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Abstract 

Alzheimer’s disease (AD) has become increasingly prevalent owing to the rise in 

aging population, heightening life-expectancy, and lack of effective treatments. 

Understanding AD pathogenesis requires the development and study of model 

systems which can ideally mirror all aspects of the disease. Increasing evidence 

indicates the superiority of three-dimensional (3D) in vitro cell culture platforms 

over conventionally used two-dimensional (2D) monolayer cultures in mimicking 

native in vivo microenvironments. However, existing 3D culture models of AD rely 

on engineered cell lines which overexpress mutant genes or aggregate-based cultures 

with heterogeneities in composition, biological properties and cell differentiation 

stages. These limitations motivate exploration of alternative in vitro substrate-based 

human neuronal AD models with better reproducibility and matrix uniformity. 

In this study, tissue engineering techniques are leveraged on for fabrication of three 

novel biomaterial-based scaffolding platforms for achieving in vitro 3D neuronal 

culture. These include: a graphene oxide hydrogel-based electroconductive substrate 

fabricated via physical crosslinking; a synthetic polymer-based hollow microfiber 

substrate fabricated via core-shell electrospinning; and a synthetic polymer-based, 

non-woven fibrillar substrate fabricated via wet electrospinning. All three platforms 

were evaluated in terms of cell encapsulation, distribution, viability, proliferation, 

neuronal differentiation and neurite formation to determine their feasibility for 

facilitating long-term 3D neuronal culture. Data from immunocytochemistry clearly 

indicate wet electrospun, non-woven poly(lactic-co-glycolic acid) (PLGA) 

microtopographic scaffolds to be the most suitable substrate in terms of design 

criteria encompassing both physical and biological properties. The highly porous 

fibrillar scaffolds supported enhanced infiltration, uniform distribution and long-
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term survival of human stem cell-derived neurons. In addition, the microfiber 

scaffold stiffness was found to mimic the elasticity of native brain tissue, indicating 

its capability to promote realistic physiological responses in cellular phenotypes.  

Next, key neural stem cell features including proliferation and differentiation in 3D 

culture were compared with Petri dish-based 2D monolayer controls. The 3D 

fibrillar microenvironment reduced cell proliferation and significantly accelerated 

both neuronal and glial differentiation within seven days of culture. Finally, the 

scaffolds were interfaced with familial AD (FAD) patient induced pluripotent stem 

cells (iPSC)-derived neurons for in vitro modeling of early-stage AD pathogenesis. 

The differentiated neurons in 3D PLGA scaffold-based culture exhibited significant 

amplification in pathogenic amyloid-beta 42 (Aβ42) and phospho-tau (p-tau) levels 

between diseased and age-matched controls. Furthermore, spontaneous expression 

levels of these pathogenic markers in 3D culture were more pronounced compared 

with corresponding 2D monolayer control cultures. 

Taken together, the present findings represent the first demonstration of interfacing 

3D synthetic polymer-based fibrillar scaffolds with iPSC-derived human neuronal 

cultures to robustly recapitulate and accelerate early-stage AD pathogenesis. 

Moreover, it serves as a simple, standardisable and easy to implement in vitro 

platform, which facilitates highly efficient neuronal differentiation and significantly 

faster maturation compared with conventional monolayer cultures. This platform 

can be further broadened for modeling of other complex neurodegenerative diseases 

as well as evaluation of prospective therapeutic candidates. 
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CHAPTER 1 Introduction 

1.1 Background 

Alzheimer’s disease (AD) presently occupies the topmost position among the most 

commonly diagnosed neurodegenerative diseases worldwide with the number of 

affected people forecasted to reach 100 million by 2050 [1]. According to the latest 

statistics, nearly 44 million people in the world suffer from AD or a related dementia 

[2], with only one in four being diagnosed [3]. AD also ranks first among the most 

frequently observed causes of dementia in Singapore [4]. It is characterized by 

progressive memory loss, inability to perform activities of daily life, and culminates 

in total impairment of cognitive functions [5]. Multiple risk factors linked to both 

genetic and environmental origins have been implicated in the emergence of AD, 

with advancing age being identified as the most significant among them [6]. Besides 

its multifactorial and heterogeneous nature, AD is progressive i.e. the symptoms 

gradually worsen with the passage of years. The average clinical duration ranges 

between eight and ten years, typically extending over 20 years including both 

preclinical and prodromal stages [7]. 

Basic and clinical research conducted over the last few decades has made substantial 

progress in unraveling the molecular basis and clinical course of AD, including its 

salient pathological features; nevertheless, AD pathogenesis is not fully understood 

and presently has no cure available, except for palliative treatments which offer 

relief from some symptoms. The key to understanding aetiology lies in developing 

effective models which should ideally recapitulate all aspects of the disease. 

Furthermore, high inaccessibility to the human brain makes it desirable to study 

neuronal function and degeneration on appropriate model systems of brain cultures 

closely mimicking in vivo conditions. Over the years, a plethora of techniques 
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including in vivo and in vitro platforms have been utilized for developing disease 

models of AD (Figure 1-1). They have proven beneficial in interpreting several 

aspects of AD and have also helped in developing potential diagnostic and 

therapeutic measures [8]. 

 

Figure 1-1. Schematic representation of modeling the human brain development and 

its diseases (Adapted from [9]) 

Research into AD pathogenesis has predominantly focused on either animal models 

or on two-dimensional (2D) in vitro cell culture systems. Although both approaches 

have provided valuable insights into AD aetiology, neither has fully reproduced all 

the pathological events observed in human AD patients [10]. Animal models based 

mainly on transgenic mice were unsuccessful owing to fundamental biological 

differences between rodent and human brains [11, 12]. Despite providing the 

required complexity, they are incapable of accurately recapitulating human AD 

pathophysiology. On the other hand, Petri dish-based 2D monolayer human neuronal 

cultures fail at mimicking the complexity of the human brain including its unique 

features [13, 14]. They are unable to emulate the spatial organization and complex 

cell-cell interactions present inside native extracellular matrix (ECM), and force 
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cells in culture to adapt to flat, rigid plastic or glass surfaces [15]. Moreover, a 

growing body of evidence indicates that 2D monolayer cultures do not have the same 

morphology [16], proliferation [17], migration [18], gene expression [19] or 

differentiation [20] observed in in vivo conditions. This has prompted the 

development of three-dimensional (3D) culture platforms to overcome 

aforementioned limitations as well as strike a balance between experimental 

tractability and physiological relevance (Figure 1-2) in biological model systems 

for disease modeling applications.  

 

Figure 1-2. Spectrum of biological model systems used in disease modeling 

applications (Adapted from [21]) 

These state-of-the-art 3D human cell culture models of AD hold great promise as a 

novel platform for studying disease mechanisms in a human brain-like environment 

including high-throughput screening (HTS) of potential drug candidates. A 3D 

microenvironment affects the shape, polarity and motility of cells, which in turn can 

translate into several secondary tissue-specific consequences. Not only are they 

more representative of in vivo environments, they also are highly customizable and 

can be tailored to have a range of properties depending on the application.  
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1.2 Research gap and Motivation 

Combining tissue engineering techniques with stem cell technologies has spurred 

the development of novel 3D neuronal culture platforms recapitulating key AD 

pathogenic hallmarks such as amyloid-β (Aβ) plaques and phospho tau (p-tau) 

accumulation. Researchers have utilized both scaffold-free and scaffold-based 

techniques to create 3D in vitro disease models of AD. The former relies on self‐

organization of AD patient-derived induced pluripotent stem cells (iPSCs) into 3D 

brain organoids or neuro-spheroids [22-24]. However, organoid growth typically 

stalls after few months due to lack of vascularization [25], causing low diffusion of 

oxygen, essential nutrients and metabolites to inner regions resulting in cell death 

and necrotic cores [26]. Moreover, the self-organizing nature of organoids renders 

them difficult to control and reproduce, leading to variable cell microenvironments 

depending on depth from the surface [27]. On the other hand, scaffold-based 

approaches have mainly relied on encapsulating immortalized ReNcell VM (ReN) 

human neural progenitor cells (hNPCs) inside a Matrigel matrix [28-30]. 

Accelerated neuronal differentiation, neuron–glia interactions, Aβ deposition and p-

tau aggregation were achieved using this platform [29, 30]. However, these studies 

artificially elevated AD pathologies via gene manipulation and used engineered cell 

lines which is not representative of early stage pathogenesis observed in the AD 

human brain [28]. Moreover, Matrigel is animal-derived and composed of a 

heterogenous and ill-defined mixture of complex proteins [10, 31]. These limitations 

motivate exploration of alternative synthetic biomaterial-based substrates with better 

reproducibility and matrix uniformity for in vitro modeling of AD. The development 

of such a platform would not only provide a more accurate picture, but also help 

bridge research gaps encountered in former approaches. 
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1.3 Objectives and Scope 

The overall goal of this thesis is to develop a proof-of-concept in vitro 

microenvironment facilitating 3D neuronal culture for modeling early-stage AD 

pathogenesis. The specific objectives and scope of this study are mentioned below: 

1. To perform a comprehensive literature review of existing models of AD to 

understand design criteria and identify research gap. 

• Study the genesis, evolution and significance of the principal approaches 

utilized for modeling AD and compare their advantages and limitations.  

• Review state-of-the-art 2D and 3D in vitro models of AD and identify 

the key challenges faced in terms of material and functionality. 

2. To fabricate in vitro substrates facilitating 3D neuronal culture and evaluate their 

functionality based on the design criteria. 

• Fabrication and characterization of novel, tuneable and scalable 

substrates capable of supporting 3D neuronal culture. 

• Characterization of cell encapsulation, distribution, viability, 

proliferation, neuronal differentiation and neurite formation. 

3. To utilize the most suitable substrate for 3D culture of human stem cell-derived 

neurons for assessing recapitulation of early-stage AD pathologies. 

• Characterization and comparison of neural stem cell (NSC) proliferation 

and neuronal/glial differentiation with 2D monolayer controls. 

• Characterization and comparison of Aβ and p-tau AD pathologies in 3D 

FAD neuronal culture with non-demented as well as 2D monolayer 

controls.  
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1.4 Novelty and Significance 

3D in vitro modeling of neurodegenerative diseases is currently in its infant stages. 

Existing scaffold-based models of AD utilize thin hydrogel matrices to bring about 

the third dimension, and rely on manipulating gene expression in immortalized cell 

lines for robust recapitulation of disease pathologies [10]. Although this approach 

has served as a starting point for 3D in vitro studies into AD pathogenesis, they fail 

at physiologically mirroring the disease progression observed in the human AD 

brain. This necessitates further exploration into state-of-the-art tissue engineering 

techniques in conjunction with patient-derived iPSC technologies for creating more 

precise 3D human neuronal culture models of AD.  

In this regard, we developed three separate, novel biomaterial-based scaffolding 

platforms for achieving 3D cellular culture, each approach specifically aimed at 

supporting neuronal differentiation and long-term neuronal culture. These include: 

a graphene oxide hydrogel-based electroconductive substrate; a synthetic polymer-

based, hollow microfiber substrate fabricated via core-shell electrospinning; and a 

synthetic polymer-based, non-woven, wet-electrospun fibrillar substrate. The first 

two techniques involve direct fabrication of cell-scaffold structure, where cell 

encapsulation is achieved as and when the scaffold is produced. In contrast, the third 

technique requires passive cell seeding as the scaffold is fabricated separately, 

thereby providing greater leeway for surface functionalization of the substrate. 

Firstly, we evaluate all three platforms in terms of cell encapsulation, distribution, 

viability, proliferation, neuronal differentiation and neurite formation to determine 

the most suitable substrate for facilitating 3D neuronal culture. Next, we interface 

this substrate with human stem cell-derived neural progenitor cells (NPC) to 

compare key cellular phenotypes including viability, proliferation and neuronal/glial 
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differentiation in 3D culture with conventional 2D monolayer controls. Lastly, we 

investigate whether 3D culture enhances pathogenic Aβ42 and p-tau levels in 

differentiated neurons carrying familial AD (FAD) mutations, compared with age-

matched healthy controls. Furthermore, the results have been compared with Petri 

dish-based 2D monolayer cultures to establish the advantages offered by a 3D 

microenvironment in terms of expression of neuronal markers as well as 

recapitulation of key disease phenotypes.  

Overall, we present a simple, standardisable, scalable and easy to implement 3D 

culture platform to facilitate highly efficient neuronal differentiation, accelerated 

maturation and robust recapitulation of disease phenotypes. Although electrospun 

scaffolds have widely been used in neural tissue engineering platforms [32-34], the 

present findings represent the first description of interfacing polymer-based fibrillar 

scaffolds with FAD patient iPSC-derived neurons so as to robustly recapitulate and 

accelerate early-stage AD pathogenesis. The scaffolds are optimized to have a large 

pore size and porosity, allowing deeper cellular infiltration and uniform distribution 

from the seeding surface compared with most existing platforms where cell 

infiltration mostly ranges between 200-800 µm [35-37]. The stiffness of the fibrous 

substrate was comparable with the elasticity of brain tissue which plays a significant 

role in promoting realistic physiological responses for regulation of cell fate, 

survival and growth in vitro [38].  

This platform can also be broadened to model other complex neurodegenerative 

diseases including evaluation and characterization of prospective therapeutic 

candidates. It could be also be utilized in in vivo transplantation studies to generate 

differentiated cells for regenerative medicine applications. 
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1.5 Organization of thesis 

The structure of the thesis is as illustrated below (Figure 1-3) and is divided into 

seven chapters, based on the progression of my research as described below.  

Chapter 1 gives some background into AD modeling and briefly describes the 

various platforms utilized to study disease pathogenesis. Next, the limitations of 

current 3D in vitro models are discussed along with potential merits of using 

biomaterial-based substrates in addressing these issues. In addition, the objectives 

and scope of the work are outlined including its novelty and significance. Finally, 

an overview of the thesis structure is provided along with a brief outline of the 

constituent chapters. 
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Figure 1-3. Schematic of thesis outline. 

Chapter 2 delves into the genesis, evolution and significance of the principal 

approaches utilized for modeling AD. An extensive analysis of state-of-the-art 2D 

and 3D in vitro models of AD is provided along with the challenges and limitations 

faced in their application. Furthermore, strategies to mitigate these issues were 
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identified and potential advantages of our proposed 3D platform have been 

highlighted. 

Chapters 3-5 are themed topic chapters describing the development and 

characterization of three separate, novel biomaterial-based scaffolding platforms for 

achieving 3D cellular culture, each approach specifically aimed at supporting 

neuronal differentiation and long-term neuronal culture. These include: a graphene 

oxide hydrogel-based electroconductive substrate; a synthetic polymer-based 

hollow microfiber substrate fabricated via core-shell electrospinning; and a synthetic 

polymer-based, non-woven, wet-electrospun fibrillar substrate. The platforms are 

evaluated in terms of cell encapsulation, cell viability and neuronal differentiation. 

Chapter 6 is divided into 2 key sections. The first section involves the comparison 

of all the above-mentioned substrates in terms of meeting the scaffold design criteria 

(both physical and biological properties). In the next section, only the most suitable 

substrate among the 3 platforms which best satisfies all requirements is picked for 

application in human neuronal modeling of AD. In this case, the wet-electrospun 

microfiber substrate was clearly the most optimum platform for supporting 3D 

neuronal culture and was therefore selected for in vitro modeling of AD. Human 

embryonic stem-cell (hESC) derived neural progenitors were encapsulated within 

the substrate for assessment of cell viability, proliferation and neuronal 

differentiation. Finally, the substrate was interfaced with FAD patient iPSC-derived 

neurons to determine, compare and study the expression levels of key AD 

pathological hallmarks in 3D culture with conventional 2D monolayer controls. 

Chapter 7 provides a summary of the key inferences drawn from Chapters 3-6 and 

outlines the major findings of this study in line with the proposed objectives. In 
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addition, the key limitations of the study along with recommendations for future 

work are discussed based on the outcomes and learnings of the project.  
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CHAPTER 2 Literature review 

The work presented in Chapter 2 is largely based on the following publication: 

Vivek Damodar Ranjan, Lifeng Qiu, Eng King Tan, Li Zeng, Yilei Zhang. 

“Modelling Alzheimer's disease: Insights from in vivo to in vitro three-dimensional 

culture platforms.” J Tissue Eng Regen Med 12, no. 9 (Sep 2018): 1944-58. 

http://dx.doi.org/10.1002/term.2728. 

2.1 Overview of Alzheimer’s Disease 

AD can either be familial (usually early-onset) or sporadic (usually late-onset) in 

nature. Familial forms of AD (FAD) normally occur within 60-65 years of age, are 

not very prevalent (<10 percent), and are inherited in an autosomal-dominant fashion 

[1, 2]. FAD can be caused by any among over 200 mutations [3] in the following 

three genes i.e. amyloid precursor protein (APP), presenilin 1 (PSEN1), or presenilin 

2 (PSEN2) genes [4, 5]. Despite its low frequency of occurrence, FAD has helped 

researchers in identifying and analyzing several important pathogenetic avenues 

associated with the disease [2]. Sporadic AD (SAD) is the more frequently occurring 

form of the disease (> 90 percent), its origin being difficult to pinpoint owing to the 

multiple genetic and environmental risk factors governing it [1, 5]. Unlike the 

familial form of the disease, SAD does not exhibit autosomal dominant inheritance, 

and a high risk for developing the latter has been associated with the inheritance of 

the ε4 allele of the apolipoprotein E (APOE) [6, 7]. 

The principal pathological hallmarks of AD include neuronal cell death, synapse 

loss, neuroinflammation, oxidative stress, senile plaques (amyloid/neuritic plaques), 

and neurofibrillary tangles (NFTs) [2, 8]. The senile plaques are extracellular 

amyloid filaments composed of peptides (36-43 amino acids in length) called 

http://dx.doi.org/10.1002/term.2728


17 

 

amyloid-beta (Aβ), which in turn are the products of a larger protein i.e. amyloid 

precursor protein (APP), formed as a result of its sequential proteolytic cleavages by 

the proteases, β-secretase (BACE1) and γ-secretase [9]. The γ-secretase generates 

Aβ42 (42 amino acids in length) which is particularly important in AD pathogenesis 

owing to its tendency to form insoluble toxic fibrils, which make up the amyloid 

plaques [1]. NFTs are composed of highly phosphorylated forms of the microtubule-

associated highly soluble protein tau [10], which accumulates within the cell body 

and dendrites as a result of the imbalance between phosphatases and activities of 

protein kinases [5].  

The presence of these abnormal, insoluble protein deposits constituting extracellular 

amyloid plaques and intracellular p-tau tangles have led to the development of two 

alternate hypotheses propounding the mechanism of AD, which differ mainly on the 

primary causative factor of the disease. Recent research mostly supports the amyloid 

cascade hypothesis where Aβ is argued to trigger pathogenesis, with tau functioning 

downstream. In contrast, the tau hypothesis states that abnormal phosphorylation of 

tau is the initiating factor of the disease, and is based on the lack of correlation 

between Aβ deposition and neuronal loss [11]. Lately, the amyloid hypothesis has 

been revised with greater emphasis being given to soluble Aβ oligomers, which have 

been identified to be more neurotoxic compared with the later-stage insoluble 

plaques. This toxicity of these oligomers is assumed to result from their innate 

misfolded nature, as they present the cellular environment with chemical groups, 

usually inaccessible under normal physiological circumstances [12, 13]. AD 

pathogenesis is not completely understood despite decades of research; nevertheless, 

substantial progress has been made in unraveling the molecular basis of the disease 

including certain key pathological features as elucidated previously. Since it is not 
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feasible to conduct experimental investigations directly on humans, several disease 

modeling approaches have been developed over the years to help recapitulate events 

underlying the emergence and progression of AD [14].  

2.2 Modeling Alzheimer’s disease 

There are three primary approaches for modeling diseases including AD i.e. in vivo, 

in vitro and in silico methods as shown in Figure 2-1. In vivo approaches refer to 

studies performed using animals as model organisms, whereas in vitro approaches 

involve 2D/3D culture of cells outside of the living organism, usually in a dish. In 

silico approaches make use of computational methods and simulations to recreate 

cellular models of the disease outside of a laboratory setting [15]. 

 

Figure 2-1. Current approaches utilized in modeling AD (Adapted from [16]). 

Animal models of AD were the first to provide critical insights into the pathological 

events involved in disease progression. The next avenue explored by researchers 

focused on 2D in vitro adherent neuronal culture models involving attachment of 

cells on flat, stiff, functionalized synthetic surfaces [17, 18]. Over the last decade, 

research has advanced into 3D culture systems to bridge the gaps left by former 

approaches. In terms of imitating native in vivo microenvironments, 3D culture 
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platforms in combination with tissue engineering techniques are believed to be 

superior to monolayer based 2D cultures [19, 20]. Figure 2-2 illustrates the temporal 

evolution of modeling approaches deployed by researchers for modeling AD. 

 

Figure 2-2. Evolution of AD modeling (Adapted from [16]). 

There are several excellent reviews on animal models of AD [21-25] and the reader 

is advised to go through the same for more details. This review will dwell briefly on 

animal models and focuses on the advances, challenges and future directions of in 

vitro modeling of AD. 
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2.3 In vivo models of AD 

In vivo models continue to play a significant role in Alzheimer’s research and are 

broadly classified into two categories i.e. transgenic (genetically modified) and non-

transgenic (natural) animal models. Both vertebrate and non-vertebrate animal 

species have been utilized as model organisms; the two most frequently used 

organisms being mice and rats, both belonging to the rodent family [21, 23]. Several 

advantages underlie the use of these rodents such as their small size, high birth rates, 

easy maintenance and low expenses owing to their short reproductive cycles [23]. 

Most transgenic animal models rely on single or multiple genetic mutations 

associated with the familial form of the disease i.e. FAD [22]. Higher the number of 

mutations utilized, faster is the rate of Aβ accumulation as observed in transgenic 

mice models [24].  

2.3.1 Transgenic AD animal models  

Knocking in/out of mutated genes that encode proteins like APP, ApoE, α- secretase 

and presenilins associated with AD, form the cornerstone in transgenic animal model 

research. For example, transgenic mice overexpressing APP show age-dependent 

Aβ accumulation in the form of plaques outside affected cells similar to that 

observed in diseased human brains [21]. The surplus Aβ levels were found to result 

in synaptic dysfunction and subsequent impairment of cognition, although neuronal 

loss and neurofibrillary tangles were absent. On the other hand, tau continued to 

remain soluble without substantial hyperphosphorylation and not aggregating into 

tangles in these models [21]. To overcome this absence of pathological tau and study 

its interaction with Aβ, a triple transgenic mice model was developed by Oddo et al. 

which harbored mutations in PSEN1, APP, and the tau protein [26]. The key 

observations in this model include manifestation of synaptic dysfunction prior to 
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plaques/tangles formation as well as appearance of Aβ related alterations preceding 

tauopathy, which corroborates the amyloid cascade hypothesis.  

2.3.2 Non-transgenic AD animal models  

Non-transgenic (natural) animal models of AD include both non-human primates 

(NHP) and other non-primates. These models are usually induced by administration 

of soluble Aβ oligomers [27], streptozotocin [28] or other AD related neurotoxins 

into the brains of the animals. Since these models do not utilize specific mutations 

to induce AD pathology, they are argued to be more representative of the sporadic 

form of the disease (SAD). NHPs such as macaques are both genetically and 

anatomically closer to humans compared with the rodents utilized in transgenic 

animal models; they also age in a similar fashion to humans and are therefore 

considered to be better candidates for modeling AD [29]. Moreover, changes 

observed in the structure and biochemistry of the aging NHP brain are similar to the 

aging human brain [30].  

2.3.3 Limitations of AD animal models 

Despite the multitude of studies conducted over 20 years across a variety of animal 

species, several inconsistencies remain in these models [31-33]. Firstly, transgenic 

AD models rely on FAD mutations and is therefore not representative of the more 

prevalent SAD. The mice models showed Aβ plaques and Aβ induced memory 

impairments but failed at recapitulating robust NFT pathology [3, 24]. Only double 

and triple transgenic models have reproduced NFTs and subsequent neuronal death, 

but they incorporate both FAD as well as frontotemporal dementia (FTD) associated 

tau mutations [31, 34]. They utilize abnormally high levels of expression of mutated 

genes and a variety of promoters which could lead to unforeseeable and inconsistent 

cell responses [24]. Moreover, neuronal death in human AD is progressive in nature, 
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which gradually increases with age, whereas brain atrophy in transgenic mice 

models occurs much earlier [35, 36]. On the other hand, non-transgenic models of 

AD do not take into account the intrinsic genetic factors involved in the disease. In 

addition, AD is identified to be a disorder exclusive to humans [37, 38]. Even though 

age-associated pathologies such as plaques and tau related alterations were observed 

in some NHP models, several dissimilarities in their phenotypes were also noted 

when compared with human AD pathologies [38-40]. Furthermore, it is challenging 

to study age-related disease pathologies in NHP species owing to their longevity, 

management costs, difficulty in incorporating genetic mutations as well as the legal 

and ethical problems involved in using them for research [29, 41]. In summary, 

animal models of AD have provided a good start to understanding the relationships 

between Aβ and tau pathologies and have helped initiate therapeutic strategies 

including clinical trials. However, these models for the most part have 

inconsistencies still remaining in the comprehensive recapitulation of disease 

phenotypes. This is attributed to the imperfect replication of human AD in other 

animal species as well as the differential vulnerability of rodent cells to human 

disease transgenes [42]. In this regard, human stem-cell derived in vitro cellular 

models are being utilized by researchers for filling in the knowledge gaps in the 

replication of in vivo disease pathogenesis and progression observed in existing 

animal models of AD [20]. In vitro tools such as scaffold-based cultures and 

organoids (miniature, simplified versions of human organs), have recently garnered 

a lot of attention in complementing and informing decisions in animal models. 

2.4 In vitro models of AD 

An effective in vitro model of AD is one which utilizes an appropriate cell type 

corresponding to the specific brain region, and then recapitulates all relevant 
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pathological features in a reproducible manner over a reasonably practicable culture 

duration [43]. In general, in vitro modeling of AD involves: introduction of synthetic 

compounds like Aβ peptides into cells, insertion of AD associated genes into cells 

via gene delivery technologies, or utilization of AD patient-derived cells [44]. 

2.4.1 Using cell lines to model AD  

The first requirement in developing an in vitro model of AD is a cell line which has 

the potential to differentiate into neurons. In the past, the most commonly used cells 

for modeling AD were primary culture cell lines derived from rodents such as the 

immortal rat hippocampal cells [45] and the human neuroblastoma (SH-SY5Y) cells 

[46]. Despite their easy availability, use of such traditional cell lines rely on 

immortalized or cancerous cells which are cultured for several generations. This can 

lead to variations in genetic and physiological attributes, making their application in 

modeling of primary tissue cells questionable [18]. Long term in vitro sub-culturing 

of cell lines results in genetic adaptation to specific culture conditions, which leads 

to disparities among different batches of the same cell line. Moreover, it has been 

shown that rodent cells lines do not fully mimic the pathogenesis observed in human 

AD [44].  

In view of these limitations, there was a pressing need to develop more reliable 

disease models utilizing human cells, which paved the way for stem cell-based 

modeling of AD. The obvious approach would be to use human embryonic stem 

cells (hES cells) obtained from embryos carrying the disease-causing mutation and 

derive neurons from them. However, this requires advance pre-implantation genetic 

diagnostic (PGD) assessment of the embryos to determine the embryos harboring 

the specific genetic disease [47, 48] (AD in this case). Due to the difficulties 

involved in generation of accurate patient-specific ES cells along with other ethical 
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concerns surrounding their application in research, the discovery of induced 

pluripotent stem cells (iPSCs) by Yamanaka’s team in 2006 proved a better 

alternative for disease modeling [49]. Using this technology, adult human cells 

harvested from patients could be directly converted into pluripotent stem cells by 

introduction of four specific genes [50]. Furthermore, the development of highly 

efficient differentiation protocols such as dual SMAD inhibition [51] made it easier 

for deriving neurons from human stem cells, which is a prerequisite for modeling 

neurodegenerative diseases and drug screening as illustrated in Figure 2-3. 

 

Figure 2-3. Cellular reprogramming for hiPSC generation and pathway for hiPSC-

based disease modeling and drug discovery (Adapted from [52]). 

2.4.2 Using iPSC-derived 2D culture platforms to model AD 

Several in vitro models of AD employing 2D monolayer cultures of iPSC-derived 

neurons and encompassing both familial and sporadic forms of the disease have been 
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developed over the years. Some of the key models and findings using this approach 

are highlighted in Table 2-1. 

Table 2-1. iPSC based 2D in vitro models of AD [16]. 

Type of AD Key Results Reference 

FAD 
Increased Aβ42 levels; γ-secretase inhibitor treatment 

modulated Aβ42 levels 
[53] 

FAD & SAD 

Increased Aβ, aGSK-3β and p-tau levels; β-secretase inhibitor 

treatment reduced Aβ, aGSK-3β and p-tau levels whereas γ-

secretase inhibitor treatment reduced Aβ levels only 

[54] 

AD Generation of disease specific iPSC lines from patients [55] 

FAD & SAD 

Formation and accumulation of Aβ oligomers inducing ER 

and oxidative stress; docosahexaenoic acid (DHA) treatment 

alleviated the stress responses 

[56] 

AD (DS) 

Cells derived from Down syndrome (DS) patients developed 

AD pathologies over months in culture; production of Aβ42 

peptides and hyperphosphorylated tau; γ-secretase inhibitor 

treatment blocked Aβ42 production 

[43] 

FAD 
Increased Aβ42 to Aβ40 ratios; 14 genes showing altered 

expressions relative to controls 
[57] 

FAD 

Increased APPsβ, Aβ, total tau and phosphorylated tau levels; 

Aβ-specific antibody treatment early in culture reverses the 

phenotype of increased total tau levels 

[58] 

FAD & SAD 

Derivation of basal forebrain cholinergic neurons (BFCNs); 

increased Aβ42 to Aβ40 ratios; γ-secretase inhibitor treatment 

showed altered responses in Aβ40 production with an increase 

seen in SAD lines 

[59] 

FAD 
Knock-in early onset Alzheimer’s disease mutations into iPS 

cells using CRISPR/Cas9 technology; 
[60] 

 

Yagi et al. were the first to generate iPSC-derived neurons from FAD patients 

harboring mutations in PSEN1 and PSEN2, and demonstrated increased Aβ42 

secretion along with elevated Aβ42 to Aβ40 ratios compared with non-AD controls 

[53]. Israel et al. probed both familial and sporadic forms of AD, generating iPSC 

lines by transducing fibroblasts with retroviruses [54]. They reported the presence 
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of significantly higher levels of Aβ40, active glycogen synthase kinase-3β (aGSK-

3β) as well as hyperphosphorylation of tau. Another study by Kondo et al. showed 

intracellular accumulation of Aβ oligomers in both FAD (APP mutation) and SAD 

cases, inducing both endoplasmic reticulum (ER) and oxidative stress in the iPSC 

derived neurons [56]. Muratore et al. showed that elevation in tau levels could be 

reversed by treatment with Aβ-specific antibodies in iPSC-derived neurons 

harboring FAD mutations [58]. In addition to FAD patient-derived neurons, Paquet 

et al. reported generation of knock-in human neurons, which harbor heterozygous 

and homozygous FAD mutations (APP, PSEN1), by using modified CRISPR/Cas9 

(Clustered regularly interspaced short palindromic repeats) gene editing technology 

[60]. The APP knock-in neurons demonstrated increase in total Aβ levels, while the 

PSEN1 neurons displayed a near twofold increase in Aβ42/Aβ40 ratios. Since these 

neurons were acquired from non-AD patients, the results clearly indicate that APP 

or PSEN1 FAD mutations are sufficient to increase pathogenic Aβ species in 

neurons [60].  

Several challenges remain in accurate reproduction of AD hallmarks in 2D in vitro 

models resulting from multiple factors. For instance, Aβ levels generated in these 

models were insufficient for formation of plaques including other downstream 

pathological features [3]. This is presumed to be a result of higher diffusion of Aβ 

species into cell culture media and its subsequent removal during media changes. 

The neurons derived from the stem cells were not mature enough to replicate age-

dependent pathogenic events seen in the AD human brain. The amount of neuronal 

degeneration and synapse loss observed in monolayer cultures is also significantly 

lower than in vivo conditions. More importantly, 2D cell culture platforms fall short 

in imitating the complex 3D microenvironments present inside the human brain, 
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which is vital for accelerating various cellular behaviors including neuronal 

differentiation, maturation, development of synapse connections and formation of 

neural circuits [3]. These limitations paved the way for development of novel 3D in 

vitro culture models of AD to complement and advance findings obtained using 

previous animal/2D culture-based models. 

2.4.3 Using 3D culture platforms to model AD 

3D cellular culture aims at bridging knowledge gaps between in vivo and 

traditionally used 2D in vitro cultures, thereby providing a platform which is more 

physiologically representative of native microenvironments. The various advantages 

offered by 3D over 2D cellular cultures have been well acknowledged in recent 

literature [61, 62], especially in provision of cues regulating cell structure, adhesion, 

proliferation, differentiation, signaling and mechanotransduction [63]. This is also 

relevant in neuronal cultures where 3D substrates can help improve both cell yield 

[64] and neuronal differentiation [65] compared with conventionally used Petri dish-

based monolayer cultures. 2D cultures of AD also ignore astrocytes and microglia 

which are reported to play a supporting role in AD pathogenesis [66, 67]. In contrast, 

3D culture allows functional cell-to-cell interactions between neurons and glia and 

is a better imitation of the complex interdependence/interplay of cells inside the 

human brain. Moreover, the spatial configuration of neurons may affect cytoskeletal 

dynamics such as binding of tau to microtubules [68], which is better mimicked 

using 3D culture platforms. Figure 2-4 highlights the key approaches utilized by 

researchers in realizing a 3D microenvironment for in vitro cell culture in the context 

of disease modeling [17, 19, 20].  
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Figure 2-4. Principal 3D cell culture techniques (Adapted from [16]). 

AD models have mainly utilized aggregate-based and scaffold-based techniques to 

culture cells in 3D. Aggregate-based models are comprised of organoid or 

neurospheroidal cultures relying on self-organization of patient-derived pluripotent 

stem cells or neural progenitor cells (NPC) into clump-like structures, and represent 

a simplified, miniature version of an organ [69]. These cell aggregates can be 

dispersed within a matrix, on a matrix or in a suspension medium [70]. Scaffold-

based models rely on encapsulating cells inside highly porous, biocompatible, 

biodegradable matrices capable of promoting cellular outgrowth along all three 

dimensions as well as regulating cellular functions via physicochemical cues [71]. 

They can either be produced by passive seeding of cells on an acellular solid matrix 

or by dispersing cells inside a liquid matrix which is subsequently solidified to form 

a 3D cell-scaffold structure [70]. The materials used to fabricate these 

scaffolds/matrices can either be biologically derived or synthetic in nature. 

An exhaustive list of the prominent in vitro 3D culture-based disease models of AD 

developed until now has been provided in Table 2-2. Most of the studies listed also 

feature 2D monolayer cultures for purposes of comparison or as controls.  



29 

 

Table 2-2. 3D in vitro models of AD [16]. 

3D 

Approach 

utilized 

Methodology/ 

Cell culture 

type 

Initial cell type 

Differen

tiated 

cell type 

Duration of 

culture and 

key focus 

Refere

nce 

Aggregate 

based 

Organotypic-like 

spheroid culture 
SH-SY5Y (3 lines) - 

5-7 days, Tau 

pathology 
[72] 

Aggregate 

based 

Networked 

neurosphere 

culture 

Prenatal rat cortical 

neurons (NPC) 
Neurons 

10 days, Aβ 

pathology 
[73] 

Scaffold 

based 

Matrigel matrix 

based thin and 

thick layer culture 

ReNcell VM (ReN) 

human neural 

precursor (hNPC) 

cells 

Neurons 

and glia 

10-14 weeks, 

Aβ and Tau 

pathology 
[34, 74] 

Microfluidics 

+ Aggregate 

based 

Brain-on-a-chip 

neurospheroidal 

culture 

 

Prenatal rat cortical 

neurons (NPC) 
Neurons 

10 days, Aβ 

pathology 
[75] 

Scaffold 

based 

Self-assembling 

peptide hydrogel 

matrix-based 

culture 

Healthy human iPSC 

derived 

neuroepithelial stem 

cells (lt-NES) 

Neurons 

2 days, P21-

activated 

kinase 

modulation 

[76] 

Aggregate 

based 

Cortical 

neurospheroidal 

culture 

SAD Human iPSC 

derived from blood 

cells 

Neurons 

9 weeks, Aβ 

and Tau 

pathology 
[68] 

Aggregate 

based 

Neural organoid 

culture 

FAD Human iPSC 

derived from 

fibroblasts 

NPC and 

neurons 

90 days, Aβ 

and Tau 

pathology 
[77] 

Scaffold 

based 

Matrigel matrix 

based thin layer 

culture 

Healthy human iPSC 

derived from 

epithelial cells, 

fibroblasts 

Layer V 

cortical 

neurons 

40 days, Tau 

pathology 
[78] 

Scaffold 

based 

Collagen matrix-

based culture 

PC-12 cells, SH-

SY5Y cells 
- 

4-6 days, Aβ 

pathology 
[79] 

Aggregate + 

Scaffold 

based 

Neurospheroids 

suspended in 

Matrigel matrix 

ReN hNPCs and 

human iPSC-derived 

NPCs 

Neurons 

and glia 

8 weeks, Aβ 

and Tau 

pathology 
[80] 

Microfluidics 

+ Scaffold 

based 

Matrigel matrix 

based triculture 

system inside a 

3D microfluidic 

platform 

ReN hNPCs, human 

iPSC-derived NPCs 

and human microglia 

SV40 

Neurons 

and glia 

3–9 weeks, 

Aβ and Tau 

pathology, 

Neuroinflam

matory 

response 

[81] 
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The first 3D culture model of AD using a human cell line (ReN) was developed in 

2014, and managed to recapitulate both senile plaques and NFTs which has not been 

feasible in transgenic mouse models [34, 74]. A 3D Matrigel matrix composed of 

brain ECM proteins was utilized for encapsulating cells and closely mimicking in 

vivo conditions. The human neuronal progenitor cells (hNPCs) cells were 

genetically engineered to overexpress both human APP and PSEN1 by harboring 

multiple FAD mutations, and therefore resulted in the production of very high levels 

of Aβ40 (~9-fold), Aβ42 (~17-fold) as well as elevated Aβ42/Aβ40 ratios (~5-fold) 

compared with controls. Next, fluorescence-activated cell sorting (FACS) 

enrichment protocols were utilized to generate FAD ReN cell lines producing nearly 

1000-fold higher levels of Aβ compared with iPSC-derived FAD neurons used in 

other models [5]. The differentiation of the ReN cells into both neurons and glia, 

induction of tau pathology without utilizing FTD tau mutations, and exhibition of 

dystrophic morphology by neurites were other key aspects seen in this model. The 

addition of β-secretase or γ-secretase inhibitors suppressed Aβ generation, lowering 

Aβ plaque levels and resulted in the attenuation of tau pathology, thereby supporting 

the amyloid hypothesis. Recently, researchers from this group generated uniformly-

sized neurospheroids using ReN cells with FAD mutations inside microwell-based 

arrays, which displayed both Aβ plaques and p-tau after eight weeks of culture [80]. 

Matrigel matrix was added into the microwells to hold the neurospheroids in place 

and initiate differentiation of cells, imitating a 3D microenvironment comparable to 

the brain ECM [82]. This technique was further developed and optimized for 

construction of a triculture model composed of AD neurons, astrocytes and 

microglia inside a 3D microfluidic platform, enabling neuron–glia interactions and 
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neuroinflammatory activity along with the recapitulation of AD hallmarks such as 

Aβ and p-tau [81]. 

Lee et al. developed the first AD patient-derived iPSC differentiated 3D culture 

model composed of neurospheroids; the iPSC lines were obtained from five patients 

diagnosed with sporadic AD (named as AD1-AD5) [68]. They cultured cells using 

both traditional 2D and spheroid-based 3D formats and exposed them to BACE1 

and γ-secretase inhibitor drugs. Aβ40 and Aβ42 levels decreased significantly in all 

five cell lines for 2D; however, in 3D neurospheroid culture, significant reduction 

was observed only in AD2-AD5 [68]. They theorized that differences in individual 

genetic backgrounds (APOE genotypes) of patients may be responsible for variation 

in efficacy of the inhibitor [68]. Another study performed on a 3D organoid-based 

model utilized iPSC cells derived from FAD patients (APP duplication), and 

reported recapitulation of both amyloid and tau pathology along with abnormal 

endosome phenotypes [77]. Treatment with BACE1 and γ-secretase inhibitors 

initially led to a reduction in Aβ, after which a decrease in tau hyperphosphorylation 

was seen, indicating that Aβ accumulation precedes tauopathy.  

Other research groups have utilized the Matrigel matrix-based approach [74] in 

further optimizing and advancing 3D modeling of AD. For instance, Medda et al. 

cultured iPSC derived cortical neurons obtained from healthy individuals, and 

induced principal tauopathy hallmarks via overexpression of mutant tau [78]. They 

focused on reproducibility, scalability and optimization of the culture protocol, 

aimed at providing a high-throughput assay to consistently bring about tau 

aggregation. More recently, another group cultured patient iPSC-derived neurons 

harboring a mutation in the PSEN1 gene inside Matrigel to study the initial stages 

of disease progression. They reported the production of Aβ oligomers by neurons 
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after 2 weeks of differentiation in the absence of both mutation induction and 

synthetic Aβ exposure [83]. 

2.4.4 Current challenges and missing links in 3D in vitro models of AD 

It is clear from the above studies that 3D cell culture platforms have advanced in 

vitro modeling of AD and bridged several gaps observed in preceding in vivo as well 

as 2D monolayer-based culture models. At the same time, the limited number of 3D 

models of AD developed as of now indicates the infancy of this approach, and much 

work remains to done in realizing their full potential. Several challenges remain in 

both scaffold-free and scaffold-based techniques used for 3D modeling of AD 

including use of immortalized cell lines, lack of an adequate sample size, lack of 

data regarding the role of glial cells, use of promoters and the use of inappropriate 

controls. The lack of patterning cues and body axes which are absent in in vitro 

microenvironments limits organoids in organizing themselves into patterns seen in 

in vivo conditions [84]. Their self-assembling nature makes them difficult to control 

and significant differences in cell microenvironments are observed depending on 

depth from the surface [76]. Although this self-organizing phenotype of organoids 

imparts them with greater in vivo relevance at the cellular level [71, 85], single-cell 

transcriptomics have shown that cells constituting cerebral organoids use gene 

expression programs remarkably close to fetal tissue for assembling into cortex-like 

regions [85, 86]. Moreover, the lack of vascularization within organoids results in 

reduced infiltration of nutrients, signaling molecules and oxygen into inner regions 

once they reach a certain size, and leads to core tissue necrosis which impairs later 

stage development including neurogenesis [77, 87]. This affects drug screening 

owing to reduced penetration and leads to varied drug concentrations along the 

radius. It also leads to heterogeneities between batches, taking into account the wide 
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variety of differentiation protocols used by different research groups, which makes 

comparison and reproduction of data very difficult [88]. Although microfluidic 

perfusion chambers enable fluid flow via micro-scale channels to substitute in vivo 

vasculature, these devices have their own limitations such as flow induced shear 

stress, susceptibility to contamination, permeability, solubility and diffusibility of 

gas, absorption, adsorption, desorption and evaporation, all of which have adverse 

effects on cell growth and viability [69, 89, 90]. The large number of device designs 

available necessitates further standardization and validation of microfluidic 3D 

culture platforms incorporating iPSC technology [91, 92]. Furthermore, integration 

of vascular structures within in vitro organoids or scaffold-based cell constructs 

using organs-on-chip devices to ensure controlled supply of oxygen and other 

essential nutrients via diffusion is still a major challenge [93].  

Scaffold-based 3D cultures utilizing hydrogels are susceptible to matrix disruption 

due to the long culture durations and multiple media changes involved in modeling 

of neurodegenerative diseases [76]. Most differentiation protocols also do not 

consider the regions of the brain specifically affected by AD, such as the limbic 

system including the cerebral cortex and hippocampus. This is important for the 

creation of accurate models, where the stem cells must be differentiated into neurons 

and glia specific to the disease affected brain region. Although 3D models of AD 

utilizing Matrigel matrix have produced 10~1000-fold higher levels of Aβ compared 

to iPSC-derived FAD neurons [3, 74], they utilize FACS enrichment protocols to 

generate FAD ReN cells, an immortalized hNPC line producing high levels of 

pathogenic Aβ species by overexpressing human APP and PSEN1 with multiple 

FAD mutations [5]. This artificial elevation of pathologies via gene manipulation 

and engineered cell lines is not representative of early stage pathogenesis observed 
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in the AD human brain. Moreover, Matrigel is animal-derived and composed of a 

heterogenous and ill-defined mixture of complex proteins [94]. These limitations 

motivate the exploration of “state-of-the-art” tissue engineering techniques utilizing 

alternative synthetic biomaterial-based substrates with better reproducibility and 

matrix uniformity in combination with patient-derived iPS cells for 3D in vitro 

modeling of AD. 

2.5 Using tissue engineering strategies for 3D in vitro modeling of AD 

Tissue engineering is an interdisciplinary field which brings together principles of 

biology, engineering, materials science and medicine to find solutions to clinical 

problems [17]. The goal here is to assemble functional constructs by combining 

biomaterial-based scaffolds, cells and bioactive molecules as biological substitutes 

to study, model, maintain or restore tissue function as illustrated in Figure 2-5 [95].  

 

Figure 2-5. Tissue engineering triad (Adapted from [96]). 

2.5.1 Design and fabrication of 3D scaffolds 

Scaffolds are required to mimic the ECM present inside actual tissue, serving as a 

mechanical platform for cells to attach and grow in 3D. The ideal design 
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requirements for in vitro scaffolding of various neural systems and the criteria 

necessary for their assessment have been extensively studied over the years [97, 98]. 

Some of the key criteria are ease of fabrication, scalability, biodegradability, high 

porosity, interconnected pore network, suitable surface functionality as well as 

mechanical properties comparable with corresponding in vivo conditions. In 

addition, they should support cell infiltration, distribution, encapsulation, adhesion, 

viability, proliferation and differentiation [99]. At present, there is no ‘gold standard’ 

for fabricating 3D scaffolds, and a plethora of approaches have been developed over 

the years such as gelation, phase separation, gas foaming, salt leaching, 3D printing, 

freeze drying, electrospinning etc. (Figure 2-6). Most processes are capable of 

producing nano/micro-topographical scaffolds composed of a highly porous 3D 

microstructure with a tunable pore size. 

 

Figure 2-6. Tissue engineering techniques for fabrication of 3D scaffolds (Adapted 

from [100]). 

The structure of the brain is both complex and intricate, composed of a dense 

network of interconnected neurons interacting with the ECM. The density of cells in 

the brain is so high that extracellular space occupies only about 20% of the total 

volume, the ECM accounting for another 20-30% and composed mainly of 
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hyaluronan, tenascins and proteoglycans [17, 101]. The elastic modulus of brain 

tissue is quite low ranging around 0.5-1 kPa [102]. Substrate stiffness plays a 

significant role in regulating neuronal stem cell fate including migration, 

differentiation and neurite formation [103]. The 3D substrate developed needs to be 

soft and mimic the mechanical properties of neural tissue to obtain appropriate cell 

responses upon encapsulation [103]. In this regard, hydrogels and electrospun fibers 

are popularly used tissue engineering techniques for fabricating soft matrices for 3D 

in vitro neuronal applications [17]. 

Hydrogels are a group of soft materials composed of water-swollen 3D networks of 

hydrophilic species, and have been explored as scaffolds for various biomedical 

applications owing to their excellent biocompatibility, high permeability and 

similarity to native soft tissues [104, 105]. A variety of hydrogel materials with 

diverse mechanical properties, crosslinking mechanisms, bio-responses have been 

utilized for cell culture applications [106, 107]. Cellular experiments performed 

using hydrogels either typically involve cell encapsulation within the material or the 

use of molds to fabricate substrates on which cells are later seeded. Hydrogel 

formation involves physical (non-covalent) or chemical (covalent) crosslinking for 

transition of liquid precursor solutions into solid materials [108].  

Electrospinning is another straightforward for fabricating soft 3D fibrillar matrices, 

as it can produce uniform and continuous fibers which are structurally similar to 

native ECM proteins [109]. Electrospinning involves the creation of a strong electric 

field between a positively charged capillary filled with polymer solution and a 

grounded collector [83]. Once the electrostatic charge built up inside the solution at 

the tip of the needle exceeds its surface tension, a Taylor cone is formed, and the 

polymer solution shoots towards the collector in the form of a fine jet (Figure 2-7). 
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The solvent evaporates during this process and the polymer deposits on the collector 

in the form of thin fibers.  

 

Figure 2-7. Schematic of electrospinning (Adapted from [110]). 

The type of collector used can be varied to create fibers having different structures 

as well as orientation depending on the application. A flat plate can be used to obtain 

random fibers in the form of a 2D mat, whereas a rotating cylindrical shaped 

collector can be used to fabricate aligned fibers [83]. A liquid-based collector 

consisting of a low surface tension liquid such as ethanol can be used to fabricate 

non-woven, 3D macroporous scaffolds [85]. The fabrication of 3D polymer-based 

scaffolds via electrospinning has been shown to support neuronal culture and 

formation of neural networks in both in vivo [111] and in vitro [112] studies. Some 

of the key parameters to be considered in the electrospinning process and their effect 

on fiber morphology have been discussed in Table 2-3 [113]. Table 2-4 highlights 

properties of the polymer solution and their consequences on fiber formation. 
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Table 2-3. Electrospinning parameters and their effects. 

 

Table 2-4. Properties of polymer solution affecting electrospinning. 

Properties Dependence Consequences 

Viscosity 

Polymer concentration. 

Polymer solubility. 

Molecular weight of polymer. 

Related to the extent of polymer molecule chains 

entanglement within the solution. There is a critical 

entanglement concentration below which 

electrospraying occurs and the likelihood of 

occurrence of beaded fibers instead of smooth ones. 

Volatility 

Rate of solvent evaporation. If volatility is too low, then fibers may not be formed, 

and a thin film of polymer solution is deposited on the 

collector. 

Surface 

tension 

Temperature. May cause solution to break into droplets, also may 

cause the formation of beads. 

Electrical 

Conductivity 

Ability of solution to carry 

charges (to overcome surface 

tension). 

Can be increased significantly by mixing chemically 

non-interacting components.  

 

  Parameters Influence Effects 

Voltage 

Higher the voltage: higher the 

repulsive force, higher the 

acceleration and higher 

volumes of solution drawn. 

Greater stretching, fiber diameter reduction, faster 

solvent evaporation, induces greater crystallinity, 

may also cause beads. 

Feed rate 

Greater the feed rate, greater 

is the volume of solution 

drawn from the needle. 

Increases fiber diameter; longer time to dry may 

cause web formation due to residual solvents causing 

fibers to fuse together. 

Temperature 

Increases rate of evaporation, 

reduces viscosity of polymer 

solution. 

Greater polymer solubility, smaller and more 

uniform fiber diameter. 

Effect of 

collector 

Typically made of conductive 

material. 

Results in high packing density, non-conducting 

material could result in 3D structures due to 

repulsive forces. 

Diameter of 

needle orifice 

Low orifice diameters reduce 

clogging along with presence 

of beads. 

Decrease in fiber diameter and bead formation. 

Distance 

between 

needle tip and 

collector 

Influences flight time and 

electric field strength. 

Lower the distance, greater is the acceleration, hence 

lesser time for evaporation resulting in merging of 

fibers causing an interconnected network. 

Ambient 

conditions 

Humidity. Causes pore formation on the surface. 
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2.5.2 Use of biomaterials in 3D scaffolds 

The tremendous progress made in this area over the last decade has brought to the 

fore an assortment of novel biomaterials which are capable of actively supporting 

cell growth as well as modulating cell behavior by replicating the functions of native 

ECM [114]. They also provide additional growth factors and adhesion proteins 

facilitating accelerated maturation of neurons, maintaining culture stability and 

synaptic connectivity of neurons in 3D [58, 78]. These materials include both 

organic and inorganic materials which can be of synthetic or natural origins [99]. In 

terms of composition, naturally derived materials such as Matrigel (murine origin) 

resemble complex in vivo microenvironments present inside the ECM of several 

tissues. This ability to provide physiological relevance has resulted in their popular 

use in many 3D cellular culture platforms including in vitro models of AD [5]. 

However, natural materials also usually possess poor intrinsic mechanical 

properties, diverse compositions, batch-to-batch variability and immunogenicity 

issues which limit their use in scaffolding [108]. In contrast, synthetic materials can 

easily be tailored to impart them with biochemical and mechanical properties which 

meet application specific requirements [97, 98]. Subsequent use of these materials 

for fabrication of biocompatible in vitro scaffolds also enables development of 3D 

microtopographic structures capable of imitating in vivo microenvironments in a 

controlled setting.  

2.6 Conclusion 

The key to understanding AD aetiology lies in developing effective disease models, 

which should ideally recapitulate all aspects pertaining to the disease. Three key 

modeling approaches have been employed by researchers over the years in 

unraveling AD pathogenesis as well as initiating research into potential therapeutic 
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interventions. Every approach has its own specific advantages and limitations as 

highlighted in Table 2-5, and in turn has addressed different aspects of AD 

progression. In this review, we have provided details into the genesis, evolution, and 

significance of the principal approaches utilized by researchers for modeling AD. 

The salient features of animal based transgenic and natural models are listed, which 

helps improve our understanding of the challenges faced by in vivo platforms in 

mimicking disease pathogenesis and progression. Given the growing interest in use 

of in vitro platforms for disease modeling, this review further provides an extensive 

analysis of the latest 2D and 3D based in vitro AD models, and therefore stimulate 

much-needed research validation in this area.  

Inaccessibility of the human brain makes it desirable to study AD pathogenesis on 

appropriate 3D model systems of brain cultures to bridge knowledge gaps 

encountered in preceding animal/2D models. Increasing evidence indicates 

superiority of 3D in vitro cell culture platforms over conventionally used Petri dish-

based 2D monolayer cultures in mimicking native in vivo microenvironments. 

However, existing 3D neuronal culture models of AD utilize engineered cell lines, 

overexpress mutant genes or possess heterogeneities in composition, biological 

properties and cell differentiation stages. In this regard, the exploration of “state-of-

the-art” tissue engineering techniques for development of alternative synthetic 

biomaterial-based 3D in vitro substrates in combination with AD patient-derived iPS 

cells could facilitate a more accurate and comprehensive study of early-stage AD 

pathogenesis. The key to deciphering AD lies in synergy i.e. primarily building on 

previous research, integrating the pros and cons of every technique, and combining 

available platforms aimed at developing more comprehensive paradigms of the 

disease.  
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Table 2-5. Current scope of AD modeling approaches [16]. 

 
Modeling Alzheimer’s Disease (AD) 

 
In silico In vitro In vivo 

A
D

V
A

N
T

A
G

E
S

 

• Is inexpensive, does 

not require animal 

facilities or 

sophisticated 

laboratories. 

• High-throughput 

• Ability to complement 

in vitro and in vivo 

studies to speed up 

research process 

• Reproducibility 

• Can be used to 

improve efficiency of 

clinical trials 

• Enables use of stem cell 

technology making it more 

relevant to humans 

• High-throughput 

• Recapitulation of both Aβ 

and tau pathology 

• Demonstration of elevated 

ER and oxidative stress 

levels 

• Drug screening 

• Use of microfluidic 

platforms and biomaterial 

scaffolds in mimicking the 

native microenvironment of 

the brain 

• Recapitulation of Aβ 

pathology 

• Cognitive deficits can be 

analyzed 

• More suitable for long-

term research 

• Therapeutic screening 

• Structure and biochemistry 

of the aging NHP brain is 

similar to aging human 

brain 

• Physiological relevance 

 

L
IM

IT
A

T
IO

N
S

 

• Selection of a 

plausible set of 

parameters is complex 

and involves cross-

disciplinary work 

• Modeling a complete 

set of parameters 

including both 

biological and non-

biological factors 

using current 

technology is very 

difficult, if not 

impossible 

• Brain dynamics 

involve interlinked 

features, many of 

which are yet to be 

discovered and thus a 

computational model 

of the same could be 

inadequate by itself 

• Still in its infancy 

• Scalability and 

standardization of iPS cell 

culture platforms 

• Heterogeneity, 

tumorigenicity of iPS cell 

cultures 

• Lack of vascularization 

leading to necrosis in the 

cores of organoid based 

models 

• Variability in cell lines and 

culture protocols among 

research groups resulting in 

low reproducibility 

• Limited human AD cell 

sources 

• Long term culture is 

difficult and expensive 

• Current scope of in vitro 

culture is at cellular and 

tissue levels 

• Difficulty in performing 

imaging studies for 3D 

cultures 

• Use of promoters as well as 

inappropriate controls could 

lead to inconsistent results 

• Robust NFT replication 

requires additional 

mutations 

• Variation in features of 

hallmarks between models 

as well as dissimilarities in 

AD phenotypes compared 

to AD human brain 

• Lower levels of neuronal 

loss observed 

• Low reproducibility 

• High maintenance costs 

involved 

• Differential vulnerability 

of animal cells to human 

disease transgenes 

• Abnormally high levels of 

expression of mutated 

genes to induce 

pathogenesis 

• Ethical and legal problems 
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CHAPTER 3 Physically crosslinked graphene oxide-based 

conductive hydrogel substrate 

The work presented in Chapter 3 is largely based on the following publication: 

Xuelong Chen, Vivek Damodar Ranjan, Sijun Liu, Xiao Hu, Yilei Zhang. “In situ 

formation of 3D conductive and cell-laden graphene hydrogel for electrically 

regulating cellular behavior.” Macromolecular Bioscience. (2021) 202000374. 

https://doi.org/10.1002/mabi.202000374 

3.1 Background 

Hydrogels are a group of soft materials composed of 3D hydrated networks of 

hydrophilic species, and have been widely explored as substrates for various tissue 

engineering applications owing to their excellent biocompatibility, high 

permeability and structural similarity to native extracellular matrix (ECM) [1, 2]. A 

plethora of hydrogel materials with diverse mechanical properties, crosslinking 

mechanisms and biological responses have been utilized for both in vitro as well as 

in vivo cell culture applications [3, 4]. Electroconductive hydrogels which harness 

conductive materials capable of regulating cell behavior are drawing great interest 

due to their ability to render scaffolds with both electrical and biological properties. 

Application of electrical stimulation via conductive hydrogels has been reported to 

enhance cell proliferation, migration and differentiation and at the same time, 

provides a valuable platform for study of electroactive tissues such as cardiac, 

neuronal and skeletal muscle [5, 6]. Various types of conductive fillers such as metal 

nanoparticles or nanowires [7-9] and carbon-based materials [10, 11] including 

graphene, fullerenes and carbon nanotubes (CNTs) have been utilized to fabricate 

electroconductive nanocomposite hydrogels. In addition, conjugated polymers with 

inherent electrical conductance such as polypyrrole [12], polythiophene [13], 

https://doi.org/10.1002/mabi.202000374
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polyaniline [14, 15] and poly(3,4-ethylenedioxythiophene) [16, 17] have also been 

used in producing electroconductive hydrogels.  

In situ-forming hydrogels work on the principle of premixing cells with aqueous 

polymeric solutions before injecting it into defect sites and undergoing gelation [18]. 

It is advantageous over traditional pre-formed hydrogels because it is both 

minimally invasive during surgery and can also reach deep tissue defects with 

excellent adaptation to defect margins [19]. In this context, the development of 

electroconductive and injectable hydrogel-based scaffolds which are biocompatible, 

noncytotoxic and easy to synthesize is highly desirable. The purpose of this study is 

to fabricate a novel hydrogel satisfying aforementioned criteria and explore the 

feasibility of using it as a 3D in vitro cell culture platform. Herein, a new type of 

reduced graphene oxide (rGO) hydrogel crosslinked using polyvinyl alcohol (PVA) 

was prepared. The gelation of the physical hydrogel is mainly driven by hydrogen 

bonding between PVA and modified rGO whose main purpose is to form the 

structural component of the hydrogel. PVA is a synthetic polymeric, water-soluble 

biomaterial whose cytocompatibility is well-documented in various tissue 

engineering applications [20, 21]. Graphene is a 2-dimensional (2D) nanomaterial 

and its derivatives such as graphene oxide (GO), graphene quantum dots (GQDs), 

and rGO have emerged as new tools in tissue engineering and biomedical 

applications owing to their porous structure, abundant surface chemistry and tunable 

thermal/electric properties [22-25]. The rGO in this work was reduced from 

graphene oxide by polymerization of dopamine at the surface of GO. PDA has been 

reported to effectively reduce GO into rGO by undergoing self-polymerization, 

acting both as a reducing agent as well as a functionalization agent [26]. The purpose 

of using polydopamine as the reducing agent over other conventionally used 
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reagents such as hydrazine, NaBH4, dimethylhydrazine, hydroquinone is its non-

toxic/non-hazardous nature. Dopamine can also be polymerized under mild 

conditions and both dopamine/polydopamine are non-cytotoxic and biocompatible. 

In addition, simultaneous grafting of self-polymerized PDA on rGO due to its 

inherent strong adhesion to bulk substrates could enhance the hydrophilicity of the 

resulting scaffold and render it amenable to further surface functionalization via 

biomolecules [27]. Taking advantage of the sol-gel process, PC12 cells were loaded 

and dispersed in sol before gelation to realize instantaneous 3D uniform spatial 

distribution of cells within the hydrogel. Furthermore, the novel PDA engineered 

rGO/PVA hydrogel supported long-term cell viability, proliferation as well as highly 

efficient neuronal differentiation, even in the absence of external growth factors. 

This demonstrates the suitability of this platform as a biocompatible and 

electroconductive 3D in vitro substrate for tissue engineering applications. Besides, 

the physical hydrogel can also be squeezed out of a needle syringe without clogging, 

indicating its potential as a promising candidate for in vivo cell 

delivery/transplantation.  

3.2 Materials and Methods 

3.2.1 Preparation of PDA grafted GO 

Purified natural flake graphite powder was supplied by Superior Graphite Company, 

USA. Potassium permanganate and PVA (Mw 85000~124000, 87~89% hydrolyzed) 

were purchased from Sigma Aldrich. Sodium nitrate and dopamine hydrochloride 

(99%) were purchased from Alfa Aesar. Sulfuric acid (95~97%) was bought from 

Honeywell. Hydrogen peroxide (30% in water) was bought from VWR. 

Hydrochloric acid, PBS solution and tris buffer solution were provided by Merck, 

Gibco and Regent Chemicals Pte Ltd respectively.  
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Graphene oxide (GO) was prepared according to the modified Hummer's method 

(Appendix A1) [28]. To prepare PDA modified GO, 30 mg as prepared GO solution 

(6.3 mg/ml, 189 mg in total) was mixed with 450 ml autoclaved PBS. At the same 

time, 94.5 mg dopamine was dissolved in 20 ml PBS and filtered by 100 nm sized 

filter, after which it was transferred into GO/PBS solution, giving GO/PVA mass 

ratio 1: 0.5. 5 mg tris solution was also filtered and added into the solution to trigger 

the reaction. Then, the solution was allowed for reaction at 60oC for 2 hours, 

followed by 100oC for 10 min for sterilization. Afterwards, the PDA modified GO 

(PDA-GO) was concentrated by centrifuge (10000 rpm, 10 min for each cycle) and 

obtain the final solution with concentration around 8~9 mg/ml. To determine the 

concentration, 0.5 ml solution was transferred into a vial and weighed after 

completely dried in the oven overnight. Note that the concentration of pure PBS 

solution should be taken into account i.e., 11.287mg/ml, in order to obtain the true 

value of PDA-GO concentration. 

3.2.2 Synthesis of hydrogel  

PVA was dissolved in PBS solution by magnetic stirring at an elevated temperature. 

The hydrogel without cell seeding was prepared by mixing specific amounts of rGO-

PDA and PVA solution (mass ratios of 10:1, 5:1, 2:1 with rGO-PDA at a final 

concentration 6 mg/ml) and shaken by hand for several seconds. PVA solution was 

prepared in accordance with the concentration of rGO-PDA. A mass ratio of PDA-

GO/PVA = 5: 1 and volume of 500 µl was used in the final 3D rGO-PDA-PVA 

hydrogel scaffold utilized for cell culture.  

3.2.3 Characterization 

The as prepared GO was examined by transmission electron microscope (Carl Zeiss 

Libra 120 Plus). The morphology of GO and rGO-PDA was studied by field 
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emission scanning electron microscopy (FESEM) (JEOL JSM-7600F). The samples 

were prepared by dropping the solutions onto copper tape and dried at 60oC in 

vacuum oven for evaporation, resulting in self-standing sample films which were 

then fixed to the SEM sample holder using copper tape for observation. EDS was 

conducted under 20 kV using JEOL JSM-7600F. Fourier transform infrared 

spectroscopy (FTIR) spectra were recorded by PerkinElmer Frontier spectrometers, 

with resolution of 2 cm-1 for 32 scans. X-ray photoelectron spectroscopy (XPS) 

measurement was carried out on an AXIS Supra X-ray photoelectron spectrometer 

(Kratos Analytical Ltd. U.K.). The spectra were calibrated with reference to C1s at 

284.8 eV. The viscoelastic properties of hydrogels were measured by a Discovery 

hybrid rheometer (DHR-3, TA Instruments, USA). The tests were performed at 

oscillation mode using a 25 mm parallel plate, with frequency from 0.01 to 100 Hz 

and 2.5% strain at room temperature. The sheet resistance was measured using Four-

point probes (Mitsubishi Loresta GP). 

3.2.4 Cell culture 

Rat pheochromocytoma 12 (PC12) cells used in this experiment were purchased 

from the Institute of Biochemistry and Cell Biology, SIBS, CAS (Shanghai, China). 

The cells were cultured in maintenance media composed of high glucose-DMEM 

medium supplemented with 10% fetal bovine serum, 5% horse serum, and 1% 

penicillin–streptomycin. All cells were passaged using trypsin/EDTA 0.25% w/v 

trypsin/0.02% EDTA) and incubated in a humidified atmosphere incubator with 5% 

CO2, 37oC, and 95% humidity. To encapsulate cells inside the hydrogel, the PVA 

solution is first mixed with the required number of cells. The PDA-GO solution is 

pipetted into each well of a sterile 24-well plate after which the PVA solution 

containing cells is added; the final volume of the mixture is always maintained at 
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500 µl. The mixture is then shaken to ensure uniform distribution of cells as well as 

triggering gelation, thus resulting in the formation of rGO-PDA-PVA hydrogel with 

encapsulated cells in a single step. The cell seeding density was optimized to 5106 

cells per hydrogel scaffold to ensure an even spatial distribution of cells in all regions 

of the scaffold. 1.5 ml of fresh culture media was then added to each well and then 

placed in the incubator. Media change was performed daily for the duration of cell 

culture. Glass coverslips coated with Poly-L-Ornithine (PLO) (Sigma) solution were 

used as 2D controls for assessing cell differentiation. Coverslips were placed in a 

24-well plate during culture and cell seeding density used was 0.4106 per coverslip. 

3.2.5 Electrical Stimulation 

To study the effect of electrical stimulation (ES) on cell culture, PC12 cells were 

encapsulated inside the hydrogel scaffolds using a self-made bioreactor with a direct 

coupling set-up inside each culture well [29]. A continuous 100-Hz pulsed waveform 

of 100 mV/cm was applied across the electrodes using a function generator 

(AFG3022C, Tektronix) for 4 h every day in the incubator starting from day 1 

(Appendix A2). Stainless steel needles were used as electrodes and were kept in 

direct contact with the graphene-based hydrogel containing cells. The cells were 

incubated for 7 days with media change being done on daily basis prior to electrical 

stimulation (ES). The maintenance media was replaced with differentiation media 

composed of high glucose-DMEM medium supplemented with 1% horse serum, and 

1% penicillin–streptomycin from day 1. NGF (NGF 2.5S Life Technologies) at a 

concentration of 100 ng/ml was added to the differentiation media to stimulate 

neuronal differentiation as required. 
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3.2.6 In vitro cytoactive assays 

PC12 cell proliferation was evaluated and quantified using PrestoBlue (Life 

Technologies) assay according to manufacturer’s instructions on days 1, 3 and 5. 

Suitable sized hydrogel scaffolds were fabricated using a 96-well plate with a cell 

seeding density of 1105 cells per well and cultured for specific durations. Cell 

nuclei were stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) 

(1:200) and stored at 4°C overnight. Cells were washed thrice with 1PBS and 

visualized after sectioning of the scaffold using both brightfield and fluorescence 

microscopy (Nikon, TI-DH, Japan). Simultaneous evaluation of cytoplasmic 

function and membrane integrity was carried out using the Live/Dead 

Viability/Cytotoxicity Kit (Life Technologies) for mammalian cells. Cells were 

rinsed twice with PBS, and cell viability was assessed according to the 

manufacturer's protocol. Viability of encapsulated cells in different hydrogel 

scaffolds, both with and without electrical stimulation were measured in triplicate 

and quantified. 

3.2.7 Immunocytochemistry  

Immunofluorescence staining was carried out to characterize cell phenotypic 

changes which occurred over the course of proliferation/differentiation culture. Both 

2D coverslips and cell-laden 3D hydrogel samples were rinsed in 1PBS and fixed 

using 4% paraformaldehyde (Hito) for 30 min at room temperature. Next, cells were 

permeabilized in 0.1% Triton X-100 (Biochemica) for 30 min and blocked in 1% 

bovine serum albumin (BSA) (Sigma) for 45 min at room temperature. Cells were 

then incubated with antibodies overnight at 4oC with commercially available 

primary antibodies: mouse anti-microtubule-associated protein-2 (MAP2) (1:250, 

Sigma), rabbit anti-Ki67 (1:200, Abcam). Finally, they were fluorescently labelled 
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with appropriate secondary antibodies: goat anti-rabbit Alexa Fluor 555 (1:250, 

Invitrogen) and donkey anti-mouse Alexa Fluor 488 (1:250, Invitrogen) overnight 

at 4oC, after which they were counterstained with fluorescent nuclear dye DAPI 

(1:200, Sigma).  

3.2.8 Cryosectioning and Imaging 

Labelled cell-laden hydrogel scaffolds were embedded in Tissue-Tek O.C.T. 

Compound (Sakura) and placed at -20oC. Frozen sections of 50 µm thickness were 

sectioned using a cryotome and mounted on poly-lysine adhesive glass slides using 

Dako fluorescent mounting medium. Thereafter, confocal laser scanning microscopy 

(Olympus Fluoview FV1000) was used to visualize fluorescence/bright-field images 

of both 2D coverslips as well as 3D scaffold sections at desired magnification. The 

immunofluorescent images were quantitatively analyzed using ImageJ. Constant 

image size, magnification, and imaging parameters were used for all measurements. 

Three random, separate fields for each sample were recorded followed by image 

analysis using custom ImageJ macros for region of interest (ROI) selection and cell 

counting. Positive cells were identified as cells with fluorescence intensity thrice or 

more above background level. First, the images were split into separate channels 

using stack viewing option in ImageJ [30]. The images were then converted to binary 

style and the pixel intensity threshold values were adjusted to a suitable level to 

identify individual cells. In the case of images containing densely packed cells, the 

watershed segmentation algorithm within ImageJ was used to delineate nuclear 

boundaries in both 2D and 3D binary images after converting them to masks [31]. 

Next, the Analyze Particles tool was used to filter out different sizes of particles and 

count only those objects which are very circular by adjusting the Circularity range 

numbers in the segmented images. This process of cell counting was done for all 



61 

 

channels in each image which correspond to the specific antibodies stained including 

DAPI. Finally, the average percentage ratios of the total cell number stained for each 

marker to that of DAPI were determined and the corresponding data were plotted 

using bar charts for the respective groups (2D and 3D). The morphology of PC12 

cells cultured on different scaffolds was also observed via scanning electron 

microscopy (SEM). On day 7 after cell seeding, the samples were fixed with 3% 

glutaraldehyde for 2h and washed thrice with 1PBS. Samples were subsequently 

dehydrated using graded concentrations (50, 70, 90, and 100% v/v) of ethanol for 

15 min each. Samples were then subjected to critical point drying after which they 

were sputter coated with a thin layer of gold for 20s using a current of 20 mA (JEOL 

JFC 1600 Auto Fine Coater). Cell morphology was observed using a scanning 

electron microscope (SEM, JSM-6701F, JEOL) at an accelerating voltage of 10 kV. 

3.2.9 Statistical analysis 

The results presented are representative data sets and all experiments were 

performed in triplicates at a minimum of three independent events. Statistical 

analysis was done using unpaired Student’s two-tailed t-test. Quantitative data were 

expressed as mean ± standard deviation (SD). Differences were considered 

statistically significant when p* < 0.05 (GraphPad Prism). 

  



62 

 

3.3 Results and Discussion  

3.3.1 Fabrication of rGO-PDA  

 

 

Figure 3-1. Fabrication of novel 3D conductive, cell-laden hydrogel. Schematic 

illustration of fabrication of (a) rGO-PDA, graphene oxide was reduced by dopamine 

to restore the electrical conductivity of graphene, while simultaneously enhancing 

both hydrophilicity and biocompatibility of reduced graphene oxide; (b) 3D 

conductive cell-laden hydrogel, which can be formed by simply mixing cell-

containing PVA solution and PDA functionalized rGO, instantly achieving a 3D 

spatially distributed cells in the hydrogel; FTIR spectra of GO and rGO-PDA with 
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wavenumber (c) 4000~500 cm-1 (d) and 1800~ 1450 cm-1; (e, f) SEM image of GO and 

rGO-PDA (insets show digital images of dilute GO and rGO-PDA solution, scale bar 

is 10 µm). 

The objective of this work is to fabricate an electroconductive and injectable 

hydrogel that can be used as a cell culture platform. The two constituents of the 

hydrogel are graphene derivative and PVA, which is hypothesized to be connected 

via hydrogen bonding. Firstly, the starting material GO (Appendix A1) underwent 

reaction with dopamine (Figure 3-1a), whose purpose is to reduce GO and restore 

electrical conductivity and at the same time, also improve the cytocompatibility by 

increasing hydrophilicity via self-polymerized PDA coating on the surface. To 

achieve injectability as well as instantaneous uniform spatial cell distribution within 

the hydrogel construct, the cells were pre-dispersed in PVA solution at pre-defined 

cell density prior to mixing with the rGO solution (Figure 3-1b). Though oxygen 

containing groups were significantly removed during the reduction process, the PDA 

wrapping on rGO surface provided a plenitude of hydroxyl and amine moieties, 

which can undergo hydrogen bonding with PVA after shaking. FTIR was used to 

study the functional groups on GO and rGO-PDA with results shown in Figure 3-

1c-d. There are plenty of oxygen-containing groups on surface of GO. The peak at 

1722 cm-1 is ascribed to the C=O group while peaks at 1220, 1055 and 830~880 cm-

1 are contributed by the absorption of C-O in various groups. These peaks 

disappeared or significantly reduced in rGO-PDA, suggesting the successful 

reduction reaction of GO by dopamine. The peak at 1624 cm-1 due to C=C in 

aromatic structure of GO shifted to 1636 cm-1 because of the combination with N-H 

absorption after reaction with dopamine. The strong and wide peaks at 3410 and 

3450 cm-1 are due to the existence of O-H in GO and coexistence of O-H and N-H 

in rGO-PDA respectively.  
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The morphologies of GO and rGO-PDA are different. One droplet of GO and rGO-

PDA in water was dropped on copper tape, dried and observed by SEM, with results 

shown in Figure 3-1e-f. Compared with GO, the rGO-PDA seems to be porous and 

rougher. This is probably because GO possesses large number of functional groups 

which can form strong interactions between its layers, and these multiple layers 

could stick to each other firmly thus after solvent evaporation. In contrast, after 

reduction reaction by DA, functional groups are significantly removed leading to 

weak interaction between layers. In addition, the excessive DA self-polymerized 

particles/layers can also serve as barriers between rGO layers. The inset images 

show GO and rGO-PDA solution with similar concentrations. The GO solution is 

typical light yellow while rGO-PDA turns into black, indicating the successful 

coating of PDA on the surface of reduced GO. TEM of GO and rGO-PDA is 

illustrated in Appendix A3.  

 

Figure 3-2. XPS spectra of GO and rGO-PDA; (a) wide scan; (b) convoluted C1s of GO 

(c) convoluted C1s of rGO-PDA; and (d) convoluted N1s of rGO-PDA.  
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Element analysis for samples before and after reaction was carried out using XPS; 

the results are shown in Figure 3-2. It is seen that after reaction with dopamine 

(Figure 3-2a) the C/O ratio increased, along with the emergence of nitrogen peak 

because of PDA wrapping on the surface of GO. The presence of many weak peaks 

in rGO-PDA spectrum are due to sodium, phosphorus, chlorine etc. present in PBS 

solution as the reaction between GO and dopamine is conducted in PBS medium. 

Typical high resolution C1s spectrum of GO (Figure 3-2b) can be fitted into three 

peaks at 284.8 eV, 286.8 eV and 288.1 eV, which correspond to C-C, C-O and C=O 

species respectively [32]. After reaction with dopamine, the oxygen containing 

groups significantly decreased, as shown in Figure 3-2c, indicating the successful 

reduction of GO. The new peak appears at 285.7 eV and is attributed to the C-N 

bonding. The convoluted N1s in rGO-PDA (Figure 2d) contains three peaks at 398.4 

eV, 400.1 eV and 401.7 eV, which are ascribed to -N=, -NH- and -NH2, respectively. 

All these groups combined with hydroxyl groups on PDA will be able to induce 

hydrogen bonding with PVA molecules, facilitating the formation of hydrogel.  

3.3.2 Fabrication of rGO-PDA-PVA hydrogel 

The rGO-PDA-PVA composite hydrogel was prepared by mixing rGO-PDA and 

PVA solution followed by vigorous shaking for a few seconds to disperse these two 

components into each other. Specific volumes of rGO-PDA and PVA solution were 

used to make up the total volume of 500 µl composed of rGO-PDA: PVA at mass 

ratios of 10:1, 5:1 and 2:1 respectively. The formation of hydrogel was examined by 

the tube inversion method as shown in Figure 3-3a. It was observed that hydrogel 

formation can occur when mass ratios are 10:1 and 5:1, while no stable hydrogel 

was observed for 2:1 with the solution flowing down along the bottle wall in this 

case. As control sample, the rGO-PDA solution cannot undergo gelation with PBS 
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solution in the absence of PVA. The hydrogen bonding interactions between rGO-

PDA nanosheet and linear PVA chains is believed to be the dominant crosslinking 

mechanism leading to gelation. It is reported that as-prepared GO without reduction 

is able to form hydrogels with PVA and Pluronic solution mainly through hydrogen 

bonding [33, 34]. Graphite oxide could also form hydrogen bonding with PVA via 

the large amount of hydroxyl and carboxyl group on the surface [35]. Though 

oxygen containing groups were largely removed during the reduction process, the 

wrapping of PDA replenishes plenty functional moieties, such as hydroxyl, amine 

groups etc., that are capable of creating hydrogen bonding with PVA molecules 

resulting in gelation between PVA and rGO-PDA; see schematic illustration in 

Figure 3-3b. 

 

Figure 3-3. (a) Photographs of rGO-PDA mixed with PVA solution using different mass 

ratios showing the gelation; (b) Schematic representation of formation of hydrogen-

bonded network between PVA and rGO-PDA nanosheet; (c) Viscoelastic properties of 

hydrogel; (d) sheet resistance and electrical conductivity of GO, rGO-PDA and dried 

hydrogel (rGO-PDA-PVA).  
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The viscoelastic properties of hydrogel were studied using a rheometer with storage 

and loss modulus as shown in Figure 3-3c. It was observed that the storage moduli 

for mass ratios 10:1 and 5:1 were quite high, owing to the crosslinking of PVA and 

rGO-PDA. Moreover, the hydrogel with mass ratio 5:1 had the highest mechanical 

performance, better than those with higher (2:1) or lower PVA (10:1) loading, which 

seems to indicate that there is an optimum ratio between PVA and rGO-PDA. With 

lower loading of PVA, the PVA molecules can serve as valid crosslinker between 

two or multiple reduced graphene sheets. Thus, with the increase in PVA loading, a 

stronger network could be expected. However, at higher loading excessive PVA 

chains are unable to directly connect with graphene sheet and exist as free molecules, 

weakening its capability for hydrogel formation and leading to weaker hydrogel as 

observed by its poorer mechanical properties. Other factors may also affect the 

hydrogel strength. For example, smaller GO platelets and shorter polymer 

crosslinker are unfavorable in forming hydrogels, as the former tend to form a less 

stable network and the latter has less probability to connect two or more graphene 

sheets [36]. The cationic ions in the PBS solution could form coordination bond with 

electronegative oxygen in rGO, which may also affect the hydrogen bonding 

between rGO and PVA and thus influence the hydrogel strength. 

The sheet resistance of GO, rGO-PDA and hydrogel was measured using the four-

probe method to assess the electrical conductivity of GO before and after PDA 

reduction treatment (Figure 3-3c). Each sample was tested thrice, and average 

values were calculated. The sheet resistance (Rs) of GO, rGO-PDA and rGO-PDA-

PVA are 48, 2.3 and 4.6 M Ω/sq respectively. According to Rs = ρ/ t and б= 1 / 

ρ, where ρis the electrical resistivity, the electrical conductivity б of all three 

samples were then determined i.e. 4.2  10-3, 0.22 and 4.3  10-2 S/m respectively. 
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It is obvious that after PDA reduction, the electrical conductivity of rGO increases 

significantly owing to the restoration of the crystalline structure of graphene. 

Considering the fact that the dopamine is excessive in the reaction and the excess 

polymerized PDA is coated on the surface, the real electrical conductivity of rGO 

should be much higher. After the introduction of PVA, the electrical conductivity 

decreases, due to the intrinsic insulation of PVA. It must be noted that during cell 

culture, the electrical impulses could be directly transferred from the conductive 

PBS solution to reduced graphene oxide. The conductivity values of rGO-PDA and 

rGO-PDA-PVA are comparable with existing modified polymer-based conductive 

scaffolds which were utilized for in vitro cell culture. For instance, Moroder et al. 

fabricated conductive polymer composite-based scaffolds composed of 

polycaprolactone fumarate and polypyrrole (PCLF-PPy) with conductivity values 

ranging between 0.17~0.6 S/m, which in turn supported cell attachment, 

proliferation and neurite extension [37]. Similarly, Guarino et al. synthesized 

conductive poly(ethylene glycol) diacrylate-polyaniline (PEGDA-PAni) hybrid 

materials with a conductivity of (1.1 ± 0.5)  10-3 mS/cm and demonstrated 

enhanced cell-material response in both PC12 and hMSC cells using this scaffold 

[38]. On these lines, the rGO-PDA-PVA hydrogel scaffold was assessed in terms of 

its suitability for 3D cellular culture as well as application of electrical stimulation 

to regulate cell behavior.  

3.3.3 In vitro cell culture: Cell viability and proliferation 

The application and performance of the hydrogel for in vitro cell culture was 

evaluated using the PC12 cell line, which can differentiate into neuron-like cells in 

response to specific environmental cues [39]. DAPI live fluorescence staining of the 

cell nuclei was utilized to visualize cells encapsulated inside the scaffold 12 hours 



69 

 

after hydrogel formation as shown in Figure 3-4a. The images clearly confirm the 

ability of the hydrogel to encapsulate cells in large numbers along with a uniform 

spatial distribution of cells throughout the scaffold. Few free-floating cells were 

observed in the culture media (data not shown) indicating that majority of seeded 

cells were entrapped inside the hydrogel as desired. Next, growth and proliferation 

of the encapsulated PC12 cells was then assessed and compared using PrestoBlue 

assay on days 1, 3 and 5 after cell seeding (Figure 3-4c). Results were normalized 

to the cell number data obtained for day 1 which was set at 100%. A significant 

increase in cell proliferation was observed on both days 3 (p < 0.01) and 5 (p < 0.001) 

with cell numbers increasing by 285% and 364% respectively. However, increase in 

cell number was found to be lower between days 3 and 5 (p < 0.05) compared to that 

between days 1 and 3 (p < 0.01). Increased cell clumping was observed by day 5, 

possibly owing to the large number of cells present in the hydrogel and the tendency 

of the PC12 cells to form floating cell aggregates [40].  

Finally, viability of encapsulated cells was assessed using Live/Dead staining assay 

to evaluate the cytotoxicity of the 3D hydrogel scaffold, both with and without 

electrical stimulation on days 1, 3 and 5. Living cells stain for calcein-AM (green) 

and dead cells stain for ethidium homodimer (red). Representative fluorescence 

images are illustrated in Figure 3-4b, and percentage fractions of live cells for both 

conditions are presented in Figure 3-4d for quantitative comparison. The results 

indicate that nearly 99% of seeded cells were viable one day after seeding which 

clearly demonstrates the non-cytotoxicity of the 3D hydrogel scaffold for PC12 cells. 

Furthermore, ~93% and ~90% of cells stained positive for Calcein-AM (green) on 

days 3 and 5 respectively, with no significant difference observed between those 

scaffolds subjected to electrical stimulation and those without. This suggests that the 
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application of pulsed electrical stimulation for the duration of culture did not 

negatively impact the cells or result in cell death. Taken together, the cell viability 

results demonstrate the in vitro cytocompatibility of the rGO-PDA-PVA hydrogel 

substrate for long term 3D cellular culture which is consistent with previous studies 

using graphene-based scaffolds [41-43].  

 

Figure 3-4. (a) Confocal fluorescent microscopy images showing PC12 cells 

encapsulated inside scaffold cross-section 12h after cell seeding - nuclei were 
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counterstained with DAPI (blue); (b) Fluorescence microscopy images indicating cell 

viability: Live\dead viability test performed on days 1, 3 and 5 after cell seeding 

(green: Calcein-AM indicating live cells; red: ethidium homodimer indicating dead 

cells); (c) Quantification of PrestoBlue assay results indicating relative number of 

PC12 cells adhered to scaffold on days 1, 3 and 5 after cell seeding; (D) Quantification 

of live/dead staining results showing percentage of live cells present inside the 

scaffold on days 1,3 and 5 after cell seeding; Data are expressed as mean ± SD (n = 

3), *p < 0.05, **p < 0.01, ***p < 0.001. 

3.3.4 Enhanced neuronal differentiation in 3D rGO-PDA-PVA hydrogel 

scaffolds 

The influence of the 3D graphene-based hydrogel scaffold in regulating neuronal 

differentiation of PC12 cells was assessed via immunocytochemistry and compared 

with 2D monolayer culture. It is well reported that the treatment of PC12 cells with 

nerve growth factor (NGF) induces cessation of cell division, neurite extension, 

electrical excitability and expression of neuronal markers [39, 44, 45]. In this regard, 

the differentiation of cells in 2D and 3D cultures was examined by staining for 

microtubule-associated protein 2 (MAP2), both with and without application of 

NGF after 7 days of culture. MAP2 is a neuronal cell marker expressed specifically 

in their perikarya and dendrites [46]. In addition, Ki-67 marker was utilized to stain 

for proliferating cells, thereby distinguishing them from differentiating cells. 

Representative confocal microscopy images of labelled cells for both cases are 

illustrated in Figure 3-5a, and the corresponding percentage of differentiating cells 

identified by positive MAP2 staining on D7 has been quantified as illustrated in 

Figure 3-5b. In the case of 2D culture, cells differentiated only with the application 

of NGF, whereas untreated cells continue to proliferate, staining positive only for 

Ki67 marker. In contrast, 3D culture of PC12 cells encapsulated within the rGO-

PDA-PVA hydrogel resulted in 52.72 ± 7.79% of total cells showing MAP2+ staining 

without NGF treatment, which is significantly higher (p < 0.001) than the 2D 
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cultures which did not show cell differentiation as expected. After treatment with 

NGF, 66.44 ± 7.97% and 78.31 ± 7.00% cells stained positive for MAP2 in 2D and 

3D cultures respectively, increased neuronal differentiation again observed in the 

scaffold-based culture.  

The results clearly demonstrate that 3D culture within the hydrogel-based scaffolds 

are able to induce neuronal differentiation of PC12 cells, negating the need for 

expensive NGF treatment which is necessary in the case of 2D monolayer cultures. 

However, neurite formation and extension in differentiated cells was observed only 

in the case of 2D culture, the cell bodies showing a flat, spread-out morphology. 

Cells encapsulated in the hydrogel retained a spherical morphology and aggregated 

to form large clusters after a few days of culture. The coverslips are coated with PLO 

which promotes cell adherence, whereas in 3D culture, the cells tend to aggregate 

and exhibit poor attachment due to their inherent inability to adhere to non-coated 

surfaces [40, 47]. Moreover, the hydrophobicity of the reduced graphene oxide is 

not conducive for cell adherence as well as neurite outgrowth in spite of 

incorporating bioinspired PDA, and thus needs to be improved in terms of surface 

functionalization. Nevertheless, rGO-PDA-PVA hydrogel-based 3D culture 

enhanced neuronal differentiation of PC12 cells compared with monolayer culture 

conditions, which is possibly the result of cell-material interactions including the 

physicochemical interplay of cells with the graphene-based microenvironment [48]. 

The molecular mechanisms underlying graphene induced cellular neurogenesis have 

not fully been revealed, although, increased neuronal differentiation in graphene 

substrates have been attributed to the influence of numerous factors such as: micro-

scale topographic features including surface roughness, curvature and anisotropicity 

[41]; complex 3D microarchitecture with interconnected pores mimicking in vivo 
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conditions [49]; elasticity and stiffness of the scaffold [50]; upregulation of genes 

related to calcium signaling pathways [42]; as well as higher capability of rGO for 

electron transfer [51].  

 

Figure 3-5. (a) Confocal fluorescent microscopy images indicating PC12 cell 

proliferation and differentiation in 2D and 3D cultures as stained for Ki67 (green) 

marker and MAP2 (red) marker respectively on D7 without and with application of 

NGF; Nuclei were counterstained with DAPI (blue); Quantification of immunostaining 
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results showing percentage positive staining of neuronal differentiation marker 

MAP2 normalized to DAPI on D7 (b) for 2D and 3D culture – without and with 

application of NGF and (c) for 3D culture – without and with electrical stimulation; 

Data are expressed as mean ± SD (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001. 

The application of electrical stimuli as a biophysical cue in regulating in vitro cell 

behavior including proliferation, differentiation as well as neurite outgrowth and 

extension is well reported in tissue engineering [52, 53]. In this regard, the influence 

of ES on neuronal differentiation of PC12 cells cultured within the conductive rGO-

PDA-PVA substrate for a duration of one week was investigated using 

immunocytochemistry and compared with controls cultured without ES using setup 

depicted in Appendix A2. The percentage of differentiated cells identified by MAP2 

positive staining in both cases were quantified as shown in Figure 3-5c. 69.56 ± 

3.01% of total cells cultured with ES showed MAP2+ staining, significantly higher 

(p < 0.05) than controls where 52.72 ± 7.79% of total cells were MAP2+. This is 

consistent with previous studies where application of ES in the absence of NGF 

resulted in neuronal differentiation of PC12 cells [54], including extension of 

neurites via activation of c-fos mRNA expression [55]. However, visualization of 

cellular morphology of differentiated cells using SEM revealed the absence of 

neurites in both cases (with and without ES) as shown in Appendix A4. The high-

resolution SEM images of the hydrogel cross-section clearly show that cells retained 

a spherical morphology even after differentiation or application of ES. Furthermore, 

majority of the cells were clustered together throughout the hydrogel confirming the 

tendency of cells to form clumps/clusters as observed in the immunofluorescence 

images. The hydrophobicity of the rGO scaffold along with the lack of ECM protein-

based surface functionalization may have also caused the absence of neurite 

formation in addition to poor cell adherence. Nevertheless, the rGO-PDA-PVA 
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hydrogel substrate demonstrates great potential as a 3D electroconductive substrate 

for in vitro cellular culture, capable of supporting enhanced cell encapsulation, 

excellent cell viability, and highly efficient neuronal differentiation. 

3.4 Conclusion 

Electroconductive and injectable hydrogel-based scaffolds are attracting increasing 

attention in the study of electrically induced regulation of cell behavior, tissue 

engineering of electroactive tissues as well as achieving minimum invasiveness 

during tissue repair. In this work, a novel reduced graphene oxide (rGO)/polyvinyl 

alcohol (PVA) composite hydrogel was prepared, intended as a 3D electroconductive 

substrate for electrical stimulation of cells in culture. Graphene oxide was reduced 

and functionalized by dopamine to restore the electrical conductivity of graphene, 

while simultaneously enhancing hydrophilicity and biocompatibility. Cell 

encapsulation within the hydrogel was achieved by simply mixing the polydopamine 

(PDA) functionalized rGO (rGO-PDA) solution with the PVA solution containing 

dispersed cells. Instantaneous and uniform 3D spatial distribution of cells was 

achieved during hydrogen bonding-induced hydrogel formation on shaking the 

mixture. Furthermore, successful in vitro culture of PC12 cells encapsulated within 

the substrate demonstrates the biocompatibility and non-cytotoxicity of this 

composite hydrogel in supporting long-term cell growth and proliferation. Highly 

efficient neuronal differentiation was also observed, both with and without electrical 

stimulation indicating the potential of this novel 3D graphene-based hydrogel 

platform for tissue engineering of electroactive tissues. 
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CHAPTER 4 Coaxially electrospun synthetic polymer-based 

hollow microfiber substrate 

The work presented in Chapter 4 is largely based on the following publication: 

Vivek Damodar Ranjan, Peiqin Zeng, Boyuan Li and Yilei Zhang. “In vitro cell 

culture in hollow microfibers with porous structures.” Biomaterials Science 8, no. 8 

(2020): 2175-88. http://dx.doi.org/10.1039/C9BM01986C. 

4.1 Background 

Polymeric fibrous scaffolds have attracted significant attention in the field of 

biological engineering for in vitro neuronal culture, owing to their structural 

similarity to ECM proteins present inside native in vivo tissues as well as their ability 

to provide neurite contact guidance [1, 2]. Electrospinning is one of the most 

convenient and cost-effective methods for producing continuous and uniform fibers, 

with diameters ranging from few nanometers to several micrometers [3, 4]. It offers 

several advantages compared to other fiber fabrication techniques such as simplicity, 

low costs, material versatility, ease of fiber functionalization as well as the capability 

to tune fiber diameter via small adjustments in process parameters [5-8]. Variations 

of this technique have been developed for fabricating a range of 2D fibrous 

substrates composed of aligned or randomly oriented fibers depending on the 

application [9-11].  

In conventional electrospinning, fibers are continuously deposited on a flat plate or 

aluminum foil collector, eventually forming a 2D structure with closely packed 

fibers [12]. In this format, cells can only grow on the top surface and cannot 

penetrate into the interior of the scaffold, similar to traditionally used Petri-dish 

based monolayer cultures [13]. This limitation has spurred modifications in 

http://dx.doi.org/10.1039/C9BM01986C
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conventional electrospinning for fabrication of 3D fibrous platforms where cells can 

infiltrate and distribute throughout the scaffold [14-18]. For example, wet 

electrospinning (discussed in Chapter 5) involves the use of a liquid bath collector 

comprised of ethanol instead of a solid flat plate, allowing fibers to sink inside the 

liquid, thus creating more space between adjacent layers and resulting in a 3D 

structure [17–19]. Electrospinning combined with salting-out/foaming can be used 

to prepare scaffolds which have both nano and micron-sized pores utilizing sodium 

chloride (NaCl) particles as a porogen [19]. Porous fibrous scaffolds also can be 

obtained by using water-soluble polymer fiber precipitation [20]. Fibers with high 

porosity and large specific surface area are not only beneficial for the transportation 

of nutrients, oxygen and metabolites, but also promote cellular activities such as 

migration, proliferation and differentiation, and inducing formation of neuronal 

connections and networks in the case of nerve cells [21-23].  

Another technique developed recently involves combining two immiscible polymer 

solutions and spinning them through a co-axial nozzle, creating a core-sheath 

structure made of two fibers having a common axis [24-26]. Subsequent removal of 

the core polymer results in the creation of hollow fibers. We have shown that cells 

can attach and grow on the inner surface of the hollow microfibers when the core 

polymer solution is mixed with living cells and the shell is made of a biocompatible 

material [27]. Cell encapsulation within microfibers has also been achieved via 

techniques such as extrusion [28], laminar flow [29-31] and multi-interfacial 

polyelectrolyte complexation (MIPC) methods [32-34], especially aimed at 

reconstructing three-dimensional vascular and neural networks [35, 36]. However, 

these techniques involve fabrication of cell-laden microfibers on alginate-based 

materials and hydrogels via utilization of micronozzle arrays and sophisticated 
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microfluidic channels with programmed flow controls [37-39]. Although 

microfibers produced by extrusion methods require a simple setup, it cannot 

precisely control fiber diameter and is also limited to a simple fiber geometry [36]. 

The more popular laminar flow method offers more accurate control of fiber 

diameter; however, it necessitates changes in microfluidic channel dimension and/or 

flow rates of pre-gel and gelator solutions, thus requiring microchannel fabrication 

and clean room facilities [36]. MIPC methods do not need syringe pumps or 

microfluidic channels, but they are limited to polyion complex materials [34, 36]. 

Broadening the type of material used for creating such cell encapsulated microfibers 

via simple, cost-effective and easy to use instruments has nevertheless remained a 

challenge [36]. At the same time, the diffusion rate of nutrients, oxygen and other 

essential biomolecules into the interior of the existing 3D microfiber constructs is 

limited, resulting in cell death and adversely affecting long-term culture [38]. 

Although, cell electrospinning has been investigated as an alternative in successfully 

achieving cell-laden fibrous scaffolds [40, 41], there are very few studies utilizing 

biocompatible and biodegradable materials currently available within the scope of 

electrospinning [42]. The material used governs various physical and biological 

properties of the scaffold such as surface wettability, mechanical stiffness, 

degradation, immunogenicity, biocompatibility etc. Poly (lactic-co-glycolic acid) 

(PLGA), a synthetic polymer-based biomaterial has been documented extensively 

as an in vitro substrate in neural tissue engineering for promoting neural stem cell 

survival [43], adhesion [44], self-renewal [45], neuronal differentiation [46], neurite 

formation [47] and generation of neural networks [48]. It is an aliphatic polyester 

which undergoes degradation via hydrolysis of ester linkages [49], whose presence 

also renders the polymer amenable for surface functionalization via biomolecules 
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[2]. On degradation, the monomeric components of PLGA can be removed by 

natural pathways. PLA can be cleared through the tricarboxylic acid cycle, whereas 

PGA is converted to metabolites or eliminated by other mechanisms [50]. Polyvinyl 

alcohol (PVA) is a suitable core material because it is non-cytotoxic as well as water 

soluble, whose viscosity can easily be adjusted for process optimization. Both PLGA 

and PVA are biocompatible and biodegradable polymers approved by FDA for 

clinical use in humans, and have been extensively used as biomaterials in drug 

delivery and tissue engineering applications [51-53].  

In this study, a novel coaxial electrospinning process with a mixture of PLGA and 

polyethylene oxide (PEO) for sheath along with PVA for core were used to produce 

3D core-sheath microfibers. Subsequent removal of PVA and PEO by dissolution in 

water resulted in the formation of hollow fibers containing pores inside the shell. 

These small pores could enhance transportation of nutrients, oxygen and other 

metabolites into the interior of the hollow fibers [54, 55]. Design of Experiments 

(DOE) methodology was utilized for optimizing experimental parameters and 

building a model to determine the key electrospinning variables influencing coaxial 

fiber diameter. The parameters which significantly influence fiber diameter as 

reported in literature are applied voltage (electric field strength), concentration and 

flow rate of polymer solutions [56, 57]. In addition, a regression model was built to 

show the mathematical relationships and interdependence between process variables 

and the response. Next, the feasibility of this 3D hollow microfiber platform for in 

vitro cell culture was assessed by encapsulating and culturing pheochromocytoma 

12 (PC12) cells. The cells attach and grow inside the hollow microfibers, instead of 

on the outside surface of the fibers. The shell fiber protects the encapsulated cells 

from the external environment and can also provide contact guidance for directional 
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growth. Depending on the size of the fiber diameter produced, the duration of cell 

culture and the cell type used, cells can subsequently form a 2D or a 3D network. 

4.2 Materials and Methods  

4.2.1 Materials 

PLGA (L-lactide/Glycolide ratio of 82/18; inherent viscosity midpoint = 1.8 dl/g) 

was purchased from Purac. Poly (ethylene oxide) (PEO), Mw=10065 and Polyvinyl 

alcohol (PVA), Average Mw=85000–146000 were purchased from Sigma Aldrich, 

Chloroform (contains 100-200 ppm amylenes as stabilizer, ≥99.5%) was purchased 

from Sigma Aldrich, Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine 

serum (FBS), horse serum, penicillin/streptomycin mixture, phosphate buffered 

saline (PBS), DAPI (4',6-diamidino-2-phenylindole) were purchased from Life 

Technologies.  

4.2.2 Fabrication of hollow microfibers without/with cell encapsulation 

PLGA/PEO were separately dissolved in chloroform with different concentrations 

(10%, 12.5%, 15%) by magnetic stirring for 12 h. PVA was separately dissolved in 

deionized (DI) water/cell culture media at a concentration of 6% by magnetic stirring 

for 12 h under sterile conditions. For experiments involving cell culture study, PC12 

cells were mixed with PVA solution at a concentration of 5105-106 cells per ml. 

The prepared PLGA(PEO)/PVA solutions were placed in separate 1 ml syringes 

connected to a coaxial 17G/13G needle (2 mm/1 mm in diameter). The solution was 

pumped out of the syringes (KDS100, NanoNC) at a rate of 30 ml/h and 10ml/h 

respectively using a syringe pump (Longer pump LSP01-1A). A grounded 

aluminum foil/glass coverslip was used to collect the fibers released from the 

syringe. Voltages of 10, 12 and 14 kV were applied to the syringe using a high 

voltage device (Dongwen High Voltage). All experiments were carried out at room 
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temperature inside a biosafety cabinet (BSC) to ensure sterile conditions. For SEM 

observation, the samples were air-dried and observed using a scanning electron 

microscope (SEM, JSM-6701F, JEOL) at an accelerating voltage of 10 kV. Before 

placing the fiber samples into the SEM chamber, they were sputter coated with a 

thin layer of gold using coating device (JFC-1600 Auto Fine Coater, JEOL). Cells 

were observed before and after staining using brightfield and fluorescence 

microscopy respectively (Nikon, TI-DH). 

4.2.3 Cell culture 

Rat pheochromocytoma 12 (PC12) cells used in this experiment were purchased 

from the Institute of Biochemistry and Cell Biology, SIBS, CAS (Shanghai, China). 

The cells were cultured in high glucose-DMEM medium supplemented with 10% 

fetal bovine serum, 5% horse serum and 1% penicillin–streptomycin in T-75 cell 

culture flasks. All cells were incubated in a humidified atmosphere incubator with 

5% CO2 and 37oC. After electrospinning, the polymer-cell hollow microfibers were 

immediately transferred into 6-well plates and washed thrice with phosphate 

buffered saline (PBS) gently, with care being taken to avoid disturbing encapsulated 

cells. Next, 2 ml of fresh culture media was added to each well and the 6-well plates 

were transferred to the 37°C incubator for the duration of cell culture. 

4.2.4 Live/Dead cell viability assay 

Simultaneous evaluation of cytoplasmic function and membrane integrity was 

carried out using the Live/Dead viability/cytotoxicity kit for mammalian cells (Life 

Technologies Holdings Pte Ltd). This assay provides information about the 

functional status of the cell by detecting cytoplasmic esterase activity. The kit 

consists of two fluorescent dyes - calcein AM and ethidium homodimer. When 

hydrolyzed by cytoplasmic esterase present in live cells, calcein AM shows intense 
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green fluorescence at an emission wavelength of 515 nm, whereas ethidium 

homodimer shows a bright red fluorescence at an emission wavelength of 617 nm 

after binding to DNA in cells where the cell membrane is disrupted (dead cells). The 

microfiber-cell samples were rinsed twice with PBS, and cell viability was assessed 

using the kit according to the manufacturer's protocol. 

4.3 Results and Discussion 

4.3.1 Fabrication and characterization of hollow, porous PLGA microfibers 

The principle of coaxial electrospinning is the same as conventional electrospinning, 

except for modifications in the nozzle. It has 2 separate nozzles i.e. an inner and 

outer coaxial spinneret which renders it capable of simultaneously spinning two 

different polymer solutions to obtain a core-shell fiber structure [4]. PLGA was 

chosen as the shell polymer and the water-soluble PVA as the core. PLGA has been 

used extensively in tissue engineering and found to have good biocompatibility with 

many kinds of cells, the degradation products being lactic acid and glycolic acid, 

which are byproducts of human metabolism and has no major side effects when used 

as a biological material [50]. PVA is also has no obvious biological toxicity and is 

easily soluble in water but is insoluble in organic solvents [52]. These features make 

it convenient for PVA to be removed during subsequent steps via dissolution in DI 

water/PBS, leading to the creation of hollow fibers. PEO, a polymer which is soluble 

in both water and organic solvents was used as the porogen in this process. It was 

mixed with the shell solution prior to electrospinning, and then dissolved and 

removed along with PVA subsequently using an aqueous solution. On removal of 

PEO, apertures are created inside the shell structure now composed only of 

biodegradable PLGA, which makes enhanced transfer of nutrients and other 

necessary molecules possible, into the interior of the fiber during cell culture.  
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Figure 4-1A is a schematic of coaxial electrospinning process involving living cells: 

PVA is dissolved in water/culture media and mixed with PC12 cells at a pre-defined 

density, thereby forming the inner core solution; PLGA/PEO are dissolved in 

chloroform and serve as the outer shell solution. The two solutions are loaded into 

separate syringes and then pushed through the cylindrical coaxial needle by the 

double-clip thrust pump at specified flow rates. Electrospinning is performed under 

the influence of a high-voltage electric field, and results in the production of cell-

encapsulated micron-sized core-shell fibers. Finally, PVA and PEO are selectively 

removed by washing with DI water/PBS or incubating fibers in cell-culture media 

overnight, resulting in the creation of hollow and porous fibers with PC12 cells 

attached to its inside surface. By optimizing electrospinning conditions, uniform 

microfibers with an average diameter of 75 µm (outer) were obtained using a PLGA 

concentration of 15%, PVA concentration of 6%, a tip-to-collector distance of 5 cm 

and a voltage of 10 kV. The flow rates for the shell and core solutions were 

maintained at 50 ml/h and 10 ml/h respectively; this was dependent on the fiber 

diameter produced, with lower flow rates being utilized to fabricated smaller 

diameter fibers and vice versa. Figure 4-1B-C shows optical microscope images of 

coaxial fibers fabricated at optimized electrospinning parameters and indicates the 

hollow structure of the fiber on dissolution of core polymer. Figure 4-1D-E shows 

SEM images of individual microfibers confirming their porous and hollow structure 

respectively. The optical microscope images (Figure 4-1F) demonstrate the hollow 

structure of the microfiber after removal of the core fiber, with water flowing inside 

the shell as shown below. The results demonstrate that the hollow microfibers retain 

mechanical integrity and are liquid permeable, capable of facilitating movement of 

culture media required for cell growth and exchange of nutrients/waste. 
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Figure 4-1. (A) Schematic illustration of fabrication of coaxial PLGA\PVA coaxial 

microfibers with PC12 cells encapsulation; (B, C) Optical microscope images of 

coaxial fibers; (D, E) SEM images showing porous and hollow structure of 

microfibers; (F) Optical microscope images of water flowing inside a hollow coaxial 

microfiber. 
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4.3.2 Parametric optimization 

4.3.2.1 Selection of factors and levels 

Design of Experiments (DOE) is a convenient method to evaluate influence of 

various process parameters/factors on the output. It allows experiments to be 

designed in a systematic manner for gathering data, helping manage process inputs 

to get the best possible output, and producing desirable results compared with 

randomly conducted experiments [58]. There are several parameters affecting 

morphology and size of the fibers during electrospinning. In this study, three key 

process inputs i.e. polymer solution concentration, applied voltage and flow rate 

were selected to study their effect on the process output, i.e. the coaxial fiber external 

diameter. Three levels were selected for each factor and were set as low, medium 

and high. The selected variables and values corresponding to each setting (low, 

medium and high) for all three factors have been summarized in Appendix A5.  

The first part of the study involved keeping two factors constant and varying the 

third to understand the specific influence of each level set on the response. Several 

experiments were conducted each having different concentrations of the shell 

polymer (PLGA) in solution to determine the range within which fibers could be 

obtained i.e. between 10% and 15%. When the polymer concentration was below 

10%, it was observed that the fibers obtained had a diameter around 15 µm, which 

is too small for encapsulation of cells whose size ranges between 9-15 µm. When 

the concentration was above 15%, fibers with a much larger diameter (>100 µm) 

were obtained, which is likely to cause material wastage and unstable jetting. A 

range of voltages between 10 kV and 14 kV was found to be optimum for creation 

of electric field for the electrospinning. Low voltages (<5 kV) are not strong enough 

to stretch the optical fiber to overcome the viscoelasticity and surface tension of the 
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polymer solution; large voltages (>17 kV) created a corona phenomenon at the tip 

of the needle. The range of optimum flow rates for the outer shell (PLGA/PEO=5:1) 

was found to be between 30 ml/h-50 ml/h for production of coaxial fibers having a 

uniform diameter. When the flow rate exceeds 50 ml/h, there is a high chance for 

the occurrence of droplet ejection and formation of beads. A PVA core solution 

concentration of 6% was found to be optimum; very low concentrations (<4%) again 

resulted in beaded fiber morphology, while higher concentrations (>7%) resulted in 

uneven mixing of cells with the solution.  

Next, DOE was applied to determine the experimental run order for collecting data 

and to assess the significance and interdependence of the three selected factors on 

the process output. In this study, the focus of DOE is on the shell fiber diameter 

because the core solution is subsequently removed during cell culture, and the 

structure of the fiber is mainly determined by shell. Analysis of variance (ANOVA) 

for the three factors influencing the coaxial fiber diameter (outer fiber diameter) was 

calculated via Minitab and is shown in Appendix A6 along with the experimental 

design matrix Appendix A7. 

4.3.2.2 Analysis of results 

Figure 4-2A-I shows how process response i.e. outer diameter of the coaxial fibers 

behaved at different experimental settings corresponding to variations in the factors 

selected for performing DOE. As observed from the images, fiber diameter was 

found to decrease with increase in voltage, but increased with increase in both flow 

rate and polymer solution concentration which is consistent with the theory of 

electrospinning [3]. Surface plots were then created based on the data collected, 

showing the response of the output on varying the inputs (Figure 4-2J-L). The plots 

clearly demonstrate that both flow rate and polymer solution concentration have a 
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significant influence on coaxial fiber diameter. In contrast, influence of voltage on 

process output was not as significant, the diameter remaining well below 100 µm 

for all three levels from low to high. 

The size of a PC12 cell as measured using optical microscopy falls in the range of 

10-14 µm. A shell fiber diameter falling between 50~100 µm was considered to be 

optimum for encapsulation of a large number of cells within the fiber. In this regard, 

based on the data captured in Figure 4-2J-L, the optimized parameters required to 

fabricate uniform fibers with a diameter falling in the above-mentioned range were 

determined to be: a shell polymer solution concentration of 15%, voltage of 10 kV 

and a flow rate of 50 ml/h. Maintaining the factors at these levels resulted in 

production of coaxial fibers with an average fiber diameter of ~75 μm. Simultaneous 

increase in concentration and flowrate also resulted in fabrication of very large 

coaxial fibers with diameters ranging from 100-500 μm, capable of encapsulating a 

much larger number of cells. However, there is also a higher chance of contact 

between organic solvents used for dissolution of the shell polymer and dispersed 

cells in this case. The regression model equation obtained via Minitab is shown in 

Equation (4.1) along with factors selected for optimization.  

𝐷 = 37.91 + 11.8725𝑋 − 4.9575𝑌 + 5.0725𝑍 + 8.4538𝑋2 + 0.1988𝑌2 +

     3.9188𝑍2 − 4.3025𝑋𝑌 + 3.9575𝑋𝑍 − 1.3075𝑌𝑍…………………(4.1) 

where D is the diameter of the coaxial fiber (in µm), X is the concentration (in %), 

Y is the applied voltage (in kV), and Z is the flow rate (in ml/h). 

It can be observed from the above equation that concentration of the polymer 

solution is the most significant factor affecting the output i.e. diameter of coaxial 

fiber. The flow rate comes next, whereas voltage was found to be the least influential 
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of the three. This is in line with the data obtained and assessed via optical 

microscopy as shown in Figure 4-2. The equation further indicates that 

concentration of the polymer solution has a marked interactive relationship with 

both applied voltage and flow rate in affecting the magnitude of the response i.e. 

fiber diameter, which is consistent with other findings [67]. However, the interaction 

between voltage and flow rate was comparatively less significant and consistent with 

the P-value (Appendix A6). In addition, the model was found to have an R-squared 

value of 99.46%, indicating a good fitting. 
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Figure 4-2. (A-I) Optical Images (Scale bar: 100 µm) of coaxial fibers fabricated on 

varying selected factors i.e. concentration (%), flowrate (ml/h) and voltage (kV) 

respectively;(A-C) 10%; 30 ml/h; 10,12 and14 kV respectively, (D-F) 10%; 30, 40 and 

50 ml/h respectively; 12 kV; (G-I) 10%, 12.5% and 15% respectively; 50 ml/h; 12 kV;  

(J) Surface plot of diameter vs voltage, flow rate; (K) surface plot of diameter vs 

concentration, flow rate; (L) surface plot of diameter vs concentration, voltage. 

4.3.3 Effect of PLGA and PEO mass fractions on pore size 

The principle used for creation of pores is based on the dissolution capability of PEO 

in both organic and aqueous solutions. The polymer rich-phase comprised of PLGA 

gives the coaxial fiber its structure, whereas both PEO and PVA are removed 

subsequently by dissolution in aqueous solution/culture media, the former producing 

pores on the shell surface and the latter giving the fiber its hollow structure. It 

follows that an increase in concentration of PEO in the shell polymer solution will 

result in the creation of a larger number of pores on its subsequent removal after 

electrospinning. However, concentration of PEO should not exceed a certain 

threshold as this may result in the production of large cracks in the shell, ultimately 

leading to its disintegration.  

Figure 4-3A shows the cross-section of a coaxially electrospun hollow microfiber 

after dissolution of both PVA and PEO. From the zoomed in views Figure 4-3B-C, 

it can clearly be observed that the shell layer is covered with pores from the outer 

wall to inner wall due to the removal of PEO. Most of these pores are connected 

with one another so that the cavities formed within (due to removal of PVA) are 

linked to the outer surface, which is beneficial for enhanced transport of oxygen, 

nutrient and other essential metabolites necessary for cellular activities. Figure 4-

3D-E are partial enlarged views of the microfiber sample, illustrating some of the 

interconnected pores created between inner and outer walls of the PLGA shell after 

dissolution.  
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Figure 4-3. (A) SEM image showing overview of a hollow microfiber comprised of a 

porous shell; (B, D, E) are zoomed in views of image (A); (C) is the partial enlarged 

view of image (B). 

Pores created on the inner wall of the fiber were difficult to assess quantitatively, 

and hence statistical distributions of pore size shown in Figure 4-4 are based on the 

measurements of pores present on the surface of the outer wall of the shell. Different 

porogen concentrations (PEO) were observed to produce varied sizes of apertures 

on the shell fiber, and also simultaneously affect morphology of the electrospun 

fibers as shown in Figure 4-4. All experiments for preparation of fiber samples were 
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conducted with the electrospinning process factors set at values as optimized 

previously. It must be noted that PLGA cannot completely dissolve in chloroform 

once the mass fraction exceeds 1:1.  

 

Figure 4-4. (A, B, E, F) SEM images of coaxial fibers produced at mass ratios of 

(PLGA:PEO) 15: 1, 5: 1, 3: 1 and 1.5: 1 respectively; (C, D, G, H) Histograms of pore 

size measurements in corresponding images. 

Using MATLAB, a fitting curve was drawn to illustrate the relationship between the 

pore diameter and different mass ratios of PLGA and PEO (Figure 4-5). The 



98 

 

equation of the curve obtained meets our findings as illustrated in the histograms. 

 

Figure 4-5. The fitting curve of different mass ratios vs mean size of pores. 

 𝑃 = 9.406 − 3.404 ∗ log𝑒 𝑀…………………………………………………(4.2) 

 where P is pore diameter (in µm), and M is the mass ratio (in %).  

As validated by Equation (4.2) of the fitting curve (Figure 4-5), it was observed 

that larger mass fractions of PEO caused larger pores to form on the surface of the 

shell fiber and are also uniformly distributed throughout the surface. It is assumed 

that this applies to the entire shell structure as PEO is equally distributed in the shell 

after electrospinning; on its removal by water/culture media, the pores should be 

created uniformly throughout the shell. When the mass ratio approaches 1.5:1 

(PLGA:PEO), the size of apertures created are large (Figure 4-4F), resulting in the 

formation of cracks which may ultimately lead to the disintegration of the fiber 

structure. This may result in cells migrating outside of the hollow fibers, which is 

not consistent with the purpose of this study i.e. to constrain the growth of cells 

within the hollow fibers to form a 3D network. On the other hand, a bigger pore 

diameter may also ensure a higher efficiency of transporting nutrients, oxygen and 

metabolites, which is beneficial for cell growth and proliferation. Considering both 
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the above-mentioned points, a mass fraction of 3:1 is optimum for creation of an 

appropriate pore size of ~3.8 µm, that is 15% PLGA mixed with 5% PEO. When 

mass ratios are further reduced to 15:1 and 5:1, the diameters of the pores are ~1.70 

µm and ~1.92 µm respectively which are too low. Increasing the mass ratio to 1:1 

results in pore diameters of ~10.2 µm, which is too large and leads to formation of 

cracks on the shell surface. 

4.3.4 In vitro cell culture 

4.3.4.1 Cell encapsulation and growth  

To evaluate the application of this optimized hollow porous microfiber system for 

in vitro 3D neuronal culture in tissue engineering applications, PC12 cells derived 

from a pheochromocytoma of the rat adrenal medulla were used, as they can easily 

differentiate into neuron-like cells with long processes [59]. The cells were 

subcultured and passaged in T-75 flasks and on reaching the required number was 

mixed with PVA solution, which in turn was prepared using cell culture media. This 

was used as the core polymer solution and core-sheath electrospinning was carried 

out inside a biosafety cabinet (BSC) to obtain core-shell microfibers with cells 

encapsulated inside. The microfiber samples were collected on glass coverslips and 

immediately transferred into a 6-well plate containing cell culture media for further 

culture and placed inside the 37°C incubator overnight. The next day, culture media 

was removed, and the cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) 

diluted in Phosphate-buffered saline (PBS) to visually assess encapsulation of cells 

inside the microfibers using fluorescence microscopy.  

It was observed that majority of the cells were encapsulated within the hollow fiber 

and were attached to the inside wall of the shell layer, occupying about 20-50% of 

the surface depending on the diameter and size of the fiber. Figure 4-6A-B shows 
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both optical and fluorescence images of 3D hollow microfibers with cells 

encapsulated within one day after the electrospinning, therefore verifying the 

feasibility of the hollow fibers for culturing of cells in vitro. The cells were found to 

align themselves along the direction of the microfiber due to the constraints of the 

shell structure, highlighting the potential of this design for aligned cell culture; for 

example, in neurons where external cues and guidance may be necessary for the 

formation of neuronal networks. After 3 days of culture, the cells were found to 

spread throughout the length of the microfiber as shown in Figure 4-6C. 

 

Figure 4-6. (A-B) Optical and corresponding fluorescence microscopy images of 

PC12 cells inside hollow coaxial microfibers on D1; (C) Fluorescence microscopy 

image showing cell distribution inside hollow coaxial microfibers on D3; DAPI was 

used to stain nuclei (blue). 

Furthermore, the same experiment was carried out by varying the concentration of 

the shell solution (PLGA) to obtain a wide range of fiber diameters ranging from 75-
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450 µm. On staining with DAPI on day 1, the smaller diameter fibers (below 100 

µm) were observed to have fewer cell clusters and the cells were spread out in a 

relatively more uniform manner inside the hollow fiber (Figure 4-7A-B). On the 

contrary, bigger diameter fibers contained more cells, the cells tended to form 

clusters and were far apart from each other as shown in Figure 4-7C-D. Clustering 

of the cells may be due to the lack of functionalization of the fiber surface with 

protein coatings such as collagen or laminin on the shell to make it more conducive 

for attachment of cells. In addition, cell numbers are required in the case of bigger 

diameter fibers to ensure a more even distribution of cells on the inside surface 

depending on application. This demonstrates the flexibility of this platform for 

creating a range of hollow fibers with different diameters for various tissue 

engineering applications. 

 

Figure 4-7. (A-D) Fluorescence microscopy images of PC12 cells inside hollow 

coaxial microfibers with increasing diameters ranging from 90-490 µm; DAPI was 

used to stain nuclei (blue). 
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4.3.4.2 Cell viability 

The viability of PC12 cells attached within the hollow microfibers after the 

electrospinning process was assessed on days 3 and 7, in order to ascertain the long-

term biocompatibility and cytotoxicity of the substrate. Corresponding fluorescence 

microscopy images are shown in Figure 4-8A-B and Figure 4-8C-D respectively. 

As observed, the encapsulated PC12 cells cultured inside the hollow microfibers 

showed excellent survival after the electrospinning process at both timepoints. The 

results indicate that the high voltage utilized during electrospinning is not 

detrimental to the cell survival and they continue to adhere and grow normally inside 

the hollow structure of the microfibers. Furthermore, the hollow microfiber platform 

was observed to support cell survival for a period of 7 days after encapsulation, thus 

confirming the feasibility of this substrate for long term in vitro culture. In addition, 

it was observed that in samples having smaller fiber diameters (<100 µm), the cells 

showed excellent survival with few or no dead cells, whereas in bigger diameter 

fibers, the cells were very sparsely distributed, and most cells did not survive. As 

mentioned previously, this is perhaps owing to uneven and low distribution of cells 

inside the fibers as well as exposure to toxic solvent. However, in the smaller 

diameter fibers the cells were found to survive and proliferate occupying 30-50% of 

available fiber surface during the three days of culture. The results demonstrate that 

the encapsulated cells are not only able to survive the electrospinning process but 

also capable of remaining viable within the entrapped environment for long periods. 

Although organic solvents such as chloroform can easily cause cell degeneration and 

death, in this study, cells and polymer solutions were loaded separately into two 

syringes and the cells were mixed with PVA solution prepared using culture media 

to maintain viability. Rapid solvent evaporation and fiber solidification all greatly 
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reduce the time of direct contact between cells and organic solvent, ensuring cell 

survival and further growth.  

 

Figure 4-8. Fluorescence microscopy images of cell viability analysis: Live\dead 

viability test performed on D3 (A-B) and D7 (C-D) after electrospinning; Green: 

Calcein AM indicating live cells, red: Ethidium homodimer indicating dead cells. 

Taken together, we have developed a tunable 3D hollow microfiber-based platform 

fabricated via coaxial electrospinning for supporting long-term in vitro culture of 

encapsulated cells encapsulated. Although, cell electrospinning has been 

investigated in previous studies [27, 41], to the best of our knowledge, the present 

findings represent the first description of hollow and porous microfibers for 

enhanced transfer of essential nutrition and metabolic waste between interior and 

exterior environments. In addition, we have also studied the effect of fiber diameter 

on cell distribution and viability, demonstrating the biocompatibility of this platform 

for long-term cell culture.  

While this substrate holds potential for constrained and directional cell culture i.e. 

in the case of neuronal or muscle tissues, the system is not without limitations. For 
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instance, the large number of process parameters/materials involved makes it 

challenging to consistently fabricate core-sheath fibers with a uniform diameter. In 

addition, this also increases the risk of external contamination, especially in stem 

cell-based cultures which normally do not rely on antibiotics such as penicillin-

streptomycin, as they can induce changes in gene expression and regulation [60]. 

Furthermore, the presence of toxic organic solvents such as chloroform during the 

fabrication process is another limiting factor in using this process for encapsulating 

more sensitive cell lines. PLGA is intrinsically superhydrophobic and requires 

additional post-processing steps such as plasma treatment to improve surface 

wettability for facilitating cell adhesion and infiltration of culture media. The direct 

fabrication of cell-scaffold structure also leaves no room for additional biomolecular 

functionalization of the fiber surface, which is essential for human pluripotent stem 

cell-derived neuronal adhesion as well as formation of neurites [61]. The high flow 

rates of polymer solutions utilized during the coaxial electrospinning process in turn 

necessitates suspension of large cell numbers within the core PVA solution to avoid 

sparse distribution of cells within the fibers during the subsequent fabrication 

process. Although this is convenient when using rapidly proliferating immortalized 

cell lines, it can be challenging to generate large numbers of cells when working 

with patient-derived iPS cell lines. Further work is required to develop this platform, 

both to achieve a controlled cellular distribution within the microfibers and to 

explore how it can be optimized to build functional 3D tubular in vitro neuronal 

networks. 

 4.4 Conclusion 

We have successfully developed a tunable, porous and hollow microfiber-based 

platform for in vitro cell culture via coaxial electrospinning by making use of a core-
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shell spinneret. DOE methodology (via Minitab) was utilized to determine the 

experimental run order in optimizing the key process parameters and building a 

model equation using regression analysis to estimate the effects of varying inputs on 

the process response i.e. outer fiber diameter. The electrospinning parameters were 

optimized to a polymer solution concentration of 15%, applied voltage of 10 kV and 

a polymer solution flow rate of 50 ml/h to produce uniform coaxial fibers with an 

average diameter of ~75 µm. In addition, the effect of different PLGA and PEO mass 

fractions on pore size was studied and the best ratio of these two polymers was 

determined to be 3:1 to create appropriately sized pores inside the shell as well as 

maintain the mechanical integrity of the fiber construct. Finally, the feasibility of 

this hollow and porous microfibrous substrate for cell encapsulation and growth was 

examined by mixing PC12 cells inside the core PVA solution prior to 

electrospinning.  

The encapsulated cells were observed to attach, survive and proliferate within the 

hollow microfibers for a period of 7 days. Moreover, the cells cultured within the 

coaxial fibers have the advantage of being protected from the outside environment. 

The pores created in the shell serve as conduits for enhanced exchange of nutrients 

and other biomolecules necessary for cellular activities. Taken together, the results 

demonstrate the potential of this porous, hollow microfiber-based platform for 

constrained and guided in vitro cell culture in tissue engineering. The flexibility of 

the microfiber system in enabling control over the degree of permeability, fiber 

diameter and confinement of encapsulated cells signifies its potential for designing 

biohybrids having practical applications in biosensors, bioremediation and 

regenerative medicine.  
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CHAPTER 5 Wet electrospun synthetic polymer-based fibrillar 

substrate 

The work presented in Chapters 5 and 6 is largely based on the following 

publication: Vivek Damodar Ranjan, Lifeng Qiu, Jolene Wei-Ling Lee, Xuelong 

Chen, Se Eun Jang, Chou Chai, Kah-Leong Lim, Eng-King Tan, Yilei Zhang, Wei 

Min Huang, Li Zeng. “A microfiber scaffold-based 3D in vitro human neuronal 

culture model of Alzheimer's disease.” Biomaterials Science 8 (17) (2020) 4861-

4874. http://dx.doi.org/10.1039/D0BM00833H. 

5.1 Background 

As discussed in Chapter 4, conventional electrospinning involves the continuous 

deposition of fibers on a flat plate or aluminum foil collector, eventually forming a 

2D mat-like structure with closely packed fibers. The inherently small pore size of 

such 2D electrospun mats do not allow adequate cellular infiltration or tissue 

ingrowth, resulting in monolayer culture with cells attaching and growing only on 

the topmost layer of fibers [1]. A fluid-based collector consisting of a beaker filled 

with a low surface tension liquid such as ethanol or isopropanol can be used 

alternatively, to fabricate 3D macroporous, non-woven scaffolds which permits 

higher cell infiltration and thus forms the basis of a technique called wet 

electrospinning [2]. 

In this study, we electrospin PLGA fibers into a grounded, highly concentrated 

ethanol solution to fabricate microtopographic scaffolds, aimed at achieving 3D in 

vitro neuronal culture via subsequent encapsulation of hESC derived neural 

progenitors. Various scaffold parameters such as fiber diameter, pore size, porosity 

and hydrophilicity of the fibrillar substrate were optimized to enhance cellular 

http://dx.doi.org/10.1039/D0BM00833H
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infiltration, distribution, attachment, viability and neuronal differentiation inside the 

scaffold. In addition, fluorescent calcium imaging was carried out to assess the 

ability of the 3D microfiber scaffolds to support formation of neural circuits as well 

as facilitate spontaneous electrophysiological spiking activity of encapsulated 

neurons. Calcium (Ca) ions are intracellular messengers and play a key role in 

multiple intracellular signaling pathways in neurons, thereby controlling several 

significant functions in the central nervous system such as cellular proliferation, 

migration, differentiation and the formation of neural networks including the 

initiation of long term potentiation/depression in synaptic plasticity [3]. 

5.2 Materials and Methods 

5.2.1 Fabrication of 3D microfiber scaffolds 

PLGA (L-lactide/Glycolide ratio of 82/18; inherent viscosity midpoint = 1.8 dl/g) 

was purchased from Purac. The precursor solutions were prepared by dissolving the 

polymer in a binary solvent comprised of chloroform and dimethylformamide 

(DMF) at concentrations optimized to obtain continuous fibers with a consistent 

diameter. The polymer solution was fed into a 1 ml plastic syringe with a stainless-

steel 20G blunt needle, mounted on a syringe pump (Longer pump LSP01-1A) and 

connected to the positive electrode of a high-voltage DC power supply (Dongwen 

High Voltage). 2D fibrous mats were fabricated by deposition of fibers on a 

grounded aluminum foil collector placed at a working distance of 10 cm from the 

needle.  

Fabrication of 3D microfiber scaffolds involves 3 distinct steps. Firstly, microfibers 

were deposited into a grounded borosilicate beaker containing 95% ethanol by 

spinning for a duration of 90 seconds [2]. The low surface tension of ethanol allows 

fibers to sink below the surface giving it a 3D structure. Next, 3D microfibers were 
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transferred to a 48-well plate where ethanol is replaced by washing thoroughly in 

deionized (DI) water, the volume of DI water varied as necessary for tuning pore 

size. In order to ensure uniform distribution, fibers are homogenized in solution 

through orbital shaking (Cole Parmer Compact Orbital Shaker; 230 VAC, 50 Hz) at 

250 rpm for 4 hours. This generates aqueous solutions containing different 

concentrations of electrospun fibers, solutions with lower fiber concentration 

yielding higher pore size values. In particular, 40 mg of polymer solution was 

electrospun and fibers were dispersed into 7.5 ml, 11 ml and 15 ml of DI water to 

yield aqueous solutions having concentrations of 5.3, 3.6 and 2.6 mg·ml-1 

respectively. The homogenized fiber solutions were lyophilized for 24 hours to 

conserve its 3D geometry, obtaining fluffy and cylindrical microfibrous scaffolds 

composed of 10 mm diameter and 3 mm thickness. These were dried under vacuum 

at room temperature for an additional 24 hours to remove all traces of cytotoxic 

residual organic solvents utilized during the fabrication process.  

5.2.2 Characterization of fiber diameter and pore size 

Fiber diameter and surface morphology of 2D and 3D electrospun PLGA 

microfibers were analyzed using a field emission scanning electron microscope (FE-

SEM, JEOL 6340F). The electrospun 2D fiber mats were sputter coated with gold 

for 20 seconds using a current of 20 mA (JEOL JFC 1600 Auto Fine Coater) and 

studied under the FE-SEM at an accelerating voltage in the range of 5-8 kV. In the 

case of 3D scaffolds, sputter coating step was omitted to prevent fibers from 

collapsing and causing damage to its 3D structure; a lower accelerating voltage of 

1-3 kV along with a fast scanning rate was utilized to visualize the fibers. Fiber 

morphology and diameter were analyzed at 5000 magnification, whereas 250-

1000 magnifications were used to identify and estimate approximate pore size of 
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scaffolds. ImageJ software (National Institutes of Health) was used to analyze pore 

size distribution and fiber diameters for a minimum of 40 random samples in five 

SEM micrographs for both 2D and 3D fiber constructs respectively (n=3). 

 5.2.3 Porosity measurement 

Gravimetric method and liquid displacement methods were used to determine the 

total porosity of lyophilized 3D PLGA microfiber scaffolds. Gravimetry involves 

the use of equation “Total porosity = 1- [(m/v)/ƍm]” where “m” is mass of scaffold 

(g), “v” is the volume of scaffold (cm3) and ƍm is the density of PLGA (1.32 g.cm-

3). The geometry of the scaffold was measured using a caliper. Liquid displacement 

method makes use of the Archimedes principle to determine porosity fraction. The 

scaffolds are first immersed in 5 ml (V1) of ethanol inside a measuring tube and the 

increase in volume is measured (V2). Twelve hours later, scaffolds were removed to 

measure remaining volume of ethanol in the tube (V3). The porosity fraction is then 

calculated using the equation “Total porosity = (V1-V3)/(V2-V3)”.  

5.2.3 Plasma treatment and sterilization 

Air plasma treatment of electrospun 3D PLGA microfiber scaffolds was carried out 

using a PDC-001 plasma cleaner (Harrick Scientific Corporation). Lyophilized 

scaffolds were placed in the plasma cleaner chamber and plasma discharge was 

applied for 120 seconds with radio frequency power set as 30W under vacuum mode. 

X-ray photoelectron spectroscopy (XPS) measurement was performed on an AXIS 

Supra X-ray photoelectron spectrometer (Kratos Analytical Ltd). Plasma treated 

scaffolds were transferred to a new 24-well plate and sterilized by ultraviolet (UV) 

irradiation for 1 hour followed by pre-treatment with 70% ethanol overnight. 

Finally, scaffolds were washed thoroughly with sterilized DI water 3-4 times to 

remove all traces of ethanol before surface coating. 
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5.2.4 Water contact angle measurement 

The water contact angle for 3D PLGA microfiber scaffolds was measured before 

and after plasma treatment using an optical tensiometer (Dyne Technology) 

equipped with a camera via sessile drop technique. Uniform 2D fiber mats of 100 

µm thickness were electrospun on square glass coverslips placed on the grounded 

aluminum foil (5 samples). DI water was used for drop formation on the fiber mat 

with a droplet size of 10 µl. Contact angle is defined as the angle made by the 

intersection of the liquid/solid interface and the liquid/air interface. Mean value of 

both left and right contact angles on 5 different regions of interest on 3 samples was 

determined. This value is a measure of surface wettability, which in turn reflects the 

hydrophilicity of the scaffolds. All experiments were conducted in ambient 

conditions and were performed at least 5 times per sample. 

5.2.5 Compression testing 

The compressive mechanical properties of 3D PLGA microfiber scaffolds were 

determined by compression testing using MTS criterion Model 43 

Electromechanical Universal Test System, with a crosshead speed of 10 mm/min. 

3D PLGA microfibers were freeze dried in a 24-well plate to obtain cylindrical 

scaffolds corresponding to the dimensions of the well ( 18 mm and 12.5 mm in 

height). Mechanical testing was done to determine stiffness of the scaffold in both 

dry and wet conditions (5 samples each). For testing under wet condition, scaffolds 

were pre-wetted with phosphate-buffered saline (PBS) at 37oC. A small preload was 

applied to each sample before the compression test to ensure that the entire scaffold 

surface was in contact with the plates. The compression stress-strain curves were 

plotted for both groups of samples; strain was calculated using displacement of the 

crosshead and Young’s modulus (E) in each case was determined by analyzing 
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average slope of the initial linear portion of the graph (below 40% compressive 

strain).  

5.2.6 Surface coating of 3D PLGA microfiber scaffolds 

First, 0.005% Poly-L-Ornithine (PLO) (Sigma) solution was used to soak the 3D 

scaffolds followed by incubation at 37oC for 24 hours. Next, the scaffolds were 

washed gently with DI water and laminin (Life Technologies Corporation) at a 

working concentration of 20 μg/ml diluted in DMEM/F12 culture media (Gibco) 

was used to coat them, again followed by incubation at 37oC for 48 hours. Finally, 

excess laminin was aspirated, and appropriate culture media added to commence 

cell seeding. 

5.2.7 hESC maintenance and neuronal differentiation 

Human embryonic stem cells (hESC) were obtained from ES Cell International. The 

cells were maintained in mTeSR1 media (StemCell Technologies) on Matrigel 

coated dishes (Corning). Media change was performed daily until 70% confluency 

was obtained. To expand hESC/iPSC cultures, dispase (StemCell Technologies) was 

used to dissociate cells into clumps. ROCK inhibitor (10 µM) was added into media 

during either passage, freezing and thawing steps to promote cell survival. hESC 

were differentiated into frontal cortical neurons using Dual SMAD inhibition 

protocol in both 2D and 3D culture formats [4]. Briefly, to initiate embryonic body 

(EB) formation, cells were dissociated with accutase (Gibco) at D2 and seeded onto 

6-well culture plates (Thermo Fisher Scientific) in mTeSR1 media supplemented 

with ROCK inhibitor. From D0-D4, media was replaced with Dual SMAD 

inhibition media containing DMEM/F12 (Gibco), Neurobasal media (Gibco), non-

essential amino acids (Gibco), GlutaMAX (Gibco), N2 supplement (Life 

Technologies), B27 supplement with vitamin A (Life Technologies), 0.1 µM 
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LDN193189 (Stemgent) and 10 µM SB431542 (Cellagen Tech) every 2 days until 

D5. Thereafter, EBs were transferred into Matrigel coated dishes with daily media 

change until D12. At this stage, induced neural progenitor cells (NPC) were 

dissociated using accutase and re-plated onto Matrigel coated dishes in NPC 

maintenance media (DMEM/F12 with glutamine, B27 supplement without vitamin 

A, N2 supplement and 20ng/ml bFGF (StemCell Technologies) with daily media 

change.  

Cells continue to remain at NPC stage from D12 until media is replaced with 

neuronal differentiation media. At passage 3-6, NPC were seeded onto 3D scaffolds 

(2.5  106 cells/cm2) respectively. Cell seeding density and cell suspension volume 

for scaffolds was optimized to 5  106 cells and 200 µl per scaffold respectively. 

After seeding, scaffolds were immediately placed on an orbital shaker and agitated 

for 20 minutes at 70 rpm, to ensure deeper and uniform cell penetration to all regions 

within the scaffold [5]. Thereafter, top up of NPC maintenance medium was done 

and samples were incubated at 37oC with 5% CO2. Media change was done daily 

with neuronal differentiation media containing neurobasal media, non-essential 

amino acids, GlutaMAX, B27 with vitamin A, 2.5µM DAPT (Tocris), 10ng/ml 

BDNF (Sigma), 10ng/ml GDNF (Sigma), 200µM ascorbic acid (Sigma) and 0.5mM 

db-cAMP (Sigma) until D19 after which the cells were harvested.. 

5.2.8 Immunocytochemistry  

Immunofluorescence staining was performed to characterize phenotypic changes to 

cells that occurred over the course of proliferation or differentiation culture. Cell-

laden samples were rinsed in 1PBS and fixed using 4% paraformaldehyde (Hito) 

for 30 min at room temperature. Next, cells were permeabilized in 0.1% Triton X-
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100 (Biochemica) for 30 min and blocked in 1% bovine serum albumin (BSA) 

(Sigma) for 45 min at room temperature. Cells were then incubated overnight at 4oC 

with primary antibodies: mouse anti-TuJ1 (1:400, Millipore), rabbit anti-Ki67 

(1:200, Abcam), mouse anti-Nestin (1:400, Millipore). Cells were then fluorescently 

labelled with appropriate secondary antibodies: goat anti-rabbit Alexa Fluor 555 

(1:250, Invitrogen) and donkey anti-mouse Alexa Fluor 488 (1:250, Invitrogen) 

overnight at 4oC, and counterstained with fluorescent nuclear dye 4′,6-diamidino-2-

phenylindole dihydrochloride (DAPI, 1:200, Sigma). To examine cell apoptosis, 

terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labelling 

(TUNEL) staining assay was done according to manufacturer's protocol (Roche). 

5.2.9 Cryosectioning and immunofluorescence confocal microscopy 

Cell-laden labelled microfiber scaffolds were embedded in Tissue-Tek O.C.T. 

Compound (Sakura) at -20oC. Thereafter, a cryotome was used to obtain frozen 

sections of 40 µm thickness which were mounted on poly-lysine adhesive glass 

slides using Dako fluorescent mounting medium. Confocal scanning laser 

microscopy (Olympus Fluoview FV1000) was used to capture fluorescence/bright-

field images of both coverslips as well as 3D scaffold sections at desired 

magnifications. Five random, separate fields for each sample were recorded 

followed by image analysis using custom ImageJ macros for region of interest (ROI) 

selection and cell counting. Constant image size, magnification, and imaging 

parameters were used for all measurements. Positive cells were defined as cells with 

fluorescence intensity three times or more above background level. First, the images 

were split into separate channels using stack viewing option in ImageJ [6]. The 

images were then converted to binary style and the pixel intensity threshold values 

were adjusted to a suitable level to identify individual cells. In the case of images 
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containing densely packed cells, the watershed segmentation algorithm within 

ImageJ was used to delineate nuclear boundaries in both 2D and 3D binary images 

after converting them to masks [7]. Next, the Analyze Particles tool was used to 

filter out different sizes of particles and count only those objects which are very 

circular by adjusting the Circularity range numbers in the segmented images. This 

process of cell counting was done for all channels in each image which correspond 

to the specific antibodies stained including DAPI. Finally, the average percentage 

ratios of the total cell number stained for each marker to that of DAPI were 

determined and the corresponding data were plotted using bar charts for the 

respective groups (2D and 3D). 

5.2.10 Primary neuronal culture 

Brains of D18 embryos obtained from pregnant Sprague Dawley rats were dissected 

using a pair of forceps to isolate the cortex under a microscope. Cortical neurons 

were obtained from the tissue using papain dissociation protocol and then plated on 

to laminin coated 3D PLGA electrospun scaffolds placed inside glass bottom dishes 

at a seeding density of 10-15 million cells/ml. The scaffolds are then shaken using 

an orbital shaker for 15 mins to ensure an even spread of cells. For 2D controls, the 

glass bottom dishes were coated with poly-d-lysine (PDL) and cells were seeded at 

a density of 120000-200000 cells/ml. Neurobasal media supplemented with l-

glutamine, pen-strep, B27 and 10% FBS is topped up to 3 ml. Culture media (without 

FBS) is changed once every two days subsequently and culture is continued for 2 

weeks. 

5.2.11 Calcium imaging 

Cells were stained using Hoechst 33342 (1:1000, Abcam) and Fluo-4 AM (1:100, 

Thermo Fisher Scientific) on D16 according to manufacturer’s protocol. The 
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staining solution was diluted using PBS supplemented with glucose (Thermo Fisher 

Scientific). Live cell imaging was carried out on a widefield fluorescent microscope 

after 30-60 mins of incubation at 37⁰C. A 20 objective, auto exposure of 20 ms, 

gain multiplier of 60, conversion gain of 3.7 and light intensity rating of 8 are used 

to capture times lapse images of calcium transients of the live cells at 37⁰C in both 

2D and 3D formats.  

5.2.12 Statistical analysis 

All experiments were performed in triplicates at a minimum of three independent 

events, and the results presented are representative data sets. Statistical analysis was 

performed using unpaired Student’s two-tailed t-test. Quantitative data were 

expressed as mean ± standard deviation (SD). Differences were considered 

statistically significant when p* < 0.05 (GraphPad, Prism). 

5.3 Results and Discussion 

5.3.1 Fabrication and characterization of 3D PLGA microfiber scaffolds 

PLGA was chosen for electrospinning due to its well-documented biodegradability, 

non-cytotoxicity, sterilizability and biocompatibility [8, 9]. Moreover, it is synthetic 

and therefore circumvents the immunogenicity and variability issues of animal 

derived Matrigel used in previous AD models. In addition, neural stem cell culture 

on 2D films of PLGA has been shown to elicit increased neural differentiation and 

neurite outgrowth compared with other commonly used polymers such as poly(L-

lactide-co-ε-caprolactone) (PLCL) and poly(L-lactic acid) (PLLA) [10].  

Firstly, the fabrication process parameters were tuned to obtain randomly oriented, 

continuous, bead-less microfibers with a uniform diameter using conventional 

electrospinning (Table 5-1). 2D fiber mats obtained using this method had a fiber 
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diameter ranging between 1-2 µm and pore size ranging between 2-15 µm, resulting 

in closely packed planar structures with compact layering of fibers. Each layer sits 

directly below the other preventing infiltration of rounded cells whose size typically 

ranges between 5-20 µm [11] into inner regions of the scaffold. 

Table 5-1. Optimized process parameters for fabrication of PLGA scaffolds. 

Electrospinning parameters - PLGA 

Inherent Viscosity (dl/g) 1.5 - 2.0 

Concentration (%) 10 

Chloroform : DMF 7:3 

Flow Rate (ml/hr) 0.8 

Needle 20 G blunt 

Working Distance(cm) 10 

Voltage (kV) 10 

Scaffolds fabricated via traditional electrospinning produce fibers with diameters 

ranging around few hundred nanometers, mimicking native ECM in its fibrillary 

structure and not in terms of spatial characteristics [12]. Nanofibrous substrates have 

low porosities and poor pore distribution with pore sizes ranging less than 10 µm, 

composed of densely packed planar pseudo-3D structures hindering volumetric cell 

infiltration [13]. This results in cells experiencing a 2D growth pattern which is 

similar to Petri dish-based monolayer cultures [14]. An optimum pore size is vital 

for allowing cells to penetrate inside the scaffold, at the same time encapsulating 

and preventing them from dropping directly to the bottom. 

Consequently, we used a wet-electrospinning technique [2], replacing the solid 

aluminum collector with a grounded ethanol bath to increase fiber dispersion and 

reduce fiber bonding (Figure 5-1A). Ethanol is a low surface tension liquid and 
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allows fibers starts to sink beneath the surface giving the scaffold its 3D structure. 

The concentration of ethanol was then optimized, higher concentrations allowing 

better suspension of the fibers inside the bath. Pore size decreased with increase in 

concentration of 3D microfiber solutions (Figure 5-1B). This trend continued until 

a threshold was reached after which no change in pore size was observed. Maximum 

pore size and interfiber spacing were obtained by dispersing microfibers in DI water 

at a concentration of 2.6 mg·ml-1. Interfiber spacing within the 3D PLGA scaffolds 

ranged between 10-100 µm and the average pore size was 35.04 ± 21.09 µm. SEM 

imaging was utilized to delineate the morphology of 2D and 3D microfiber 

constructs (Figure 5-1C). 2D mats were composed of fibers which were mostly 

straight, whereas wet-electrospun fibers had a loose, curved structure though all 

process parameters were identical.  

Pore size of wet electrospun 3D scaffolds was significantly larger (p < 0.001) than 

corresponding 2D mats (Figure 5-1D-E), however, no significant change was 

observed in average diameter of individual PLGA fibers (1.96 ± 0.16 µm) between 

them. Various pore shapes were randomly distributed within the 3D microstructure 

in an interconnected fashion. In addition, fiber diameter was maintained between 1-

2 µm to increase pore size and interconnectivity [15], thus ensuring a true 3D 

environment for cell infiltration, attachment and growth. It is also a key topographic 

factor in regulating neural stem cell (NSC) fate, with diameters below 500 nm 

resulting in higher degree of cell spreading and proliferation, ultimately leading to 

differentiation of NSC into glia [16, 17]. On the contrary, as fiber diameter increases 

(~1 µm), cells are reported to show decreased migration, spreading and proliferation, 

preferentially differentiating into neuronal lineage [16, 18]. 
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In addition to pore size and pore interconnectivity, porosity is another key factor 

which dictates the extent of cellular infiltration, tissue ingrowth and diffusion of 

essential molecules into the scaffold. The average porosity fraction of the 

lyophilized 3D PLGA microfiber scaffolds as measured using both gravimetric and 

liquid displacement methods was ~0.988. This confirms that the wet electrospun 

scaffolds have large, interconnected pores with significantly lower fiber packing 

densities compared with 2D fiber mats, thereby enabling cells to infiltrate easily into 

its inner regions. Taken together, highly porous microfiber scaffolds of 2-10 mm 

thickness with an average pore size of ~40 µm were fabricated. The cell-seeding 

paradigm was optimized subsequently via orbital shaking to achieve deep and 

uniform cell-infiltration of more than 1 mm from the scaffold surface.  
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Figure 5-1. Preparation and pore size optimization of 3D PLGA microfiber scaffolds. 

(A) Schematic of wet-electrospinning process; (B) Variation in pore size of 3D PLGA 

scaffold with changing microfiber concentration; (C) FE-SEM micrographs showing 

microfiber morphology and distribution in 2D and 3D scaffolds respectively (Scale 

bar: 10 µm); Pore size distribution of PLGA (D) 2D & (E) 3D microfiber scaffolds; Data 

is expressed as mean ± SD (n = 3). 
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5.3.2 3D PLGA microfiber scaffolds exhibit enhanced wettability after surface 

treatment 

PLGA is intrinsically superhydrophobic in nature, its contact angle ranging over 

140o, and prohibiting wetting of the porous structure by water/cell culture media. 

Hence, scaffolds were subjected to atmospheric air plasma treatment to bring the 

contact angle down to an intermediate wettability range (~77o), facilitating cell 

attachment as well as infiltration of culture media [19]. Maintaining the polymer 

fiber surface at intermediate wettability has been shown to maximize both cell 

adhesion and protein coating adsorption, which is vital in preventing cell 

clustering/clumping [20, 21]. A significant reduction in contact angle (p < 0.001) 

from 139.56⁰ ± 1.56⁰ to 77.4⁰ ± 7.47⁰ was obtained after plasma treatment (Figure 

5-2A), thus improving hydrophilicity of the PLGA scaffolds.  

Changes in chemical compositions of PLGA fiber surfaces before and after plasma 

treatment were investigated by XPS. Low resolution XPS spectra for PLGA (a) 

before and (b) after plasma treatment are presented (Figure 5-2B). It shows two 

main contributions corresponding to C1s at ~285 eV and O1s located at ~531 eV 

due to the chemical structure of PLGA, characterized by presence of oxygen in the 

polymeric chain, and the O/C content being slightly increased after plasma 

treatment. In addition, high-resolution XPS measurements indicated a shift showing 

increase in the ratio of carbonyl group in the plasma treated sample and a 

corresponding decrease in –C–O– bonds, again contributing to hydrophilicity of the 

sample (Appendix A8) [22]. Plasma treatment renders fibers amenable to 

functionalization via adsorption of biomolecules for improving cell adhesion. In this 

regard, laminin was incorporated on both 2D and 3D substrate surfaces via physical 

adsorption to provide integrin binding receptors for cells of neural lineage, promote 
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NPC adhesion including differentiation into neurons and neurite outgrowth [23]. 

Physical adsorption of laminin was further enhanced using a pre-adsorbed poly-l-

ornithine (PLO) layer on both 2D and 3D substrate surfaces [24, 25], thereby 

augmenting cell-material interactions without dramatically affecting morphological 

features of the scaffold. 

 

Figure 5-2. Characterization of 3D PLGA microfiber scaffolds. (A) Water contact 

angles of 3D microfibrous scaffolds before and after plasma treatment; (B) Low 

resolution XPS spectra of PLGA microfiber surface (a) without and (b) with 

atmospheric air plasma treatment (300 s); (C) Stress-strain curves obtained for 3D 

PLGA microfiber scaffolds tested under dry and wet conditions; (D) Compressive 

moduli determined for dry and wet condition testing; Data is expressed as mean ± SD 

(n = 5), ***p < 0.001. 



128 

 

5.3.3 3D PLGA microfiber scaffolds are comparable to brain ECM in terms of 

matrix stiffness  

In addition to physical and geometric cues, stem cells can mechanosense the stiffness 

of their microenvironment, which plays a major role in modulating cell survival, 

growth and lineage/phenotype-specific differentiation [26] Softer substrates (<1 

kPa) have been shown to promote neuronal differentiation, whereas stiffer substrates 

(∼10 kPa) lead to glial differentiation [27]. The resistance which a cell feels when 

it deforms the ECM is measured by the elastic constant E of the matrix or 

microenvironment. Lyophilized 3D PLGA microfiber scaffolds displayed good 

elasticity/resilience and could be pressed to large deformations without failure. On 

removal of compressive force, the scaffolds nearly regained their original shapes 

instantaneously. In addition, the mechanical properties of microfiber scaffolds in 

wet state i.e. in PBS at 37oC was also assessed in order to simulate body conditions.  

The engineering stress-strain curves for 3D PLGA scaffolds in both dry and wet 

conditions are as plotted (Figure 5-2C). The patterns were similar in both cases i.e. 

large strains being observed for small load increments, and subsequent marked 

continuous stiffening with increasing compression loads. A linear elastic regime was 

observed when compressive strain < 40% and a sharp stress-increasing regime for 

higher strains. When compressive strain increased beyond 60%, it led to complete 

pore collapse and clogging leading to a densification regime. Compression moduli 

of 1.2 ± 0.17 kPa and 1.09 ± 0.4 kPa were obtained for dry and wet conditions 

respectively (Figure 5-2D), no significant difference in stiffness being observed 

between them. These values are close to the stiffness of brain ECM, elastic modulus 

of brain tissue ranging around 0.5-1 kPa [28]. This confirms that wet-electrospun 

3D PLGA microfibrous scaffolds are capable of mimicking mechanical properties 
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of in vivo conditions, thus promoting more realistic physiological responses 

compared with Petri dishes/glass cover slips which have flat, stiff surfaces. The high 

standard deviation could be a result of the randomized pore distribution within the 

scaffold microstructure. Furthermore, the ultimate compressive strengths of 

scaffolds were determined for both conditions (Appendix A8), a significant 

difference being observed between dry and wet states (p < 0.01). The reason might 

be that the presence of PBS within the fibrous matrix offers additional resistance at 

higher compressive loads in contrast with dry scaffolds. 

5.3.4 3D PLGA microfiber scaffolds enhance infiltration, uniform distribution 

and neurite formation 

Next, to test the neural differentiation efficiency on 3D PLGA scaffolds, 

hESC/iPSC-derived NPCs were seeded on PLGA 3D scaffolds and cultured 

following the neuronal differentiation timeline (Figure 5-3A). NPCs seeding was 

done on both functionalized 2D Petri-dishes/cover slips and 3D microfiber scaffolds 

on day 12 (D12). Fluorescence imaging of the scaffold cross-section indicated cell 

infiltration to be greater than 1 mm from the top surface of the scaffold; the seeded 

cells were uniformly distributed in all regions as a result of orbital seeding (Figure 

5-3B (i-iii)). Omission of this orbital shaking process immediately after seeding 

caused majority of cells to accumulate on the top surface of scaffold, lowering cell 

penetration into inner regions (Appendix A9). This demonstrates the necessity as 

well as effectiveness of orbital seeding in evenly distributing large cell numbers 

throughout the bulk of the scaffold compared with static surface seeding used in 

most 3D scaffold-based cultures [5]. In addition, cell density and cell–cell contact 

are key factors in modulating in vitro differentiation and proliferation [29], and 
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homogeneous seeding of cells is necessary for ensuring adequate cell–cell 

interactions within the scaffold microstructure. 

Majority of iPSC-derived NPCs showed TuJ1+ staining while undifferentiated cells 

stained positive for Nestin as observed one day after cell seeding (Appendix A9). 

The differentiation rates of iPSC line - 8529 as observed in Figure 5-3B (iii) were 

observed to be similar to the hESC line, a common differentiation protocol and 

culture timeline being used for all stem cell lines. PLGA microfiber scaffolds 

supported cell proliferation, identified by Ki67+ staining and neuronal differentiation 

of hESC-derived NPCs, identified by TuJ1+ staining (Figure 5-3B (iv-v)). Neurite 

formation was observed around some of the cells (indicated by white arrows), 

attaching and aligning themselves along the randomly distributed microfibers which 

serve as the framework for contact guidance (Figure 5-3B (v)). SEM imaging was 

used to delineate the morphology of neurons encapsulated between fibers. Cells 

were observed to attach and grow within the fibrous structure, the cell bodies being 

encapsulated between multiple fibers (Figure 5-3B (vi) - red arrows indicate cell 

bodies). This gave cells a 3D spatial orientation enabling growth of neurites in all 

three dimensions. In addition, cell bodies retained a spherical shape contrary to flat, 

spread out structures commonly observed in 2D monolayer cultures. Taken together, 

the results confirm the capability of the PLGA microfiber substrate in enabling 3D 

cellular culture as well as supporting uniform distribution, proliferation and neuronal 

differentiation of stem cell-derived NPCs. In addition, our seeding paradigm allows 

deep cellular penetration compared with most existing scaffold-based 3D culture 

models which rely on static seeding with a cellular infiltration ranging between 200-

800 µm [14, 30-32]. 
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Figure 5-3. Encapsulation and characterization of NPC inside 3D PLGA microfiber 

scaffolds. (A) Schematic of hESC/iPSC derived neuronal culture illustrating orbital 

seeding (80 rpm; 20 mins), differentiation protocol and timeline followed for 2D and 

3D cultures; (B) Confocal fluorescent microscopy images indicating (i) cross-section 

of 3D microfiber scaffold after sectioning (dotted line indicates top surface of 3D 

scaffold); (ii, iii) cell infiltration, distribution and differentiation of iPSC-derived NPCs 

(8529 cell line) inside 3D scaffold as assessed via staining for TuJ1 (green) and Nestin 

(red) markers on D13; (iv) cell proliferation assessed by Ki67 (green) marker and (v) 

cell differentiation with neurite formation indicated by TuJ1 (red) marker of hESC-

derived NPCs on D13; Nuclei were counterstained with DAPI (blue); (vi) SEM image 

of scaffold cross-section showing cell morphology and attachment on microfibers at 

2000 magnification. 
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5.3.5 3D PLGA microfiber scaffolds support long-term cell viability  

Cell viability is a key criterion in the development of 3D scaffolds aimed at in vitro 

tissue engineering applications. The material of the scaffold needs to be non-toxic 

as well as biocompatible taking into account the specific cell/tissue type used in 

culture. This is vital in neurodegenerative disease modeling applications where 

encapsulated cells remain within the scaffold for long culture durations in order 

differentiate, mature and elicit disease pathologies. We quantified cell death inside 

the electrospun 3D PLGA microfiber scaffolds via immunostaining on D13 and D19 

using TUNEL assay. TUNEL can identify DNA fragmentation, a characteristic of 

both apoptotic as well as necrotic cells. The corresponding representative confocal 

images of the labeled and cryosectioned scaffolds are illustrated in Figure 5-4A. 

The percentage cell death normalized to DAPI is presented in Figure 5-4B for 

quantitative comparison. Only 2.82 ± 0.47% of cells stained positive for TUNEL on 

D13. This implies that more than 95% of cells survived one day after seeding. 

However, a significant increase in cell death was observed by D19, with 

approximately 9.95 ± 1.66% of cells showing TUNEL positive staining. This is still 

indicative of a survival rate of ~90% for human stem cell-derived neurons cultured 

within the microfibrous scaffolds, thereby indicating the excellent cell viability 

offered by this system compared with existing 3D cell culture platforms [33]. In 

conclusion, the in vitro cell viability analysis of 3D PLGA scaffolds demonstrates 

the non-cytotoxicity and biocompatibility of this platform for long-term NPC-

derived neuronal culture. 
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Figure 5-4. (A) Confocal fluorescent microscopy images indicating cell death inside 

the 3D microfiber scaffolds stained for TUNEL (green) on D13 and D19; Nuclei were 

counterstained with DAPI (blue); (B) Quantification of immunostaining results 

showing percentage positive staining of TUNEL marker normalized to DAPI on D13 

and D19; Data is expressed as mean ± SD (n = 3), *p < 0.05, **p < 0.01. 

5.3.6 3D PLGA microfiber scaffolds support spontaneous electrophysiological 

spiking activity of encapsulated neurons 

Calcium imaging helps examine the link between electrical activity in neurons to the 

movements of calcium ions into the cells and vice versa [34]. Calcium transients are 

more pronounced when there is an increase in the concentration of intracellular 
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calcium due to Ca inflow across the cell membrane, which in turn is linked to 

electrophysiological activity of the neurons. Neuronal culture systems in 3D are 

more appropriate for electrophysiological studies than planar counterparts. 

Spontaneous electrophysiological activities of 2D and 3D neuronal networks in 

culture were analyzed using fluorescent calcium imaging analysis. Figure 5-5A-D 

shows Fluo-4 calcium imaging time-lapse images carried out on D16 for both 2D 

and 3D cortical neuronal cultures. The cells in the 2D format were observed to fire 

synchronously whereas the firing in the 3D format was random (non-synchronous) 

in some cases and synchronous in others. This is consistent with other studies which 

have reported 2D neuronal networks to exhibit high levels of bursting activity and 

synchronization along with low levels of random spike activity and a high level of 

synchronization [35]. In contrast, 3D neuronal network dynamics exhibit a wider 

repertoire of activities with less global synchrony [36]. There was a lot of 

background observed in 3D imaging owing to the out of focus light when using a 

wide field microscope. This made it very challenging to visualize the firing of 

neurons manually in the case of 3D culture. In both culture formats, several cells did 

not show any calcium transients possibly indicating their inactivity. Taken together, 

the calcium imaging analysis demonstrates the capability of the PLGA microfibrous 

scaffolds to support formation of neural circuits and facilitate electrophysiological 

activity of encapsulated neurons. It must also be noted that the kinetics of the dye 

used in this study is much slower compared with neuronal action potential spikes, 

and therefore the change in fluorescence of the calcium indicator is deemed to be 

analogous to a convolved action potential. 
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Figure 5-5. Fluorescent calcium time-lapse live cell imaging data; Time lapse images 

of cortical neurons in 2D culture at different timepoints (A) Exhibiting no activity; (B) 

exhibiting synchronous bursts; (C-D) time lapse images of cortical neurons in 3D 

culture exhibiting random spiking and non-synchronous bursting activity; Inset 

numbers indicate active neurons showing calcium transients. 

5.4 Conclusion 

In summary, the work presented here demonstrates that wet electrospun PLGA 

microfibrous scaffolds are capable of supporting human 3D in vitro NPC culture and 

neuronal differentiation. The scaffolds are optimized to have a large pore size and 

porosity, enabling deep cellular infiltration and uniform distribution of seeded cells 

from the upper surface compared with most existing platforms. The fibers also serve 

as a framework for growth of neurites along their surface, which is essential for 

interaction and function of neurons. Moreover, the cell bodies are in contact with 

multiple fibers at the same time, thus retaining a spherical structure with a 3D 

orientation unlike the flat, spread out morphology observed in tissue culture plate 
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based 2D cultures. Hydrophilicity of the PLGA fibers was enhanced using plasma 

treatment to enable adsorption of laminin, a key ECM protein which improves NPC 

adhesion, neuronal differentiation as well as neurite outgrowth. The stiffness of the 

fibrous substrate was comparable with the elasticity of brain tissue which plays a 

significant role in promoting realistic physiological responses for regulation of cell 

fate, survival and growth in vitro. Furthermore, fluorescent calcium imaging 

confirmed the ability of the 3D microfiber scaffolds to support both neurite 

outgrowth as well as formation of neural circuits exhibiting spontaneous 

electrophysiological spiking activity.  

While our study represents a proof-of-concept that microfibrillar polymer-based 

scaffolds can serve as a scalable 3D neuronal culture platform, the system is not 

without limitations. For instance, the micro-architecture of the scaffold cannot be 

controlled precisely due to random deposition of fibers when electrospinning leading 

to inconsistent inter-fiber spacing. The opacity of the 3D scaffold composed of 

hundreds of layers of fibers makes it difficult to perform live cell imaging or 

visualize neurite formation and outgrowth in real time. Plasma treatment of soft 

materials such as the 3D PLGA scaffolds used here can cause aging of the modified 

surface and lead to a degradative effect on the substrate. A very high cell seeding 

density was necessary to facilitate uniform distribution of cells throughout the 

macroporous scaffold. Moreover, separation/harvesting of cells encapsulated inside 

the fibrous structure for further expansion is challenging. Nevertheless, the results 

show promise for using this synthetic, standardizable, reproducible and easy to 

implement 3D microfiber substrate-based culture platform for in vitro stem-cell 

derived neuronal modeling of AD.   
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CHAPTER 6 3D in vitro human neuronal modeling of AD 

The work presented in Chapters 5 and 6 is largely based on the following 

publication: Vivek Damodar Ranjan, Lifeng Qiu, Jolene Wei-Ling Lee, Xuelong 

Chen, Se Eun Jang, Chou Chai, Kah-Leong Lim, Eng-King Tan, Yilei Zhang, Wei 

Min Huang, Li Zeng. “A microfiber scaffold-based 3D in vitro human neuronal 

culture model of Alzheimer's disease.” Biomaterials Science (2020). 

http://dx.doi.org/10.1039/D0BM00833H. 

6.1 Evaluation and comparison of 3D scaffold platforms based on design 

criteria 

Three different platforms were developed for achieving 3D in vitro neuronal culture 

as discussed in the preceding chapters. These include: a graphene oxide hydrogel-

based electroconductive substrate fabricated via physical crosslinking (Chapter 3); 

a synthetic polymer-based, hollow microfiber substrate fabricated via core-shell 

electrospinning (Chapter 4); and a synthetic polymer-based, non-woven fibrillar 

substrate fabricated via wet electrospinning (Chapter 5). Each substrate was studied 

independently and has its own advantages and limitations. The next step is to 

compare them with one another in terms of the array of properties required for 3D 

neuronal culture matrices, and then select the most suitable substrate for 3D in vitro 

human stem cell-derived neuronal modeling of AD.  

In the following tables, a concise review and comparison of all three substrates is 

presented based on the general design criteria for in vitro scaffolding. These include 

both physical/structural properties of the substrate (Table 6-1) and the biological 

properties necessary for interfacing it with neuronal cultures (Table 6-2).  

  

http://dx.doi.org/10.1039/D0BM00833H
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Table 6-1. Comparison of physical/structural properties of in vitro scaffolding 

platforms. 

3D CULTURE 

PLATFORM 

SCAFFOLD DESIGN CRITERIA – PHYSICAL/STRUCTURAL PROPERTIES 

Ease of 

fabrication 
Scalability Porosity 

Interconnecte

d pore 

network 

Hydrophilici

ty 

Surface 

functionalizat

ion 

Mechanical 

properties 
Conductivity 

 

1. Physically crosslinked 

graphene oxide-based 

conductive hydrogel 

substrate 

(Chapter 3) 

 

✓ ✓✓ ✓✓ ✓✓ ✓ ✓ ✓ ✓ 

 

2. Coaxially electrospun 

synthetic polymer-

based hollow 

microfiber substrate 

(Chapter 4) 

 

✓✓ ✓ ✓ ✓   ✓  

 

3. Wet electrospun 

synthetic polymer-

based fibrillar 

substrate 

(Chapter 5) 

 

✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓ ✓✓✓  

 

 

 

Table 6-2. Comparison of biological properties of in vitro scaffolding platforms. 

3D CULTURE 

PLATFORM 

 
SCAFFOLD DESIGN CRITERIA – BIOLOGICAL PROPERTIES 

Cell 

seeding/enca

psulation 

Cell 

infiltration 

Cell 

distribution 
3D culture 

Cell 

viability 

Cell 

proliferation 

Neuronal 

differentiation 

Neurite 

formation 

 

• Physically crosslinked 

graphene oxide-based 

conductive hydrogel 

substrate 

(Chapter 3) 

 

✓✓✓ ✓✓✓ ✓✓✓ ✓✓ ✓✓✓ ✓✓✓ ✓✓✓  

 ✓✓ ✓ ✓ ✓ ✓✓ ✓   
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• Coaxially electrospun 

synthetic polymer-

based hollow 

microfiber substrate 

(Chapter 4) 

 
 

• Wet electrospun 

synthetic polymer-

based fibrillar 

substrate 

(Chapter 5) 

 

✓ ✓✓ ✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓✓✓ ✓ 
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Both the graphene oxide-based hydrogel and the coaxially electrospun PLGA 

hollow microfiber-based substrate are direct cell-scaffold fabrication techniques 

which provide the advantage of generating the scaffold while simultaneously 

encapsulating cells. In contrast, the wet electrospun non-woven fiber-based substrate 

requires passive cell seeding i.e. after scaffold fabrication [1], where cells are laid 

on top of the scaffold and allowed to infiltrate the scaffold over time. An additional 

orbital seeding step is necessary in this case to ensure deep infiltration and uniform 

distribution of cells throughout the scaffold construct. However, this also provides 

opportunities for making additional surface modification or surface treatments 

which is not possible with the other two substrates. For instance, plasma treatment 

to enhance both hydrophilicity of the fiber surface as well as surface adsorption of 

ECM-related biomolecules such as laminin could be performed on the PLGA wet-

electrospun scaffolds. This improved neuronal cell attachment and enabled neurite 

formation, leading to the formation of neural circuits. On the other hand, both the 

graphene oxide hydrogel and hollow microfiber scaffolds were hydrophobic in 

nature, causing cells to clump together and limiting the formation of neurites and 

neuronal networks. Although the graphene-based hydrogel offers the additional 

advantage of conductivity, further work is required to improve the hydrophilicity as 

well as the mechanical integrity of the scaffold for use as a long-term in vitro culture 

platform.  

Taken together, the PLGA wet-electrospun, non-woven, microfiber-based substrate 

demonstrates the most potential as a simple, standardizable, reproducible and easy 

to implement 3D culture system for promoting neuronal attachment, growth and 

differentiation. Moreover, polymeric fibrous scaffolds possess excellent ECM 

attributes such as large surface-area-to-volume ratio, high porosity and a fibrillar 
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structure which facilitates neurite contact guidance as well as efficient diffusion of 

nutrients and waste [2]. In addition, tailoring of the fiber diameter as well as spatial 

orientation has been shown to regulate both neural stem cell proliferation and neural 

differentiation [3, 4].  

Next, we leverage on these advantages and combine the electrospun microfibrous 

PLGA scaffolds with FAD patient iPSC-derived neurons to develop a novel, proof-

of-concept 3D in vitro platform for modeling AD. Conventional Petri dish-based 2D 

cultures were used as monolayer controls for a comparative assessment of cell 

phenotypes and recapitulation of AD pathologies (Figure 6-1). Although 

electrospun scaffolds have widely been used in neural tissue engineering 

applications [5], to the best of our knowledge, the present findings represent the first 

description of interfacing polymer-based fibrillar scaffolds with FAD patient iPSC-

derived neurons for 3D in vitro modeling of early-stage AD pathogenesis. 

 

Figure 6-1. Schematic representation of 2D and 3D cultures (Adapted from [6]) 
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6.2 Materials and Methods 

6.2.1 Derivation of iPS cells 

FAD fibroblasts (AG09908, AG06840) and control fibroblasts (AG04148, 

AG08529) were obtained from Coriell Cell Repository. Fibroblasts were 

reprogramed to iPSC via transfection of Nanog, Lnc28, Oct4, klf2, c-myc, Sox2. 

Somatic reprogramming of fibroblasts was performed using a modification of the 

EBNA-1 based episomal reprogramming method described by Okita et al. [7] 

Episomal vectors, namely, pCXLE-hOCT3/4-shp53-F, pCXLE-hSK, and pCXLE-

hUL were commercially available from Addgene. Fibroblasts cell lines were 

dissociated using 1 trypsin/EDTA solution. Cells were counted and 6105 cells 

were pelleted and resuspended in 100 µL Buffer R from the Neon Transfection 

System 100 µL Kit (Life Technologies, MPK10096). The cell suspension was mixed 

with 1 µg each of the 3 reprogramming vectors and loaded into a 100 µL Neon® 

Tip. Transfection was performed on the Neon electroporation device (Life 

Technologies MPK5000) using the following parameters: 1650 V, 10 ms, 2 pulses. 

Transfected cells were distributed evenly into 3 wells of a 6-well plate (BD Falcon) 

and maintained in complete DMEM medium (DMEM high glucose, 10% FBS, 1 

GlutaMAX, 100 μM non-essential amino acid, 1 mM sodium pyruvate, 100 μM β-

mercaptoethanol, all from Life Technologies) without antibiotics for 7 days with 

medium change every other day. At D7, cells were dissociated using 1 

trypsin/EDTA solution prior to cell counting.  

From here on, previously mentioned Okita et al. protocol has been optimized and 

modified to meet the needs for feeder-free iPS derivation. Total of 1105 cells were 

plated/well of Matrigel (Becton-Dickinson) coated 6-well plate in complete DMEM 

medium. The following day, the medium was replaced with 1:1 mixture of complete 
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DMEM and defined pluripotent stem cell medium mTeSR1 (StemCell 

Technologies). From next day on, conditioned media was replaced with fresh 

mTeSR1 media with media change being performed every other day. When iPS 

colonies reach about ~0.5-1 mM in diameter (around 3 weeks post-transfection 

onward), they were manually picked under bright field microscopy and each colony 

placed in a single well of Matrigel coated 24-well plate (Nunc). Cells were detached 

using Dispase (StemCell Technologies) when ~50% confluency was reached and 

transferred into Matrigel-coated 6-well plate. Subsequently, cells were passaged 1:3 

by dissociation with 0.5 mM EDTA when they reached near confluence. Newly 

passaged cells were cultured overnight in media containing 10 µM ROCK inhibitor 

Y-27632.  

6.2.2 hESC/iPSC maintenance and neuronal differentiation 

Human embryonic stem cells (hESC) were obtained from ES Cell International. 

Human ESC/iPSC were maintained in mTeSR1 media (StemCell Technologies) on 

Matrigel coated dishes (Corning). Media change was performed daily until 70% 

confluency was obtained. To expand hESC/iPSC cultures, dispase (StemCell 

Technologies) was used to dissociate cells into clumps. ROCK inhibitor (10 µM) 

was added into media during either passage, freezing and thawing steps to promote 

cell survival. hESC and iPSC were differentiated into frontal cortical neurons using 

Dual SMAD inhibition protocol in both 2D and 3D culture formats [8]. Briefly, to 

initiate embryonic body (EB) formation, cells were dissociated with accutase 

(Gibco) at D2 and seeded onto 6-well culture plates (Thermo Fisher Scientific) in 

mTeSR1 media supplemented with ROCK inhibitor. From D0-D4, media was 

replaced with Dual SMAD inhibition media containing DMEM/F12 (Gibco), 

Neurobasal media (Gibco), non-essential amino acids (Gibco), GlutaMAX (Gibco), 
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N2 supplement (Life Technologies), B27 supplement with vitamin A (Life 

Technologies), 0.1µM LDN193189 (Stemgent) and 10µM SB431542 (Cellagen 

Tech) every 2 days until D5. Thereafter, EBs were transferred into Matrigel coated 

dishes with daily media change until D12. At this stage, induced neural progenitor 

cells (NPC) were dissociated using accutase and re-plated onto Matrigel coated 

dishes in NPC maintenance media (DMEM/F12 with glutamine, B27 supplement 

without vitamin A, N2 supplement and 20ng/ml bFGF (StemCell Technologies) 

with daily media change.  

Cells continue to remain at NPC stage from D12 until media is replaced with 

neuronal differentiation media. At passage 3-6, NPC were seeded onto surface 

modified coverslips (2  105 cells/cm2), 6-well plates (2  105 cells/cm2) and 3D 

scaffolds (2.5  106 cells/cm2) respectively. Cell seeding density and cell suspension 

volume for scaffolds was optimized to 5  106 cells and 200 µl per scaffold 

respectively. After seeding, scaffolds were immediately placed on an orbital shaker 

and agitated for 20 minutes at 70 rpm, to ensure deeper and uniform cell penetration 

to all regions within the scaffold [9]. Thereafter, top up of NPC maintenance medium 

was done and samples were incubated at 37oC with 5% CO2. Media change was 

done daily with neuronal differentiation media containing neurobasal media, non-

essential amino acids, GlutaMAX, B27 with vitamin A, 2.5µM DAPT (Tocris), 

10ng/ml BDNF (Sigma), 10ng/ml GDNF (Sigma), 200µM ascorbic acid (Sigma) 

and 0.5mM db-cAMP (Sigma) until D19 after which the cells were harvested. The 

hESC line was used for characterization and comparison of cell viability, 

proliferation and differentiation and the iPSC lines were used for investigation of 

Aβ and p-tau pathologies. The differentiation culture protocol, timeline and culture 
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media used for all patient-derived iPSC lines are the same as that used for the hESC 

line illustrated in the previous chapter (Figure 5-3A). 

6.2.3 Immunocytochemistry  

Immunofluorescence staining was performed to characterize phenotypic changes to 

cells that occurred over the course of proliferation or differentiation culture. Cell-

laden samples were rinsed in 1PBS and fixed using 4% paraformaldehyde (Hito) 

for 30 min at room temperature. Next, cells were permeabilized in 0.1% Triton X-

100 (Biochemica) for 30 min and blocked in 1% bovine serum albumin (BSA) 

(Sigma) for 45 min at room temperature. Cells were then incubated overnight at 4oC 

with commercially available primary antibodies: mouse anti-TuJ1 (1:400, 

Millipore), rabbit anti-Ki67 (1:200, Abcam), mouse anti-NeuN (1:400, Millipore), 

rabbit anti-cleaved caspase-3 (1:400, Cell Signaling), mouse anti-GFAP (1:400, 

Abcam). Cells were then fluorescently labelled with appropriate secondary 

antibodies: goat anti-rabbit Alexa Fluor 555 (1:250, Invitrogen) and donkey anti-

mouse Alexa Fluor 488 (1:250, Invitrogen) overnight at 4oC, and counterstained 

with fluorescent nuclear dye 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, 

1:200, Sigma).  

6.2.4 Cryosectioning and immunofluorescence confocal microscopy 

Cell-laden labelled microfiber scaffolds were embedded in Tissue-Tek O.C.T. 

Compound (Sakura) at -20oC. Thereafter, a cryotome was used to obtain frozen 

sections of 40 µm thickness which were mounted on poly-lysine adhesive glass 

slides using Dako fluorescent mounting medium. Confocal scanning laser 

microscopy (Olympus Fluoview FV1000) was used to capture fluorescence/bright-

field images of both coverslips as well as 3D scaffold sections at desired 

magnifications. Five random, separate fields for each sample were recorded 
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followed by image analysis using custom ImageJ macros for region of interest (ROI) 

selection and cell counting. Constant image size, magnification, and imaging 

parameters were used for all measurements. Positive cells were defined as cells with 

fluorescence intensity three times or more above background level. First, the images 

were split into separate channels using stack viewing option in ImageJ [10]. The 

images were then converted to binary style and the pixel intensity threshold values 

were adjusted to a suitable level to identify individual cells. In the case of images 

containing densely packed cells, the watershed segmentation algorithm within 

ImageJ was used to delineate nuclear boundaries in both 2D and 3D binary images 

after converting them to masks [11]. Next, the Analyze Particles tool was used to 

filter out different sizes of particles and count only those objects which are very 

circular by adjusting the Circularity range numbers in the segmented images. This 

process of cell counting was done for all channels in each image which correspond 

to the specific antibodies stained including DAPI. Finally, the average percentage 

ratios of the total cell number stained for each marker to that of DAPI were 

determined and the corresponding data were plotted using bar charts for the 

respective groups (2D and 3D, D13 and D19). 

6.2.5 Gene expression qPCR analysis 

Both 2D and 3D samples were homogenized in 1 ml of QIAzol lysis reagent 

(Qiagen) and total RNA was isolated with RNeasy kit (Qiagen) according to 

manufacturer’s instructions. Reverse transcription polymerase chain reaction (RT-

PCR) was carried out using iScript cDNA synthesis kit (Bio-rad). Synthesized 

cDNA products were subjected to real-time quantitative PCR (qPCR) using 

LightCycler 96 system (Roche) with All-in-One™ qPCR mix (GeneCopoeia). 
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Relative mRNA expression levels of target genes were calculated based on 2∆∆Ct 

formula and normalized to 2D monolayer controls.  

6.2.6 Enzyme-linked Immunosorbent Assay (ELISA) and Western blot 

Protein extraction was performed using PBS containing 1% Triton in the presence 

of phosphatase and protease inhibitors (MedChem Express). Cells were lysed in 

lysis buffer for 30 min on ice and agitated every 10 min. Scaffold cultures were 

homogenized for an additional 30 seconds before agitation to force cells out of the 

scaffold. Samples were centrifuged at 18,506 g at 4°C for 15 min. Cell supernatant 

was collected, and protein concentration was quantified using DC protein assay 

(Bio-rad) analyzed with infinite M200 plate reader (Tecan). ELISA was carried out 

to quantify total level of amyloid-beta (1-42) (Aβ42) using Human Amyloid-β (1-

42) High-sensitive ELISA kit (Wako). Western blot was carried out using 20 μg of 

total protein lysate per sample with primary antibodies (1:1000 mouse anti-phospho-

Tau (AT8) (Thermo Fisher Scientific) and 1:1000 mouse anti-β-actin (Cell 

Signalling Technology). 

6.2.7 Statistical analysis 

All experiments were performed in triplicates at a minimum of three independent 

events, and the results presented are representative data sets. Statistical analysis was 

performed using unpaired Student’s two-tailed t-test. Quantitative data were 

expressed as mean ± standard deviation (SD). Differences were considered 

statistically significant when p* < 0.05 (GraphPad Prism). 
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6.3 Results  

6.3.1 3D PLGA microfiber scaffolds support long-term survival of stem cell-

derived NPCs and differentiated neurons 

We quantified cell death in 2D and 3D cultures using cleaved caspase 3 (CC3) cell 

apoptosis marker detection via immunostaining on both D13 and D19 (Figure 6-

2A), and percentage cell death normalized to DAPI for quantitative comparison 

(Figure 6-2B). On D13, 1.88 ± 0.24% and 3.67 ± 1.71% of total cells stained 

positive for CC3 in 2D and 3D cultures respectively (p < 0.05). This indicates that 

more than 95% of cells encapsulated within the microfibrous scaffolds survived one 

day after seeding. A significant increase (p < 0.05) in cell death was observed in 3D 

culture by D19, with approximately 4.17 ± 1.34% and 11.49 ± 2.49% of total cells 

staining positive for CC3 in 2D and 3D cultures respectively. However, this survival 

rate of ~90% for stem cell-derived neurons after a week of culture within the PLGA 

microfibrous scaffolds demonstrates the excellent biocompatibility of this platform, 

and is comparable with cell viability data (ranging between 80-90%) observed in 

various existing 3D neural cell culture platforms [3, 12, 13]. 
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Figure 6-2. 3D PLGA microfiber scaffolds support survival of encapsulated cells. (A) 

Confocal fluorescent microscopy images indicating cell death in both 2D and 3D 

cultures stained for cleavage caspase 3 (CC3) (red) marker on D13 and D19; Nuclei 

were counterstained with DAPI (blue); (B) Quantification of immunostaining results 

showing percentage positive staining of cell death marker CC3 normalized to DAPI 

for D13 and D19; Data is expressed as mean ± SD (n = 3), *p < 0.05, **p < 0.01; Scale 

bar: 50 µm. 
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6.3.2 3D PLGA microfiber scaffolds reduce cell proliferation rates compared 

with 2D monolayer culture 

To examine whether 3D microfiber scaffolds regulate proliferation of the stem-cell 

derived NPCs we quantified percentage of proliferative cells, identified by positive 

Ki67 staining on both D13 and D19 and comparing them with 2D controls (Figure 

6-3A). 43.47 ± 4.5% of total cells in 2D monolayer culture were Ki67+ on D13, 

indicating that majority of the cells continued to proliferate one day after seeding 

(Figure 6-3B). In contrast, 3D culture within microfiber scaffolds induced 

significant reduction (p < 0.001) in percentage cell proliferation, with only 14.58 ± 

3.39% of total cells staining showing Ki67+ positive staining. However, 2D cultures 

also showed a significant decrease (p < 0.01) in number of proliferative cells by 

D19, with only 14.98 ± 3.92% of total cells staining Ki67+. In similar fashion, cell 

proliferation numbers showed a more pronounced decrease (p < 0.05) in 3D 

cultures, only 6.19 ± 1.99% of total cells staining Ki67+ after one week of culture 

(Figure 6-3B). To further confirm immunocytochemistry results, we characterized 

expression levels of Ki67 for both 2D and 3D cultures on D19 using qPCR for 

specific gene targets (Appendix A10). We observed a nearly twofold decrease (p < 

0.05) in Ki67 expression for 3D scaffold-based culture compared with 2D controls 

(Figure 6-3C). These results clearly demonstrate that 3D PLGA microfibrous 

scaffold-based culture induces significant reduction in NPC proliferative rates, 

compared with conventional 2D monolayer culture. 
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Figure 6-3. 3D PLGA microfiber scaffolds decrease cell proliferation rates. (A) 

Confocal fluorescent microscopy images indicating hESC derived NPC proliferation 

in both 2D and 3D cultures as stained for Ki67 (green) marker on D13 and D19; Nuclei 

were counterstained with DAPI (blue); (B) Quantification of immunostaining results 

showing percentage positive staining of cell proliferation marker Ki67 normalized to 

DAPI for D13 and D19; (C) qPCR analysis of Ki67 expression in cells cultured via 2D 

and 3D formats on D19; Data is expressed as mean ± SD (n = 3), *p < 0.05, **p < 0.01, 

***p < 0.001; Scale bar: 50 µm. 
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6.3.3 3D PLGA microfiber scaffolds accelerate neuronal differentiation 

compared with 2D monolayer culture 

To investigate and compare efficiency of cell differentiation between the 2 

platforms, the NPCs were differentiated, and expression of different neuronal and 

glial markers was investigated at the protein level. We quantified neuronal 

differentiation in both 2D and 3D cultures by detection of neuronal lineage marker 

β3-tubulin (TuJ1) via immunofluorescence staining on D13; maturation of neurons 

was in turn quantified by detection of mature neuronal marker NeuN on D19 (Figure 

6-4A). In addition, corresponding glial differentiation was assessed by detection of 

astrocyte marker GFAP (Appendix A11). We found that 3D culture significantly 

enhanced neuronal differentiation (p < 0.001) on D13, nearly 30.72 ± 1.15% of total 

cells were TuJ1+, compared with 2.78 ± 0.04% for 2D controls (Figure 6-4B). 

However, no glial differentiation was observed in both 2D and 3D cultures at this 

time. By D19, 15.93 ± 3.81% of total cells were NeuN+ in 3D culture, again 

significantly greater than 2D controls (p < 0.01) which showed negligible (~0.05%) 

NeuN expression. In similar fashion, 3D cultured cells showed a pronounced 

expression of GFAP with 5.12 ± 1.00% of total cells staining positive on D19, in 

contrast to 2D controls (p < 0.001) which did not show any positive staining at both 

timepoints (Appendix A11). To further validate staining results for neuronal 

differentiation, we assessed expression levels of NeuN on D19 for both conditions 

using qPCR. An eightfold increase (p < 0.001) in NeuN expression was obtained for 

3D culture compared with 2D controls (Figure 6-4C), confirming the capability of 

the microfibrous substrate in promoting highly efficient neuronal differentiation, 

glial differentiation as well as accelerated maturation of neurons within a week of 

culture. 
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Figure 6-4. 3D PLGA microfiber scaffolds accelerate neuronal differentiation. (A) 

Confocal fluorescent microscopy images indicating hESC derived neuronal 

differentiation in 2D and 3D cultures stained for TuJ1 (red) and NeuN (red) markers 

on D13 and D19 respectively; Nuclei were counterstained with DAPI (blue); (B) 

Quantification of immunostaining results showing percentage positive staining of 

neuronal differentiation markers Tuj1 and NeuN normalized to DAPI for D13 and D19; 

(C) qPCR analysis of NeuN expression in cells cultured via 2D and 3D formats on D19; 

Data is expressed as mean ± SD (n = 3), **p < 0.01, ***p < 0.001; Scale bar: 50 µm. 
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6.3.4 3D PLGA microfiber scaffolds amplify pathogenic Aβ42 and p-tau levels 

in FAD-iPSC derived neurons 

To determine if 3D PLGA scaffold-based culture mediates upregulation of 

pathogenic Aβ42 expression in iPSC-derived neurons, we quantified Aβ42 levels of 

cells lines with FAD mutations (6840 and 9908) and compared them to non-

demented age-matched controls (4148 and 8529) on D19. Details on the origin of 

above-mentioned cell lines have been summarized (Table 6-3).  

Table 6-3. Overview of iPSC lines utilized for AD pathogenesis study. 

ID Description Gene Mutations Sex 
Age at 

Sampling 
Race 

AG04148 AD Ctrl - - M 56 Caucasian 

AG08529 AD Ctrl - - F 60 Caucasian 

AG06840 FAD, Type 3 PSEN1 ALA246GLU M 56 Caucasian 

AG09908 FAD, Type 4 PSEN2 ASN141ILE F 81 Caucasian 

 

The pluripotency of fibroblast-derived iPSCs was characterized by 

immunocytochemistry (Appendix A12). Aβ42 expression levels obtained for all 

differentiated neuronal cell lines were normalized to corresponding total Aβ42 levels 

obtained for control 8529 (Figure 6-5A for 2D and Figure 6-5B for 3D) cultures 

respectively. As expected, the controls expressed lower levels of Aβ42 compared 

with FAD cell lines. Although a significant difference (p < 0.05) in Aβ42 expression 

between FAD neurons and controls was observed in both 2D and 3D cultures, a 

twofold amplification in Aβ42 levels between diseased and control cell lines was 

observed only in the case of 3D culture, this difference being more pronounced for 

6840 (p < 0.01) (Figure 6-5B). We further accessed the expression of specific genes 

linked to the APP pathway, namely PSEN1 and ADAM17 (Appendix A10), through 
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qPCR at D19 and observed similar trends to Aβ42 expression (Appendix A13). 

However, no significant amplification was observed between 2D and 3D cultures 

which suggest various levels of post-transcriptional and post-translational 

modifications not explored in this study. These results clearly indicate that 3D 

neuronal culture within the PLGA microfiber scaffolds elicits an enhancement of 

pathogenic Aβ42 levels in FAD neurons compared with 2D monolayer-based 

controls.  

Next, both 2D and 3D cultures on D19 were characterized by western blot for 

presence of p-tau (Figure 6-5C). After normalizing all readings to the non-demented 

cell line 8529, our results showed elevated levels of p-tau expression in FAD line 

6840 in comparison with controls; this trend being observed in both 2D and 3D 

cultures. In addition, 3D cultures displayed more pronounced levels of p-tau (31.8 ± 

17.4%) compared with 2D cultures (14.4 ± 7.9%) (Figure 6-5D-E). This is in line 

with other published reports where negligible p-tau expression was detected in 2D 

and 3D cultures for FAD line 9908 [14, 15]. Although both FAD cell lines were 

previously reported to show elevated Aβ42 levels, no abnormal tau accumulation 

was detected in 9908 which is in agreement with our observations. Taken together, 

our findings reinforce our hypothesis that 3D culture within PLGA microfiber 

scaffolds serves as a suitable in vitro model to recapitulate pathogenic characteristics 

of FAD-iPSC derived neurons. 
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Figure 6-5. 3D PLGA microfiber scaffolds amplify expression of AD pathogenic 

markers. (A) ELISA analysis of Aβ42 expression levels in controls (8529, 4148) and 

FAD (6840, 9908) cell lines normalized to 8529 cell line on D19 for 2D culture and (B) 

3D culture; (C) Western blot depicting levels of p-tau in control and FAD cell lines for 

2D and 3D cultures; Quantification of p-tau levels based on western blot in control 

and FAD cell lines normalized to 8529 cell line on D19 for (D) 2D culture and (E) 3D 

culture; Data is expressed as mean ± SD (n = 3), *p < 0.05, **p < 0.01. 
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6.4 Discussion 

Inaccessibility of the human brain makes it desirable to study AD pathogenesis and 

degeneration on appropriate 3D model systems of brain cultures to bridge 

knowledge gaps encountered in preceding animal/2D models. In the present study, 

we investigate the influence of electrospun 3D fibrous substrates on cellular 

phenotypes including recapitulation of pathogenic hallmarks in a human neuronal 

culture model of AD.  

3D culture of stem-cell derived NPC within the PLGA scaffolds resulted in 

significant enhancements in neuronal differentiation of encapsulated neural 

progenitors within one week of culture, indicated by the dramatically elevated TuJ1 

and NeuN expression levels compared with Petri dish-based monolayer controls. 

This could be the result of enhanced cell confinement within the microfibrous 

substrate [16] which limits motility-induced aggregation, leading to increased 

engagement of neural cell-adhesion molecules such as L1 or N-cadherin [17], in turn 

diminishing residual proliferative cell numbers) and enhancing neuronal 

differentiation profiles [18]. To sum up, the structural morphology of the 3D 

microfibrous substrate and its low matrix stiffness, in combination with biochemical 

cues present in culture media not only lowers cell proliferation rates, but also drives 

highly efficient neuronal differentiation which is consistent with previous reports 

[19, 20]. In addition, the microfiber scaffolds supported glial differentiation but to a 

lower extent which is in agreement with aforementioned arguments, whereas glial 

cells were totally absent in 2D culture.  

The accelerated differentiation of patient iPSC-derived neurons cultured within the 

3D PLGA substrate may have caused adequate maturation and aging of neuronal 

cells, resulting in expression of elevated Aβ42 and p-tau levels in the diseased cell 
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lines. More importantly, recapitulation of both pathologies was more pronounced 

and consistent compared with the same cell lines in 2D monolayer culture 

conditions. This spontaneous and robust incidence of disease hallmarks in the 3D 

microfibrous culture platform confirms its feasibility as an in vitro model for 

investigation of early-stage AD pathogenesis. However, the duration of neuronal 

culture in this study was inadequate to elicit late-stage pathological hallmarks of AD 

including amyloid plaques and neurofibrillary tangles [21], which typically requires 

9-14 weeks of culture as observed in previous 3D culture models [22-25]. In 

addition, insufficient maturation and aging of neuronal cells may have led to the low 

levels of pathogenic Aβ species seen in this platform compared to physiological 

levels as observed in the AD human brain [26]. These limitations have been reported 

in other 2D [27, 28] and 3D [23] iPSC-derived neuronal models of AD despite longer 

culture durations. The levels of Aβ species generated from FAD iPSC-derived 

neurons might not be sufficient to form Aβ plaques and other Aβ-triggered 

pathogenic events. Although previous 3D models of AD utilizing Matrigel matrix 

have produced 10~1000-fold higher levels of Aβ compared to iPSC-derived FAD 

neurons [22, 24, 25], they utilize fluorescence-activated cell sorting (FACS) 

enrichment protocols to generate FAD ReNcell VM cell line (ReN cells), an 

immortalized hNPC line producing high levels of pathogenic Aβ species by 

overexpressing human APP and PSEN1 with multiple FAD mutations. This artificial 

elevation of pathologies via gene manipulation and engineered cell lines is not 

representative of early stage pathogenesis observed in the AD human brain.  

Nevertheless, the results demonstrate the benefit of using a synthetic, standardizable, 

reproducible and easy to implement 3D culture system for in vitro modeling of AD. 

In future studies, coupling efficiency of 3D microfibers with ECM biomolecules 
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could be enhanced to enable longer-term culture of AD neurons for recapitulation of 

late stage pathological hallmarks including amyloid plaques and neurofibrillary 

tangles. PLGA could be replaced with conductive materials such as polypyrrole 

(PPy) enabling electrical stimulation of cells during culture, thereby serving as an in 

vitro platform for modulating cell behavior and facilitating non-invasive brain 

stimulation studies [29]. Furthermore, it could be utilized for in vivo transplantation 

studies to generate differentiated cells for regenerative medicine applications. 

6.5 Conclusion 

Taken together, the present findings represent the first demonstration of interfacing 

3D synthetic polymer-based fibrillar scaffolds with iPSC-derived human neuronal 

cultures so as to robustly recapitulate and accelerate early-stage AD pathogenesis. 

We demonstrate good cell viability, significant reduction in cell proliferation, highly 

efficient neuronal differentiation and accelerated maturation of stem-cell derived 

NPCs cultured within the tunable 3D PLGA microfiber scaffolds compared with 

conventional Petri dish-based 2D monolayer cultures. Furthermore, differentiated 

neurons in 3D PLGA scaffold-based culture exhibited significant amplification of 

pathogenic Aβ42 and p-tau levels between diseased and healthy age-matched 

controls. The expression of pathogenic markers in 3D culture was also more 

pronounced compared with 2D monolayer cultures, demonstrating its feasibility for 

robust recapitulation and spontaneous acceleration of early-stage AD pathogenesis. 

We foresee further broadening of the use of our 3D platform to develop culture 

models of other complex neurodegenerative diseases as well as evaluation and 

characterization of prospective therapeutic candidates.  
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CHAPTER 7 Conclusion & Future work 

7.1 Summary 

Alzheimer’s disease (AD) is the most common form of dementia characterized by 

progressive memory loss and impairment of cognitive functions, ultimately leading 

to death. The key to understanding AD aetiology lies in developing effective disease 

models, which should ideally recapitulate all aspects pertaining to the disease. A 

plethora of techniques have been developed by researchers for modeling AD such 

as in silico, in vivo, 2D and 3D in vitro culture platforms. Over the last few decades, 

research into AD pathogenesis has predominantly focused on animal and 2D in vitro 

models. Although both approaches have provided valuable insights into AD 

aetiology, neither has fully reproduced the pathological events observed in human 

AD patients [1]. Recent advancements in tissue culture techniques and stem cell 

technologies have led to the development of 3D in vitro disease models, which are 

relatively more representative of the complex in vivo microenvironments present 

inside native tissues. However, existing 3D neuronal models of AD utilize 

engineered cell lines overexpressing mutant genes to artificially elevate pathological 

expression or rely on cell-aggregate cultures possessing heterogeneities in 

composition, biological properties and cell differentiation stages.  

In this regard, we utilized a tissue engineering approach to develop three novel 

biomaterial-based scaffolding platforms for achieving 3D cellular culture, each 

substrate specifically aimed at supporting neuronal differentiation and long-term 

neuronal culture. These include: a graphene oxide hydrogel-based electroconductive 

substrate fabricated via physical crosslinking; a synthetic polymer-based, hollow 

microfiber substrate fabricated via core-shell electrospinning; and a synthetic 

polymer-based, non-woven fibrillar substrate fabricated via wet electrospinning. 
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Next, we characterized, reviewed and compared all three substrates based on the 

general design criteria for 3D in vitro scaffolding i.e. in terms of both 

physical/structural properties as well as biological requirements. Although both the 

electroconductive hydrogel and hollow microfiber-based substrates facilitated direct 

fabrication of cell-scaffold structure, they are limited by their hydrophobicity and 

lack of surface functionalization, which in turn hindered neurite outgrowth and 

formation of neuronal networks. In contrast, the PLGA wet-electrospun, non-woven 

microfiber substrate demonstrated the most potential as a simple, standardizable, 

reproducible and easy to implement 3D culture system for promoting attachment, 

growth, neuronal differentiation and formation of neural circuits. Stem cell-derived 

NPC culture within the 3D microfiber substrate reduced cell proliferation and 

significantly accelerated neural differentiation into neuronal and astro/glial cells 

compared with 2D monolayer controls.  

Finally, we interfaced the 3D scaffolds with FAD patient iPSC-derived human 

neuronal cultures to develop a novel 3D in vitro model of AD. The differentiated 

neurons in 3D PLGA scaffold-based culture exhibited significant amplification in 

pathogenic amyloid-beta 42 (Aβ42) and phospho-tau levels between diseased and 

age-matched controls. Furthermore, the spontaneous expression levels of these 

pathogenic markers in 3D culture was more pronounced compared with 

corresponding 2D monolayer control cultures. Taken together, the present findings 

represent the first demonstration of interfacing 3D synthetic polymer-based fibrillar 

scaffolds with iPSC-derived human neuronal cultures so as to robustly recapitulate 

and accelerate early-stage AD pathogenesis (Figure 7-1). They also highlight the 

several advantages of a 3D microenvironment over conventionally used monolayer 
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cultures in terms of enhancing expression of neuronal markers as well as replication 

of disease pathologies. 

 

Figure 7-1. Schematic illustrating summary of the 3D in vitro AD modeling work done 

in this thesis. 

7.2 Limitations and Potential solutions 

Some of the major limitations of this study along with potential solutions are listed 

below. 

• Utilizing iPS cell lines for disease modeling 

The discovery of iPS cell technology has spurred the development of a plethora 

of in vitro disease models recapitulating pathological characteristics hitherto not 

observed in animal models. However, variability within iPS cell lines along with 

the heterogeneities arising within their clones caused by genetic or epigenetic 

variations limits the reproducibility of these models [2]. Moreover, iPSCs 

derived from healthy individuals were used as controls, which could have an 

entirely different genetic background compared with cells derived from AD 

patients. In this case, isogenic cell lines derived from AD-iPSCs where 

mutations have been corrected to wild-type using gene editing technologies such 

as transcription activator-like effector nucleases (TALENs) or CRISPR could be 

more appropriate for use as non-demented controls [3, 4]. 
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• Replication of late-stage AD hallmarks and biological aging 

Lack of robust AD hallmarks in our 3D model might be a result of production of 

lower levels of pathogenic Aβ species, especially Aβ42, compared to AD 

patients along with insufficient maturation and aging of neuronal cells. This 

limitation has been reported in other 2D [5, 6] and 3D [7] iPSC-derived neuronal 

models despite longer culture durations. The levels of Aβ species generated from 

FAD iPSC-derived neurons might not be sufficient to form Aβ plaques and other 

Aβ-triggered pathogenic events. The relative developmental age of the iPSC-

derived neurons used for modeling AD does not consider the fact that patients 

typically develop the disease in their fifth decade. Biological aging and 

underlying cellular pathways in late-onset diseases such as AD is hard to 

reproduce in an in vitro setting [8]. This could be addressed by integrating 

scaffold-based cultures with organ-on-a-chip or bioreactor technologies to 

extend cultivation times, resulting in higher maturity levels [9]. Furthermore, 

transplanting them into an in vivo physiological environment such as an animal 

brain has been successfully shown to facilitate vascularization, paving the way 

for modeling diseases under conditions physiologically resembling the native 

context [10]. 

• Use of both SAD and FAD cell lines for comprehensive modeling of AD 

Pathological phenotypes between SAD and FAD associated cell lines have been 

observed to be inconsistent in previous studies [6, 11]. Hence, a much larger 

sample size comprising of both AD formats is necessary to fully understand the 

reasons behind these heterogeneities. Although our 3D culture model has 

characterized some of the early-stage pathways connected to FAD, the more 

prevalent sporadic form has not been represented. In addition, the functional 
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roles of AD associated proteins such as APP and PSEN1 also needs to be 

investigated [8, 12]. Both genetic and environmental risk factors associated with 

AD should be considered in future models; for instance, neurotoxins could be 

used in conjunction with AD mutations, thereby rendering more comprehensive 

representations of the sporadic form. 

• Lack of vascularization in 3D in vitro culture 

Similar to organoid cultures, scaffold-based cultures also lack vascularization 

which could affect neurogenesis and later stage development of neuronal tissue 

owing to difficulties involved in delivering essential nutrients and signaling 

molecules akin to native in vivo conditions [13]. Combining the 3D scaffold-

based platform with microfluidic perfusion chambers can enable fluid flow via 

micro-scale channels aimed at substituting in vivo vasculature for sustaining 

longer-term cell growth [14]. This is necessary for neurodegenerative disease 

modeling which require very long culture durations for comprehensive and 

robust recapitulation of disease pathologies. Microfluidic devices provide 

additional advantages such as the ability to co-culture different cell types, spatial 

control of cell culture, material versatility, fluidic control as well as generation 

of molecular gradients [15, 16]. They also help analyze organ-level functions at 

the cellular level in a controlled fashion, and hence are more representative of 

native in vivo microenvironments compared with static 2D/3D cultures [17]. 

• Structural/physical limitations of using wet electrospun microfibrous scaffolds 

The micro-architecture of the scaffold cannot be controlled precisely due to 

random deposition of fibers when electrospinning leading to inconsistent inter-

fiber spacing. In addition, the opacity of the 3D scaffold composed of hundreds 

of layers of fibers makes it difficult to perform live cell imaging or visualize 
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neurite formation and outgrowth in real time. Plasma treatment of soft materials 

can cause aging of the modified surface and lead to a degradative effect on the 

substrate [18]. A very high cell seeding density was necessary to facilitate 

uniform distribution of cells throughout the macroporous scaffold. This is 

especially challenging when utilizing patient-derived stem cell lines due to the 

low yields obtained during subculture in comparison with rapidly proliferating 

immortalized cell lines. Moreover, separation/harvesting of cells encapsulated 

inside the 3D fibrous structure for further expansion is another limiting factor in 

the use of these scaffolds. 

7.3 Future directions 

In the context of the results obtained, several future directions are proposed in the 

following section to advance this disease modeling study in terms of both fabrication 

and characterization. 

• The coupling efficiency of 3D microfibers with ECM biomolecules such as 

laminin could be further strengthened via covalent immobilization or blended 

electrospinning techniques [19] to enable longer-term culture of AD neurons. 

This could facilitate recapitulation of later stage pathological hallmarks such as 

amyloid plaques and neurofibrillary tangles. 

• Human body responds to electrical fields and its principal component of neural 

communication is the action potential generated at the neuronal synapse. This 

implies that a substrate developed for neuronal culture should ideally possess 

electrical conductivity. Electrical stimulation has been reported to enhance cell 

proliferation, migration, differentiation [20] and even attenuate disease 

pathogenesis [21]. However, the substrate material used in this work i.e. PLGA 

is electrically nonconductive. In this case, electrospun PLGA could be replaced 
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with conductive materials such as polypyrrole (PPy) enabling electrical 

stimulation of cells during culture, thereby serving as a 3D in vitro platform for 

modulating cell behavior and facilitating non-invasive brain stimulation studies. 

Further work on surface functionalization of the graphene oxide-based 

electroconductive hydrogel could be explored to improve its hydrophilicity as 

well as incorporate cell adhesion motifs for enhancing cell–matrix interactions. 

• Hypoxic or ischemic events such as stroke have been reported to stimulate 

amyloidogenic Aβ production and are linked to increased reactive oxygen 

species (ROS) production [22]. The influence of such environmental insults on 

intracellular cellular homeostasis including their influence on Aβ/p-tau levels 

[23] can be assessed by interfacing the scaffold-based AD culture with a 

microfluidic hypoxia device capable of mimicking native in vivo conditions. 

Microphysiological systems (MPSs) can be engineered to create specialized 

culture microenvironments, enabling the use of 3D matrices with continuous 

perfusion and live cell imaging facility for monitoring in vitro cellular activities 

in real-time [16, 24]. They can be interfaced with 3D scaffold-based cultures to 

simulate cerebral hypoperfusion by supplying controlled quantities of oxygen 

and glucose to cells via built-in microchannels and thereby facilitating the study 

of variable microenvironments in regulating AD pathologies [25].  

• Increasing evidence suggests the substantial involvement of immunological 

mechanisms in the pathogenic cascade of AD [26]. The role of glial cells 

including their sustained activation, recruitment and initiation of inflammatory 

response in human AD brains which contribute to neuronal damage [14] needs 

to be investigated in future studies. 
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• Future in vitro models could be used to analyze the role of metals such as zinc 

(Zn), copper (Cu) and iron (Fe) in Aβ misfolding and plaque aggregation which 

have been attributed to alterations in metal homeostasis [27-29]. Some studies 

have even hinted at the influence of the gut microbiome in regulating neuro-

inflammation and Aβ levels [30, 31], which again demonstrates the diverse 

assortment of factors to be considered in AD research. 

• The mechanisms involved in the regulation of calcium homeostasis are 

compromised in AD including influx, compartmentalization and efflux of 

calcium from the neurons [32]. AD neurodegeneration has also been associated 

with synaptic dismantling and progressive decrease in neuronal activity [33]. 

Conventional methods of extracellular electrophysiology such as multielectrode 

array (MEA) allows measurement of spiking activity of only up to several 

hundred neurons. In this regard, fluorescent cellular-calcium imaging in 

combination with deep learning techniques can be used to compare collective 

spiking responses of neural populations in diseased versus healthy cells, and then 

assess whether changes in neuronal activity patterns occur in the presence of 

amyloid plaques [34]. Calcium imaging can help correlate electrical activity in 

neurons to intercellular movements of calcium ions [35]. 

• The 3D microfiber substrate-based in vitro culture can be used to investigate the 

impact of β-secretase inhibitors and γ-secretase modulator treatments on Aβ/p-

tau levels in AD cell lines, therefore serving as a potential high-throughput drug 

screening platform. This can accelerate AD drug discovery by supplementing 

the expensive, high-maintenance and time-consuming in vivo trials presently 

utilized for testing candidate drugs [36] (Figure 7-2). HTS enables rapid and 

parallel testing of numerous drugs, thereby speeding up the dug development 
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timeline and reducing chances of failure in human clinical trials. In addition, 

these trials could also be used to assess and confirm potential 

connections/correlations existing among the major hallmarks of AD [1].  

 

Figure 7-2. Application of AD models in drug development (Adapted from [1]). 
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APPENDIX 

Appendix A1. Preparation of Graphene Oxide.  

Graphene oxide (GO) was prepared according to the modified Hummer's method. 

First, 60 ml concentrated sulfuric acid was introduced into a 250 ml three-neck flask 

with mechanical stirring and ice-water bath. Next, graphite power (2.5 g) and sodium 

nitrate (1.25 g) were mixed with the acid, leading to green color slurry. After the 

mixture cooled down (<10 oC), potassium permanganate (7.5 g) was added slowly 

into above solution by five parts with each quota 1.5 g. Afterwards, the system was 

allowed to react at 35oC for 2 h and 50oC for 2 h, resulting in a very viscous and 

dark brown paste. Then, 100 ml deionized water was slowly added to cool down the 

reaction and maintained for another 15 min. The muddy-like mixture obtained was 

poured into a 2 L beaker with ~700 ml DI water inside. With the addition of H2O2 

(30 ml, 30%), the solution turned bright yellow color, which is usually an indicator 

of successful reaction. Dilute hydrochloric acid (fume acid: water = 1:9) was then 

added, and the deposition part was washed by DI water repeatedly using centrifuge 

until the pH of supernatant remain constant. Finally, the graphene oxide obtained 

was concentrated in water using a centrifuge. 
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Appendix A2. 3D view of electrical stimulation setup inside each culture well. 
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Appendix A3. TEM of (a) GO and (b) rGO-PDA. 
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Appendix A4. SEM images of PC12 cells grown inside the 3D scaffold 7 days after 

cell seeding (a) without and (b) with electrical stimulation; Inset arrows indicate cell 

clusters. 
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Appendix A5. Selected variables and levels for DOE. 

Factor Name 
Factor 

Letter 
Low Setting 

Medium 

Setting 
High Setting 

Concentration A 10% 12.5% 15% 

Voltage B 10 kV 12 kV 14 kV 

Flow rate C 30 ml/h 40 ml/h 50 ml/h 

Response Diameter of coaxial fiber (µm) 

 

Appendix A6. ANOVA Table, Diameter of coaxial fiber. 

Source 
Degree of 

freedom 
Seq SS Adj SS 

Adj 

MS 
F P 

A 2 2501.37 2501.37 1250.69 308.66 0 

B 2 462.67 462.67 23134 57.09 0 

C 2 660.18 660.18 330.09 81.46 0 

A*B 4 188.94 188.94 47.24 11.66 0.002 

A*C 4 185.29 185.29 46.32 11.43 0.002 

B*C 4 28.14 28.14 7.04 1.74 0.235 

Error 8 32.42 32.42 4.05   

Total 26 4059.01     

 

 

 

 

 

 

 

 

 

Appendix A7. Design matrix of experimental results. 
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Run 

Order 

Concentration 

(%) 

Voltage 

(kV) 

Flow 

rate 

(ml/hr) 

Diameter 

1 (µm) 

Diameter 

2 (µm) 

Diameter 

3 (µm) 

1 10 10 30 34.37 33.56 34.55 

2 10 10 40 35.9 36.1 36.33 

3 10 10 50 40.98 39.88 42.14 

4 10 12 30 35.65 34.85 35.1 

5 10 12 40 37.6 37.03 38.65 

6 10 12 50 39.62 37.96 38.69 

7 10 14 30 29.95 28.7 30.22 

8 10 14 40 35.03 34.87 36.03 

9 10 14 50 35.55 35.94 35.33 

10 12.5 10 30 41.7 42.65 39.99 

11 12.5 10 40 47.83 45.98 46.86 

12 12.5 10 50 52.71 51.86 52.33 

13 12.5 12 30 33.05 31.98 32.66 

14 12.5 12 40 37.91 37.02 38.32 

15 12.5 12 50 47.58 47.03 44.76 

16 12.5 14 30 33.95 33.43 33.55 

17 12.5 14 40 38.6 38.11 38.65 

18 12.5 14 50 39.75 39 40.23 

19 15 10 30 52.98 53.43 51.96 

20 15 10 40 66.7 65.92 66.43 

21 15 10 50 77.18 78.14 78.36 

22 15 12 30 53.03 52.64 52.88 

23 15 12 40 57.93 57.23 57.12 

24 15 12 50 72.83 72.03 73.11 

25 15 14 30 40.36 40.85 39.77 

26 15 14 40 48.62 48.23 47.98 

27 15 14 50 57.13 57.77 56.81 

Low 
      

Medium 
      

High 
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Appendix A8. Characterization of 3D PLGA microfiber scaffolds. (A) High-

resolution XPS spectra of C1s region of PLGA microfiber surface (a) without and 

(b) with atmospheric air plasma treatment (300 s); (B) Ultimate compressive 

strengths (σ) of 3D PLGA microfibrous scaffolds obtained for mechanical testing 

under dry and wet conditions; Data is expressed as mean ± SD (n = 5), **p < 0.01. 
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Appendix A9. Encapsulation and characterization of iPSC-derived NPC inside 

3D PLGA microfiber scaffolds. Confocal fluorescent microscopy images 

indicating (i-ii) differentiation of iPSC-derived NPCs (8529 cell line) inside 3D 

scaffold as assessed via staining for TuJ1 (green) and Nestin (red) markers on D13; 

(iii) cross-section of 3D microfiber scaffold after sectioning (dotted line indicates 

top surface of 3D scaffold); (iv) cell infiltration and distribution of D13 

differentiated NPC inside 3D scaffold without orbital shaking as assessed via 

staining for Ki67 (green) and DAPI (blue) markers. 

 

 

 

Appendix A10. Primer sequences used for specific gene targets for qPCR 



189 

 

Target Gene  Primer sequence (5’-3’) 

Ki67 
F ACGCCTGGTTACTATCAAAAGG 

R CAGACCCATTTACTTGTGTTGGA 

TuJ1 
F CACCCAGCAGATGTTCGATG 

R CTTCACGTTGTTGGGGATCC 

NeuN 
F GCGGCTACACGTCTCCAACATC 

R ATCGTCCCATTCAGCTTCTCCC 

PSEN1 
F ACAGGTGCTATAAGGTCATCCA 

R CAGATCAGGAGTGCAACAGTAAT 

ADAM17 
F GGCAAATGTGAGAAAC 

R TGGACAAGAATGCTGAAAGGA 

Actin 
F GCGCAAGTTAGGTTTTGTCA 

R AGATGTGGACAGCAAGCAG 
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Appendix A11. Comparison of glial differentiation between 2D and 3D cultures. 

(A) Confocal fluorescent microscopy images indicating glial differentiation in 2D 

and 3D cultures stained for GFAP (red) marker on D13 and D19 respectively; Nuclei 

were counterstained with DAPI (blue); (B) Quantification of immunostaining results 

showing percentage positive staining of glial differentiation markers normalized to 
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DAPI for D13 and D19; Data is expressed as mean ± SD (n = 3), **p < 0.01, ***p 

< 0.001; Scale bar: 50 µm. 
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Appendix A12. Confocal fluorescent microscopy images indicating 

pluripotency of iPSCs. Fibroblast-derived iPSCs were immunostained and positive 

for various iPSC markers such as SOX2, OCT4, Nanog, SSEA4, and TRA-1-60; 

Nuclei were counterstained with DAPI (blue). 
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Appendix A13. 3D culture elevates expression of specific genes linked to the 

APP pathway. qPCR analysis of APP-linked pathway genes in D19 FAD-iPSC 

derived neurons; PSEN1 expression in (A) 2D culture and (B) 3D culture; ADAM17 

expression in (C) 2D culture and (D) 3D culture; Data is expressed as mean ± SD (n 

= 3), *p < 0.05, **p < 0.01, ***p < 0.001. 

 

 


