 

3D tissue environments? Limited work has been done in this area with most preferring the 

simplicity of 2D cell culture systems over more cumbersome and unfamiliar 3D cell culture 

protocols. In this work, I will be presenting simple 3D cell culture methodologies that can 

easily be adapted for high-throughput screening of neurotoxins with future promise as a 

3D modelling technology for drug assessment. I hypothesized that the 3D culture 

environment would have an impact on cellular response to neurotoxins when compared to 

standard 2D and cell culture methods. To test this hypothesis, I analysed the responses of 

two commercially available cell lines that have been previously used to assess PD 
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neuropathology under 2D and 3D culture conditions: the SH-SY5Y cell line and the Lund 

human mesencephalic (LUHMES) cell line. 

 

1.4.3. The SH-SY5Y Cell Line 

Established in the 1970s, the SH-SY5Y cell line is a derivation of the SH-N-SH cell line, 

which was obtained from a bone marrow biopsy of a 4-year-old female neuroblastoma 

patient (124). Interestingly, the cells can switch between adherent and non-adherent 

behaviours. While both are viable, adherent cells are more commonly used because they 

are easier to manage (125). The SH-N-SH cell line possesses two morphologically and 

biochemically different cell populations: an immature neuronal-like (N-type) phenotype 

and a substrate-adherent (S-type) epithelial-like phenotype (126). SH-SY5Y cells were 

originally cloned to isolate more of the N-type cells, although S-type cells remain within 

this cell line (Figure 4). SH-SY5Y N-type cells were observed to express TH and 

dopamine-β-hydroxylase (an enzyme that converts DA into norepinephrine) activity 

leading to its consideration as a catecholaminergic cell line (124, 126). DAT and various 

neuronal markers have been identified in these cells as well (122, 127). However, since 

these cells are cancerous, inherent genetic mutations could interfere with modelling 

pathways associated with PD. While it can be argued that we still do not fully understand 

PD pathology or the internal mechanisms within the SH-SY5Y cell line, whole genome 

sequencing has revealed that genes previously associated with PD remain intact within SH-

SY5Y cultures and are useful for study as PD models (128). Since its discovery, SH-SY5Y 

has been widely used as a model cell line in PD and has also been applied to AD research 

due to the presence of tau proteins (128–130). 
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SH-SY5Y Cell Differentiation 

While the majority of research using SH-SY5Y have left the cells undifferentiated, various 

methods have been developed to direct these cells towards more mature neuronal 

phenotypes (130, 131). Differentiation of SH-SY5Y cells removes them from the cell 

cycle, halts proliferation, and induces biochemical changes within the cells that result in 

neurite extension, cell spreading, and increased expression of neuronal markers (Figure 4b) 

(131). Retinoic acid (RA) is the most commonly used protocol to differentiate SH-SY5Y 

cells followed by two other methods: the sequential treatment of RA then 12-O-

tetradecanoylphorbol-13-acetate (RA/TPA) or RA then brain-derived neurotrophic factor 

(RA/BDNF) (130). 

 

Figure 4 Examples of SH-SY5Y neuronal-like (N-type) and substrate adherent (S-

type) cell populations. 

a) Cartoon representation of cell types. b) Representative brightfield image 

(10X) of N-type (►) and S-type ( ) cells after 1 day of RA-only treatment 

grown in standard 2D cell culture conditions (cell culture methodology 

described in section 3.2.1.). Scale bar = 100 µm. 
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RA is a derivative of vitamin A and has been shown to be crucial in embryogenesis and 

development (132). As a small, lipophilic molecule, RA can easily pass into the cell where 

it can bind to cellular retinoic acid-binding protein-2 (CRABP2). CRABP2 then takes RA 

into the nucleus to activate retinoic acid receptors (RARs) that mediate differentiation 

(132). It has been proposed that RARs influence microRNA activity, which can act to 

modify transcriptional expression and DNA methylation leading to downstream pathways 

that downregulate proliferation and promote differentiation (133–135). TPA is a phorbol 

ester and acts as a protein kinase C (PKC) activator (136). TPA treatment has been 

observed to lead to downstream increases in RARβ expression and alone can promote 

differentiation in neuroblastoma cells (136, 137). Finally, BDNF is a neurotrophic factor 

that promotes survival and differentiation during neuronal development. BDNF and its 

main receptor, tyrosine kinase B (TrkB), are involved in activating multiple intracellular 

signalling cascades that mediate axonal extension and synapse formation (138). Initial RA 

differentiation over 5 days in culture has been shown to maximally increase TrkB 

expression in SH-SY5Y cells (139). Following BDNF administration in serum-free 

medium, cells continue to grow and become reliant on BDNF to survive (139). This 

scenario mimics neurons during development where limited amounts of neurotrophic 

factors dictate neuronal population size (139). 

 

While alternative differentiation protocols are available, they have not been commonly 

used or defined (130). Unfortunately, the literature and conclusions surrounding frequently 

used SH-SY5Y differentiation protocols are mixed as well (130). Some have concluded 

that RA-only differentiation generates a DAergic phenotype (140), while others have noted 
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greater cholinergic characteristics (141). RA-only treatment has been observed to elevate 

sensitivity to 6-OHDA, a commonly used DAergic neurotoxin that induces oxidative stress 

(142). However, another study observed that RA-only differentiation conferred resistance 

to both 6-OHDA and MPP+ instead (122). Furthermore, while 5-10 µM of MPP+ may be 

sufficient to significantly reduce primary mouse DAergic cell populations (<50% cell 

viability) in culture after 24 h (143), 1 mM MPP+ barely induces SH-SY5Y cell death 

(>85% cell viability) (122). However, it is interesting to note that human DAergic neurons 

derived from ESCs (144) and iPSCs (145, 146) generally require 0.5-1 mM to promote 

significant reductions in cell viability (<50%) following 24 h of MPP+ exposure. 

 

The other two commonly used differentiation protocols are less defined. RA/TPA 

treatment has also been shown to elevate DAergic characteristics. Cells differentiated using 

this method have greater sensitivity to MPP+ compared to RA-only and TPA-only 

differentiation protocols (127, 147, 148). RA/BDNF, on the other hand, has been observed 

to express neuronal markers and generate purer N-type cell populations (139). However, 

past investigation into the impacts of RA/BDNF on neuronal phenotype are inconclusive. 

One group observed elevated TH and DAT expression, DA reuptake, and DA release with 

potassium stimulation following RA/BDNF differentiation suggesting a DAergic 

phenotype (149). Another group did not find any change in TH expression and instead 

suggested that RA/BDNF differentiation induces a cholinergic phenotype (150). To date, 

none have tested RA/BDNF differentiated SH-SY5Y cells against PD neurotoxins such as 

MPP+. 
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Selection of the SH-SY5Y Cell Line 

Despite a lack of consensus amongst those who have attempted to characterize this cell 

line, SH-SY5Y has remained an attractive choice due to its commercial availability, cost 

effectiveness, suitability for stable transfection, human origins, and simple growth 

protocols. Its long history of use in cell culture modelling has made it a very cell line. Thus 

far, a few groups have attempted to grow SH-SY5Y cells in 3D conditions with promising 

results (151–153). Additional research will need to be done to better understand the 

complex characteristics of SH-SY5Y cells and the impacts of growth environment on 

responses to experimental manipulation. I selected this cell line for most of my experiments 

due to its history in PD research, availability, ease of use, and unique characteristics. The 

dual populations (N-type and S-type) could prove useful for identifying the impacts of 3D 

growth environment on SH-SY5Y phenotype selection. 

 

1.4.4. The Lund Human Mesencephalic (LUHMES) Cell Line 

The LUHMES cell line was developed in 2002 and prepared from 8-week-old human 

embryonic ventral mesencephalic tissue obtained from Lund University (154). The human 

mesencephalic cells were immortalized with a v-myc retroviral vector that promotes v-myc 

overexpression in the absence of tetracycline (154). Therefore, the addition of tetracycline 

and other factors silence v-myc, inhibit proliferation, and promote differentiation. 

LUHMES cells can be differentiated into DA-producing cells that are morphologically, 

electrochemically, and biochemically similar to mature DAergic neurons after 6-7 days 

(154–156). LUHMES cells contain only one phenotypic population and have shown to 

have considerably higher expression of neuronal markers after differentiation compared to 
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RA-differentiated SH-SY5Y cells (156). These cells have been observed to have elevated 

sensitivity to common mitochondrial neurotoxins, MPP+ and rotenone (157, 158), and 

have recently been used for high-throughput screening of drugs that protect against α-

synuclein-induced toxicity (159). As the LUHMES cell line is a more recent addition to 

my thesis, the majority of experiments detailed in subsequent chapters will involve the 

characterization of the SH-SY5Y cell line. 

 

1.5. Thesis Aims 

3D cell culture is a promising direction for the study of neurodegenerative diseases. These 

platforms offer more realistic mass transport, environmental cues, and cell-cell 

interactions, which can potentially uncover information previously inaccessible using 

standard 2D cell culture. However, many 3D cell culture techniques are not readily 

accessible to the general scientific community. Developing simpler 3D culture platforms 

may help expand the field of neural tissue engineering while improving the predictive 

capacity of preclinical research. The main goal of my research was to develop a Matrigel-

based 3D cell culture platform that could provide an accessible foundation for high-

throughput tissue and disease modelling. Initially, I pursued ATPSs to facilitate the 

production of thin-layer gels. However, through the development and characterization 

process of the ATPS-based technique, I ended up discovering an alternative 3D culture 

methodology. Therefore, two 3D cell culture methodologies will be detailed in this work. 

I eventually characterized these platforms and compared their performances to alternative 

culture platforms. Finally, I applied one of my 3D culture methodologies towards the 
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investigation of SH-SY5Y cell culture as a PD model and developed a neurotoxicity assay 

targeting known contributors to PD neuropathology. 

 

1.5.1. Aim 1 

Utilize ATPS techniques to facilitate the development of a simple, controllable, thin-layer, 

3D cell culture platform with high-throughput capabilities in a 96-well plate format and 

characterize this system by assessing gel thickness and size compared to alternative 

methodologies. 

 

1.5.2. Aim 2 

Characterize the SH-SY5Y cell line and identify the impacts of differentiation and growth 

environment on SH-SY5Y morphology, viability, and behaviour using the 3D culture 

methodologies developed in this work and compare these platforms to standard 2D cell 

culture and the previously published thin-layer 3D culture protocol detailed by Kim et al. 

(2015) (80). 

 

1.5.3. Aim 3 

Define a high-throughput neurotoxicity assay protocol and assess the impact of growth 

environment on SH-SY5Y cell responses to neurotoxins previously used to model PD. 
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CHAPTER 2: 3D CULTURE PLATFORM DEVELOPMENT 

2.1. Rationale 

The first goal of my thesis was to generate a 3D cell culture methodology that would be 

easily accessible for laboratories already familiar with standard 2D cell culture. I wanted 

to take advantage of pre-existing tools such as common multi-well plates and multichannel 

pipettes. To do so, I selected Matrigel as my scaffolding substrate of choice. Matrigel is 

easy to handle, commercially available, and has a long history of use in cancer research 

and other fields for cell culture purposes. As Matrigel is a basement membrane extract 

containing ECM components, all characteristics necessary for cell growth and adherence 

are already available within the platform without further modification. Matrigel also does 

not require any additional chemical or UV crosslinking agents aside from a minor 

temperature change from <10 °C to ~37 °C to induce gelation. These features would 

provide familiarity and accessibility to the technique I planned to develop and potentially 

encourage more research groups to pursue neuroscience with 3D cell culture. 

 

For my 3D cell culture platform, I aimed to produce a simple technique that could 

efficiently generate thin-layer 3D cultures using Matrigel while avoiding issues of 

evaporation and air-liquid interfacial tension. Thin-layer 3D cell cultures are attractive 

because they minimize potential oxygen, nutrient, and waste gradients that may form in 

standard thick layer cultures. Such techniques use less material and are ultimately more 

cost-effective. The commonly used ATPS polymers investigated in this work are 

commercially available and have been observed to have negligible negative impact on cell 
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viability. Numerous studies have used ATPSs for cell culture applications (57–59, 79, 92, 

93). 

 

As both the top-phase solution and the bottom-phase solution of ATPSs are water soluble, 

various compounds can be mixed into either phase. Matrigel could be combined with the 

bottom-phase solution of the ATPS, while regular medium could be used as the solvent to 

form the top-phase solution. In this model, Matrigel would be effectively isolated from air 

by the overlaying top-phase. A similar strategy was employed to produce type I collagen 

gels from volumes as low as 0.25 µl (92, 93). While this group took advantage of 384-well 

plates, I decided to use 96-well plates for my experiments. Most of our liquid handling 

tools and equipment were optimized for the 96-well plate format. For these experiments, I 

examined the impacts of various ATPS polymers on Matrigel and selected the optimal 

ATPS pair for use in the 3D culture platform. I assessed the ATPS-based 3D culture 

platform’s capacity to control gel thickness and surface area coverage in untreated 96-well 

plates. 

 

NOTE: Portions of this chapter and Chapter 3 have been previously outlined in my MRS 

Advances publication (160). Sections stemming from experiments featured in that 

publication have been further explored, updated, and reproduced here with permission (see 

Appendix A). 
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2.2. Methodology 

2.2.1. ATPS Polymer-Matrigel Compatibility Assessment 

Poly(ethylene glycol) (PEG) 35 kDa (P35), PEG 8 kDa (P8), poly(vinyl alcohol) (PVA), 

Pluronic F-127 (PF-127), and poly(2-ethyl-2-oxazoline) 500 kDa (PEtOx) were obtained 

from Sigma-Aldrich. Dextran (DEX) 500 kDa (D500), DEX 70 kDa (D70), and DEX 10 

kDa (D10) were obtained from Pharmacosmos. DEX 150 kDa (D150) was obtained from 

Dextran Products Ltd. Ficoll 70 kDa was obtained from GE Healthcare. Hydroxypropyl 

methylcellulose 4000 cps (HPMC) was obtained from Dow Chemical Co. Polymers were 

selected based on previous binodal characterization and application in ATPSs reported in 

the literature and/or identified in the Frampton lab (91). All polymers except for HPMC 

were dissolved in distilled water (dH2O) to generate 10% and 20% w/v stock solutions. 

HPMC was dissolved in dH2O to generate 2% and 1% stock solutions due to the high 

viscosity of concentrated HPMC solutions. Growth-factor reduced Matrigel (#356230; 

Corning) was diluted with polymer stock solutions to generate final w/v polymer 

concentrations of 1%, 2.5%, and 5% for all polymers except for HPMC, where final w/v 

HPMC concentrations were 0.1%, 0.25%, and 0.5%. All experiments used a 5 mg/ml final 

Matrigel concentration, and all materials were kept chilled on crushed ice to prevent 

premature gelation. Matrigel diluted with dH2O-only acted as a control for standard gel 

formation without polymer interference. 

 

Five microliters of each Matrigel solution were dispensed into a chilled 96-well plate. 

Following pipetting of all solutions, the plate was kept on ice for an additional 1 min and 

transferred to the 37 °C incubator for 10 min to induce gelation. Matrigel-polymer samples 
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were then visualized, and images were captured under brightfield with a 2X objective lens 

using a Nikon Eclipse T1 Microscope. The end of a pipette tip was used to prod each 

droplet to confirm gelation. Polymer effects on Matrigel gelation were ranked as follows: 

complete gel interference, partial gel interference, and negligible gel interference. 

Complete gel interference involved total inhibition of typical gel formation. For some, this 

included the formation of condensed precipitate at the bottom of the Matrigel-polymer 

droplet while leaving a non-gelled liquid. For others, minimal to no precipitate was formed, 

but droplets remained in liquid form. Partial gel interference indicates conditions where 

solidified gels were formed, but the outer shell of the droplet remained a liquid as evidenced 

by capillary action in response to prodding with the pipette tip. In these cases, slight 

graininess in the gel could be observed. However, the bulk of the gel remained largely 

intact. Finally, negligible gel interference identified conditions that produced fully intact 

gels with no evidence of partial gel formation but may appear slightly altered in appearance 

compared to the Matrigel-dH2O control. Based on minimal interference of D10 on gelation, 

observations of suspected phase separation between Matrigel and HPMC, and previous 

reports of HPMC/DEX phase separation (160), an ATPS comprised of 2.5% D10 (bottom-

phase) and 0.5% HPMC (top-phase) was selected as the potential foundation for the ATPS-

Matrigel 3D cell culture platform and used for subsequent studies. 

 

2.2.2. Matrigel Platform Characterization 

All Matrigel platform characterization solutions were prepared using Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% antibiotic antimycotic solution (ABX; Sigma-Aldrich), the most common 
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medium composition for SH-SY5Y cell culture, which will be referred to as complete 

medium henceforth (130). Stock and working solutions, respectively, of 10% D10 and 

0.5% HPMC were prepared using complete medium. Five gel formation methods were 

evaluated: 1) Matrigel into air (M/Air), 2) Matrigel into complete medium (M/Medium), 

3) Matrigel combined with 2.5% D10 into complete medium (M+D10/Medium), 4) 

Matrigel into 0.5% HPMC (M/HPMC), and 5) Matrigel combined with 2.5% D10 into 

0.5% HPMC (M+D10/HPMC) (see Table 1 for more detailed solution compositions). 

Polystyrene microbeads (3.0 µm diameter; Sigma-Aldrich) were added to the bottom 

Matrigel solution to facilitate visualization and thickness assessment. 

 

Table 1 Gel formation methods and corresponding bottom solution and top 

solution compositions. 

 
 

CONDITION ABBREVIATION BOTTOM TOP 

 

Standard 

Method 
M/Air 

5 mg/ml Matrigel 

in Complete Medium 

+ 3.0 µm microbeads 

Air 

 

No ATPS M/Medium 

5 mg/ml Matrigel 

in Complete Medium 

+ 3.0 µm microbeads 

Complete Medium 

 

No ATPS 

(D10-Only) 
M+D10/Medium 

5 mg/ml Matrigel 

+ 2.5% D10 

in Complete Medium 

+ 3.0 µm microbeads 

Complete Medium 

 

“No ATPS” 

(HPMC-Only) 
M/HPMC 

5 mg/ml Matrigel 

in Complete Medium 

+ 3.0 µm microbeads 

0.5% HPMC 

in Complete Medium 

 

ATPS Method 

(HPMC+D10) 
M+D10/HPMC 

5 mg/ml Matrigel 

+ 2.5% D10 

in Complete Medium 

+ 3.0 µm microbeads 

0.5% HPMC 

in Complete Medium 

 

Cold top solutions (i.e., complete medium or 0.5% HPMC in complete medium) were 

dispensed at 70 µl/well into chilled untreated 96-well plates.  Matrigel volumes of 5, 7.5, 
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10, 15, 20, 30, and 40 µl were dispensed into the pre-filled wells for each condition, allowed 

1 min to settle on ice following pipetting, and transferred to a 37 °C incubator for 15 min 

to induce gelation. The 1 min wait period accommodated for pipetting time and provided 

solutions that had been dispensed last time to settle. This session was not longer because 

the chosen 3D platform generated from these experiments was expected to house viable 

cells in the future. As cells naturally survive at 37 °C, extended periods of cold 

temperatures would likely be harmful to cell viability. 

 

Following incubation at 37 °C, thickness and surface area measurements were recorded. 

This Matrigel characterization protocol was repeated 4 times and was replicated for another 

4 iterations with a reversed order of solution dispensing where the bottom solution was 

dispensed first followed by the top solution (except for M/Air) to assess the impacts of 

dispensing order on gel formation. 

 

2.2.3. Thickness Measurements 

Following gelation, plates were taken to the Nikon Eclipse T1 Microscope to measure gel 

thickness and to capture 2X images of each well to assess gel shape and surface area (Figure 

5). For gel thickness measurements, each well was centred under the 4X objective before 

switching to 20X. The microscope’s coarse adjustment knob was used to focus on the 

bottom-most microbeads dispersed throughout the well. Using the fine adjustment knob, 

thickness was determined based on the number of rotations (each rotation = 100 µm) 

required to raise the stage until reaching the last focusable microbeads. 
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Figure 5 Schematic of thickness measurement protocol. 

a) Nikon Eclipse T1 Microscope. Each 360° rotation of the fine adjustment 

knob equated to a 100 µm stage adjustment. b) The Matrigel (M) solution was 

combined with 3 µm microbeads and mixed thoroughly. The “top” solution (T) 

was either pipetted first (1) into the well followed by the “bottom” solution (B) 

containing Matrigel (2) or in the opposite order: (B) then (T). Dispersed 

microbeads were visualized using a brightfield microscope at 20X at the centre 

of the well. The adjustment knobs were used to focus on the bottom-most 

microbeads. The fine knob was rotated until focused on the top-most 

microbeads. The stage adjustment was recorded in µm. 

 

A theoretical measurement of liquid thickness without consideration of interfacial tension 

was also calculated: 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (µ𝑚) =
𝐷𝑉 × 109 µ𝑚3

3.2 × 107 µ𝑚2
  

where DV is the dispensed volume in µl divided by the estimated interior growth area of a 

single well (32 mm2) of a standard 96-well plate. 
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2.2.4. Area Measurements 

For gel surface area measurements, 2X images were stitched using the Large Image 

Capture function of the NIH Elements software, an imaging and editing platform associated 

with the Nikon microscope. Files were transferred into ImageJ, where the oval or polygon 

selection tools were used to trace gel boundaries and areas were measured. In cases where 

microbead dispersion covered the entire well, the surface area of the bottom of the well 

was measured and recorded. When gels could not be traced due to forming complex shapes 

and strands that appeared on multiple focal planes, a surface area value of 0 mm2 was 

assigned. The theoretical surface area was assigned the value of 32 mm2. 

 

2.3. Results 

2.3.1. Common ATPS Polymers Interfere with Matrigel Gelation 

To produce the ATPS-Matrigel 3D cell culture platform, I originally considered using P35 

and D500, a common ATPS formulation that was previously used to generate ATPS-based 

3D collagen gels (92, 93). However, when D500 was introduced to Matrigel, fibrous 

precipitate was formed. I soon discovered that both D500 and P35 completely interfered 

with Matrigel gelation and left behind a dense precipitate. Therefore, I attempted to search 

for a suitable ATPS alternative by assessing Matrigel compatibility with a range of 

polymers previously used in ATPS formulations. After assessing various concentrations of 

ATPS polymers, I discovered that most ATPS polymers were incompatible with Matrigel 

(Table 2). These polymers resulted in precipitate formation and gelation interference 

(Figure 6). As expected of a surfactant, the PF-127 condition spread the 5 µl droplet over 
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a considerably wider area compared to the other conditions, and it also interfered with gel 

formation. 

 

Table 2 ATPS Polymer-Matrigel Compatibility. 

 

 w/v (%) 

Polymer 
1 2.5 5 

0.1* 0.25* 0.5* 

P35    

P8    

D500    

D150    

D70    

D10    

Ficoll    

PVA    

PF-127    

PEtOx    

HPMC*    

 

Dark grey shading  indicates complete gel formation interference. Light grey shading  

indicates partial gel formation interference. White shading  indicates negligible gel 

formation interference. * indicates corresponding w/v (%) concentration for HPMC only. 

Reproduced with permission (160).  
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Figure 6 Representative images of ATPS polymer effects on Matrigel stability and 

gel formation. 

Scale bar = 0.5 mm. 
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Only four polymers (D70, D10, Ficoll, and HPMC) were observed to retain gelation 

capacity following incubation at 37 °C. The only concentration of Ficoll capable of 

maintaining gel integrity with minimal precipitate formation was 1% w/v, which was too 

low for ATPS formation, as previously reported (91). Therefore, Ficoll was not considered 

as a potential candidate for the ATPS-Matrigel 3D cell culture method. D70 and D10 

produced intact gels with slightly grainy appearances across all tested concentrations 

(Figure 6). Prodding with a pipette tip revealed that an outer liquid shell surrounding the 

underlying gel, indicating that gel formation was partially impacted by the presence of D70 

and D10. D70 conditions were also observed to produce grainier gels compared to D10. 

Additional brief experiments not detailed in this thesis were performed assessing the 

impacts of D70 and D10 on precipitate formation in Matrigel, and D70 was observed to 

occasionally interfere with Matrigel gelation based on the length of time the Matrigel and 

D70 sat in solution on ice. D10 did not have a discernible impact on gelation over time. 

 

The only ATPS polymer condition that formed fully stable gels with no liquid loss akin to 

the Matrigel+dH2O control condition was 0.1% and 0.25% HPMC. The liquid shell 

observed in D70 and D10 was not present in 0.1% and 0.25% HPMC. However, I observed 

a curious phenomenon in HPMC-Matrigel pairs. In the 0.5% HPMC condition, gelation 

was completely inhibited, but a precipitate was not detected. Instead, the 0.5% 

HPMC/Matrigel solution was observed to have characteristics of an emulsion, which is a 

characteristic of immiscible solutions. Spherical and globular formations were observed 

under brightfield microscopy (Figure 6). Lower concentrations of HPMC (0.1% 0.25%) 
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produced similar characteristics, but were likely not at high enough concentration to 

interfere with gel formation when mixed into the Matrigel. 

 

As DEX and HPMC have previously been noted to phase separate, D10 and HPMC had 

the potential to form the bottom- and top-phase, respectively, of an ATPS (91). Since D10 

was observed to be miscible with Matrigel while 0.5% HPMC showed potential phase 

separation with Matrigel, I sought to take advantage of these characteristics and use 2.5% 

D10 and 0.5% HPMC to generate the ATPS-Matrigel 3D culture platform. 

 

2.3.2. Characterization of Matrigel-based 3D Platforms 

Various Matrigel 3D platforms were analysed to determine if the presence of the 2.5% D10 

and 0.5% HPMC ATPS was necessary to produce thin-layer gels. Bottom solutions were 

initially dispensed into the top solution to minimize exposure to air and avoid disturbance 

of the bottom solution. Qualitative observations of gel formation in Matrigel dispensed into 

empty wells (M/Air) confirmed the effect of high air-liquid interfacial tension on gel shape 

and size (Figure 7a). M/Air produced either small droplets or spread unequally across the 

well as evidenced by the height of microbead dispersion at the centre of the wells (Figure 

7b). M/Air gels below 20 µl were thick (>500 um), and a minimum of 40 µl of undisturbed 

Matrigel solution was required to cover the full well (Figure 7c). 
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Figure 7 Characterization of bottom (B) dispensed into top (T) 3D Matrigel 

methods. 

a) Representative images (2X) of 5 µl gels within their respective conditions. 

Scale bar = 1 mm. b) “Thickness” (microbead dispersion along z-axis) 

measurements of the (B) gel layers. Results are expressed as mean ± SD; n=4. 

c) Surface area (microbead dispersion along x-y-axis) measurements of (B) gel 

layers. Black arrowheads ( ) indicate the edge of microbead dispersion/gel. 

White arrowheads ( ) indicate edge of the well. Results are expressed as mean 

± SD; n=4. 
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When Matrigel or Matrigel+2.5% D10 was dispensed into complete medium (M/Medium 

and M/D10, respectively), microbead distribution revealed thickness and surface area 

values that followed the theoretical estimates quite closely. Curiously, when plates were 

left at room temperature overnight and gels were checked the next day, microbeads 

remained in suspension within M/Medium and M/D10 conditions. This observation 

suggested the presence of a solid construct surrounding the microbeads that prevented 

sinking due to gravity. Thicknesses of microbead dispersion were not recorded following 

the overnight incubation and will need to be tested in future studies. The presence of D10 

within the system did not appear to appreciably impact microbead dispersion or gel 

formation from M/Medium conditions. 

 

In Matrigel dispensed into 0.5% HPMC conditions (M/HPMC), phase separation 

behaviours were once again observed. Microbeads in the M/HPMC condition were 

effectively isolated within the clearly visible gel constructs under brightfield microscopy. 

However, conditions using M/HPMC were highly variable in shape, size, and thickness. In 

some experiments, M/HPMC could produce gels shaped like disks while in others, gels 

could be highly non-uniform. Overall, the M/HPMC condition was variable depending on 

pipetting technique and likely needed more time on ice to settle via gravity to form more 

consistently shaped gels. 

 

Finally, in conditions where both 2.5% D10 and 0.5% HPMC were present, thin gel disks 

were clearly formed. Under brightfield, the perimeter of flat, circular gels could be 

observed. Gel disks covered nearly the full surface area of the wells of 96-well plates at all 
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volumes (5 to 40 µl), and microbeads remained trapped within the gel. Gel thickness and 

surface area coverage were slightly below theoretical predictions compared to M/Medium 

and M+D10/Medium conditions, but gels were consistent in terms of size and shape 

compared to M/HPMC conditions. It should be noted that although 40 µl M/Air was 

capable of completely covering the surface of the well, M+D10/HPMC conditions never 

completely covered the surface. From 5 to 40 µl, the surface area stabilized around 26 mm2 

while the total surface area of the well is 32 mm2. 

 

To confirm the ATPS behaviour of the M+D10/HPMC condition, I reversed the pipetting 

order. While doing so would introduce shear force to the bottom Matrigel-based solution, 

a strong bottom-phase solution would preferentially reside at the bottom of the well while 

the top-phase would preferentially reside on top. Therefore, regardless of dispensing order, 

the ATPS method should still form an intact gel. Without an ATPS, microbeads would 

disperse throughout the bottom and top solutions due to shear force mixing. 

 

As predicted, when the pipetting order was reversed, the M+D10/HPMC condition 

produced thin gel disks (Figure 8a). While the thicknesses of these gel constructs were 

reduced (approximately half of the theoretical estimate) compared to gels formed when the 

bottoms solution was dispensed into the top solution, this result was expected due to the 

elevated shear force during pipetting (Figure 8b). In addition, M+D10/HPMC conditions 

generated with the reversed pipetting order were observed to cover the complete surface of 

the well with 10 µl and above (Figure 7c, Figure 8c). Once again, M/HPMC conditions 

were variable. If the HPMC solution was dispensed right above a Matrigel droplet, flat gel 
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disks could be formed. However, in those cases, the middle of the gel was often maximally 

3 µm thick because only one layer of microbeads could be observed during thickness 

assessment. Alternatively, if the top-phase was dispensed at an angle and/or too fast, gels 

could form into complex shapes displayed in Figure 8a where strands of gel are formed. 

Such complex shapes were difficult to measure. As the centre of the well was used as the 

landmark for thickness measurements, there were often no bottom-most microbeads 

touching the surface of the well resulting in the M/HPMC condition being unquantifiable. 

Surface areas were also not generally feasible to measure in cases where gels were 

dispersed in streaks throughout the well. These cases were counted as a 0 value and resulted 

in large standard deviations. However, despite the added disturbance of pipetting the top-

phase onto the bottom-phase, in M/HPMC conditions, microbeads remained solely within 

gel constructs with very few escaping the Matrigel. Finally, as expected for conditions 

suspected to have no ATPS (M/Medium and M+D10/Medium), reversal of pipetting order 

resulted in random microbead dispersion. Resultant “thickness” values were therefore 

much higher than theoretical estimates because the thickness measurements took place 

shortly after solution dispensing. 
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Figure 8 Characterization of top (T) dispensed onto bottom (B) 3D Matrigel 

methods. 

a) Representative images (2X) of 5 µl gels within their respective conditions. 

Scale bar = 1 mm. b) “Thickness” (microbead dispersion along z-axis) 

measurements of the (B) gel layers. Results are expressed as mean ± SD; n=4. 

c) Surface area (microbead dispersion along x-y-axis) measurements of (B) gel 

layers. Black arrowheads ( ) indicate the edge of microbead dispersion/gel. 

White arrowheads ( ) indicate edge of the well. Results are expressed as mean 

± SD; n=4. 
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From these results, it appeared that the D10/HPMC ATPS was necessary to consistently 

produce flat gel disks. If the bottom solution was dispensed into the top solution, 

M/Medium and M+D10/Medium conditions were also potential platforms. A preliminary 

experiment was conducted to measure the microbead distribution from edge-to-centre-to-

edge across 20 µl gels. Gels were measured at the left-most edge, the centre, and the right-

most edge of the well after microbeads were allowed to settle in the incubator for 2 h. This 

experiment revealed that M/Medium and M+D10/HPMC conditions resulted in relatively 

even gel thicknesses across the construct with M/Air producing the most deviation across 

each point measured on the gel (±330 µm), followed by M/HPMC (±260 µm), then 

M/Medium (±120 µm), and M+D10/HPMC (±50 µm). 

 

2.4. Discussion 

2.4.1. ATPS Polymers and Matrigel 

P35 and D500 were previously used to manipulate type I collagen, another ECM-based 

hydrogel material (92, 93). I had expected this formulation to work with Matrigel as well. 

However, these polymers and many others interfered with gel formation and produced 

precipitation in Matrigel. Only the low molecular weight DEXs, D70 and D10, the lowest 

concentration of Ficoll tested (1%), and very low concentrations (0.1% and 0.25%) of 

HPMC were found to not completely interfere with Matrigel gelation. Since PF-127 is a 

surfactant, perhaps it may have dispersed the ECM proteins within the Matrigel and 

prevented their self-assembly into a gel. However, a slight graininess in the droplet 

indicated some precipitate formation, so it did not seem to completely inhibit protein 

aggregation. 
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Ultimately, macromolecular crowding may have had a role in disrupting gelation and 

inducing precipitate formation. Macromolecular crowding involves the impact of large 

molecules on other molecules in a system due to their size (161). The steric exclusion of 

other molecules in the presence of concentrated macromolecules can result in changes to 

molecular behaviour such as elevated protein aggregative properties (161). Common 

synthetic macromolecular crowding agents that have been used to study this phenomenon 

have included Ficoll, PEG, DEX, and PVA at concentrations equivalent to 2.5% (w/v) and 

higher (161). Since Matrigel contains a diverse mix of ECM proteins and other molecules, 

it may have been more susceptible to the impacts of macromolecular crowding than a pure 

solution of type I collagen. D70 may have had a greater impact on Matrigel gelation than 

D10 due to its higher molecular size. While not a commonly used macromolecular 

crowding agent, the PEtOx used in this study had a similar molecular weight to D500. Both 

500 kDa polymers interfered with gelation. Finally, despite their smaller molecular weight, 

PEGs have additional unique interactions with proteins that go beyond steric exclusion 

(161). These features may have supplemented the effects of macromolecular crowding in 

Matrigel for PEG conditions. 

 

HPMC likely had a very different impact on Matrigel when used at high enough 

concentrations. Matrigel mixed with 0.5% HPMC revealed emulsion characteristics during 

the compatibility assessments. Furthermore, when Matrigel was dispensed without D10 

into 0.5% HPMC, the microbeads preferentially remained within the gel regardless of 

pipetting order. These observations suggest that Matrigel and HPMC may act as an ATPS. 

Additionally, gelation was not impeded with 0.1% and 0.25% HPMC. However, under 
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phase contrast microscopy, spherical inclusions can be observed within these gels. If the 

HPMC emulsion spread throughout the Matrigel construct, HPMC pores may have been 

produced leading to a rather unique gel structure. The characteristics that define this unique 

interaction between Matrigel and HPMC remain unknown and will need to be further 

explored. 

 

While the M/HPMC condition offered an ATPS-like platform with potential for 3D cell 

culture, gels were often inconsistently formed. Additional time on ice, low binding pipette 

tips, and consistent pipetting skill may accommodate for some of these issues. However, 

added steps add difficulty to the protocol. Until the M/HPMC model is further 

characterized and optimized, it is not an ideal 3D cell culture platform. Ultimately, both 

HPMC and D10 were found to be necessary to generate the ATPS-Matrigel 3D culture 

method. 

 

2.4.2. The ATPS-Matrigel 3D Culture Method 

The ATPS-Matrigel 3D culture method was shown to generate consistently flat gels as thin 

as 76 µm using only 5 µl of a combined Matrigel/D10 solution. To minimize exposure to 

air and fluid shear force, dispensing the Matrigel/D10 solution into HPMC is optimal. Gel 

thicknesses were thinner than predicted, but these results are expected based on previous 

observations of fluid loss after combining Matrigel and D10. The role of D10 in the ATPS-

Matrigel 3D culture method is not completely clear. It may act to help spread the Matrigel 

ECM proteins. DEXs typically act as bottom-phase solutions when combined with 
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methylcellulose solutions. This feature may have contributed to promoting the formation 

of M+D10 gels at the bottom of the plate in the presence of HPMC (91). 

 

Polymer concentrations were initially selected to ensure the production of a stable ATPS-

Matrigel 3D platform based on preliminary investigations into polymer compatibility. 

Alternative concentrations of D10 and HPMC were not tested. Could lower concentrations 

of D10 and HPMC produce similar results? As emulsion characteristics were observed in 

0.1% and 0.25% HPMC conditions during the polymer compatibility experiments, perhaps 

HPMC concentration could be reduced. The impact of Matrigel lot was also not examined 

in further detail. The characterization of gel thicknesses and surface areas were performed 

using only one lot of Matrigel. Some Matrigel from this lot was eventually used for early 

cell culture experiments, but a new batch of Matrigel had to be purchased after stocks were 

depleted. For the purposes of streamlining the preparation of thin-layer 3D culture 

platforms and testing their potential applications, differing lots of Matrigel were considered 

identical apart from stock concentration differences. Differences in protein concentration 

between Matrigel lots were accommodated for by consistently using 5 mg/ml of Matrigel 

rather than ratios. Ratio calculations (e.g., 1:1 Matrigel is prepared by adding 1 part 

Matrigel and 1 part medium solution) are surprisingly common in studies using Matrigel 

despite stock concentration differences between lots. This can lead to significant 

experimental inconsistencies. 

 

A unique observation of the ATPS-Matrigel 3D culture method involved the curiously 

consistent smaller surface areas. No volume of M+D10 dispensed into HPMC formed gels 
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that covered the full surface of the well. Even with high interfacial tension, 40 µl of 

Matrigel was sufficient to cover the well surface. Subsequent repetitions of the 

characterization protocol to reproduce the M+D10/HPMC condition eventually revealed 

that the gel disks were non-adherent. Agitation of the M+D10/HPMC condition could 

cause gels to shift in position. Gels would only adhere to the plate when HPMC was 

dispensed on top of the M+D10 solution. This observation is reflected in the surface area 

results for that condition where a volume of 10 µl was sufficient to cover the well’s surface. 

However, I observed that gel adherence only covered the space where the M+D10 solutions 

were dispensed. Any surface that touched HPMC without initial M+D10 coverage were 

not adherent. HPMC could be slowly dispensed onto the M+D10 droplet, but performing 

this task by hand with a multichannel pipette is arduous and not every laboratory owns 

liquid-handling robots for more precise liquid dispensing. 

 

These results suggested that HPMC formed a barrier at the bottom of the well that 

prevented M+D10 gel adhesion. Exploring adhesion of Matrigel in glass capillaries 

revealed that simply coating the capillary with 0.5% HPMC and adding Matrigel alone was 

sufficient to eliminate Matrigel adherence to the glass (results not shown). Without HPMC, 

Matrigel readily adhered to the glass surface. Dispensing the bottom-phase first followed 

by the top-phase was not ideal because the initial M+D10 volume would be exposed to air 

resulting in evaporation. 

 

Nonetheless, the ATPS-Matrigel 3D culture method remains a powerful technique to 

control gel formation using small volumes of Matrigel. Therefore, its performance as a cell 
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culture platform was assessed. The efficacy of this system as a cell culture platform will 

be discussed in Chapter 3. 

 

2.4.3. The Matrigel-Only 3D Culture Method 

The last key finding from these set of experiments was the identification that simply 

dispensing Matrigel alone or Matrigel combined with D10 into medium was sufficient to 

form gels. When dispensed under standard Matrigel-air conditions, Matrigel adheres to 

plastic and glass regardless of standard cell culture surface treatment (e.g., treated vs. 

untreated plates). Therefore, this Matrigel-only 3D culture method would be expected to 

produce adherent gels because HPMC is not present in the system. The addition of D10 to 

the system without HPMC seemed unnecessary because results were largely similar to the 

M/Medium condition. Removing D10 would provide the simplest method for 3D cell 

culture while avoiding issues of evaporation and interfacial tension. With these preliminary 

findings, the Matrigel-Only 3D culture method was developed and tested with cell culture 

to determine if the underlying gel layer was capable of supporting cell growth and 

differentiation. Results from these experiments will be discussed in Chapter 3. 
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CHAPTER 3: ASSESSMENT OF CELL CULTURE 
PLATFORMS 

3.1. Rationale 

In Chapter 2, I presented two promising 3D cell culture techniques: the ATPS-Matrigel 3D 

culture method and the Matrigel-only 3D culture method. The next step was to assess their 

performance as viable 3D cell culture platforms. As the focus of my thesis involved 

developing a platform that could potentially be used to model PD and play a role in future 

drug development applications, I selected the traditionally used SH-SY5Y cell line for 

subsequent cell culture experiments. As previously discussed, the SH-SY5Y cells are easy 

to maintain and have a long history in PD research and modelling (130). Additionally, the 

presence of N-type and S-type cells offered a unique opportunity to morphologically assess 

the impacts of growth environment in 2D vs. 3D cell culture. However, while it has been 

long reported that SH-SY5Y cell cultures contain DAergic neuronal characteristics, I 

wanted to confirm these observations in the SH-SY5Y cell line available in our lab, so I 

performed some preliminary assessment of these features using Western blotting and 

immunocytochemistry. Following these early assessments, I examined the impacts of 

differentiation on SH-SY5Y cell growth. Various differentiation protocols are available 

that produce neuronal features in SH-SY5Y cells. While I briefly examined RA-only and 

RA/TPA differentiation, I settled on the RA/BDNF protocol because it produced 

exquisitely differentiated cells with extensive branching neural processes and excellent cell 

viability. 
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After characterizing the SH-SY5Y cells, I assessed the ATPS-Matrigel 3D culture and 

Matrigel-only 3D culture platforms and their impacts on cell growth and viability in 

undifferentiated and RA/BDNF differentiated SH-SY5Y cultures. I compared these new 

3D culture platforms to pre-existing cell culture techniques to determine if they were 

comparable or offer unique features over existing platforms. The alternative culture 

methods tested in this work were standard 2D cell culture and the Kim et al. (2015) thin-

layer 3D culture method (80). Additionally, I considered that untreated plates would 

minimize cell adherence to the culture vessel, which would be ideal for the 3D cell culture 

platforms. Therefore, I examined the influence of untreated vs. treated cell culture vessels 

on SH-SY5Y cell growth across the various cell culture platforms. 

 

3.2. Methodology 

3.2.1. SH-SY5Y Cell Culture 

The SH-SY5Y human neuroblastoma cell line (CRL-2266, ATCC) was cultured with 

complete medium (DMEM+10% FBS+1% ABX) in 100-mm culture dishes and 

maintained in a 37 °C, 5% CO2, humidified incubator. Complete medium was changed 

every 4-7 days as per ATCC recommendations. Cells were passaged at ~60-90% 

confluence and used for experiments before 20 passages using standard passaging 

protocols. Briefly, culture plates were washed with 5 ml of warmed 1X filter sterilized 

phosphate buffered saline (PBS), and 2 ml trypsin-EDTA (0.05% Trypsin/0.53 mM EDTA; 

Corning) was added. Cells were incubated at 37 °C for 3 min before tapping the plate to 

dislodge remaining adherent cells. Complete medium (2 ml) was added, and cells were 

centrifuged at 0.2 rcf and 20 °C for 5 min. The supernatant was removed, and pellets were 
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resuspended in complete medium to be re-plated, stored in liquid nitrogen, or used for 

experiments. 

 

3.2.2. PC-12 Cell Culture 

The PC-12 rat pheochromocytoma cell line (ATCC, CRL-1721) was cultured as per ATCC 

guidelines. Briefly, PC-12 cells were cultured in PC-12 growth medium containing 

Roswell Park Memorial Institute (RPMI) 1640 medium, 10% horse serum (HS), 5% FBS, 

and 1% ABX and maintained in a 37 °C, 5% CO2, humidified incubator. As PC-12 cells 

do not adhere well to plastic, light trituration was sufficient to dislodge cells for passaging. 

PC-12 cells were only used for initial examination of our TH antibody. As PC-12 cells are 

derived from the rat adrenal medulla, they are expected to have high endogenous TH 

expression. TH is necessary to produce DA and ultimately norepinephrine and epinephrine, 

the predominant neurotransmitters expressed by the adrenal medulla. Due to these 

qualities, PC-12 cells were used to confirm TH specificity of the primary antibody used in 

Western blotting and immunocytochemical analysis of TH expression. 

 

3.2.3. SH-SY5Y Differentiation Protocols 

Over the course of this work, SH-SY5Y cells were differentiated based on three established 

protocols previously discussed in section 1.4.3. Preliminary examination of SH-SY5Y 

differentiation involved RA-only treatment. SH-SY5Y cells were maintained in complete 

medium supplemented with 10 µM RA (44540; Alfa Aesar) over 5 days and 

immunocytochemistry was performed on the cultures to assess TH and neurofilament (NF) 

expression. RA/TPA was also briefly explored. Ultimately, the RA/BDNF differentiation 
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protocol was selected for subsequent experiments after comparing differentiation 

protocols. Additionally, RA/BDNF differentiation has not been well characterized and has 

limited examination in neurotoxicological research, so further investigations could lead to 

novel exploratory results in the field. 

 

RA/BDNF differentiation was adapted from Encinas et al. (139) and detailed in Figure 9. 

SH-SY5Y cells were sub-cultured, plated in complete medium, and stored in the incubator 

overnight. The next day, the medium was replaced with complete medium supplemented 

with 10 µM RA. Cells were grown in complete medium + 10 µM RA for 5 days with a 

medium change in day 3. On day 5, the complete medium + 10 µM RA was replaced with 

serum-free medium (DMEM+1% ABX) supplemented with 50 ng/ml BDNF (100-01; 

Shenandoah Biotechnology) for 4 days with a medium replacement on day 7. 

Processing/assessment occurred on day 9 of the differentiation protocol. 

 

Figure 9 SH-SY5Y differentiation protocols. 

White bars ( ) indicate SH-SY5Y complete medium. Red bars ( ) indicate RA 

treatment. Blue bars ( ) indicate serum-free BDNF treatment. Green bars ( ) 

indicate TPA treatment. 

 

RA/TPA differentiation was adapted from Presgraves et al (127). SH-SY5Y cells were 

treated with complete medium supplemented with 10 µM RA for 3 days (Figure 9). The 
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medium was then switched to complete medium supplemented with 80 nM TPA (P1585; 

Sigma-Aldrich) and maintained for 6 more days with medium changes every 2 days. 

 

3.2.4. Western Blotting 

Western blotting procedures are based on Novus Biological’s recommended protocols with 

minor modifications. SH-SY5Y cells were cultured in complete medium until ~80% 

confluent in 100 mm dishes. PC-12 cells were cultured in PC-12 growth medium until 

~80% confluent as well. Culture dishes were washed with ice-cold 1X PBS once, and 2 ml 

of 20 mM Tris-HCl (pH 7.5) supplemented with 1X MS-SAFE Protease and Phosphatase 

Inhibitor (Sigma-Aldrich) was added to each dish. Cell scrappers were used to remove 

remaining adhered cells. Cell lysates were transferred into centrifuge tubes, agitated for 30 

min at 4 °C, centrifuged at 12,000 rpm at 4 °C for 20 min, and then transferred into new 

tubes on ice. Lysates were stored at -20 °C until ready for further processing and analysis. 

 

A 5X Bradford reagent stock was prepared as follows, 50 mg Brilliant Blue G250 was 

added to 25 ml Methanol (Fisher Scientific) to dissolve followed by 50 ml 85% phosphoric 

acid. The 5X Bradford reagent stock was topped up to 100 ml with dH2O. A 1 mg/ml 

bovine serum albumin (BSA; Sigma-Aldrich) protein standard in 0.15 M NaCl was 

prepared. The 5X Bradford reagent was diluted with dH2O, and the 1X Bradford reagent 

was filtered through Whatman grade 1 filter paper. A Bradford assay was conducted to 

determine protein standard curves and measure unknown cell lysate samples. Absorbance 

was read using a FilterMax F5 microplate reader. 

 



63 

 

Sample buffer (SB) stock (2X) was prepared (4% SDS, 0.2% bromophenol blue, 20% 

glycerol, 200 mM dithiothreitol). Lysates were diluted to produce equivalent protein 

concentrations, and equal parts lysate and 2X SB were combined. SB-lysate solutions were 

heated at 95-100 °C for 5 min in a hot water bath. Lane spacers (dH2O) and Precision Plus 

Protein™ Dual Color Standards (5 µl/lane; BioRad) were prepared in 1X SB. Each sample 

was loaded at 20 µg protein per lane (3 lane repeats per cell type) and separated on a 4-

20% polyacrylamide gradient gel, which was prepared in advance using the Model 485 

Gradient Former (BioRad) and Mini-PROTEAN 3 Multi-Casting Chamber (BioRad). Gels 

were run at 100 V for 1 h and 200 V for 30 min. Proteins were transferred at 100 V for 1 h 

15 min onto a PVDF membrane (GE Healthcare). 

 

The membrane was briefly washed once with 1X Tris-buffered saline with Tween 20 

(TBST) and blocked with 1% BSA in 1X TBST overnight at 4 °C. The next day, the 

blocking solution was replaced with the primary antibody anti-TH (0.25 µg/ml; MAB7566; 

Novus Biologicals) prepared according to the manufacturer’s recommendations with 1% 

BSA in 1X TBST and incubated overnight at 4 °C. The following day, the membrane was 

washed 3 times with 1X TBST for 10 min/wash. The membrane was incubated in goat anti-

mouse HRP-conjugated secondary antibody (1:1000; HAF007; Novus Biologicals) diluted 

with 1% BSA in 1X TBST at room temperature for 1 h at room temperature. The membrane 

was washed again 3 times for 10 min/wash with 1X TBST. SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific) was added to visualize the blot. Images 

were captured using the Azure c600 Imaging System. 
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3.2.5. Immunocytochemistry 

SH-SY5Y cells were passaged, resuspended in complete medium, and plated at 1.5 x 104 

cells/well in a treated 96-well plate. Cell were counted using a Countess II FL Automated 

Cell Counter. The next day, wells were assigned to either the undifferentiated treatment 

group or the RA-differentiated treatment group. Medium was changed to either complete 

medium (undifferentiated) or complete medium with 10 µM RA (RA-differentiated). 

Media was refreshed on the third day. On day 5, media from all wells were removed, and 

70 µl/well 3.7% formaldehyde (Sigma-Aldrich) in 1X PBS was added. Plates were fixed 

at room temperature for 10 min and washed 3 times with ice cold 1X PBS. Cells were 

permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) diluted with 1X PBS for 10 min 

at room temperature and then washed 3 times with 1X PBS for 5 min/wash. A blocking 

solution of 1% BSA in 1X PBS with Tween 20 (PBST) was prepared and added to the 

samples. Cells were blocked for 30 min at room temperature. Primary antibodies, anti-TH 

(10 µg/ml; MAB7566; Novus Biologicals) and anti-NF heavy 200 kDa (1:200; AB1989; 

Sigma-Aldrich), were prepared in accordance with manufacturers’ recommendations in 1% 

BSA in 1X PBST. Samples were incubated in primary antibodies overnight at 4 °C. The 

next day, cells were washed 3 times with 1X PBS for 5 min/wash. Secondary antibodies, 

goat anti-mouse IgG HiLyte Fluor 488 (5 µg /ml; NB710-40671; Novus Biologicals) and 

goat anti-rabbit IgG HiLyte Fluor 555 (5 µg /ml; NB710-94951; Novus Biologicals), were 

prepared according to manufacturer recommendations in 1% BSA in 1X PBST. Following 

the addition of secondary antibodies, plates were covered in foil and incubated for 1 h at 

room temperature. Cells were washed for a final 3 times with 1X PBS for 5 min/wash. 

Images were captured under epifluorescence with the Nikon Eclipse T1 Microscope. 
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3.2.6. 2D Culture Method 

Once SH-SY5Y cells had reached 70-90% confluence, cells were passaged and counted. 

Cells were split into separate labelled tubes based on their prospective growth condition 

prior to centrifugation. The resultant cell pellet for the 2D growth condition was 

resuspended in cold complete medium to simulate conditions for the 3D cultured cells. SH-

SY5Y cells were plated at 1.6 x 104 cells/well on both treated and untreated ice cold 96-

well plates using an automated handheld multichannel pipette. Plates were kept on ice for 

1 min and transferred to the 37 °C incubator. Plates were left undisturbed overnight. 2D 

cultured cells were subsequently subjected to the same pipetting (multichannel pipettors), 

medium changes, and differentiation conditions as controls for 3D-grown cell cultures. 

 

3.2.7. ATPS-Matrigel 3D Culture Method 

Stock and working solutions of 10% D10 and 0.5% HPMC, respectively, were prepared a 

day in advance in complete medium and stored at 4 °C. Freshly made polymer solutions 

are recommended to be made a minimum of a day in advance. On the experiment day, 70 

µl/well of cold 0.5% HPMC solution was dispensed into chilled treated and untreated 96-

well plates. SH-SY5Y cells were passaged and resuspended in ice cold complete medium 

at a concentrated pre-calculated cell density. Resuspended cells, 10% D10, and Matrigel 

were combined to generate a 5 mg/ml Matrigel + 2.5% D10 solution with a cell density of 

3.2 x 103 cells/µl. A multichannel pipette was used to dispense 5 µl of cell-laden 

Matrigel+2.5% D10 into the pre-filled wells containing 0.5% HPMC resulting in a total of 

1.6 x 104 cells plated per well. Plates were left on ice for 1 min following pipetting and 

transferred to the 37 °C incubator to induce gelation. Plates were left undisturbed overnight. 
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The following day, the 0.5% HPMC was removed and replaced with either complete 

medium or complete medium with 10 µM of RA. ATPS-Matrigel 3D cell cultures and 

corresponding 2D cell culture controls were grown under shorter differentiation protocols. 

Undifferentiated cells were grown for 7 days in complete medium while RA/BDNF-

differentiated cells received 5 days of RA treatment followed by 2 days of serum-free 

BDNF treatment. 

 

3.2.8. Kim et al. (2015) 3D Culture Method 

This thin-layer 3D cell culture technique was adapted from Kim et al (80). Some alterations 

were made to the protocol. Changes included the type of cells seeded (SH-SY5Y vs. ReN 

cells), number of cells seeded (1.6 x 104 cells/well vs. 2 x 105 cells/well to 1 x 106 

cells/well), volume dispensed per well (70 µl/well vs. 100 µl/well), differentiation protocol 

to account for cell type, time in culture (9 days vs. 2+ weeks), and tissue culture plate 

(untreated and treated 96-well plates vs. only treated 96-well plates). 

 

Following passaging, the SH-SY5Y cell pellet was resuspended in ice cold complete 

medium. The cell suspension was combined with Matrigel at a 1:1 ratio and kept on ice. 

Additional cold complete medium was added to the cell suspension to generate a final 1:11 

dilution. The final solution contained 1 part cells, 1 part Matrigel, and 9 parts complete 

medium. Note: the final Matrigel concentration for this experiment after dilution was 0.71 

mg/ml based on an original protein concentration of 7.8 mg/ml. The authors recommended 

pre-testing 1:10, 1:15, and 1:20 dilutions of Matrigel and selecting the “best” one (80). I 

hypothesized that a more concentrated Matrigel solution would have a higher chance of 
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producing a 3D cell culture. Once the cell-laden diluted Matrigel solution was prepared 

and thoroughly mixed, 70 µl/well was added into room temperature treated or untreated 

96-well plates. Plates were immediately stored in the 37 °C incubator and left undisturbed 

overnight. The next day, cells were differentiated or left undifferentiated as described in 

section 3.2.3. 

 

3.2.9. Matrigel-Only 3D Culture Method 

Treated and untreated 96-well plates were chilled on ice, and 70 µl of cold complete 

medium was added to each well. After passaging, cells were resuspended in cold complete 

medium and combined with Matrigel to generate a 5 mg/ml Matrigel solution with a cell 

density of 800 cells/µl. Cell-laden Matrigel was kept on ice and dispensed at 20 µl/well 

(resulting in 1.6 x 104 cells/well) using a multichannel pipette into pre-filled wells 

containing complete medium. Plates were left on ice for 1 min and transferred to the 37 °C 

incubator to induce gelation. Plates were left undisturbed overnight. The next day, cells 

were differentiated or left undifferentiated as described in section 3.2.3. 

 

3.2.10. Cell Viability Assessment 

Calcein-AM (C-AM; Biotium) and propidium iodide (PI; Sigma-Aldrich) staining were 

used to identify living and dead cells, respectively. C-AM permeates the cell and is 

hydrolysed by esterases resulting in the emission of green fluorescence within the 

cytoplasm of cells. PI is a red fluorescent stain that binds to DNA but cannot enter living 

cells. Cells were also stained with Hoechst, a common UV-excitable nuclear stain that 

binds to DNA, to cross-reference to C-AM and PI staining. Stains (3 µM C-AM, 3 µM PI, 
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and 1:2000 Hoechst) were prepared together in serum-free medium (DMEM+1% ABX). 

At the end of the differentiation protocols, media were replaced with 70 µl of C-

AM/PI/Hoechst solution per well. Plates were stored in the incubator for 30 min. Cells 

were imaged under epifluorescence with the Nikon Eclipse T1 Microscope. Additional 

image processing was completed using ImageJ’s Colour Balance feature to minimize 

background and brighten staining. 

 

3.3. Results 

3.3.1. Assessment of DAergic Characteristics in SH-SY5Y Cells 

Since its early characterization in the late 1970s and onwards, the SH-SY5Y cell line has 

been known to express TH (124, 126). Due to these DAergic characteristics, numerous 

studies have used these cells as model neural cell lines for PD research (130). Western 

blotting was performed to assess TH expression in undifferentiated and RA-differentiated 

SH-SY5Y cells. However, TH expression could not be detected in SH-SY5Y cells across 

multiple attempts (results not shown). As the antibody had been previously shown to detect 

TH (~60-62 kDa) in adrenal gland tissue, PC-12 cells were used to assess TH specificity 

and compared to undifferentiated SH-SY5Y cells. Western blotting results revealed 

antibody specificity for the 60-62 kDa TH protein with no cross-reactivity in PC-12 

samples (Figure 10a). Once again, TH expression was not detected in SH-SY5Y samples. 

In the presence of the stronger PC-12 TH signal, it was expected. However, I considered 

that perhaps SH-SY5Y cells expressed TH in quantities too low to detect using Western 

blotting techniques. As the PC-12 Western blotting results suggested high TH antibody 

specificity, I assumed the antibody would localize well in SH-SY5Y cells using 
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immunocytochemistry techniques. Here, I was finally able to observe TH expression in 

SH-SY5Y cells (Figure 10b). After differentiating the SH-SY5Y cells over 5 days with 10 

µM RA, cells extended long processes and appeared to have strong TH expression. NF, an 

intermediate filament present in neurons, was also detected in both undifferentiated and 

RA-differentiated cells. 

 

Figure 10 Preliminary assessment of DAergic and neuronal markers in SH-SY5Y 

cells. 

a) Western blot comparison of TH expression between PC-12 and SH-SY5Y 

cells including a Precision Plus Protein™ Dual Color Standard (L) and sample 

buffer lane spacer (SB). All bands for each cell type come from the same 

protein sample at 20 µg/lane. b) Representative (20X) immunofluorescent TH 

and a NF staining of undifferentiated and 5-day RA-differentiated SH-SY5Y 

cells grown in standard 2D cell culture conditions. Scale bar = 100 µm. 

 

3.3.2. ATPS-Matrigel 3D Culture of SH-SY5Y Cells 

2D-grown cells were seeded onto treated plates while ATPS-Matrigel 3D conditions were 

grown on treated (3D-T) or untreated (3D-UT) 96-well plates. Across all conditions, cell 

viability, as represented by C-AM staining, was quite high (Figure 11a). PI appeared to be 

elevated in 3D-T and 3D-UT undifferentiated conditions compared to standard 2D culture, 
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but this qualitative observation may not be entirely accurate. All cells remained confined 

within the gel in 3D conditions including any that may have died during initial seeding or 

over time. In 2D culture conditions, any non-adherent cells (dead or alive) would be 

washed away with each medium change. Therefore, PI expression in this scenario is likely 

artificially reduced. RA/BDNF-differentiated conditions expressed minimal PI staining 

across all growth protocols suggesting good cell viability following differentiation. 
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Figure 11 ATPS-Matrigel 3D SH-SY5Y cell culture. 

a) Representative images (4X) of C-AM (green-live)/PI (red-dead)-stained 

undifferentiated and differentiated (+RA/BDNF) SH-SY5Y cultures grown 

under standard 2D culture conditions or using the ATPS-Matrigel 3D culture 

method in treated (3D-T) and untreated (3D-UT) 96-well plates. Scale bar = 

300 µm. White arrowheads ( ) indicate S-type cells. Reproduced with 

permission (160). b) Representative images (2X) of C-AM-stained SH-SY5Y 

cultures grown in 3D-UT after gentle (induces minor shift of gel) or rougher 

(gel is lifted from the well and folds over itself) perturbations during medium 

changes. Note the lack of C-AM expression on the plate surface indicating 

complete cell growth within the gel. Black arrows ( ) indicate the edge of 

the gel, red arrows ( ) indicate the edge of the well. Scale bar = 1 mm.  
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Undifferentiated cells displayed a more rounded phenotype in 3D conditions and tended to 

grow as aggregates over time. RA/BDNF-differentiated N-type cells grew long, extended 

neural processes across all growth environments (2D, 3D-T, and 3D-UT). However, 

differences in S-type epithelial-like cell expression could be observed between 2D, 3D-T, 

and 3D-UT conditions (Figure 11a). In 2D cell culture, many S-type cells can be identified 

in both differentiated and undifferentiated cell cultures. S-type cells have considerably 

larger cell bodies and lack neural processes. In 3D-T conditions, fewer S-type cells were 

detectable under microscope. Most SH-SY5Y cells grown in the 3D-T environment were 

observed to have small cell bodies with neurite extension throughout the gel. However, in 

the 3D-UT condition, S-type cells could not be detected at all. All cells within the 3D-UT 

gels appeared to have small cell bodies and neurite extension. These results suggested that 

the presence of an underlying, stiff, adherent substrate in a 3D hydrogel growth 

environment could have a significant impact on cell phenotype. Cells that sunk to the 

bottom and encountered the treated plastic surface were given the opportunity to attach, 

even if the gel itself was not adhered to the plate. Therefore, untreated plates may be 

necessary to promote preferential cell growth in 3D. As shown in Figure 11b, ATPS-

Matrigel 3D cultures grown on untreated plates expressed no viable cell attachment to the 

underlying plastic surface outside of the gel. 

 

Figure 11b also presents the non-adherent nature of ATPS-Matrigel 3D cultures. Gentle 

medium changes were able to shift the gel from its original position while rough medium 

changes could lift and fold the gel. Therefore, when handling ATPS-Matrigel 3D cultures, 

medium changes should be done with care. However, these features also suggest that 
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ATPS-Matrigel 3D cultures would be excellent platforms for contraction assessment. 

When SH-SY5Y cell cultures were differentiated within the ATPS-Matrigel 3D platform, 

contraction of the gel was observed (Figure 12). 

 

Figure 12 Representative images (2X) of differentiation-induced contraction in C-

AM-stained ATPS-Matrigel 3D cell cultures. 

Cells were grown on untreated plates and left undifferentiated or treated with 

RA/BDNF to induce differentiation. Scale bar = 1 mm. 

 

3.3.3. Comparison of Cell Culture Methodologies 

A surprising discovery described in Chapter 2 revealed that simply dispensing Matrigel at 

the bottom of a well filled with medium was sufficient to form a gel. The Matrigel-only 

3D culture technique is even simpler to perform than the ATPS-3D culture method and 

does not require additional polymers to form a thin-layer gel. I assessed SH-SY5Y cell 

growth in the Matrigel-only 3D culture method and discovered that a minimum of 20 µl 

cell-laden Matrigel was required to fill the well completely. Less than 20 µl resulted in 

uneven and incomplete gel coverage of the well. While this would ultimately produce 
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thicker gels, the Matrigel-only 3D culture protocol did not appear to significantly impact 

cell viability compared to 2D conditions in early assessments of the technique. 

Additionally, gels were adherent to the plastic. With these promising results, I used the 

Matrigel-Only 3D culture method for all subsequent 3D culture experiments and 

assessments. Here, I compared three different culture methods: standard 2D culture, the 

recently published Kim et al. 3D thin-layer culture method (80), and the Matrigel-Only 3D 

culture method. I also examined the impacts of treated vs. untreated plate surfaces and 

undifferentiated vs. RA/BDNF treatment on SH-SY5Y cell growth and morphology. 

 

Undifferentiated SH-SY5Y Cells Grown on Treated Plates (Figure 13) 

Undifferentiated SH-SY5Y cells grown on treated tissue culture plates in 2D tended to 

aggregate only after most of the available surface area in the well had been covered by 

cells. In the Kim et al. 3D condition, cells did not appear to have spread well over the 

surface compared to the 2D condition, which may have been due to presence of the diluted 

Matrigel. The ECM protein supplement may have prompted earlier cellular aggregation, 

so cells may not have been as inclined to spread across the plate. Alternatively, the cells 

may have been covered in a thin layer of Matrigel that encouraged aggregate growth, but 

3D cell growth was difficult to identify in this model as cells could only be seen at the 

bottom of the well. Flat, adherent cells similar to 2D culture conditions could be identified 

in Kim et al. 3D culture platform. On the other hand, the Matrigel-only 3D cell culture 

technique clearly produced 3D cell growth. Cells were distributed throughout the gel 

matrix, although some S-type cells could be identified at the bottom of the well, which was 

to be expected in treated plates. Even the non-adherent ATPS-Matrigel 3D culture method 



75 

 

produced the S-type phenotype when grown on treated plates. Like previous morphological 

observations of undifferentiated SH-SY5Y cell growth in the ATPS-Matrigel 3D culture 

method, cells grown in Matrigel-only 3D culture tended to grow as aggregates. Cell 

viability remained high across all cell culture platforms. 

 

 

Figure 13 Representative images (10X) of undifferentiated SH-SY5Y cells grown 

under three growth conditions (2D, Kim et al. method, and Matrigel-only 

3D method) on treated plates. 

Scale bar = 100 µm. 
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RA/BDNF-Differentiated SH-SY5Y Cells Grown on Treated Plates (Figure 14) 

Hoechst staining revealed more widely spread nuclei and a reduction in cell number across 

all growth conditions compared to undifferentiated cells grown on treated plates (Figure 

13). No discernible differences could be observed between 2D and Kim et al. 3D-grown 

differentiated SH-SY5Y cells. Cells appeared to grow on one plane in both platforms. In 

contrast, differentiated SH-SY5Y cells grew throughout the Matrigel-only 3D culture 

model. N-type cells grew long neurites that spread and infiltrated the gel. However, C-

AM/PI staining revealed numerous S-Type cells across all growth platforms using treated 

plates. RA/BDNF differentiation was also observed to potentially have an impact on S-

type cell morphology. In undifferentiated cultures (Figure 13), discernible S-type cells 

appeared smaller and rounder. Following RA/BDNF differentiation, S-type cells appeared 

to flatten and expand to cover a greater surface area. 

 

Encinas et al. reported that RA treatment in complete medium followed by BDNF 

treatment in serum-free medium reduced S-type populations (139). Here, S-type cells 

remained quite prevalent. Medium changes may not have completely cleared FBS from the 

wells. To reduce S-type expression and select for N-type populations, reducing FBS in RA 

medium may be an option. However, this was discovered to be unnecessary in 3D 

conditions that minimize cellular adherence to the plate. 
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Figure 14 Representative images (10X) of RA/BDNF differentiated SH-SY5Y cells 

grown under three growth conditions (2D, Kim et al. method, and 

Matrigel-only 3D method) on treated plates. 

Scale bar = 100 µm. 

 

Undifferentiated SH-SY5Y Cells Grown on Untreated Plates (Figure 15) 

Growing undifferentiated cells on untreated plates produced viable cells across all culture 

methods as shown by C-AM/PI staining (Figure 15). I expected poor cell adhesion in 2D 

cell culture, but cells survived and adhered to the untreated plate. Proteins in the FBS of 

the complete medium may have been sufficient to promote cell adhesion to the polystyrene 

despite the hydrophobicity of the plastic. However, undifferentiated cells grown in 2D 

culture on untreated plates were more prone to aggregating than 2D cultures grown on 
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treated plates suggesting poorer adhesion to the plastic surface (Figure 13). SH-SY5Y cells 

grown using the Kim et al. method grew similarly to their treated plate counterparts and 

were morphologically identical to 2D culture conditions grown on untreated plastic. S-type 

cells were present in both treated and untreated plates in the 2D and Kim et al. 3D 

platforms. The Matrigel-only 3D culture method produced similar aggregates and rounded 

cell morphologies between treated and untreated plates, but S-type cells were no longer 

detectable within these cultures. 

 

Figure 15 Representative images (10X) of undifferentiated SH-SY5Y cells grown 

under three growth conditions (2D, Kim et al. method, and Matrigel-only 

3D method) on untreated plates. 

Scale bar = 100 µm. 
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RA/BDNF-Differentiated SH-SY5Y Cells Grown on Untreated Plates (Figure 16) 

Finally, RA/BDNF-differentiated SH-SY5Y cells grown on untreated plates using standard 

2D culture and Kim et al. 3D culture appeared identical to their corresponding treated plate 

conditions (Figure 14). C-AM/PI showed good cell viability in 2D and Kim et al. 3D 

conditions but also revealed considerable S-type expression within both platforms. In 

contrast, S-type cells were no longer detectible in Matrigel-only 3D culture, similar to what 

was observed in the ATPS-Matrigel 3D culture platform grown on untreated plates. Only 

small N-type cells with extended neural processes could be identified throughout the gel. 

Using untreated plates with the Matrigel-only 3D culture method was sufficient to promote 

selective N-type cell growth within the gel, which could not be achieved by the Kim et al. 

3D culture method. 
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Figure 16 Representative images (10X) of RA/BDNF differentiated SH-SY5Y cells 

grown under three growth conditions (2D, Kim et al. method, and 

Matrigel-only 3D method) on untreated plates. 

Scale bar = 100 µm. 

 

3.3.4. The RA/TPA Differentiation Protocol 

As previously discussed in Chapter 1, RA/TPA is the second most popular differentiation 

technique after RA (130). This method was reported as a way to direct SH-SY5Y cells 

towards the DAergic neuronal phenotype (127). However, early attempts at growing cells 

using this differentiation protocol under standard 2D culture conditions did not appear 

promising (results not shown). RA/BDNF-differentiated cells produced long extended 

processes and appeared more like neurons while RA/TPA-differentiated cells had shorter 
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projections with greater morphological similarity to undifferentiated cells. RA/TPA-

differentiated cells also appeared to have poorer cell viability compared to RA/BDNF-

differentiated cells. After initially shelving the RA/TPA differentiation method, I decided 

to return to it and test the impact of Matrigel-only 3D culture on RA/TPA-differentiated 

SH-SY5Y cells. RA/TPA differentiation reduced cellular aggregation and some neural 

processes could be observed in 2D cell culture (Figure 17). However, when RA/TPA-

differentiated cells were grown under Matrigel-only 3D culture conditions, aggregates with 

very limited neurite extension were observed. 

 

Figure 17 Representative images (10X) of RA/TPA differentiated SH-SY5Y cells 

grown under two growth conditions. 2D cultures were grown on treated 

plates and Matrigel-only 3D cultures were grown on untreated plates. 

Scale bar = 100 µm. 
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3.4. Discussion 

3.4.1. ATPS-Matrigel 3D Culture vs. Matrigel-Only 3D Culture 

In this chapter, I presented two feasible and accessible methods for performing thin-layer 

3D cell culture. Both methodologies showed excellent cell viability supported by strong C-

AM expression and weak PI staining. Both platforms appeared to show preferential N-type 

cell growth within the 3D gel space when untreated plates were used. It is unknown if the 

S-type cells simply expressed more condensed morphologies within the 3D environment 

or potentially shifted towards the N-type phenotype. The dual cell populations within SH-

SY5Y have not been well characterized. The 3D environment may select against S-type 

cells, but C-AM/PI staining did not appear to indicate loss in cell viability within 3D-UT 

cultures compared to the other culture platforms. Further characterization of the SH-SY5Y 

cell line would need to be performed to assess for biochemical differences between N- and 

S-type cells and potential for shifting phenotypic expression. Alternative protocols 

(standard 2D and Kim et al. 3D culture methods) performed on treated and untreated plates 

promoted cellular adherence to the plastic and both N-type and S-type cell expression. The 

untreated plate condition could not eliminate cellular adherence to the well surface in the 

Kim et al. 3D culture platform. These results suggest that growth environment and culture 

method have significant impacts on cell growth and morphology in undifferentiated and 

differentiated SH-SY5Y cultures. 

 

The first and initially only model developed over the course of this thesis was the ATPS-

Matrigel 3D culture method. This technique produced viable 3D cell cultures in a 96-well 

plate format. Using the ATPS-Matrigel 3D culture protocol, 76 ± 24 µm thick cell-laden 
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hydrogels could be generated using merely 5 µl of M+D10 solution. A single 10-ml bottle 

of Matrigel could readily produce >3300 samples in the 96-well format and far more if 

scaled to the 384-well format. However, the ATPS-Matrigel 3D culture method’s unique 

non-adherent characteristic could be slightly more difficult to manage. Medium changes 

would shift and sometimes flip the gel if the flow of medium during aspiration or 

dispensing was too forceful. With practice, I eventually grew accustomed to gentler and 

more controlled pipetting habits when handling ATPS-Matrigel 3D cultures. Our electronic 

multichannel pipette that could control dispensing speed facilitated media changes 

throughout these experiments. Of course, liquid handling robotics would likely further 

improve performance and minimize gel shift. Despite the added learning curve, the non-

adherent feature of this platform could be useful. Moraes et al. designed a high-throughput 

hydrogel system aimed at assaying contractility of microscale type I collagen gels (92). As 

contraction assays work best when not adhered to a surface, the investigators used shear 

force to dislodge the gels from the plate (92). Here, the ATPS-Matrigel 3D culture method 

provides naturally non-adherent gels. This technique can be readily scaled to a 384-well 

plate format to form microscale non-adherent gels for high-throughput contraction 

assessment. The Frampton lab has proceeded to move in this direction (96-well plate 

format for now). We will be using this platform to characterize contractility in human 

bronchiole smooth muscle cells (CC-2576; Lonza) for future assessment of asthma 

treatments in healthy and asthmatic 3D cell cultures. 

 

The Matrigel-only 3D method provides an alternative thin-layer 3D cell culture platform. 

A minimum of 20 µl of 5 mg/ml Matrigel solution was required to cover the surface of a 



84 

 

well in a 96-well plate. Therefore, a 10-ml bottle of Matrigel could produce >700 samples 

based on the 96-well plate format. This is less than the ATPS-Matrigel 3D culture method, 

but higher than standard Matrigel protocols where large quantities of the material are 

dispensed directly into air and suffer from high air-liquid interfacial tension and 

evaporation. Based on the Matrigel platform characterizations in Chapter 2, 20 µl likely 

produces gels that are slightly thinner than 457 ± 28 µm (microbeads may not have 

completely settled at the time these measurements were taken). This technique produces 

thicker gels than the ATPS-Matrigel 3D method. However, the Matrigel-only 3D culture 

protocol is much simpler to perform, does not require additional polymer compounds, and 

provides adherent gels that are easier to handle and feed. These features also accommodate 

for the lower sample yield when compared to the ATPS-Matrigel 3D culture method. While 

the ATPS-Matrigel 3D culture method is a very promising and powerful technique, further 

exploration and characterization of its features will need to be performed. Therefore, the 

Matrigel-only 3D culture method was ultimately selected for subsequent investigation of 

the application of 3D culture technologies for the field of PD research and pharmaceutical 

development. 

 

3.4.2. The Kim et al. (2015) Method 

During the assessment of SH-SY5Y cell growth under various culture platforms, Kim et 

al.’s thin-layer 3D culture method could not eliminate the S-type phenotype regardless of 

plate treatment. Cells likely fell to the bottom of the plate faster than the super diluted ECM 

protein could resolve into a stable protein layer. From there, the SH-SY5Y cells would be 

able to sense the stiff substrate regardless of the formation of an overlaying thin 3D gel. 
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Overall, the Kim et al. 3D culture method did not appear 3D. Cells grew on a single plane 

and were morphologically identical to 2D cell cultures. 

 

Since the Kim et al. 3D culture method was developed only 2 years ago, limited work to 

replicate their thin-layer 3D culture modelling strategy outside of that group has been 

reported. However, I did encounter one article that took advantage of this technique while 

using a considerably lower cell densities (162). This group used a 1:15 Matrigel dilution in 

96-well and 384-well plate formats to grow iPSCs into models of human cortical neurons 

that presented tau aggregation. The addition of Matrigel was included to protect against 

shear stress during medium changes and potential detachment and loss of cells. However, 

there is little discussion into the features of 3D cell culture within the bulk of the study. In 

fact, the word “three-dimensional” appears only four times in the full paper: once in the 

title, another in the key words, once in the introduction, and once in the bibliography citing 

the Choi et al. paper (79) that originally used the thin-layer 3D technique described by Kim 

et al. (80). Therefore, it is unclear if cells grew as 3D cells-embedded-in-gel cultures or 

were adhered to the plate with an overlaying protein coating. The coating may have 

promoted tau aggregation and protected the cells from shear forces during media changes. 

Since the main goal of that study was to generate a high-throughput tauopathy model, the 

3D aspect was not a key focus and therefore not explored. Based on my observations, 

providing a thin Matrigel layer is not sufficient to minimize the impacts of stiff substrates 

on cell growth and differentiation. 
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As previously mentioned, primary neurons prefer growing on soft substrates and have 

reduced neuritic branching and slower cell growth on stiff substrates (22, 26). 

Alternatively, astrocytes prefer growing on stiffer substrates but also express higher levels 

of cellular stress and reactivity when grown on hard plastic (22, 25). Ignoring the impacts 

of substrate stiffness may confound or significantly influence experimental results and 

interpretation. I would propose that the Kim et al. technique provides a 2.5D stacked cell 

culture model (similar to aggregate culture except adherent to a plastic surface) rather than 

a cells-embedded-in-gel 3D culture model. With high enough cell densities, cells would 

grow on top of the adherent underlying cell layer to form a “3D” cell culture. An overlaying 

thin gel may be present that may promote some neurite infiltration over time, but it is 

difficult to identify. Nonetheless, the increased dimensionality in the Kim et al. 3D culture 

platform would certainly provide additional complexity and perhaps better mimic 

neuropathology in AD than a simple monolayer. 
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CHAPTER 4: HIGH-THROUGHPUT NEUROTOXICITY 
ASSAYS 

4.1. Rationale 

Various factors are involved in PD neuropathology and disease progression. Attempts to 

model these features in the laboratory have involved manipulating genetic expression 

and/or inducing DAergic cell death using neurotoxins and pesticides. Neurotoxin models 

are very common because DAergic cell death and subsequent motor symptoms associated 

with PD appear quite rapidly compared to genetic models, which can take longer and are 

costlier to produce. Here, I will be presenting three toxins that have been previously used 

in PD research to investigate the impacts of mitochondrial dysfunction, ER stress, and 

proteasome inhibition on DAergic cells. MPP+, as previously described in Chapter 1, is a 

neurotoxin that selectively targets DAergic neurons and impairs ATP production, resulting 

in cell death. It is one of the most common neurotoxins used to emulate PD features in 

animal models and cell culture. Tunicamycin (Tn) is a well-known ER stress inducer. The 

toxin functions by blocking N-linked glycosylation leading to the unfolded protein 

response and subsequent cell death. In recent years, Tn has been used to model PD in 

medaka fish and rats (163, 164). In both species, selective DAergic cell death and 

locomotor impairment were observed (163, 164). In the medaka fish model, α-synuclein-

rich aggregation could be observed (163) while the rat model revealed increased α-

synuclein oligomer formation (164). Both features are commonly associated with Lewy 

body formation in PD. Finally, epoxomicin (Epox), is a potent proteasome inhibitor. In 

2004, McNaught et al. observed that Epox treatment over the span of 2 weeks was 

sufficient to induce significant locomotor dysfunction, generate α-synuclein-containing 
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aggregates, and promote selective DAergic cell death in the substantia nigra of rats (165). 

These findings were eventually replicated in medaka fish with similar results (166). 

However, attempts by Kordower et al. to replicate PD neuropathological symptoms in rats 

and monkeys failed using identical methodologies, so there is controversy regarding the 

use of Epox as a reliable PD modelling technique (167). Nonetheless, I decided to assess 

MPP+, Tn, and Epox to determine if each targeted system would have differential impacts 

on undifferentiated vs. RA/BDNF-differentiated SH-SY5Y cells cultured in 2D and 3D 

growth environments. Here, I wanted to assess the application of the Matrigel-only 3D 

culture method as a high-throughput screening device for PD research. 

 

4.2. Methodology 

4.2.1. SH-SY5Y Neurotoxicity Assay 

SH-SY5Y cells were divided into three growth conditions (Figure 18). Cells were grown 

under standard 2D cell culture conditions (2D), grown in 2D cell culture but with a layer 

of Matrigel coated above the cells (2D-M) to simulate mass transport experienced by cells 

in the 3D growth condition, or grown embedded in a gel using the Matrigel-only 3D culture 

platform (3D). Both 2D cell culture conditions (2D and 2D-M) were grown on treated 

plates to promote cell adherence to the plastic while the 3D cell culture condition used 

untreated plates to minimize cellular adherence to the stiff substrate. 
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Figure 18 Growth environment conditions for neurotoxicity assays. 

Standard 2D cell cultures (2D) and 2D cell cultures covered with a layer of 

Matrigel (2D-M) were grown on treated plates to promote cell adherence to the 

plate. Matrigel-only 3D-grown cells were seeded in untreated plates (3D) to 

promote selective cell growth within the gel. 

 

The 2D cell culture condition experienced some slight modifications to its original protocol 

(section 3.2.6.) because it was used as a control for the new 2D-M condition. SH-SY5Y 

cells were passaged and divided into two separate tubes for 2D-based (2D and 2D-M) and 

3D conditions. Once cells were pelleted, cells assigned to the 2D and 2D-M conditions 

were resuspended in warm complete medium. SH-SY5Y cells were dispensed at 70 µl/well 

into room temperature treated 96-well plates and stored in the 37 °C incubator overnight. 

Cells assigned to the 3D condition followed the Matrigel-only 3D culture protocol 

described in section 3.2.9. Briefly, ice cold cell-laden Matrigel was dispensed into chilled 

untreated 96-well plates containing 70 µl/well of complete medium. Plates were left on ice 

for 1 min followed by overnight incubation at 37 °C. SH-SY5Y cells were seeded at 1.6 x 

104 cells/well for all growth conditions. 

 

The following day, a 5 mg/ml Matrigel solution was prepared with complete medium. 2D-

grown cells were removed from the incubator and placed on ice. The warmed complete 

medium was replaced with 70 µl/well chilled complete medium for both 2D and future 2D-
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M conditions. The 5 mg/ml Matrigel solution was dispensed at 20 µl/well onto 2D-M 

conditions. The 2D and 2D-M plates were left on ice for 1 min and then transferred to the 

incubator. 2D and 2D-M conditions were incubated at 37 °C for 30 min to induce gel 

formation. Complete medium was replaced for all plates (2D, 2D-M, and 3D) with the 

assigned medium for each differentiation condition (undifferentiated or RA/BDNF-

differentiated) (Figure 19). Medium was replaced every 2-3 days for both differentiation 

protocols. 

 

Figure 19 SH-SY5Y growth and differentiation protocols for neurotoxicity assays.  

Matrigel (M) is added to one of the 2D cultures to produce the 2D-M growth 

condition. White bars ( ) indicate SH-SY5Y complete medium. Red bars ( ) 

indicate RA treatment. Blue bars ( ) indicate serum-free BDNF treatment. 

Hatched lines (///) indicate the addition of a toxin to the medium of each 

differentiation protocol. 

 

Stock toxin solutions of 100 mM MPP+ in dH2O, 1 mg/ml Tn (Sigma-Aldrich) in ultra-

pure grade dimethyl sulfoxide (DMSO; Amresco), and 1 mM Epox (Millipore Sigma) in 

DMSO were prepared in advance. To assess MPP+, 0.1 mM, 1 mM, and 5 mM MPP+ 

working toxin solutions were prepared in either complete medium or differentiation 

medium. On day 7, SH-SY5Y cell culture media for all samples were replaced with MPP+ 

working toxin solutions as depicted in Figure 19. One row of undifferentiated cells and one 

row of RA/BDNF differentiated cells were provided with their corresponding media 

without MPP+ as control conditions. Cells were left in their corresponding treatment 
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conditions for 48 h. The 2-day incubation period was performed to accommodate for 

potentially slower mass transport in 2D-M and 3D cell cultures. On the final day, cell 

viability was assessed and is described below. Each unique combination of growth 

condition, differentiation protocol, and toxin concentration contained 6 well repeats 

(Figure 20). This neurotoxin assay protocol was replicated three times for MPP+. 

 

 

Figure 20 Schematic of 96-well plate neurotoxin assay layout. 

Three growth conditions (2D, 2D-M, and 3D), two differentiation protocols 

(RA/BDNF differentiated vs. undifferentiated), and three toxins (MPP+, Tn, 

and Epox) with three concentrations for each toxin were assessed. Control 

(CTRL) conditions did not receive toxin treatment. 

 

The neurotoxin assay protocol used for MPP+ was repeated with Tn and Epox separately. 

To assess Tn, 0.1 µg/ml, 5 µg/ml, and 10 µg/ml Tn were prepared in either complete 

medium or differentiation medium. Likewise, to assess Epox, 0.5 µM, 1 µM, and 5 µM 

Epox were prepared in complete medium or differentiation medium. A minor adjustment 

to the MPP+ neurotoxin protocol involved the addition of DMSO to lower concentrated Tn 
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and Epox solutions and control media to accommodate for differences in DMSO levels 

across prepared working solutions. The most concentrated Tn and Epox solutions 

contained the highest amounts of DMSO. While these levels were considered to have 

negligible impact on cell viability, I decided to control for their potential impact by 

equalizing DMSO amounts across all conditions. Once all Tn or Epox treatments were 

prepared, media was replaced with toxin solutions and maintained for 2 days before cell 

viability assessment. Three experimental replicates were completed for Tn and Epox each. 

 

4.2.2. Cell Viability Assessment 

To assess cell viability, cells were subjected to C-AM, PI, and Hoechst staining as detailed 

in section 3.2.10. Briefly, 3 µM C-AM, 3 µM PI, and 1:2000 Hoechst (C-AM/PI/Hoechst) 

were prepared in warm serum-free medium (DMEM+1% ABX). Toxin working solutions 

and control media were removed from all samples, and 70 µl/well of C-AM/PI/Hoechst 

solution was added. Cells were incubated in a humidified, 37 °C, 5% CO2 environment for 

30 min. Representative images of all unique condition combinations were captured using 

a Nikon Eclipse T1 Epifluorescence Microscope. Following imaging, 50 µl of solution was 

removed from each well using a standard multichannel pipette. Defrosted room 

temperature CellTiter-Glo® 2.0 Assay (Promega) solution was dispensed into each well at 

50 µl/well. Plates were initially agitated by hand and transferred to a FilterMax F5 plate 

reader. Five seconds of vigorous orbital shaking was pre-programmed into the read settings 

of the plate reader to lyse the cells. Plates were read three times (three sessions of vigorous 

orbital shaking) with the final luminescent reading taken for quantification. The third 

reading was taken following >10 min room temperature incubation in CellTiter-Glo. 
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4.2.3. LUHMES Cell Culture 

LUHMES cells (CRL-2927; ATCC) were cultured as per ATCC guidelines. Briefly, frozen 

LUHMES cells were thawed and plated on vented T-75 cm2 culture flasks pre-coated with 

50 µg/ml poly-L-ornithine (PLO; Sigma-Aldrich) and 1 µg/ml fibronectin (FIB) from 

human plasma (Sigma-Aldrich). Cells were maintained in LUHMES complete medium 

containing DMEM/F12 (ATCC) supplemented with 1% N-2 Supplement (Gibco), 40 

ng/ml human recombinant basic fibroblast growth factor (bFGF; Z101456; ABM), and 1% 

ABX. The LUHMES complete medium was filter sterilized through a 0.2 µm syringe filter 

as recommended by ABM after addition of bFGF. Medium was changed every 2-3 days. 

Cells were sub-cultured every 3-4 days. To passage the cells, cultures were washed with 

10 ml 1X sterile PBS and 4 ml diluted trypsin-EDTA (0.025% Trypsin/0.26 mM EDTA in 

1X PBS) was added to detach the cells. Cells were incubated at 37 °C for 3 min. The flask 

was tapped to dislodge remaining adherent cells, and 6 ml LUHMES wash medium 

(DMEM/F12+1% N-2+1% ABX) was added. Cells were centrifuged at 0.2 rcf at 20 °C for 

5 min to generate a pellet. Pellets were resuspended in warm LUHMES complete medium, 

triturated, and re-plated. To differentiate the cells, a separate LUHMES differentiation 

medium was prepared containing DMEM/F12, 1% N-2, 1 mM dibutyryl-cAMP (dbcAMP; 

Enzo Life Sciences), 2 ng/ml human recombinant glial cell line-derived neurotrophic factor 

(GDNF; Z101055; ABM), 1 µg/ml tetracycline hydrochloride (Sigma-Aldrich), and 1% 

ABX. 
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4.2.4. LUHMES Neurotoxicity Assay 

Similar to the SH-SY5Y neurotoxicity assay described in section 4.2.1., three growth 

conditions (Figure 18) were assessed: 2D, 2D-M, and 3D. Here, cell density was also 

assessed. LUHMES cells have been previously plated between 2 x 104 cells/cm3 (154) and 

2 x 105 cells/cm3 (157) for differentiation purposes. Therefore, I selected 1.6 x 104 

cells/well (5 x 104 cells/cm3) and 5 x 104 cells/well (1.5 x 105 cells/cm3) as lower and higher 

cell seeding densities, respectively. 

 

LUHMES cells were passaged and counted using the Countess II FL Automated Cell 

Counter. 2D and 2D-M cells were resuspended in warm LUHMES complete medium, and 

70 µl/well was dispensed into treated 96-well plates pre-coated with 50 µg/ml PLO and 1 

µg/ml FIB at 1.6 x 104 cells/well or 5 x 104 cells/well. 2D and 2D-M plates (each growth 

condition was seeded on separate plates) were stored in the incubator. Chilled untreated 

96-well plates were pre-filled with 70 µl/well of LUHMES complete medium. 3D-grown 

cells were resuspended in ice cold LUHMES complete medium and mixed with Matrigel 

to form a cell-laden 5 mg/ml Matrigel solution. A handheld microchannel pipette was used 

to dispense 20 µl/well of cell-laden Matrigel solution into the prepared untreated plates and 

incubated on ice for 1 min. The plate was then transferred to the incubator and stored at 37 

°C overnight. The next day, 2D-M cells were prepared as previously described (section 

4.2.1.). For 2D and 2D-M conditions, warm LUHMES complete medium was replaced 

with 70 µl/well chilled LUHMES complete medium, and 20 µl/well of 5 mg/ml Matrigel 

diluted with LUHMES complete medium was added to 2D-M conditions. Plates were kept 

on ice for 1 min and then incubated at 37 °C for 30 min. LUHMES complete medium was 
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then replaced with LUHMES differentiation medium for all growth conditions. The 

undifferentiated condition was not assessed in these set of experiments. The timeline of the 

differentiation protocol is displayed in Figure 21. 

 

Figure 21 LUHMES differentiation protocol for neurotoxicity assays. 

Matrigel (M) is added to one of the 2D cultures to produce the 2D-M growth 

condition. White bars ( ) indicate LUHMES complete medium. Purple bars 

( ) indicate LUHMES differentiation medium. Hatched lines (///) indicate the 

addition of a toxin to the differentiation medium. 

 

On day 7 of the LUHMES differentiation protocol, MPP+ (0.1 mM and 5 mM), Tn (0.1 

µg/ml and 5 µg/ml), and Epox (0.5 µM and 5 µM) toxin working solutions were prepared 

using LUHMES differentiation medium. Regular LUHMES differentiation medium was 

used as a control. Toxin working solutions were added (70 µl/well) and incubated for 2 

days at 37 °C (Figure 22). On day 9, cell viability was assessed using the same protocol 

described in section 4.2.2. Here, each unique combination of conditions contained 4 well 

repeats. Due to time constraints, experimental replicates were not completed, so 

quantitative data remains to be assessed. Qualitative representative images will be shown 

here instead. 
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Figure 22 Schematic of 96-well plate neurotoxin assay layout for differentiated 

LUHMES cells. 

Three growth conditions (2D, 2D-M, and 3D), two seeding densities (1.6 x 104 

cells/well and 5 x 104 cells/well) and three toxins (MPP+, Tn, and Epox) with 

two concentrations for each toxin were assessed. Control (CTRL) conditions 

received regular LUHMES differentiation medium. Each growth condition was 

grown on a separate 96-well plate. 

 

4.2.5. Statistical Analysis 

Kruskal-Wallis analysis of variance (ANOVA) on ranks was conducted to compare the 

impacts of growth environment on toxin response for each differentiation protocol, toxin 

(MPP+, Tn, and Epox), and toxin concentration assessed followed by Tukey multiple 

comparison test using SigmaPlot statistical software. Quantitative data are represented as 

mean ± SD. Statistical significance was defined as *p<0.05. 
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4.3. Results 

4.3.1. SH-SY5Y MPP+ Assay 

MPP+ treatment was assessed across three growth environments (2D, 2D-M, and 3D) in 

undifferentiated and RA/BDNF-differentiated SH-SY5Y cultures. In control cultures that 

did not receive MPP+ treatment, all conditions appeared to generate healthy, viable cells 

as evidenced by C-AM/PI staining (Figure 23a). 2D-M-grown cells appeared similar to 

their 2D counterparts with mixed populations of adherent S-type and N-type cells at the 

bottom of the plate, but some cellular and neuritic infiltration into the overlaying gel could 

be observed in both undifferentiated and differentiated cells. This observation indicated 

that the 2D-M model was closer to the 2.5D Kim et al. (2015) culture method and was not 

an exclusively 2D cell culture. However, most cells adhered to the plastic, so the stiff 

underlying substrate would be expected to have an impact on cell behaviour and 

responsiveness to the toxin treatments akin to 2D culture conditions. 
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Figure 23 MPP+ toxicity in undifferentiated and RA/BDNF differentiated SH-

SY5Y cells grown under three growth conditions (2D, 2D-M, and 3D) 

after 48 h treatment. 

a) Representative images (4X) of C-AM (green-live)/PI (red-dead)-stained 

cells grown in control media or 5 mM MPP+. Scale bar = 200 µm. b) ATP 

production of undifferentiated SH-SY5Y cells treated with MPP+. c) ATP 

production of RA/BDNF differentiated SH-SY5Y cells treated with MPP+. 

Data were normalized to their respective control conditions (no toxin media) 

and are expressed as mean ± SD (n = 3; *p<0.05). 

 

When cells were treated with 5 mM MPP+, undifferentiated cells showed greater PI 

expression across the different growth environments compared to differentiated cells. 

However, this could have been misleading due to inequivalent cell densities. Since 

undifferentiated cells continued to proliferate during the 9-day growth protocol, it was 

difficult to compare ratios of living to dead cells in undifferentiated vs. differentiated cells 

using qualitative C-AM/PI staining. Nonetheless, PI staining was quite low in 

differentiated cultures. However, differentiated SH-SY5Y cells appeared to shrink in size 

and retract their neural processes in response to 5 mM MPP+ treatment. 

 

To quantitatively assess cell viability, CellTiter Glo was used to detect ATP production. 

Following chemiluminescent detection using the plate reader, results were initially 

expressed as relative light units (RLU). RLUs were normalized to each unique condition’s 

respective control. For example, all 3D-grown, MPP+ treated, RA/BDNF-differentiated 

samples were represented as a percentage of the 3D-grown, non-MPP+ treated, RA/BDNF-

differentiated, control condition within each experimental replicate. These results would 

therefore reflect the percentage of viable cells with respect to controls. The control 

conditions were assumed to have 100% cell viability. This was done to accommodate for 
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differences in cell number between undifferentiated and differentiated cell cultures and 

between growth environments as well. 

 

In undifferentiated cells treated with MPP+, 0.1 mM and 1 mM (Figure 23b) MPP+ did 

not appear to induce a substantial decline in ATP production. While 3D cultures appeared 

to have higher cell viability than 2D and 2D-M conditions, this trend was not statistically 

significant. Overall, a range of 0-20% decline in cell viability was observed in 

undifferentiated cells treated with 0.1 mM and 1 mM MPP+ across 2D, 2D-M, and 3D 

growth environments. Only after administering 5 mM MPP+ was cell viability significantly 

reduced to ~20% relative to the control (~80% loss in ATP production). 

 

Differentiated cells, however, displayed increased robustness against MPP+ toxicity 

(Figure 23c). With 5 mM MPP+ treatment, only ~20% of undifferentiated cells remained 

viable while cell viability was more than double (>40%) in differentiated cells. C-AM/PI-

staining appeared to reflect these quantitative results. Very little visible red PI staining of 

dead cells can be observed at 5 mM MPP+ in RA/BDNF-differentiated cells. Lower 

concentrations of MPP+ did not appear to contribute to a reduction in ATP production and 

cell death across all growth environments. Rather, 0.1 mM and 1 mM MPP+ seemed to 

produce >100% cell viability, in some cases. This is likely evidence for the edge-effect 

where wells at the periphery of a well plate are exposed to greater thermal and evaporation 

gradients (168). Due to the layout of the high-throughput neurotoxicity assays (Figure 22), 

controls at the periphery of the plate were potentially influenced by these factors. C-AM 

and PI staining suggested control conditions remained highly viable, but future assessments 
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will benefit from assessing and accommodating for these potentially confounding factors. 

These experiments will likely need to be replicated with either randomized condition 

placements on plates and/or by filling the peripheral wells with sterile dH2O to combat 

differential evaporative effects around the edges. 

 

While growth environment appeared to have no discernible impact at the 0.1 mM 

concentration, 1 mM and 5 mM MPP+ revealed significant differences between 3D-grown 

and 2D-grown cells. RA/BDNF-differentiated 2D-grown cells displayed lower cell 

viability compared to 3D-grown cells suggesting that 3D growth conditions provided 

additional robustness to RA/BDNF-differentiated cells against MPP+. However, cell 

viabilities of 3D and 2D-M growth conditions treated with 1 mM and 5 mM MPP+ were 

not statistically different. 2D and 2D-M conditions treated with 1 mM and 5 mM MPP+ 

were also not statistically different. 2D-M culture was introduced to accommodate for 

potential mass transport differences in 3D culture. However, adding a layer of Matrigel to 

originally 2D-grown cells was observed to promote some 3D characteristics (cellular and 

neuritic infiltration into the gel). As a result, this 2.5D characteristic may have been 

reflected in 2D-M culture’s middling tolerance to MPP+. Additionally, both 

undifferentiated and RA/BDNF-differentiated SH-SY5Y cells did not appear to be 

sensitive to MPP+ treatment, so small differences in cell viability between growth 

environments were not easily discernible with this toxin. 
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4.3.2. SH-SY5Y Tn Assay 

Tn appeared to be quite potent in undifferentiated and differentiated SH-SY5Y cultures. 

Following 5 µg/ml Tn, considerable PI staining was observed in both undifferentiated and 

differentiated conditions (with the exception of 3D-grown differentiated cells) (Figure 

24a). Quantitative analysis of cell viability in undifferentiated cell cultures showed that 0.1 

µg/ml Tn was sufficient to decrease % ATP production to ~80% relative to control (Figure 

24b). No statistically significant differences in cell viability between growth environments 

(2D vs. 2D-M vs. 3D) within each tested concentration of Tn (0.1 µg/ml, 5 µg/ml, and 10 

µg/ml) could be identified in undifferentiated cell cultures. 

 

 

  



103 
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Figure 24 Tn toxicity in undifferentiated and RA/BDNF differentiated SH-SY5Y 

cells grown under three growth conditions (2D, 2D-M, and 3D) after 48 h 

treatment. 

a) Representative images (4X) of C-AM (green-live)/PI (red-dead)-stained 

cells grown in DMSO control media (CTRL) or 5 µg/ml Tn. Scale bar = 200 

µm. b) ATP production of undifferentiated SH-SY5Y cells treated with Tn. c) 

ATP production of RA/BDNF differentiated SH-SY5Y cells treated with Tn. 

Data were normalized to their respective control conditions (no toxin media 

with vehicle DMSO) and are expressed as mean ± SD (n = 3; *p<0.05). 

 

In RA/BDNF-differentiated cultures, clear differences between growth environments can 

be observed (Figure 24c). When cultures were treated with 0.1 µg/ml and 5 µg/ml Tn, 3D-

grown differentiated cells were significantly more robust against Tn toxicity compared to 

2D and 2D-M conditions. No statistically significant differences between growth 

environments could be discerned at 10 µg/ml Tn treatment possibly due to oversaturation 

of the toxin overriding the impacts of growth protocol. Curiously, 3D conditions appeared 

to follow an opposing trend to 2D conditions between undifferentiated and RA/BDNF-

differentiated cultures. 2D undifferentiated conditions appeared more robust in response to 

Tn treatments compared to their differentiated counterparts. In contrast, 3D 

undifferentiated conditions appeared less robust in response to Tn treatment compared to 

their differentiated counterparts. 2D-M conditions, on the other hand, appeared to follow 

trends that lay between 2D and 3D (lower cell viability in undifferentiated conditions and 

higher cell viability in differentiated conditions compared to 2D-grown cultures). 

 

4.3.3. SH-SY5Y Epox Assay 

Finally, effects of Epox toxicity were examined. Similar C-AM/PI profiles to Tn treatment 

can be observed in Epox-treated culture platforms (Figure 25a). Epox induced nearly 

equivalent cell death across all growth environments and Epox concentrations in 
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undifferentiated SH-SY5Y cell cultures (Figure 25b). Lower Epox concentrations (0.5 µM 

and 1 µM) displayed statistically equivalent cell viabilities. A concentration of 5 µM was 

required to significantly decrease undifferentiated cell viability across all growth 

environments. In contrast, RA/BDNF differentiation appeared to reduce sensitivity to the 

Epox toxin across all samples compared to their undifferentiated counterparts (Figure 25c). 

Here, 3D-grown differentiated cells expressed significantly greater tolerance to Epox at all 

tested concentrations compared to corresponding 2D and 2D-M conditions. No discernible 

differences between 2D and 2D-M conditions could be identified. 
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Figure 25 Epox toxicity in undifferentiated and RA/BDNF differentiated SH-SY5Y 

cells grown under three growth conditions (2D, 2D-M, and 3D) after 48 h 

treatment. 

a) Representative images (4X) of C-AM (green-live)/PI (red-dead)-stained 

cells grown in DMSO control media (CTRL) or 5 µM Epox. Scale bar = 200 

µm. b) ATP production of undifferentiated SH-SY5Y cells treated with Epox. 

c) ATP production of RA/BDNF differentiated SH-SY5Y cells treated with 

Epox. Data were normalized to their respective control conditions (no toxin 

media with vehicle DMSO) and are expressed as mean ± SD (n = 3; *p<0.05). 

 

4.3.4. LUHMES Cell Growth and Differentiation 

Following the SH-SY5Y neurotoxin assay results, I recognized that the RA/BDNF-

differentiated SH-SY5Y cell culture platform was not ideal for mimicking DAergic 

neuronal characteristics and modelling PD neuropathology in vitro using neurotoxin 

methodologies. The platform was too robust to perform as an accurate representation of 

the considerably more sensitive DAergic neurons. Therefore, I decided to pursue 

alternative DAergic neural models and assess if the Matrigel-only 3D culture platform 

could sustain other cell types and cell lines. The LUHMES cell line was selected for its 

DAergic qualities, human source, indefinite subculture, and its single neuronal phenotype. 

While these cells have previously been grown as 3D aggregate cultures (158), they have 

not yet been applied to hydrogel technologies. 

 

Interestingly, growing LUHMES cells under 2D, 2D-M and 3D conditions produced 

fascinating gross morphological differences (Figure 26). Using standard 2D culture 

practices defined for LUHMES cells (PLO and FIB coating on plastic culture vessels), 

differentiated cells grew long extended neural processes but appeared quite condensed on 

the plate. When cell density was increased, cells seemed to retract from the plate to form 

aggregated cell bodies with extended neural processes attached to the walls of the well. In 
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2D-M cultures, cells spread throughout the well in a more web-like arrangement. At higher 

cell densities, 2D-M-grown cultures appeared to recognize the sides of the plate and curved 

around it rather than contracting into themselves. Under closer inspection, 2D-M 

conditions in both low and high cell densities contained long neuritic extensions that 

infiltrated profusely throughout the gel. Finally, 3D-grown cells were embedded within the 

gel and extended long, branching neural processes throughout the 3D construct. Only one 

neuronal phenotype was observed across all growth conditions. 
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Figure 26 Gross morphological changes (2X) of C-AM-stained differentiated 

LUHMES cells in response to various growth conditions (2D, 2D-M, and 

3D) and lower (initial seeding density: 1.6 x 104 cells/well) vs. higher 

(initial seeding density: 5 x 104 cells/well) cell densities. 

Scale bar = 1 mm.  
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4.3.5. Preliminary Responses of Differentiated LUHMES Cells to 

Neurotoxins 

As quantitative exploration into assessing neurotoxin response in differentiated LUHMES 

cell cultures could not be completed, qualitative representative C-AM/PI images will be 

presented here instead. Compared to past RA/BDNF-differentiated SH-SY5Y cells, 

LUHMES cells displayed slightly more dead cells across all growth environments, as 

represented by PI staining. The addition of 0.1 mM MPP+ appeared to have an impact on 

LUHMES cell viability and morphology most evidently under 3D-grown conditions. The 

formerly long, smooth neurites faded in C-AM expression, retracted, and appeared kinked 

and rough following MPP+ treatment. Concentrations of 0.1 mM and 5 mM MPP+ 

increased PI staining in 3D culture conditions. In 2D and 2D-M conditions, it was difficult 

to identify changes to neurite characteristics at 0.1 mM due to the density of the neural 

projections. At 5 mM MPP+, neurite degradation and cell death in response to the toxin 

could be more clearly identified. In 2D conditions, the neurites appeared to disintegrate in 

response to 5 mM MPP+ while 2D-M and 3D conditions appeared unhealthy but intact. 
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Figure 27 Representative images (10X) of C-AM (green-live)/PI (red-dead)-stained 

differentiated LUHMES cells grown at an initial seeding density of 1.6 x 

104 cells/well in response to LUHMES differentiation medium (CTRL) 

and MPP+ treatment. 

Scale bar = 1 mm. 
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Epox and Tn also produced considerable cell death. Epox treatment was severely toxic to 

differentiated LUHMES cells. Most cells completely lost all neural processes across all 

growth environments at the lowest tested Epox concentration (Figure 28). Epox 

concentrations will likely need to be significantly reduced to identify effects of growth 

environment on cellular responses to toxins. Low concentration Tn (0.1 µg/ml) produced 

neurite degradation similar to MPP+-treated cells and substantial cell death most evidently 

in 3D cultures than 2D and 2D-M cultures. Overall, differentiated LUHMES cells appeared 

considerably more sensitive to MPP+, Tn, and Epox compared to RA/BDNF-differentiated 

SH-SY5Y cells. Additionally, 3D growth conditions appeared to increase sensitivity to 

toxins in differentiated LUHMES cells. However, these experiments would have to be 

quantified and replicated to confirm these qualitative observations. 
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Figure 28 Representative images (10X) of C-AM (green-live)/PI (red-dead)-stained 

differentiated LUHMES cells grown at an initial seeding density of 1.6 x 

104 cells/well in response to LUHMES differentiation medium (CTRL) 

and Epox (0.5 µM) and Tn (0.1 µg/ml) treatment. 

Scale bar = 1 mm.  
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4.4. Discussion 

4.4.1. Impact of Growth Environment on SH-SY5Y Responses to 

Neurotoxins 

For decades, SH-SY5Y cells have been used as neural cell culture models for the 

investigation of PD (130, 131). To generate SH-SY5Y culture PD models, >80% of studies 

used undifferentiated cells grown in 2D environments (130). Undifferentiated cells 

continue to proliferate, aggregate over time, and shift between adherent and non-adherent 

phenotypes, which can impact cell number with each medium change. Despite these 

dynamic characteristics, SH-SY5Y cell models are often treated as single cell adherent 

populations for general drug and toxicology analysis (169–172). 3D cell culture offered the 

opportunity to capture both adherent and non-adherent cell populations in the gel and 

minimize S-type expression by eliminating cell adhesion to the plate. I considered that 3D 

cell culture could potentially impact undifferentiated cell responses to neurotoxin assays. 

This was not the case, however. Growth environment did not significantly alter cell 

viability in undifferentiated SH-SY5Y cell cultures across all tested neurotoxins. 

Undifferentiated SH-SY5Y cells may have contained more uniform immature genetic 

profiles across differing phenotypes resulting in equivalent sensitivities to MPP+, Tn, and 

Epox. 

 

Cell viability was slightly higher than expected after 48 h incubation in MPP+ across all 

undifferentiated conditions compared to previous observations in literature, which may 

have been a result of the edge effect impacting experimental results (122, 172). 

Nonetheless, undifferentiated SH-SY5Y cells were more robust against MPP+ compared 
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to previously published reports using 5-10 µM MPP+ to kill primary DAergic neurons 

(143). Tn generated lower cell viability levels than previously reported in the literature, but 

these results were expected because standard incubation times were approximately 24 h 

rather than 48 h (173). Epox concentrations used in this study were higher than average for 

use with SH-SY5Y cells. Cheng et al. observed a gradual tapering of Epox toxicity in 

undifferentiated SH-SY5Y cells and nearly complete proteasome inhibition above 0.1 µM 

after 24 h (174). This finding matches the Epox data presented here, where 0.5 µM, 1 µM, 

and 5 µM concentrations produced relatively equivalent effects after 48 h. Epox 

concentrations should be reduced for future assessment with this toxin in SH-SY5Y 

cultures to assess varying levels of proteasome inhibition. As MPP+, Tn, and Epox toxicity 

have never been previously assessed in RA/BDNF-differentiated SH-SY5Y cell cultures, 

these results provide a novel report on the impacts of RA/BDNF differentiation on toxin 

tolerance. 

 

In contrast to undifferentiated SH-SY5Y cultures, RA/BDNF differentiation appears to 

promote significantly greater tolerance to MPP+, Tn, and Epox in 3D cultures compared 

to their 2D and 2D-M counterparts. I included the 2D-M condition to control for diffusion 

characteristics in 3D cell cultures. 2D-M conditions were not significantly different from 

2D culture conditions across all toxins and concentrations in both undifferentiated and 

differentiated cultures suggesting minimal impact of mass transport on SH-SY5Y cell 

responses to toxins. These results suggested that adherence to stiff substrates significantly 

impacted cellular behaviour, morphology, differentiation, and responsivity to toxins in SH-

SY5Y cell cultures. However, the mechanisms behind these effects are unknown. 
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It has been previously reported that RA-only differentiation SH-SY5Y cells imbue greater 

tolerance to MPP+ (122). Another report identified that following RA treatment, TrkB was 

upregulated and phosphorylated PKC was downregulated in SH-SY5Y cultures (139). As 

previously discussed in Chapter 1, TrkB is the neurotrophic receptor for BDNF that 

promotes cell survival and differentiation. Increases in TrkB expression would allow for 

BDNF-mediated differentiation but also promote downstream survivability mediated by 

the PI3K-Akt pathway. On the other hand, phosphorylated (i.e., activated) PKC has been 

observed to inhibit the PI3K-Akt pathway (175). Reductions in phosphorylated PKC and 

increases in TrkB would ultimately result in increased survival in the presence of BDNF. 

 

Based on these observations and those identified in this work, elevated survivability in 3D 

conditions may involve the influence of 3D growth environments on RA/BDNF 

differentiation. For example, in 2D cell cultures, the stiff substrate may combat RA-

mediated increases in TrkB during the initial 5 days of RA treatment (Figure 29). 

Therefore, 2D-grown cells would express lower TrkB per cell compared to 3D-grown cells. 

Additionally, the predominance of N-type cells over S-type cells in 3D culture due to the 

lack of a stiff substrate may impact TrkB expression at the macroscale level. RA 

differentiation may increase TrkB levels in N-type cells but not S-type cells due to their 

differing initial phenotypes. Due to minimal TrkB levels and perhaps even an alternative 

differentiation path induced by RA, S-type cells may be more susceptible to general toxic 

assaults such as Tn and Epox. Furthermore, it has previously been reported that C/EBP 

homologous protein (CHOP), a pro-apoptotic protein, is upregulated in response to ER 



117 

 

stressors such as Tn (176). However, when undifferentiated SH-SY5Y cells were provided 

with Tn and BDNF concurrently, CHOP expression was reduced (176). Therefore, elevated 

expression of TrkB in 3D SH-SY5Y cultures would account for increased tolerance 

towards Tn. Pro-survival effects of BDNF would also extend to Epox-treated differentiated 

cells. RA treatment has been associated with protecting SH-SY5Y cells from Epox-

mediated cell death via PI3K-Akt pathway activation (177). MPP+ likely did not present 

large differences in cell viabilities between 3D and 2D conditions due to minimal DAT 

expression in SH-SY5Y cells (127). DAT has been reported to have low expression in both 

undifferentiated and RA-only differentiated cultures (127). 

 

Figure 29 Cartoon depiction of hypothetical RA/BDNF effects on TrkB expression 

in 2D- vs. 3D-grown SH-SY5Y cells. 

RA is expected to increase levels of TrkB resulting in the promotion of 

differentiation as well as survival. The 3D growth environment may play a role 

in regulating TrkB expression by 1) promoting N-type differentiation towards 

higher levels of TrkB compared to 2D grown conditions and 2) promoting a 

more uniform population of N-type cells. 

 

Additional biochemical analyses will need to be done to elucidate the mechanisms behind 

these observed differences between 2D and 3D cell culture. We are currently performing 

PCR measurements of TH, SLC6A3 (DAT), NTRK2 (TrkB), and other interesting markers 
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such as nerve growth factor receptor (NGFR), which produces the p75 neurotrophic 

receptor that can promote apoptosis when activated by BDNF to assess changes to genetic 

expression between 2D- and 3D-grown SH-SY5Y cells. Ultimately, these early results 

seem to indicate that the current RA/BDNF differentiation protocol for SH-SY5Y cells 

provides a poor model of native DAergic neurons, which are considerably more sensitive 

to systemic dysfunction and toxic assaults. The impacts of RA and BDNF can be significant 

confounding factors in mimicking PD neuropathology. Considering BDNF has been 

reported to decrease within DAergic neurons in PD patients, adding BDNF as a long-term 

differentiation and survival agent may mask important cellular behaviours and responses 

involved in PD (178). Undifferentiated SH-SY5Y cells also require >1 mM concentrations 

of MPP+ to induce cell death, suggesting that this cell line may not provide an ideal 

foundation for PD research. 

 

4.4.2. The Future with LUHMES Cells 

Work completed with LUHMES cells remains incomplete but promising. The LUHMES 

cell line contained only one viable cell type and grew long, extensive, neural processes 

following differentiation, which would be expected in DAergic neurons. Early preliminary 

qualitative toxin assessments appeared to reflect the sensitivity of DAergic neurons to 

neurotoxic assaults targeting mitochondrial dysfunction, ER stress, and proteasome 

inhibition. Quantitative assessments (after reducing Epox and Tn concentrations) will be 

performed in the future. Overall, protocols for the maintenance, subculture, and storage of 

these cells are relatively simple and accessible. Only one differentiation protocol currently 

exists for these cells, which appears to work quite well. Ultimately, LUHMES cells grow 
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quite well in the Matrigel-only 3D culture platform, suggesting that this methodology is 

readily applicable to various cell types and cell lines. 
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CHAPTER 5: CONCLUSION 

Despite the growing popularity of 3D cell culture techniques, 2D cell culture remains the 

predominant method for in vitro modelling of neurodegenerative disease and therapeutic 

development. This can be explained by multiple factors. Firstly, monolayer cultures are 

considerably easier to produce, process, and analyse. Techniques are readily accessible. 

Most laboratory equipment and in vitro assays have been optimized for 2D cell culture. As 

3D cell culture is an emerging field, there are multiple ways to generate these models. 

Optimization of any one methodology is limited, and 3D cell culture remains largely 

unfamiliar to the general neuroscience community outside of neural tissue engineering. 

However, promising results mimicking AD neuropathology in Matrigel-based 3D cell 

culture suggested that Matrigel could be a useful, accessible platform for 3D modelling of 

neurodegenerative disease (79, 80). I ultimately chose to focus on PD, where most research 

revolved around the study of a single cell type: DAergic neurons. The SH-SY5Y cell line 

was selected as a model for DAergic neurons due to their historical application in PD 

research as catecholaminergic cells and simple maintenance protocols. However, some 

questions were raised concerning the efficacy of the thin-layer 3D culture methodology 

detailed by Kim et al. Producing 2 x 105 to 1 x 106 cells per well can be unfeasible and 

costly for certain cell types such as primary cells with limited proliferation cycles. 

Differentiating cells for 2-12 weeks per experiment can also be impractical. Additionally, 

the SH-SY5Y cell line contained both N-type and S-type cells. I wanted to investigate if 

removing substrate stiffness by providing a 3D growth environment could select for N-

type cells over S-type cells. As SH-SY5Y cells were free to adhere to the treated plate in 

the Kim et al. 3D culture method, this hypothesis could not be tested using this model. 
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These factors led me to pursue my own thin-layer 3D cell culture protocols. Since ATPS 

methods offered a unique and accessible platform by which to manipulate liquids such as 

Matrigel, I pursued this option and tested its efficacy in producing thin gels. The ATPS-

Matrigel 3D culture platform ultimately provided a promising, relatively simple, and 

accessible methodology where gel thickness could be effectively and reliably controlled 

using small volumes. Through the development and characterization process, I also 

discovered an alternative, simpler methodology for 3D cell culture that involved dispensing 

Matrigel directly into medium to produce an underlying gel protected from evaporation 

and air-liquid interfacial tension. I eventually applied this Matrigel-only 3D culture method 

to assess the impact of 3D growth environment on SH-SY5Y cell differentiation and 

responses to various neurotoxins previously used in PD research. Neurotoxin assay results 

appeared to indicate that growth environment has a significant impact on SH-SY5Y 

differentiation and suggested that RA/BDNF treatment increases tolerance to toxic 

assaults. Therefore, RA/BDNF-differentiated SH-SY5Y cells are likely not appropriate 

models for PD neuropathology. LUHMES cells may be more likely to fill this role, but 

additional quantitative experiments will need to be done to assess their DAergic 

characteristics. Overall, I have provided two simple, high-throughput, 3D neural cell 

culture platforms that are compatible with various cell types, standard lab equipment, and 

commercially available materials. These accessible platforms may promote greater 

exploration into the field of 3D cell culture in the neurosciences and beyond. 
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5.1. Statement of Contributions 

1) Developed, optimized, and characterized a novel, ATPS-based, thin-layer, 3D cell 

culture technique that offers excellent control over Matrigel thickness using small 

volumes. Presented the potential of the ATPS-Matrigel 3D culture method as a high-

throughput contraction assay platform. 

2) Developed, optimized, and characterized a novel, simpler, Matrigel-only 3D cell 

culture method that required slightly more Matrigel than the ATPS-Matrigel 3D culture 

method but was compatible with both SH-SY5Y and LUHMES cell culture and capable 

of providing viable, thin-layer, 3D cell cultures shown to be effective platforms for 

high-throughput screening of neurotoxins. 

3) Discovered a novel ATPS formulation: HPMC and Matrigel. 

4) Demonstrated potential macromolecular crowding effects of large molecular weight 

polymers on protein aggregation in Matrigel. 

5) Demonstrated the limitations of the Kim et al. (2015) 3D culture protocol as a 3D 

modelling system. 

6) Revealed the influence of stiff substrates on SH-SY5Y N-type and S-type expression 

in 2D, 2D-M, and 3D cultures. 

7) Demonstrated the effects of 3D growth environment on SH-SY5Y cell differentiation, 

growth, and responses to common neurotoxins used to study PD. Results appeared to 

indicate that RA/BDNF differentiated cells would perform poorly as models of 

DAergic neurons for PD research. 

8) Revealed the compact, non-neuron-like morphology of RA/TPA differentiation on SH-

SY-5Y cells grown in a 3D environment. 



123 

 

5.2. Future Directions 

1) Matrigel has been reported to have batch-to-batch differences (179). For this work, 

Matrigel lots were considered equivalent in protein composition, and 5 mg/ml 

concentration was consistently maintained to control for lot differences. Therefore, it 

may be prudent to examine batch-to-batch differences in subsequent analyses of gel 

formation, thickness, and size to determine if characterization changes with lot. Cell 

viability may also be assessed to confirm minimal impact of lot on cell growth. 

2) Characterization of gel thickness in the Matrigel-only 3D culture method will need to 

be appropriately assessed by allowing microbeads to settle overnight. Further analysis 

of gel distribution across the well in the Matrigel-only 3D culture and ATPS-Matrigel 

3D culture platforms will need to be performed. 

3) ATPS polymer interference with Matrigel gelation suggested a potential impact of 

macromolecular crowding on accelerating protein aggregation in Matrigel. 3D cell 

culture offers the opportunity to assess impacts of macromolecular crowding on cell 

behaviour and protein aggregation in a 3D environment. In neurodegenerative diseases, 

protein aggregation is often a key hallmark of disease progression. Macromolecular 

crowding and 3D environments may shorten experimental timeframes in modelling α-

synuclein oligomerization and aggregation in PD, for example. However, assessing 

whether compounds (e.g., Ficoll) have impacts on Matrigel stability after it has already 

gelled will need to be the first step. 

4) In this work, Matrigel and HPMC were observed to have ATPS characteristics. 

Determining the binodal curve for this pair will be useful for future applications of this 

system. Our lab has previously defined a rapid microscale binodal determination 
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methodology (180). This technique could easily be adapted to 384-well plates to use 

less material and assess the ATPS behaviour of Matrigel and HPMC. 

5) Due to the non-adherent features of the ATPS-Matrigel 3D culture technique, our lab 

will be using this platform to design a 3D contraction assay to measure responsiveness 

of healthy and asthmatic cells to various asthma treatments. The human bronchiole 

smooth muscle cells were observed to grow excellently within Matrigel and induced 

significant gel contraction in untreated conditions across various cell seeding densities. 

6) Biochemical analyses of 3D-grown cultures were not discussed in this work (aside from 

cell viability assessment). Early immunocytochemical analyses of 3D-grown cultures 

revealed that much longer incubation times were required for all steps (e.g., 

permeabilization, antibody incubation, etc.) compared to monolayer cultures. Western 

blotting protocols and immunocytochemical analyses will need to be optimized for 

assessment of the 3D pseudo-tissue. 

7) RA/TPA differentiation was only assessed morphologically and did not undergo 

additional biochemical analyses or high-throughput neurotoxin assay assessment. 

Performing these analyses may provide novel information regarding the impact of 3D 

environment against an alternative differentiation protocol in SH-SY5Y cells. 

8) Future high-throughput neurotoxin assays will need to accommodate for potential 

differences in evaporation and thermal gradients across the well plate. This can be done 

by adding sterile dH2O to peripheral wells to accommodate for evaporation and/or 

alternating the locations of neurotoxin conditions. 

9) Ideally, ATP levels should be normalized to cell number or protein level to perform 

comparative analysis between groups and should likely be assessed in the future. 
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Assessing protein content across conditions would be more feasible as 3D-grown cells 

are difficult to count. Additionally, future neurotoxin assays will benefit from the 

quantification of apoptosis and necrosis to elucidate the systems of neural cell death in 

response to the toxic assaults under various growth environments. For example, 

annexin A5 and active caspase-3 activity can be measured using flow cytometry to 

assess levels of apoptosis. If features of apoptosis are not present, necrosis can be 

measured using PI or 7-aminoactinomycin D (another fluorescent DNA stain) 

infiltration into the nucleus of dead cells due to loss of cell membrane integrity. 

10) We are currently performing PCR to examine the validity of the hypothesis that 3D 

growth environments impact gene expression of TrkB and potentially other markers 

compared to 2D and 2D-M grown cells. The genes we are investigating include TH, 

SLC6A3 (DAT), NTRK2 (TrkB), and NGFR (p75). 

11) Considerable work remains to be done to further characterize the LUHMES cells, 

which showed promising behaviours in response to neurotoxin assaults. Determining 

maximal passaging, the impacts of long-term subculture in 2D culture environments, 

investigating impacts of seeding density, and assessing differential behaviours under 

2D and 3D growth conditions will be useful for future applications of this cell line. 

Additional biochemical analyses of DAergic characteristics and changes in neuronal 

markers should be assessed for these cells. Investigating the influence of 2D vs. 3D 

growth environment on these measures and replicating neurotoxin assays in LUHMES 

cells will provide more solid conclusions on their applicability as a model DAergic cell 

line. 
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