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Abstract 

The nervous system is a complex, multi-layered tissue system. The lack of access to 

live human brain tissue and the inherent limitations of animal research make it difficult 

to study the functions of the nervous system and the diseases affecting it. It is possible 

to construct neural tissue mimics (NTMs) in vitro. However, these experiments are 

typically conducted on two-dimensional (2D) substrates and cannot accurately 

represent the three-dimensional (3D) microstructure of neural tissues. To address this 

issue, biomimetic gelatin-methacryloyl (GelMA) hydrogels with highly desired 

biological and physical characteristics similar to the extracellular matrix (ECM) in 

nature have been developed to investigate neural development, neurogenesis, and 

electrophysiology in a 3D environment. 

 

In the first part of this study, by varying the polymer compositions of GelMA and long-

chain polyethylene glycol diacrylate (PEGDA), biomimetic hydrogels with tensile and 

compressive moduli of approximately 10 and 0.8 kPa, respectively, were created to 

simulate the mechanical environment of neural tissues. In vitro findings indicated that 

the GelMA-PEGDA hydrogels were biocompatible to sustain stem cell growth, 

proliferation, differentiation, and neurite extension. Also, stretching significantly 

increased neurite extension, axon elongation, and directionally oriented neurites along 

the direction of stretching. In addition, immunofluorescence staining, and relative gene 

expression revealed that stretching could facilitate the upregulation of neuronal 

differentiation-related proteins and genes, such as glial fibrillary acidic protein (GFAP) 
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and neuron-specific class III beta-tubulin (Tuj-1). In conclusion, the unique mechanical 

properties of GelMA-PEGDA could not only promote neuronal differentiation toward 

a particular lineage, but stretching is an intriguing strategy for boosting the efficiency 

of neural stem cell (NSC) therapies. 

 

In the second part of the study, poly (3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) was incorporated as an additive improving the conductive 

properties of GelMA-PEGDA hydrogels. In contrast to non-conductive hydrogel, the 

conductive hydrogel itself could promote neuronal development. With electrical 

stimulation (ES), the conductive hydrogel could further induce stem cell differentiation 

with increased neuronal extension and relative gene expression. Meanwhile, stretching 

could also induce neuronal differentiation and directional alignment of axon extension, 

consistent with the previous part. The co-stimulation of mechanical stretching and 

electrical stimulation had synergetic effects on neuronal development, namely 

promoted neurite outgrowth, increased filopodia density and neurite branching, 

upregulated relative expression of neuronal differentiation genes, and higher electrical 

activity of encapsulated neuronal cells. This study enriched the knowledge about the 

directed differentiation of NSC within 3D microenvironment through physical cues, 

offering theoretical basis for the effectiveness and feasibility of NSC therapy. 

 

To further fabricate 3D NTMs with customisable sizes, forms, and functionalities, in 

this chapter, a novel host-guest hydrogel bio-ink based on GelMA and hyaluronic acid 
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was developed for bioprinting. The rheological results indicated that host-guest 

hydrogel had excellent shear-thinning and fast self-healing properties, which endowed 

hydrogels with outstanding printability to be produced and maintained in diverse 

structures. Meanwhile, the host-guest interaction could protect cells from high shear 

force during printing, and cells maintained high viability and proliferation after printing. 

In addition to mimicking the neural structure, host-guest interaction mimicked the 

dynamic ECM environment that regulated cell behaviours (cell morphology, spreading, 

and migration) and function of the neural system (electroactivity and signal 

transmission), forming a united neural network. With good cell viability and 

electroactivity, we believe that the NTMs developed using host-guest hydrogels hold 

great promise in replicating the structure and function of different neural tissues, 

allowing researchers to investigate the underlying mechanisms of neural 

communication and information processing, as well as the mechanisms of nerve 

damage and repair to develop potential treatments for neural regeneration. 

 

Overall, a range of biomimetic GelMA hydrogels were developed for studying neural 

development, neurogenesis, and electrophysiology. These hydrogels had high 

biocompatibility for neural cell encapsulation and provided a 3D matrix, which would 

be more effective in recapitulating neural tissues compared to 2D counterparts. We then 

fabricated NTMs through bioprinting to mimic the intricate structure of the nervous 

system. The 3D-printed NTMs had controlled structure and high electrophysiological 

activity to form interconnected 3D neural networks. Overall, these studies help achieve 
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the following: (1) enrich the existing literature on the directed differentiation of NSC 

in a 3D microenvironment induced by physical stimuli; (2) offer a foundation for the 

efficacy and practicability of NSC treatment; (3) improve translational applicability and 

present a better model for studying neural regeneration. 
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Chapter 1 Introduction 

1.1 The neural cell microenvironment 

Cells are situated in a cell microenvironment, a complex, diverse, and continuously 

changing collection of biochemical and biophysical stimuli that regulate cell behaviour 

[1]. Consequently, the microenvironment plays a significant role in highly specialised 

nervous system structures. Although the microenvironments of cells are varied 

considerably, the cellular microenvironments of animals have a lot common features in 

terms of compositions and functions [2]. The cellular microenvironment encompasses 

a heterogeneous milieu of cellular constituents, bioactive soluble factors, ECM 

components, and biophysical stimuli; these determine cell behaviours and activities, 

including proliferation, migration, self-renewal, differentiation, and death [3]. 

 

1.1.1 Cells of the nervous system  

Multiple cell types are responsible for the proper functions of the nervous system. 

Typically, neurons have dendrites or specialised nerve terminals, which transmit 

electrical impulses to the cell body via axons (nerve fibres). Glial cells perform a range 

of tasks, including blood-brain barrier development and axon protection. Neural stem 

cell (NSC), which are mostly undifferentiated, can generate offspring cells that grow 

and develop into neurons and glial cells. Cells communicate with a diverse of cell types, 

both similar and dissimilar to their own [4].  
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1.1.1.1 Neurons 

Neurons epitomize a heterogeneous cohort of extensively specialized cells that 

comprise the intricate framework of the nervous system, orchestrating a myriad of 

neurophysiological functions. Schematic 1.1 depicts the normal structure of a neuron, 

which includes the cell body, axon, and dendrites [5]. Neurons have the ability to sense 

stimuli, integrate information and convey nerve impulses and thus carry out the 

functions of the neurological system. Generally, neurons receive signals through 

dendrites and emit signals along their axons. The signal then travels from the axon of 

one neuron to the dendrite of another neuron. In general, neurons are generated from 

NSC during brain development in childhood. Neurogenesis in most regions of the brain 

essentially ceases in adulthood. Since neurons do not undergo mitosis, dead neurons 

cannot be replaced, which makes neural regeneration challenging. 

 

Schematic 1.1 Structure of a typical neuron [6]. 

 

1.1.1.2 Glial cells 

Glial cells are a distinct population of non-neuronal cells devoid of the capacity to 

generate electrical impulses. Compared with neurons, glial cells possess greater 
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diversity and functions. Primary glial cell types include oligodendrocytes, astrocytes, 

and microglial cells (Schematic 1.2). Glial cells are important in several neurological 

functions: (1) producing myelin sheaths that surround the axons throughout maturity to 

support and provide nutrients to neurons; (2) controlling neuronal ion and 

neurotransmitter levels; (3) regulating synapses, which are basic functional unit of the 

nervous system [7]. 

 

Schematic 1.2 Different glial cells [8]. 

 

1.1.1.3 Neural stem cell (NSC) 

NSC are multipotent cells that exist in the central nervous system (CNS) and can 

develop into neurons and glial cells (Schematic 1.3). Like other stem cells, NSC could 

proliferate indefinitely. NSC is essential in embryonic development and are persist in 

stem cell niches of adults’ organisms [9]. The ventricular-subventricular zone is a niche 

for adult NSC, which can differentiate into olfactory neurons [10]. The hippocampus is 

a hotspot for NSC, which generate new cognition neurons [11]. NSC has the potential 

to replace or repair dysfunctional cells in the nervous system, thereby providing new 

possibilities for neural regeneration [12].  
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Schematic 1.3 The self-renewal and multipotency of NSC [13]. 

 

1.1.1.4 Engineered stem cells 

Despite the promise of NSC in neural regeneration, it still suffers from the scarcity of 

sources, high heterogeneity of NSC characterisation and the difference between in vitro 

and in vivo cultivation [14]. Advances in cell culture technology and modern materials 

(bioactive hydrogels) offer a framework for simulating complex, physiological 

microenvironments; however, direct culturing NSC for in vitro investigation and in vivo 

regeneration remain challenging [15]. Engineered stem cells including induced 

pluripotent stem cells (iPSCs) and neuronal cell lines provide a reliable and sustainable 

supply of cells for neural research and therapy. 

 

iPSCs 

iPSCs are pluripotent stem cells derived from mature adult somatic cells (e.g., patient 

tissues) via gene expression reprogramming, which eliminates the risk of immune 

rejection when transplanted into the body. Meanwhile, iPSCs are also feasible to 

differentiate into neurons and glia cells, which makes them a valuable cell source for 
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neural tissue engineering. iPSCs have been used to develop in vitro neural disease 

models to provide insights into neural disease processes and improve in vitro drug 

testing efficiency. The transplantation of iPSCs has shown promise in preventing 

neuronal degeneration in the CNS of animal models. Despite these promises, the 

controlled differentiation and potential clinical application of iPSCs can be a lengthy 

process. Scientists and physicians must combine their expertise to transform these 

technologies into practical application [16]. 

 

Neuronal cell lines 

Neuronal cell line is also an invaluable tool for study of neuroscience and neural 

regeneration. Although many cell lines are derived from tumour tissues, numerous 

studies have found little proof suggesting that the original cells are superior to human 

cell line models [17, 18]. Meanwhile, there are a number of advantages for neuronal 

cell lines in neural tissue engineering: Firstly, neuronal cell lines provide a nearly 

endless supply of homogenous cells for research applications. Secondly, they are easy 

to culture and can be stored in liquid nitrogen for a long time; Additionally, they could 

be easily induced to differentiate into various types of neurons during defined periods. 

Cell lines are also highly reproducible, making it easier to compare results across 

different studies.  

 

Neuro2a cells 

Owing to its neuronal and amoeboid stem cell characteristics, the mouse-derived 
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Neuro2a (N2a) cell line can develop into various cell types containing neurofilaments 

[19]. N2a cells generate many microtubules and are, therefore, sensitive to viruses, 

which may affect their cell shapes and functions. N2a cells are used to study a variety 

of neurological disorders and pathogens, including neurite outgrowth, neurotoxicity, 

Alzheimer's disease, asymmetric cell division, adenoviral transduction, and rabies [19]. 

 

SH-SY5Y 

SH-SY5Y is a clone that can be obtained from the bone marrow biopsy of a human with 

neuroblastoma [20]. It is often used in vitro as a model of neurological function and 

differentiation. Owing to their adrenergic phenotype and dopaminergic marker 

expression, they have been used to study Parkinson's disease and neurogenesis. 

 

PC12 cell line 

PC12 is a cell line obtained from a pheochromocytoma of the adrenal medulla of a rat, 

with embryonic origins from the neural crest, which contains neuroblastic and 

eosinophilic cells [21]. PC12 cell lines have yielded an abundance of knowledge about 

the role of proteins in vesicle fusion. This cell line has been used to determine 

synaptotagmin functions in vesicle-cell membrane fusion. Although they are not 

considered adult neurons, their embryological origins in neuroblastic cells allow them 

to develop into neuron-like cells and release neurotransmitters through vesicles. When 

treated with nerve growth factor or dexamethasone, PC12 cells cease to proliferate and 

differentiate terminally [22]. Therefore, PC12 cells may serve as a model for neuronal 



7 
 

differentiation and neurosecretion. 

 

1.1.2 Extracellular matrix  

The ECM is a complex and dynamic network of macromolecules that can affect cellular 

activity, hence playing a crucial role in development [23, 24]. Formerly regarded as an 

inert scaffold, the vital significance of the ECM in crucial areas of cell biology has 

recently become more evident.  Based on the number and arrangement of ECM 

components, the molecular scaffold of each tissue represents cell-specific activities. 

The physical, biochemical, and biomechanical features of the ECM are well-

characterised by the structural, biochemical, and functional variety of its components 

[25]. Since these qualities and attributes are interconnected, they may impact one 

another, and these dynamic ECM alterations may influence cell function [26]. 

 

1.1.2.1 Compositions  

Cellular processes in different tissues are represented by different molecular scaffolds 

that vary in terms of the size and composition of the ECM [26]. The neural ECM is rich 

in hyaluronic acid (HA) and proteoglycans. Lecticans - including aggrecan, versican, 

brevican and neurocan - are the most important family of chondroitin sulfate 

proteoglycans (CSPGs) in neural tissues. They congregate at somatic and dendritic 

synapses during the late stages of neural development, generating perineuronal nets 

(PNNs), which are similar to cartilage. Synaptic plasticity and maintenance require 
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PNN maturation. The enzymatic digestion of CSPGs promotes this by preventing long-

term potentiation/depression and simplifying the activity of neuronal networks into 

more basic patterns. At the causative and modulatory levels, disturbances to the 

homeostasis of the neuronal microenvironment have been linked to pathological events 

in various neurological illnesses. In addition, numerous studies have revealed a 

connection between ECM modifications and brain trauma or Alzheimer's disease [27]. 

 

1.1.2.2 Biochemical cues 

The ECM offers biochemical signals that govern cell-mediated repair or breakdown in 

adult organisms [28]. In brain tissues, natural biochemical signals are provided 

according to a specific spatial distribution and temporal sequence [29]. Focal adhesions 

and hemidesmosomes are formed when ECM ligands attach to cell surface receptors 

[25]. Such cells-ECM adhesions play critical roles in cell growth, proliferation, 

migration, and differentiation, and are essential in the transmission of 

microenvironmental signals generated or mediated by the ECM [30]. During brain 

development, gradients of biochemicals are closely localised and influence neuronal 

growth and differentiation [31]. For example, external gradients guide axonal growth 

and trajectories via long-range diffusion and short-range contact cues [32]. However, 

when the brain tissue is wounded or afflicted, its control of biochemical signals may be 

disturbed, resulting in cell death and the formation of regeneration obstacles [33]. 

 

The ECM acts as a reservoir for soluble molecules and controls their localisation, and 
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bioactivity [34]. The regulation is mediated by non-covalent interactions, such as 

electrostatic and hydrogen bonding, within ECM and soluble signalling molecules [25]. 

Fibronectin, for instance, serves as a receptor for several growth factors, encompassing 

fibroblast growth factors (FGFs), vascular endothelial growth factors (VEGFs), and 

platelet-derived growth factors (PDGFs). Additionally, heparin/heparin sulfate exhibits 

affinity towards fibronectin, VEGFs, and FGFs. Moreover, the surface of 

macromolecular skeletons within the ECM presents chemical functional groups, such a 

COOH, NH2, and CH3 groups, which directly engage in interactions with cells, thereby 

modulating their activities and functions [25].  

 

1.1.2.3 Biophysical cues  

Biophysically, the ECM communicates with cells via the macromolecular structure, 

network rigidity, and spatiotemporal fluctuations. Biophysical signals are crucial for 

neurogenesis, nerve repair, neuronal cell migration, and axonal development [35]. 

 

Anisotropic and hierarchically structured ECM structures can influence tissue 

performance and function. The breadth and density of fibres may influence the cellular 

responses; however, these effects are often relevant to the mechanical properties of the 

ECM and biochemical signals. Moreover, the ECM networks feature holes in their 

interstitial regions. The sizes and densities of the pores impede cell development by 

restricting the accessible space. 
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The mechanical characteristics of biological tissues span orders of magnitude, ranging 

from a few kPa for neural tissues to hundreds of MPa for bone tissues [3]. With Young’s 

moduli of 0.50–6.63 kPa for the spinal cord and 1–4 kPa for the brain, nervous tissue 

is the softest tissue in the human body [36, 37]. The behaviour and fates of NSC are 

also regulated by biophysical cues. To be specific, NSC cannot survive in materials with 

Young’s moduli lower than 0.1 kPa or higher than 100 kPa; they prefer a soft 

environment (1 kPa) for development into nerve cells and a stiffer environment (7–10 

kPa) for differentiation into glial cells [38]. 

 

1.1.3 Soluble factors 

Basic nutrients and soluble signalling molecules represent only some of the many 

soluble components that cells are exposed to in their watery in vivo environments. In 

terms of essential nutrients, oxygen is depleted quickly owing to its low solubility. The 

inefficiency of oxygen supply has been a significant barrier to developing tissue 

structures in vitro. Furthermore, different types of cells respond differently to changes 

in oxygen content [39]. 

 

As the most-studied soluble signalling molecules for biomimetic cell 

microenvironment manipulation, growth factors have received considerable attention 

in recent years [40]. Growth factors are produced by the same cell or neighbouring cells 

to give each developing cell a growth factor milieu (endocrine signalling). The 
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concentration gradients of these growth factors are similar and are tightly regulated both 

spatially and temporally, whether they freely diffuse in aqueous fluids or are confined 

inside the ECM. 

 

1.1.4 Physical fields 

Except for biochemical and biophysical signals, cells react to a diverse of physical 

stimuli, such as mechanical strain, stress, and electrical and magnetic fields. The ECM 

mediates physical signals, particularly tension and stress [41]. 

 

New technologies facilitate physiologically appropriate stress and strain for mechano-

transduction studies of artificial tissue construction. Depending on the loading 

technique and parameters, these mechanical fields exert diverse effects on different cell 

activities. For example, stretching could stimulate the release of growth factors of 

muscle cells and thus induce the formation of new muscle fibers [42]. Similarly, in bone 

cells, mechanical stretching can stimulate the production of ECM proteins and 

mineralization, leading to bone growth and remodeling [43]. Shear stress is another 

type of mechanical stress that occurs when cells are exposed to fluid flow. This 

mechanical stimulation can activate signaling pathways and gene expression, leading 

to changes in cell behavior. For example, in endothelial cells, shear stress can stimulate 

the production of nitric oxide, which controls blood vessel dilation and flow [44]. In 

cartilage cells, shear stress can stimulate the production of lubricants and ECM proteins, 
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which help protect and stabilize joints [45, 46]. Additionally, electrical, magnetic, 

acoustic, and thermal forces may be applied to cells. For example, electric fields 

accelerate the development of cells and tissues in cardiac, skeletal muscle, and bone 

tissue engineering [3]. 
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 1.2 Microenvironment factors regulating neuronal 

differentiation 

The clinical and industrial uses of neuronal differentiation processes are extensive. 

Neurons produced by stem cells have been extensively applied in basic neurological 

research, drug screening platforms, neurodevelopmental and neurodegenerative disease 

modelling, and cell-based treatments for neurological illnesses [47, 48]. 

 

1.2.1 Biochemical environments 

In addition to tissue homeostasis and repair, a variety of biochemical inducers control 

processes, including cell division, differentiation, and growth. The majority of these 

inducers are proliferative peptide hormones or chemical substances.  

 

1.2.1.1 Growth factors  

Growth factors are critical in neural regeneration. NSC in the CNS are more likely to 

survive and differentiate into neurons when exposed to growth factors, such as brain-

derived neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF), nerve 

growth factor (NGF), and neurotrophic factors. They affect PI3K/Akt and other 

signalling pathways to improve adipose stromal cells (ASC) survival and activity, 

producing morphological and migratory alterations. In addition, the cytoskeleton of 

growing cells is modified to mimic fibroblast processes via the polarisation of 

Rho/myosin II components [49].  
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Hepatocyte growth factor is an additional neurotrophic factor that allows sensory and 

parasympathetic neurons to survive longer and proliferate. It functions as a growth 

factor for neocortical explants and as a chemoattractant for the axons of spinal motor 

neurons. Mesenchymal stem cells (MSCs) may be encouraged to develop into neuroglia 

by combining bFGF and NGF with retinoic acid (RA). Stem cells tend to develop into 

oligodendrocytes when the neurotransmitter nor-epinephrine is introduced [50]. 

 

1.2.1.2 Chemical compounds 

Certain chemicals may also stimulate neuroglia. By increasing cysteine absorption and 

intracellular glutathione levels, β-mercaptoethanol promotes neuronal survival in 

culture [51]. Butylated hydroxyanisole, valproic acid, insulin, and potassium chloride 

have also been used to stimulate neuronal and glial differentiation [52]. Similarly, 

ethanol, valproic acid, and hormones, such as hydrocortisone and insulin, may also 

induce neuronal differentiation of NSC [53]. Although the independent effects of these 

chemical inducers on neuronal differentiation have been fairly understood, the use of 

these chemical compounds has been limited because of their toxicity. How to reduce 

the toxicity of chemical inducers and the combined effects of chemical compounds 

would be the focus of investigation in the future. 

 

1.2.2 Mechanical microenvironments 

The mechanical microenvironment comprises mechanical support, environmental 
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pressures, and forces in the ECM, produced by cellular interaction with surrounding 

support cells. Neural stem cell growth, division, and differentiation are intrinsically 

linked to the mechanical niches in which they reside. NSC can perform their numerous 

roles regularly in a physiologically mechanical environment, but when this 

environment changes, stem cell capabilities are altered too. Substrate topology, 

substrate stiffness, shear stress, tension strain, and stress represent only some of the 

mechanical microenvironmental factors that should be investigated to better understand 

how they affect stem cell proliferation and differentiation. 

 

1.2.2.1 Topography structure 

Stem cells benefit from topography at micro- and nano-scale levels. Cell alignment, 

polarisation, extension, migration, differentiation, and gene expression are regulated by 

a combination of chemicals bound to the substrate and scaffold physical features. 

Recent in vivo studies have shown that physical signals, such as surface topography, are 

important for the proliferation of stem cells. For example, radial glial cells move 

alongside neuronal cells during cerebral cortex development. Through the manipulation 

of micro- and nano-scale patterns on substrates, stem cell fates can be effectively 

modulated by inducing alterations in cytoskeletal alignment and intracellular assembly 

of focal adhesion proteins. The structures of the nanomaterials used for ECM have also 

been shown to affect stem cell behaviour. Using electrospun nanofiber scaffolds for 

peripheral nerve regeneration, Jaswal et al. discovered that graphene-encapsulated gold 

nanoparticles in poly(caprolactone) (PCL) fibre scaffolds approximated the natural 
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ECM and promoted cell differentiation and neural network creation [54]. When various 

copolymers were added to PCL, the rat neural stem/progenitor cells (NSPCs) could 

differentiate into astrocytes and neurons without a growth stimulus, highlighting the 

importance of fibre nanotopography.  

 

1.2.2.2 Mechanical stiffness 

Stem cell activities, including differentiation and self-renewal, are increasingly being 

attributed to mechanical features of the cellular microenvironment [55]. For example, 

the alterations in cytoskeletal tension and the activation of the mechano-transduction 

signalling complexes and transcription factors are controlled by spatial and temporal 

variations in ECM stiffness, which regulate stem cell activity. In addition, advances in 

materials have provided access to substrates with precisely regulated qualities (e.g., 

biochemical composition, mechanical strength, biocompatibility, and protein 

functionalisation). By growing stem cells in such a scaffold, a desirable cell fate may 

be induced by mechanical stimulation. 

 

In a ground-breaking study, polyacrylamide gels with elasticities between 0.1 and 1 kPa 

were covered with collagen I and applied to induce neural development of human 

mesenchymal stem cells (hMSCs) without a soluble factor. Immunofluorescence, 

western blotting, and microarray analyses indicated that hMSCs acquired a neuronal 

shape and expressed a wide variety of neuronal markers. Furthermore, the hMSCs were 

permanently committed to a neuronal cell destiny after three weeks of growth on these 
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soft substrates, despite myogenic and osteogenic inducers [56]. 

Stem cell responses to stiffness variation have also been studied using laminin-coated 

methacrylamide chitosan (MAC) hydrogels. The proliferation and differentiation of 

NSC improved on scaffolds with elasticities lower than 1 kPa. In addition, 

Functionalising MAC hydrogels with the same stiffness as that of brain tissue increased 

the efficiency with which NSC underwent neuronal differentiation compared to NSC 

treated with BDNF [57].  

 

Polydimethylsiloxane (PDMS) substrates with varying stiffness were also used for NSC 

culture. In this study, the maximum rate of astrocyte differentiation was observed on 

soft substrates, but the rate of oligodendrocyte differentiation was independent of the 

substrate stiffness. Although the total number of mature and differentiated neurons was 

unrelated to stiffness, the degree of stiffness significantly impacted the process, as 

neuronal axon growth and synaptic protein expression improved in brain-like stiffness 

scaffolds [58]. 

 

1.2.2.3 Mechanical strain and stress 

Native NSCs exist in a constantly changing dynamic niche, which are essential 

regulators of cell survival, proliferation, metabolism, and differentiation [59]. 

Increasing evidence suggests that the fate of NSC is also influenced by mechanical cues, 

such as shear forces, fluid flow, mechanical stretching and compression [60]. Recent 

research has shown that external physical stimuli may be converted into intracellular 
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forces to regulate gut organoid development via Wnt/β-catenin signalling [61]. In 

particular, stretching might enhance neuronal development, axon growth, and neurite 

outgrowth. 

 

In similar studies, cyclic stretching alone has been shown to cause neurite outgrowth of 

PC12 and SH-SY5Y cells, and induce the differentiation of NSC into neuron-like cells 

[62]. Moreover, stretching has been shown to stimulate neurite development in adult 

neurons. A 10% cyclic stretch stimulates the neurite outgrowth of neurons, and strains 

may stimulate axon development and branching [63]. However, these studies have 

drawn contradictory conclusions regarding the cyclic strain amplitude that produces 

neurite outgrowth or neuronal differentiation. This may be related to the various cell 

types and the maturation levels of the brain cells. 

 

During CNS development, cell sheet motion and tissue folding put endogenous NSPCs 

under local physical stress. In CNS impairment, there is immediate physical straining 

of the brain tissue; this has been reproduced in vitro using equibiaxial stretching, which 

dramatically alters the functions of neurons and glia. Despite the lack of research 

regarding the effects of mechanical stretching upon neuronal differentiation in the CNS, 

it has been shown that progressive mechanical stretching promotes the lengthening and 

maturation of adult rat hippocampus NSPC-derived neurons. The existence of 

mechanical forces throughout development and in traumatic conditions necessitates the 

identification of their effects on NSPC differentiation [64]. 
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1.2.2.4 Supramolecular interaction 

In addition to traditional macro mechanics discussed above, micromechanics 

(supramolecular interaction) is ubiquitous in the ECM and exerts a fundamental role in  

regulating cell behaviour including cell migration, proliferation, differentiation, and 

apoptosis. Among various kinds of supramolecular interaction, host-guest is 

noteworthy within the realm of biomedicine owing to their inherent tunability and 

dynamic characteristic which allow force-induced dissociation/association. Yang et al. 

developed a sliding hydrogel by host-guest interaction for 3D stem cell culture and 

differentiation [65]. The study found that the fluidity of the sliding hydrogels allowed 

the recombination of cells and rearranged the hydrogel network, which enhanced the 

differentiation of NSC into multiple lineages. In another study, Alexandra et al. 

developed a host-guest dynamic supramolecular polymer and investigated the effect of 

a dynamic matrix on neuronal activity [66]. They demonstrate that host-guest 

interactions can promote neuronal infiltration and activate the biological activity of 

neuronal receptors. Furthermore, supramolecular hydrogels have shown great promise 

for in vivo neural regeneration. Multiple studies have shown that supramolecular 

hydrogels can promote axon growth and synapse formation, which bring an emerging 

choice for nerve injury and neurodegenerative diseases [67]. 

 

1.2.3 Electrical environments 

The electrical properties of neurons and their microenvironment are indispensable for 
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the function of the nervous system. Information transmission occurs via electrical 

impulses generated by nerve cells. It was reported that the conductivity of neural tissue 

is range between 8×10-4 to 4×10-2 S/m [68, 69]. Given the intrinsic electrical properties 

of neurons, the electric signal is also a possible trigger for neural stem cell 

differentiation. Electrical field has been explored to promote neuronal differentiation 

by modulating the electrical properties of NSC and promoting the expression of genes 

associated with neuronal development [70]. The mechanism by which electrical 

stimulation induces neuronal differentiation is complex and is still being studied, but 

some of the proposed mechanisms include modulation of ion channels and activation 

of intracellular signaling pathways (MAPK/ERK and PI3K/Akt pathways) [71].  

 

Conductive materials provide a promising choice for study of electrical stimulation on 

neuronal differentiation in vitro. These materials can provide a conductive environment 

that mimics the natural electrical properties of the nervous system and allow the 

application of ES to NSC in them to investigate the mechanisms underlying the effects 

of ES on neuronal differentiation. Several conductive materials, including polypyrrole 

(PPy), PEDOT, and polyaniline (PANi), have been used as scaffolds to regulate stem 

cell activity [72, 73]. These substances include repeated single and double bonds with 

overlapping pi bonds (pi-type), which enhances the transfer of free electrons between 

atoms. When cultivated on 0.1M HCl-doped PANi substrates, MSCs underwent 

conductivity-dependent neuronal differentiation, demonstrating properties previously 

associated with neurons. Surfaces with different conductivities (e.g., PANi) facilitated 
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the electrical stimulation of MSCs, increasing neuronal marker expressions. NSC could 

differentiate into mature neuron-like cells on a PANi substrate after exposure to a 

continuous potential of 1.5 V, even without doping treatment. In a separate investigation, 

significant filopodial elongation, decreased nestin expression, and increased Tuj-1 

expression were also observed in MSCs [74]. 

 

In addition, electrical currents may also encourage the migration of neurons cells, and 

can direct the formation of neurites. In research exploring the effects of ES on MSC, 

ultra-low-frequency pulsed electromagnetic fields have been reported to induce the 

production of osteocytes and osteogenic genetic markers. Both axonal myelination and 

osteocyte differentiation are boosted by ultra-low-frequency electrical stimulation [75]. 

 

1.2.4 Magnetic environments 

Magnetic stimulation has been used as a non-invasive therapy for controlling neural 

activity and inducing neuronal differentiation [76]. The underlying mechanism through 

which magnetic stimulation induces neuronal differentiation is not yet fully understood 

but is thought to involve the hinge of the effects of calcium and cyclic adenosine 

response element‐binding protein (CREB) [77]. To be specific, electromagnetic 

stimulation can accelerate intracellular and extracellular calcium ion exchange and 

increase the voltage‐gated calcium channels during the differentiation process. The 

transcriptional regulator CREB may be phosphorylated by calcium influx, which then 
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attracts more calcium-binding proteins to trigger the neuronal differentiation process 

[77]. In addition, both the CREB and epigenetic pathways can influence the production 

of BDNF, which plays a crucial role in NSC activity. Liu et al. have found that low-

frequency magnetic stimulation can enhance the development of mature neurons from 

iPSCs while high-frequency magnetic stimulation may promote differentiation into 

glutamatergic neurons [76]. Furthermore, intermittent theta-burst magnetic stimulation 

could promote the formation of synapse. 

 

The bromodeoxyuridine (BrdU) and nestin incorporation techniques have demonstrated 

that electromagnetic fields (EMFs) can also enhance BrdU and nestin in the region of 

subventricular zone (SVZ), indicating that EMFs have a significant influence on the 

proliferation and migration of NSC [78]. According to Cuccurazzu et al., extremely 

low-frequency and low-intensity EMF stimulation increases adult hippocampus 

neurogenesis [79]. Moreover, Arias and co-workers demonstrated that activation of the 

transcranial magnetic field stimulates neurogenesis in SVZ cells after nigrostriatal 

injuries [80]. 
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1.3 Biomaterials for the design of biomimetic 

microenvironments 

Biomaterials for the creation of bio-inspired microenvironments should replicate cell 

growth, proliferation, differentiation, and cell death in terms of their composition, 

structural characteristics, mechanical properties, degradability, and electrical 

conductivity. 

 

1.3.1 Natural biomaterials 

Early biomaterials, many of which are still in use today, were derived from natural 

sources and are chemically and structurally similar to damaged tissues. Host cells can 

recognise natural biomaterials, thereby minimising rejection; this is the driving force 

behind their adoption [81]. In addition, naturally occurring polymers promote cell 

adhesion and proliferation. Scaffolds comprising pure ECM molecules (e.g. collagen or 

other proteins, HA, and specific polysaccharides) have been used in addition to matrices 

based on generic mixes of ECM components [82]. However, the mechanical 

characteristics of biomaterials of natural origin are insufficient, and they biodegrade too 

quickly to provide sufficient support. These biomaterials can be manufactured in 

numerous ways, including in situ gellable solutions, scaffolds, fibres, and conduits [83]. 

 

1.3.1.1 Collagen  

As an essential structural protein of mammalian ECM, collagen constructs networks 
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and threads that provide a physical framework and vital metabolic signals for sustaining 

cells and tissues. Collagen plays a crucial role in nerve formation and maintenance. It 

also offers excellent support for cell proliferation and may promote the differentiation 

of a wide variety of cell types [84]. 

 

Collagen hydrogels fill lesion deficiencies in nerve conduit channels, promote axon 

development in the collagen matrix, and enhance sensory function [85, 86]. 3D collagen 

scaffolds have been printed using cryogenic direct-plotting technology, wherein the 

extruded collagen is promptly frozen to preserve its structure [87]. Yoo et al. discovered 

that 3D-printed collagen scaffolds provide a biomimetic environment for neural 

regeneration, which promotes axon regeneration and remyelination [88]. Due the 

excellent neural regeneration effects, collagen-based products for are commercially 

available now (e.g., NeuraGen (Integra) and NeuroMatrix (all Stryker)) for never repair 

[89]. 

 

1.3.1.2 Gelatin and GelMA 

Gelatin, a protein derived from collagen, has demonstrated significant promise in neural 

tissue engineering [89]. Compared to collagen, gelatin has improved water solubility, 

reduced immunogenicity, and retained its high biological activity. However, the weak 

crosslinking (soluble at body temperature), limited mechanical strength and easy 

degradation limited its application. Fortunately, the development of chemically 

modified gelatin-methacryloyl (GelMA) has addressed the above limitations and 
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expanded the applications [90, 91].  

 

GelMA has gained increased popularity in neural tissue regeneration, including cell 

transplantation, drug delivery, and nerve repair due to its excellent properties [90, 92]. 

Firstly, GelMA is similar to the natural ECM and possesses the arginine-glycine-

aspartic acid (RGD) sequence for cell adhesion and growth, which contributes to its 

excellent biocompatibility. GelMA hydrogel can be crosslinked rapidly, in just one 

minute or even a few seconds. Furthermore, the mechanical properties of GelMA can 

be tuned to the desired condition through various methods, from varying the gel 

concentration to more complex methods such as co-polymerization. 

 

Many studies have demonstrated the excellent performance of GelMA hydrogel in 

nerve regeneration. Zhou et al. found that GelMA hydrogel loaded with NSC can 

promote motor function recovery and neuronal differentiation in rats with 

hemicomsected spinal cords [93]. Chen et al. used parallel modified-electrode rods to 

align GelMA hydrogel into fibrous bundles, which can guide neuronal cell migration 

or axon extension [94]. Additionally, other researchers have used dopamine-

functionalized GelMA hydrogel as a scaffold to induce NSC differentiation. Dopamine 

in the GelMA hydrogel scaffold can promote neural network formation and enhance 

neuronal differentiation [95]. 
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1.3.1.3 Hyaluronan  

Hyaluronan, also known as hyaluronic acid, is a linear glycosaminoglycan comprised 

of alternating of D-glucuronic acid and N-acetyl-D-glucosamine units. Interest in the 

field of neural tissue engineering has been sparked by discovering that HA, an 

extracellular component of the CNS, may stimulate neurite formation [96]. Combining 

low-power laser irradiation with transplanting foetal spinal cord nerve cells into an 

adult rat's transected spinal cord led to axon regeneration and a partial recovery of 

locomotor function. Immobilised HA hydrogels containing cell-adhesive oligopeptides 

assisted in regenerating wounded brain tissue and axon regrowth. Angiogenesis was 

induced in rat cortical lesions when RGD- or isoleucine-lysine-valine-alanine-valine 

(IKVAV)-modified hyaluronic acid hydrogels were implanted [97]. 

 

The esterification of hyaluronic acid greatly improves resistance to biodegradation. The 

biodegradation rate is proportional to the level of esterification. Benzylated 

hyaluronans were shown to be stable in water for extended periods. Twenty days after 

subcutaneous implantation in rats, the ethyl ester of HA was completely dissolved, 

although the benzyl ester remained stable even after 90 days. The breakdown products 

of benzylated hyaluronan are harmless to cells. Hyaluronan hydrogels were also 

prepared by replacing some of the polysaccharide backbones with methacrylate groups, 

followed by cross-linking the resulting molecule with light. The holes in these 

hydrogels were ~50 μm in diameter and possessed an isotropic open porous architecture 

[98]. 
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1.3.1.4 Fibrin  

Fibrin is a fibrillar protein primarily responsible for blood coagulation. Fibrinogen 

meshes and produces fibrils in the presence of calcium ions and thrombin, forming a 

plug or clot at the site of the injury. 

 

Fibrin gels have been used to transport NGFs. Schwann-cell-containing fibrin has been 

used as a luminal filler to stimulate axonal regeneration. The addition of neurotrophic 

and Schwann cells to fibrin has also been applied to regenerate the sciatic nerves of rats. 

Inkjet printing has made it possible to build layers of brain cells and fibrin and produce 

a 3D structure [99]. 

 

Fibrin sealant has also been effective in rats with severed sciatic nerves. In addition, 

fibrin binds to hyaluronic acid and the von Willebrand factor. Fibrin may interact with 

integrins in Schwann cells via its RGD and two AGDV sites. The binding of fibronectin 

to fibrin provides an extra benefit for Schwann cells because fibronectin enhances their 

proliferation [100]. 

 

Neurite outgrowth from the dorsal root ganglion neuron is affected by the concentration 

of RGD peptides used to alter the fibrin backbone and improve fibrin hydrogel 

properties. The density of the adhesion sites had the greatest effect on neurite extension 

when it was moderate and the least effect when it was high [101]. 
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1.3.1.5 Alginate  

Alginate is a naturally occurring polysaccharide with a prospective function in tissue 

engineering. The linear polysaccharide alginate is generated from brown algae and 

other microorganisms. It consists of a polymer chain comprising (1-4)-linked D-

mannuronic acid (M) and L-guluronic acid (G) due to the binding of divalent cations to 

the G-units, and gels quickly. This binding results in the distinctive transformation of 

the alginate structure into the so-called "egg-box" shape [102]. 

 

Native or unmodified alginate is a poor substrate for mammalian cell adhesion. These 

cells lack receptors that adhere to alginate, rendering the development of processed 

cells impossible without alginate modifications. The combination of collagen, 

fibronectin, laminin, or cell-adhesive peptides with alginate has shown tremendous 

promise for peripheral nerve regeneration and spinal cord injury therapy [83]. 

 

1.3.2 Synthetic biomaterials 

The application of synthetic biomaterials is another common practice. Synthetic 

biomaterials can be manufactured using a wide range of methods and architectural 

designs specific to the tissue type. Hence, these materials appear to compensate for the 

shortcomings of natural biomaterials [81]. In addition, biodegradability can precisely 

be regulated by choosing the appropriate polymer or its composition. However, they 

also have drawbacks, such as reduced bioactivity, which increases the post-implant 
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rejection risk. Given that many systems are composed of a variety of biomaterials, 

understanding the origins of these biomaterials is necessary [103]. 

 

1.3.2.1 Poly (2-hydroxyethyl methacrylate) (pHEMA) 

pHEMA could be crosslinked using dimethacrylate monomers for polymerisation. 

Hydrogel tubes made from pHEMA polymers have mechanical properties analogous to 

those of the spinal cord. The morphology displays a microporous layer on the inside 

and a gel-like layer on the outside. By altering the monomer composition and surface 

chemistry of the molds used to make the tubes, these mechanical and morphological 

qualities have been reported as viable treatment for spinal cord injuries [104].  

 

Several studies have investigated the efficacy of different pHEMA types. Adult rat 

spinal cords were implanted with p(HEMA-MMA) tubes, resulting in the development 

of axons and the construction of tissue bridges inside the tubes. However, axons did not 

traverse the entire length of the tube; the astroglia did not penetrate the tube but instead 

surrounded it [105]. 

 

1.3.2.2 Poly (ethylene glycol) (PEG) 

PEG is a hydrophilic polymer that is linear and has a low binding affinity. It is a 

biodegradable polymer comprising ethylene oxide (EO) units. PEG is extremely 

biocompatible and suitable for hydrogels owing to its hydrophilic and biochemically 

inert qualities, which are essential for nutrition and waste transfer. In addition, PEG is 
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resistant to protein absorption and is non-immunogenic. However, unlike the natural 

polymers employed in hydrogels, PEG is not bioactive and is often combined with other 

bioactive polymers [106]. 

 

PEG hydrogels have been widely utilized in neural tissue engineering [107]. Neuronal 

cell culture on PEG platforms improves neural cell survival, proliferation, and 

differentiation, suggesting considerable potential for treating CNS ailments. Hydrogels 

can be developed and manufactured in many forms (2D or 3D). However, the features 

and qualities of the design seem to have a greater impact on neuronal cell behaviour in 

3D than in 2D cultures. For 2D PEG cultures, Lampe et al. demonstrated that hydrogel 

characteristics did not influence metabolic or apoptotic activities but influenced cell 

proliferation and glial cell reactivity [108]. In 3D PEG cultures that closely resembled 

the stiffness of the original brain tissue, the metabolic activity, proliferation, and 

apoptosis rates were enhanced. 

 

The adaptability and lack of toxicity of PEG have allowed for preclinical testing and 

intravenous administration after brain damage. After severe traumatic brain damage, an 

intravenous injection of PEG reduced cerebral cell loss and delayed the degeneration 

of wounded axons to the extent that the brains of PEG-treated mice resembled those of 

uninjured animals. Moreover, PEG has shown promise in treating spinal cord damage 

by considerably accelerating and improving the process of membrane resealing and 

restoring mechanical integrity after compression. 
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1.3.2.3 Conductive materials 

Conductive polymers were discovered midway through the 1970s and gained attention 

regarding their biological use in the 1980s. In addition to possessing qualities 

comparable to those of conventional polymers, conductive polymers exhibit desirable 

and controllable electrical properties [109]. Conductive polymers are combined or 

copolymerised with degradable polymers to produce conductive biomaterials owing to 

the weak cell adhesion, inability to biodegrade, and limited mechanical control. 

Conductive biomaterials with anisotropic conductive characteristics have been 

developed to promote neurite extension and enhance myoblast growth. PEDOT:PSS 

and their derivatives are probably the most well-known organic conductive materials 

owning to their exceptional electrical conductive attributes, adhesion to substrates, 

tuneable mechanical properties, and biodegradability [110, 111]. As shown in 

Schematic 1.4 PEDOT:PSS is a composite material composed of two different PEDOT 

and PSS, which work together to create a material that possesses the unique properties 

[112]. The principle of conduction in PEDOT: PSS is based on the movement of charge 

carriers, specifically electrons, and holes, through the polymer matrix. PEDOT is a 

conjugated polymer that allows for the movement of electrons through the polymer 

chain, while PSS provides charge balance and stabilizes the PEDOT backbone. When 

PEDOT:PSS is doped with a counterion, such as p-toluene sulfonate (PTS), it becomes 

a p-type semiconductor, meaning that it has an excess of positive charge carriers or 

holes. The holes can move through the polymer matrix by hopping from one PEDOT 

chain to another, and the application of an electric field to PEDOT:PSS separates the 
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holes and electrons, creating a current flow through the material. Maintaining the 

electrical conductivity of the hydrogel matrix while supporting the growth and function 

of cells remains a significant challenge, despite the potential benefits of conductive 

hydrogels for personalizing of the 3D cell microenvironment [72].  

 

Schematic 1.4 The structure of PEDOT: PSS [112]. 

 

Carbon-based nanomaterials, including carbon nanotubes (CNTs) and graphene, 

represent a distinct category of conductive materials extensively employed in diverse 

biomedical applications [113]. Conductive hydrogels made from CNTs have been 

created for cardiac and neural tissue engineering applications. In biohybrid actuators, 

the excitation thresholds and beating frequency are affected by the orientation of the 

electrical signals with respect to CNTs, which are typically vertically oriented. 

Hydrogels have been mixed with carbon nanofibres, graphene, and graphene 

derivatives to create conductive hybrids. The popularity of graphene stems from its 

plethora of useful properties, including its malleability, high electrical conductivity, and 

solubility in water. Progressions in the production and performance of conductive 

hydrogels based on carbon nanomaterials have been attributed to the toxicity of CNTs 

and reduced graphene oxide.  
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1.4 Technologies for constructing biomimetic nerve network 

models 

In vitro models of CNS are in great demand for studying neurological illnesses, injuries, 

regeneration, and therapeutic effectiveness. As a result of the closer physiological 

relationship between 3D models and in vivo conditions, 3D-cultured neuronal models 

exhibit superior survival and distinct cell behaviours compared to 2D-cultured models 

[114]. The cultures of 3D models are compatible with intracellular and extracellular 

electrophysiological methods, which is very important. Various technologies can be 

used to construct biomimetic nerve network models, including conventional methods, 

self-assembly, microfluidic channels, and 3D printing, as briefly described in the 

following sections.  

 

1.4.1 Conventional methods 

Solvent casting and particle leaching are standard processes for fabricating three-

dimensional brain models. To produce a scaffold, the polymer is dissolved in an organic 

solvent and then poured into a mould. The scaffold is moulded into the proper 

form/dimensions by applying salts to obtain the necessary geometry. Popularly 

available leaching agents include sodium chloride (NaCl) and sugar. Kaplan et al. 

constructed 3D tissue models that enhanced the development and long-term survival of 

functional brain networks [115]. Adapting this paradigm to iPSCs facilitates a more 

direct investigation of the human situation. Diverse cell types, including neurons and 
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astroglia cells, interact in these 3D tissue cultures, exhibiting spontaneous neuronal 

activity (as validated by electrophysiological recordings and calcium imaging over at 

least nine months). This tissue model can be employed to identify early-stage disease 

biomarkers, facilitate earlier illness detection, and enhance our knowledge of disease 

development. 

 

1.4.2 Supramolecular self-assembly  

Through non-covalent interactions, molecules and components self-organise into 

patterns or architectures of nanofibres, resulting in malleable, randomly oriented 

networks known as self-assemblies. When used in neural tissue engineering, self-

assembled nanofibrous scaffolds offer several advantages, and their fast recovery not 

only enhances the lifetimes of materials but also restores their original properties [116]. 

 

Peptides can self-assemble into a helical, sheet, or hairpin structure, which can then be 

used to construct 3D scaffolds for studying human neuronal reprogramming and 

maturation. Human neurons generated from iPSCs in self-assembling, peptide-

containing nanofibrous scaffolds have shown impressive functional activity. Alongside 

increasing neuronal survival, RADA16-I scaffolds also increase neurite length by 

hundreds of micrometres inside the host brain tissue. The IKVAV amino acid sequence 

promotes neurite outgrowth. Nanofibrous hydrogel scaffold structures are formed via 

the self-assembly of IKVAV molecules in neural progenitor cells (NPCs) cultures. 
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Consequently, NPCs cultured in 3D scaffolds develop neurons faster than those grown 

on the hydrogel surface. Therefore, the self-assembly of this hydrogel suggests that it 

may comprise a useful component for neural tissue regeneration [117]. 

 

1.4.3 Microfluidic channels 

Microfluidic technology is sometimes called a lab-on-a-chip or a micro-complete 

analysis system. This approach has been widely used in gene and protein analysis, drug 

toxicity, multidrug resistance, cell cultures, and tissue engineering [118]. Microfluidic 

channels have been used to link axon and neuron chambers to create biomimetic 

nervous system models [119]. Nervous system models offer novel and effective 

research platforms for studying injury, degeneration, and regeneration in the nervous 

system. By altering the microenvironment of the system, these models can easily 

imitate chemical or physical nerve injuries [120]. Using precision manufacturing 

technology, microfluidic technology and traditional 3D techniques have been combined 

to create microfluidic biomimetic models [121]. Microfluidic biomimetic models can 

generate a regulated microenvironment using microchannels to provide steady nutrition 

and other chemical compounds. Their microscale dimensions are congruent with the 

microstructure and microenvironment in vivo, making it simple to create 

microenvironmental conditions comparable to those seen in the human body [122]. 

 

Using a PDMS microfluidic system comprising a pyramid-shaped cell culture chambers, 
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Yin et al. investigated the optimal local concentration of tacrolimus for peripheral nerve 

regeneration [123]. In addition, in vitro models of the blood-brain barrier can be created 

by integrating models of the neurological system with the architectures of blood arteries 

to examine the trafficking of medications, nutrients, metabolites, and other substances 

between the blood and CNS. Owing to the failure of the blood-brain barrier, these 

microfluidic biomimetic models may be useful for studying certain neurological 

disorders, including Alzheimer's disease and disseminated sclerosis. 

 

1.4.4 Three-dimensional bioprinting 

Bioprinting is a promising approach that combines biomaterials, bioactive chemicals, 

and cells to create 3D cellular constructs that mimic the brain architecture in vivo [124]. 

This can facilitate personalised biomedical device applications that apply combinatorial 

strategies to address brain regeneration issues. 3D printing integrates 3D imaging with 

robotics-based biomanufacturing for anatomical precision, diverse bio-inks with 

adaptability and quick prototyping for combinatorial sampling. When replicating 

complicated systems (e.g. the nervous system), these qualities are preferable to 

alternative methods. 

 

First, 3D printing customises scaffolds for the nervous system and trauma recovery. 

Using 3D imaging and topological data, scaffolds can be designed to fit the 3D 

microenvironment of each injury. The cell-to-cell contact generated by 3D printing may 
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enhance the regenerative abilities of the transplanted cells. To improve brain networks, 

3D printing can be used to route regenerated axons [125]. 

 

Direct 3D printing achieves the best and most effective localisation by printing the 

appropriate cell types or biomolecules directly into the necessary scaffold, which allows 

for the creation of more physiologically relevant models [126]. Regeneration of the 

orthotopic nervous system can be enhanced by adding cells or chemicals to regionally 

tailored conduits.  

 

Lastly, 3D printing can increase the complexity of neural networks. 3D printing with 

sacrificial hydrogel ink can create complex circulatory and brain networks [127]. 

Specific cells and growth factors can be used to construct a neurovascular system. Basic 

research into translational drug discovery can be applied to create microenvironmental 

platforms for nervous system function, disease modelling, and pharmacology studies 

[128]. 

 

While bioprinting has many advantages for constructing biomimetic nerve network 

models, there are also challenges that need to be addressed including the accuracy of 

3D printing, integration of multiple cell types, and cell viability and functionality after 

printing. The development of ideal bioinks with adequate biocompatibility and 

excellent printability would be the promising solutions to these challenges. Recently, 

an increasing number of studies have focused on developing bio-inks with high 
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biocompatibility and printability to print NSC directly into desired shapes without 

affecting cell viability. For example, Gu et al. constructed lattice-shaped mini-neural 

tissue via the bioprinting of NSC within hydrogel matrices [129]. Printed NSC 

exhibited high viability and could differentiate into neuronal and glial cells in situ. The 

calcium imaging results also demonstrated that the printed neural mimics had 

functional neurons, which could be used as a platform for neural development and 

neural network formation. Zhou et al. developed a novel bio-ink with enhanced 

neuronal differentiation abilities using dopamine-modified GelMA [95]. NSC seeded 

on printed scaffolds showed excellent neural network formation and promoted gene 

expression. These studies highlight the importance of mimicking the neural tissue 

microenvironment and the potential of bioprinting for developing neural tissue mimics 

that better replicate neural tissue complexity.  
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1.5 Biomedical application of in vitro nerve network models  

1.5.1 In vitro nerve network models for pathophysiological studies  

Parkinson's disease and Alzheimer's disease (AD) are linked to growing brain 

dysfunction. Despite the increasing number of CNS studies, our understanding of brain 

function remains largely insufficient, and the in vivo study of the human brain has 

numerous limitations. Future models of the physiology, pathology, and pharmacology 

of the nervous system will incorporate 3D neural mimics [130]. 

 

AD is a neurodegenerative pathology typified by neuronal death, cognitive impairment, 

and memory loss. Despite numerous attempts, several therapies targeting AD-related 

pathways have proven unsuccessful in animal models. The research on AD has faced 

challenges in understanding the pathophysiology of late-onset Alzheimer's disease 

(LOAD) and developing effective treatments to prevent or reverse the disease-related 

physiological changes. To address these issues, iPSC-based neural models have been 

employed to replicate Alzheimer's disease features in the CNS, enabling the exploration 

of AD pathology and facilitating drug screening. Notably, both LOAD and early-onset 

Alzheimer's disease (EOAD) iPSCs can generate cortical neurons exhibiting AD 

characteristics. This phenotypic variation highlights the importance of subclassifying 

AD patients and neurons when conducting drug screening studies [131]. 

 

Kaplan et al. developed a 3D iPSC human brain model utilizing embryonic mouse brain 
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cells by including human cells from healthy individuals as well as AD and Parkinson's 

disease patients [115]. The evaluation of this tissue model involved the utilization of 

stem cells derived from individuals with Alzheimer's and Parkinson's diseases. 

Electrophysiological assessments were conducted to evaluate the functional activity of 

the 3D brain tissue models, which demonstrated robust activity. Furthermore, genetic 

profiling conducted on the 3D models revealed tissue differentiation, neuronal cell 

proliferation, and cell type selection. These findings have significant implications as 

they can be employed to identify early disease markers, thereby facilitating earlier 

diagnosis, and enhancing our understanding of disease progression and development. 

 

1.5.2 In vitro nerve network models for drug screening 

Despite breakthroughs in neuroscience, treating nerve illnesses is tough. It is difficult 

to measure pharmacological effects owning to the vast array of potential secondary 

targets, encompassing both neuronal and non-neuronal elements [132]. Drug 

development is associated with significant adverse consequences, as evidenced by the 

fact that less than 10% of proposed drugs successfully receive clinical approval. The 

development of medications for neuropathy in Phase II and III are particularly affected, 

experiencing a delay of 8.1 years due to high attrition rates observed in clinical trials. 

Importantly, numerous clinical impairments emerge at a late stage in these trials, 

indicating a disconnect between the findings from preclinical studies and the outcomes 

observed in hospitalized patients. This disparity highlights the need for improved 
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translation of preclinical findings into clinical settings to enhance the effectiveness and 

efficiency of drug development processes. 

 

Animal models used in vivo to anticipate the effects of medications. Drosophila and 

zebrafish are capable of high-throughput testing and rapid screening for toxicity. 

Because gene expression and cellular metabolism are distinct, animal models have 

problems accurately simulating human disease etiology and treatment response. 

Behavioral tests or in vivo electrophysiological measurements of cerebral activity (e.g. 

EEG) have been the primary focus of early preclinical safety inspections [133]. These 

techniques hinder a comprehensive understanding of the mechanistic and molecular 

bases of neural network function changes [114]. 

 

In vitro models of neurons exhibit remarkable similarity to their natural counterparts in 

terms of cell type diversity, intracellular communication, cell-matrix interactions, and 

nutrient transport. Among these models, 3D-cytoarchitectural cultures represent a more 

advanced in vitro approach compared to monolayer co-cultures, particularly in the 

context of drug toxicity evaluation. The three-dimensional nature of cytoarchitectural 

cultures provides a more physiologically relevant environment, allowing for improved 

recapitulation of cellular behavior and response to drugs. As a result, 3D-

cytoarchitectural cultures hold great potential as a valuable tool for investigating drug 

toxicity and improving our understanding of drug effects on neuronal cells. Sirenko et 

al.  conducted a study focusing on drug toxicity using 3D human iPSC brain spheroids 
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as a model system. In this study, the researchers explored the capacity of 3D spheroids 

to identify potential hazards by subjecting them to various neuroactive chemicals and 

neurotoxins [134]. To assess cytotoxicity-induced disturbances or seizures in iPSC-

neurons, a calcium oscillation assay was employed, which detects intracellular calcium 

alterations. This assay was particularly useful for screening a panel of chemicals that 

represent environmental hazards and neurotoxicity, including pesticides, brominated 

compounds, and organophosphorus flame retardants. Additionally, the 

electrophysiological dynamics of local neurons were evaluated using a microelectrode 

array (MEA). The results showed that 57% of the tested chemicals exhibited neurotoxic 

effects. Furthermore, concentration-response profiling allowed for the ranking of 

medicines based on their neurotoxicity potential. By incorporating both in vivo human 

responses and in vitro toxicity data, industrial chemicals were also ranked in terms of 

their potential health and environmental risks. This study underscores the importance 

of utilizing iPSC models for toxicity assessment during the development of novel 

medications and the evaluation of chemicals that may pose risks to human health and 

the environment. 

 

1.6 Current challenges, motivations, and objectives 

The nervous system is a complicated network of specialised cells that transmit various 

signals to guide physiological activities [135]. The complex physiological structure and 

harsh microenvironment of the nervous system pose significant challenges to its repair. 
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Furthermore, the nervous system has intrinsic limitations regarding regeneration and 

self-healing [136]. Whilst peripheral nervous system (PNS) has a certain ability to 

regenerate, the regeneration of damaged CNS has been almost impossible [137]. Our 

understanding of neuroscience and neural development is also minimal because of the 

difficulty of collecting samples of brain tissue at important developmental time periods.  

 

Nerve tissue is the softest tissue, and nerve cells live in a highly interactive and dynamic 

niche. Understanding how the microenvironment regulates neural behaviour and 

function has important implications for biomedical research and nerve regeneration 

applications. However, reconstructing a 3D biomimetic environment for in vitro studies 

remains challenging owing to the lack of appropriate soft elastic substrates. 

 

To meet these challenges, the following projects were designed as concrete objectives: 

 

Specific objectives of Project 1: 

(1) To develop a variety of soft and elastic hydrogel systems to mimic soft nerve 

tissue environment. 

(2) To investigate the effects of matrix stiffness on neuronal differentiation. 

(3) To investigate the effects of mechanical stimulation (i.e. stretching) on neuronal 

differentiation in 3D environments. 

 

Specific objectives of Project 2: 
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(1) To develop a conductive hydrogel to mimic the electric signals of the neural 

system. 

(2) To investigate the effects of ES on neural behaviour. 

(3) To investigate the effects of co-stimulation (mechanical and electrical stimulation) 

on neural behaviour. 

 

Specific objectives of Project 3: 

(1) To develop a novel host-guest hydrogel bio-ink for constructing neural tissue 

mimics (NTMs) via bioprinting. 

(2) To study the electroactivity of 3D-printed NTMs. 

(3) To study the effects of host-guest interactions (to mimic a dynamic ECM 

environment) on cell behaviour.  
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Chapter 2 Mechanical stimulation on 3D GelMA-PEGDA 

hydrogel for neuronal differentiation 

2.1 Introduction 

NSC must differentiate into suitable neural lineages for nerve regeneration and 

neurogenesis studies [138]. Among different factors affecting NSC differentiation, the 

mechanical microenvironment is one of the key elements, where differentiation is 

guided by matrix stiffness and mechanical stimuli, such as stretching [139, 140]. 

However, the lack of relevant knowledge hinders the development of possible 

innovative neural therapies, such as the transplantation of NSC [141], and 

differentiation must occur under ideal mechanical circumstances to reduce tumorigenic 

results [142]. Therefore, multiple studies have investigated the influence of mechanical 

stimulation on neuronal development [143] using material topography and structure 

[144, 145], stiffness [146, 147], or mechanical stretching of material [148]. However, 

the bulk of these experiments have focused on standard 2D substrates - rather than 

having a third dimension - with insufficient softness and elasticity, which does not 

adequately mimic in vivo conditions, providing less insight into the underlying 

mechanisms. 

 

It is well known that nervous tissue is the softest tissue [36, 37]. The brain moduli are 

reportedly around 1-4 kPa [149-155], while the moduli of the spinal cord range from 

0.50 to 6.63 kPa [156-158]. To meet the above research gaps, we prepared a series of 
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hybrid hydrogels to mimic the soft environment of nerve tissue for 3D cell 

encapsulation via incorporating high molecular weight PEGDA into GelMA, where the 

former polymer is for soft elasticity, and the latter is for cell adhesion. While PEGDA 

and GelMA have different origins (synthetic vs natural), structures, and physical and 

chemical properties, both have been used in 3D cell encapsulation and stem cell 

transplantation [159-168]. As the main component of extracellular matrices, GelMA 

has an abundance of cell-adhesive peptides and excellent biocompatibility for cell 

growth, proliferation, and differentiation [169]. Conversely, PEGDA lacks cell-

adhesive peptides but has an exceptionally flexible linear and long-chain chemical 

structure. Changing the ratio of PEGDA and GelMA, a series of hybrid hydrogels were 

developed to mimic neural tissue. 

 

Through GelMA-PEGDA hydrogels, three significant aspects of NSC differentiation 

could be investigated. First, the hybrid hydrogels provide a highly biocompatible, soft, 

and elastic 3D environment for NSC encapsulation and growth. By manipulating the 

concentrations of PEGDA and GelMA, biomimetic hydrogels were engineered with a 

wide range of compressive moduli (0.8 kPa to 10 kPa) to elucidate the impact of matrix 

stiffness on the process of neuronal differentiation. Secondly, to mimic the dynamics of 

the neural microenvironment at the cellular and tissue level, stretching was further 

applied to NSC encapsulated in hybrid hydrogel to investigate the influence of 

mechanical stimulation on NSC differentiation in a 3D matrix. 
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2.2 Methodology 

2.2.1 Synthesis of GelMA and PEGDA 

Methacrylate anhydride (MA, Sigma-Aldrich) was covalently immobilised on type A 

gelatin through an amide reaction [164, 170]. First, 300 mg of gelatin was solubilized in 

30 mL phosphate buffer solution (PBS, HyClone, pH=7.4) at 50 °C. Then 0.03 mL MA 

was dripped into the above solution while stirring at 500 rpm. The reaction was 

conducted at 50 °C for 2 h. After that, the solution was subjected to filtration and 

dialysed in DI water for 7 days and then freeze-dried. As indicated in the literature, 1H-

NMR spectroscopy (JEOL ECZ500R 500 MHz) was used to evaluate the degree of 

substitution (DS) of the resultant GelMA [164, 170]. 

 

The carboxyl group of acryloyl chloride (Sigma-Aldrich) was reacted with the hydroxyl 

group of PEG (20 kDa, Sigma-Aldrich) to produce PEGDA [171]. After stirring for 30 

min, 10% PEG was dissolved in dichloromethane. The solution was then added 

gradually to acryloyl chloride and triethylamine (Sigma-Aldrich). PEG, triethylamine, 

and acryloyl were combined in a 1:4:4 molar ratio. The materials were combined 

overnight while being protected by N2. After the reaction, ether was used to precipitate 

the by-product. After further purification via rotary evaporation and dialysis, the 

product was freeze-dried to eliminate any leftover contaminants. In addition, 1H-NMR 

gave further evidence of PEGDA structure. 
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Different amounts of GelMA and PEGDA polymer were dissolved in 0.5 wt% photo-

initiator, lithium phenyl-2,4,6-trimethyl-benzoyl phosphonate (LAP, Sigma-Aldrich), 

to prepare hybrid hydrogels. For photo-crosslinking, the above mixture was exposed to 

an intensity of 6.9 mW/cm2 (360–480 nm, UV light) for 20 s. 

 

2.2.2 The characterisation of physical and chemical properties of 

hydrogels 

2.2.2.1 Mechanical tests 

The mechanical properties of hybrid hydrogels were conducted using a dynamic 

universal mechanic system (Instron, US). For the tensile tests, dumbbell-shaped 

hydrogel samples (L=15mm, W=2mm, T=1.5mm) were prepared, while cylindrical 

samples (d=10mm, h=5mm) were prepared for the compression test. Meanwhile, as 

performed before, specimens were immediately reloaded following initial loading-

unloading during the cyclic tensile test [172, 173]. The specimens (L=15mm, W=2mm, 

and T=1.5mm) were stretched by 50% of their original length 100 times. The 

established protocol dictated that all examinations be conducted using a consistent rate 

of 0.5 mm/min. Compressive and tensile moduli were derived by fitting linear 

regressions to the stress-strain curves in the deformation range of 0 to 10% [170]. 

 

2.2.2.2 Swelling experiment 

Cylindrical specimens (d=10 mm, h=3 mm) were subjected to a swelling test at room 
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temperature to determine the impact of crosslinking on hydrogel [170]. The hydrogel 

samples were immersed in PBS for different periods, and the swelling capacity of the 

hydrogels was calculated by Eq. (2.1). 

 

 Swelling = (
𝑊𝑠−𝑊𝑖

𝑊𝑖
) × 100%    (2.1) 

where Wi is the initial hydrogel weight before being immersed in PBS, whereas Wi is 

the wet hydrogel weight after being immersed in PBS for a certain period. 

 

2.2.2.3 Viscosity test 

Viscosity was tested through a rheometer (MCR 702) on a parallel plate (25mm in 

diameter) with a temperature control system set at 37°C. The shear rate ranged from 

0.1 s-1 to 1000 s-1. 

 

2.2.2.4 Degradation of hydrogel 

Different columnar hydrogels (d=10 mm, h=3 mm) were first immersed in DI water for 

12 h to reach swelling equilibrium. Subsequently, the swollen hydrogels were immersed 

in collagenase type II solution (Sigma-Aldrich, 0.2 U/mL) at 37℃ [174]. 

 

At predefined time intervals, hydrogel specimens were extracted from the collagenase 

solution and subjected to precise weighing procedures. The degrading characteristics 

of hydrogels were determined using Eq. (2.2) [175]. 

Mass remaining (%) = (
𝑊𝑡

𝑊0
) × 100%      (2.2) 
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where W0 is the initial mass after equilibrium swelling, and Wt is the mass remaining 

after collagenase degradation at various times. 

 

2.2.3 Cell culture and differentiation 

2.2.3.1 Cell culture 

N2a (ATCC, USA) cells were used in this chapter. They have been used extensively for 

research on neuronal development, axon growth, and signalling pathways, and has been 

shown to maintain stem cell properties while being capable of differentiating into 

neurons and glial cells [176]. Despite being derived from tumour tissues, several studies 

have indicated that the original cells are not superior to human cell line models. 

Furthermore, the use of the N2a cell line offers high reproducibility, thereby facilitating 

comparisons of results across different studies. As previously reported, N2a cells were 

cultured in a full medium (Dulbecco's Modified Eagle Medium (DMEM) and 10% fetal 

bovine serum (FBS)). The culture medium was replaced bi-daily during the course of 

cultivation. 

 

2.2.3.2 Cell differentiation 

For the differentiation of N2a, retinoic acid (RA, LOKCO Technology) was used to 

stimulate neurite outgrowth and differentiation. N2a cells were cultured in different RA 

concentrations (0μM, 10μM, 25μM, 50μM) to deduce the optimum concentration for 
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the differentiation medium [19]. Cell morphology and differentiation were determined 

under a microscope after 48 h of culture. 

 

2.2.4 Cell culture and differentiation on 2D hydrogels 

The GelMA-PEGDA solution containing 0.5 wt% photo-initiator underwent filtration 

using a 0.22-μm membrane to sterilise before cell culture. After pipetting 150 mL of 

hydrogel into each well of a 12-well plate, the whole plate was incubated at 37°C for 

10 min, allowing for homogenous distribution of the hydrogel across all wells. The 

hydrogel was subjected to 6.9 mW/cm2 of UV radiation for 20 s of photo-crosslinking 

(360–480 nm). After photo-crosslinking of the hydrogel, 0.5 mL of N2a suspensions 

(1×105 cells/mL) were seeded on the top hydrogel. The cells were given a whole night 

to adhere to the hydrogel. N2a cells were differentiated using a differentiation medium 

of 99% DMEM, 1% FBS, and 10μM RA. 

 

2.2.5 Cell encapsulation and 3D stretching hydrogel system 

To prepare the 3D stretching system, N2a cells were encapsulated in hydrogel precursor 

at a density of 1×106 cells/mL. Then 10 μL of the cell-loaded hydrogel solution dripped 

onto plasma-treated rubber bands, which were subsequently cross-linked by UV. To 

achieve different stretching proportions, we used a glass cutter to make three different 

lengths of glass for each ratio (i.e., 24 mm for the initial length; 30 mm for 25% stretch; 
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and 36 mm for 50% stretch). The plasma-treated rubber bands were tied and fixed onto 

glass slides of initial length, and 10 μL of the cell-loaded hydrogel suspension was 

dripped onto the rubber bands. After photo-crosslinking of the hydrogel, the rubber 

bands were stretched at a certain ratio, and the hydrogel was stretched accordingly with 

the rubber bands and maintain the stretching ratio of either 25% or 50% by fixing to a 

specific length of glass slides. A schematic of a stretched cell-laden hydrogel system 

for neuronal differentiation is shown in Schematic 2.1. 

 

 

Schematic 2.1 A stretching cell-laden hydrogel system for neuronal differentiation. 

 

2.2.6 Cell viability and proliferation 

The viability of N2a cells was evaluated using live/dead staining, followed by 

quantitative analysis using Fiji software to determine the percentage of viable and non-

viable cells. The proliferation of N2a cells at different time points during cultivation 

was assessed using the Cell Counting Kit-8 (CCK-8) assay. A control group was 

established, consisting of N2a cells cultured on tissue culture polystyrene (TCP) in a 

12-well plate. 
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2.2.7 Cell morphology 

The cytoskeleton with phalloidin and the nucleus with DAPI were stained to examine 

the cell morphology. Samples were first treated with paraformaldehyde for fixation. 

After 20 min of permeabilisation with 0.1% Triton X-100, the cells were then blocked 

for 45 min with 1% bovine serum albumin (BSA). Next, the samples were incubated in 

phalloidin solution coated with Alexa Fluor 488 (1:1000 dilution; Thermo Fisher, Hong 

Kong) for 45 min, and then DAPI solution (1:1000 dilution; Thermo Fisher, Hong Kong) 

for another 5 min in the dark. Specimens were examined using fluorescence microscopy 

(Nikon, Japan) after being rinsed three times with PBS. 

2.2.8 Immunocytochemistry and gene expression 

2.2.8.1 Immunocytochemistry 

Antibody labelling validated neural stem cell differentiation. First, the hydrogel 

samples were treated for 20 min in paraformaldehyde. After implementing the 

permeabilization and blocking protocols as detailed in section 2.27, samples were 

treated overnight with two primary antibodies (rabbit anti-GFAP and mouse anti-

Tubulin 3, 1:1000 in primary antibody diluent) at 4°C. Following the binding of the 

primary antibody, the samples were incubated in the dark at 37°C for 2 h alongside 

Goat pAb to Ms 594 Red conjugated 1:1000 and Goat pAb to Rb 488 FITC-conjugated 

1:1000 as the antibodies (Abcam, UK). Finally, the DAPI solution was stained for 

another 5min. Then, the samples were inspected by confocal microscopy after three 

rounds of PBS washing (ZEISS LSM 900). 
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Olympus inverted microscope (Nikon, Japan) and confocal microscope pictures were 

used to quantify morphological features (ZEISS LSM 900). The Fiji package in ImageJ 

was used to analyse all the photos. In addition, Fiji's NeuronJ plugin was used to 

measure average neurite length [177]. 

 

2.2.8.2 Gene expression 

According to the literature, reverse transcription quantitative polymerase chain reaction 

(RT-qPCR) was utilized as quantitative gene expression [178]. Cells grown on 2D 

hydrogel were harvested using trypsinisation after various incubation periods. 

Collagenase type II (Thermo Fisher, Hong Kong) was used to break down and liberate 

the 3D cells encapsulated in hydrogels. Using a Total RNA Kit (Omega, Hong Kong), 

total RNA was isolated from N2a cells. a Prime Script RT Master Mix Kit (Takarabio, 

Hong Kong) was used to reverse-transcribe the extraction into cDNA. As an internal 

control, GAPDH was employed to standardize the findings. Table 2.1 lists the sense 

and antisense primer sequences for a group of related genes. The 2-ΔΔCt technique was 

used to determine gene expression. 

 

Table 2.1 The primer sequences used for RT-qPCR 

Genes Sequences  

Nestin 
F: 5'-AAGTTCCCAGGCTTCTCTTG-3' 

R: 5'-GTCTCAAGGGTATTAGGCAAGG-3' 

GFAP 
F: 5'-GCTGGAGGGCGAAGAAAAC-3' 

R: 5'-GCCTTCTGACACGGATTTGG-3' 
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Tuj-1 
F: 5'-ACCCCGTGGGCTCAAAAT-3' 

R: 5'-CCGGAACATGGCTGTGAACT-3' 

MAP2 
F: 5'-CCTGGTGCCCAGTGAGAAGA-3' 

R: 5'-GTCCGGCAGTGGTTGGTTAA-3' 

GAPDH 
F: 5'- GCTGGAGGGCGAAGAAAAC-3' 

R: 5'-GCCTTCTGACACGGATTTGG-3' 
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2.3 Results and discussion 

2.3.1 Physicochemical characterisation of hydrogels 

2.3.1.1 Chemical properties of hydrogels 

In the 1H-NMR spectrum of GelMA (Figure 2.1A), a vinyl group at 5.64 and 5.36 ppm 

revealed that MA was grafted onto gelatin. In addition, the modification of MA on 

gelatin could also be confirmed by a significant methyl peak increase (1.9 ppm) 

followed by a decrease in the proton peak of lysine methylene (2.9 ppm). We found the 

DS as 90% upon utilising peak area changes at 2.9 ppm on GelMA and gelatin (Eq. 2.3) 

[170]. 

 DS = (1 −
𝐼1

𝐼2
) × 100%     (2.3) 

I1 is lysine methylene’s integrated area on GelMA, while I2 is on gelatin. 

 

Similarly, PEGDA synthesis was also confirmed by 1H NMR. By comparing the 

spectra of PEG and PEGDA, the characteristic peaks of the acrylate group (5.8, 6.1, 

and 6.4 ppm) were presented on PEGDA (Figure 2.1B), confirming the successful 

synthesis of PEGDA. The ether groups (-CH2OCO-) in the chemical structure of 

PEGDA were found at around 4.3 ppm [179, 180]. 
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Figure 2.1 (A) Scheme of the chemical reaction and 1H-NMR result of GelMA. (B) 

Scheme of the chemical reaction and 1H-NMR result of PEGDA. 

 

2.3.1.2 Mechanical and swelling characterisation of hydrogels 

Because NSC differentiation and proliferation substantially impacted mechanical 

attributes, designing hydrogels of varied compositions and mechanical attributes was 

paramount (Figure 2.2A-E). The annotations for the three distinct compositions were: 
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for 2.5 wt% GelMA + 2.5 wt% PEGDA, G:P=2.5:2.5; for 4 wt% GelMA + 1 wt% 

PEGDA, G:P=4:1; for 5 wt% GelMA, G. At mild stress, all hydrogels exhibited normal 

linear elasticity. Figure 2.2C demonstrates that adding PEGDA may considerably 

enhance elongation at break. G:P=2.5:2.5 exhibited the greatest elongation (1.8 times), 

then G:P=4:1 (approximately 1.5 times), and lastly, G (approximately 0.6 times). With 

increasing PEGDA ratio, tensile modulus and stress (Figure 2.2A-B) of the composite 

hydrogels reduced to roughly 10 kPa (G:P=2.5:2.5) from around 60 kPa (5 wt% 

GelMA). Meanwhile, the compression stress and modulus (Figure 2.2D-E) reduced to 

0.8 kPa (G:P=2.5:2.5) from approximately 6 kPa (5 wt% GelMA). It was reported that 

neuronal development is normally advantageous in stiffness between 1 and 10 kPa; 

therefore, our hydrogels provide a mimic neural microenvironment for investigating the 

influences of matrix stiffness on neuronal differentiation [38]. 

 

In addition, Figure 2.2F shows hydrogel crosslinking capacity, which indicates 

swelling behaviour and substantially impacts mechanical characteristics. After 9 h of 

soaking in PBS, the swelling reached its equilibrium. As PEGDA concentration grew, 

so did the swelling ratio, with GelMA having the lowest swelling ratio (approximately 

8%) followed by G:P=4:1 (about 23%) and G:P=2.5:2.5 having the greatest (about 

80%). These results corroborated our prediction that the insertion of PEGDA with a 

high molecular weight may vary hydrogel stiffness, elongation, and swelling by 

increasing chain flexibility and altering the cross-linked network topology [181-183]. 



59 
 

 

Figure 2.2 Mechanical and swelling results for GelMA-PEGDA hydrogels. (A-B) 

Tensile properties of the hydrogels. (D-E) Compression properties of the hydrogels. (C, 

F) Elongation at break and swelling properties of the hydrogels. 

 

The samples of hydrogel were subsequently put through a cyclic tensile test. Figure 2.3 

illustrates the average stress versus strain curves on the first, tenth, and 100th cycles. 

After 100 loading-unloading cycles, all hydrogels displayed outstanding tensile 

recoverability, demonstrating that the hydrogels were exceedingly stretchy. As a 

viscoelasticity attribute, hysteresis was likewise seen from the cyclic tensile curves [172, 

184]. A hysteresis loop exhibiting minor residual strain was found between the first two 

runs upon repeatedly stretching the hydrogels to identical strains. Meanwhile, 

hysteresis achieved stability alongside significantly decreased significance between the 

tenth and hundredth cycles. The findings of cyclic tensile testing revealed that all 

hydrogels were stretchy and recoverable for applications involving stretching stimuli. 

Compared with pure GelMA hydrogel, incorporating PEGDA dramatically reduced 
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strength tensile-wise and enhanced hydrogel stretching capacity, which aligns with the 

mechanical results elucidated in Figure 2.2.  

 

Figure 2.3 The cyclic tensile stress curves of different hydrogels (A) G, (B) G:P=4:1, 

and (C) G:P=2.5:2.5, respectively. 

 

As with several other mechanical parameters, viscosity may influence cellular activity. 

Viscosity predominantly affects cell activity by reorganising the structural 

configuration [185, 186]. A rheometer was used to measure hydrogel viscosity with 

varying components at 37°C (MCR 702) with shear rates from 0.1 s-1 to 1000 s-1 

(Figure 2.4) and investigate if GelMA-PEGDA viscosity was acceptable for the 

encapsulation, development, and differentiation of NSC. All the hydrogels had 

equivalent shear-thinning capabilities (Figure 2.4A). Meanwhile, with the increase in 

the proportion of PEGDA, there was a slight decrease in viscosity from 6.8 mPa·s to 

4.7 mPa·s (Figure 2.4B), which is similar to the viscosity of ECM-derived hydrogels 

that have been shown to support cell survival [187]. 
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Figure 2.4 (A) The continuous flow test (viscosity-shear curves) with a rotational 

rheometer at 37°C. (B) The viscosity of hydrogels at a specific shear rate. 

 

The breakdown of several hydrogels in collagenase solution is shown in Figure 2.5. 

Hydrogels with a higher PEGDA content disintegrated more quickly than 100% GelMA 

hydrogels; complete degradation happened in 80 h for G, 70 h for G:P=4:1 and 50 h for 

G:P=2.5:2.5. Conventional PEGDA hydrogels are often vulnerable to gradual 

deterioration [188]. Nevertheless, owing to larger hydrolysable ester ratios and reduced 

crosslinking density, the low concentration and high molecular weight of PEGDA 

hydrogel may expedite hydrolysis substantially [189]. Enzymatic GelMA network 

degradation increased PEGDA hydrolysis, leading to fast GelMA-PEGDA 

decomposition. The poor crosslinking network decreased the breakdown period, and 

gave flexible and soft qualities to the hydrogel, allowing mechanical stimulation and 

cell survival. 
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Figure 2.5 Percentage of mass remaining showing the effect of hydrogel composition 

on degradation (mean ± SD, n = 3) incubated in collagenase type II solution. 

 

Besides, we monitored the changes in hydrogel modulus during the 3D cell 

encapsulation process by examining the modulus changes in the culture medium over 

a span of 7 days. Figure 2.6A illustrates the swelling ratio of the hydrogels in the culture 

medium. The addition of PEGDA resulted in an increased swelling ratio of the 

hydrogels, with GelMA exhibiting approximately 8% swelling, followed by G: P= 4:1 

(slightly higher than GelMA, around 20%), and G: P=2.5:2.5 displaying the highest 

swelling ratio (reaching 80%). This outcome aligns with our hypothesis that the 

incorporation of PEGDA can modulate hydrogel swelling by enhancing chain 

flexibility and altering the cross-linked network topology. Figure 2.6B presents the 

moduli of the hydrogels incubated in DMEM solution for 7 days. As depicted in Figure 



63 
 

2.6B, the addition of PEGDA significantly reduced the compression modulus of the 

hydrogels. The compression modulus decreased to 1.0 kPa (G: P=2.5:2.5) from 

approximately 7.0 kPa (GelMA), which is consistent with our previous findings. 

Throughout the 7-day period, the compression modulus of the hydrogels remained 

relatively stable, with a slight initial decrease on the first day due to hydrogel swelling. 

The stable mechanical structure of the hydrogels provides a foundation for our 

subsequent investigation of the mechanical properties during neural differentiation. 

 

Additionally, we employed enzymatic degradation to accelerate the breakdown of the 

hydrogels and monitored the changes in modulus during the degradation process. 

Hydrogels with higher PEGDA content exhibited faster degradation compared to 

GelMA hydrogel. As shown in the line chart, G: P=2.5:2.5 completely degraded by day 

3, followed by G: P=4:1 (retaining approximately 13% mass at day 3), while GelMA 

exhibited the slowest degradation (with approximately 30% mass remaining at day 3). 

The introduction of low-concentration and high molecular weight PEGDA resulted in 

a higher hydrolyzable ester ratio and reduced crosslinking density, thereby expediting 

hydrolysis [188, 189]. The enzymatic degradation of the GelMA network increased 

PEGDA hydrolysis, leading to rapid decomposition of GelMA-PEGDA composite 

hydrogel. The decreased crosslinking network shortened the degradation period, 

imparting flexibility and softness to the hydrogel, which is essential for mechanical 

stimulation and cell viability. Furthermore, all three hydrogels showed a significant 

decline in compression modulus under collagenase degradation, with GelMA exhibiting 
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the greatest reduction (up to 3.6 kPa), followed by G: P=4:1 (approximately 2.27 kPa), 

and finally G: P=2.5:2.5 (1.1 kPa). During this period, the relative magnitude of the 

compression modulus of the three hydrogels remained consistent with the trend 

observed in Figure 2.6D, indicating that enzymatic degradation did not alter the relative 

compression modulus among these hydrogels. 

 

Figure 2.6 (A) Swelling properties of the hydrogels in DMEM. (B) Compression 

modulus of the hydrogels incubated in DMEM solution within 7 days. (C) Degradation 

properties of the hydrogels in 0.2 U/mL collagenase type II solution. (D) Compression 

modulus of the hydrogels incubated in collagenase within 2 days. 

 

2.3.2 Cell differentiation with retinoic acid 

N2a cells were maintained in a differentiation medium for 48 h in different retinoic acid 
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concentrations. Cell morphology was used to evaluate neuronal differentiation. As 

shown in Figure 2.7, more differentiated cells with dendrites and axons were observed 

in the RA-treated groups. The longest neuronal outgrowth (76μm) and highest cell 

differentiation rates (36%) were observed in 10μM RA group. On the other hand, lower 

cell differentiation rates and viability were detected at higher RA concentrations 

(50μM). Such findings were probably because a low RA concentration induces cell 

differentiation by EGF signalling, while a high dose of RA inhibits cell viability by 

decreasing ERK1 activation [19]. Therefore, 10μM RA was used to induce cell 

differentiation in succeeding experiments. 

 

Figure 2.7 N2a cells treated with various retinoic acid concentrations. (A) The 

morphology of N2a cells after being cultured for 48 h in DMEM medium with 1% FBS. 
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(B) Quantification of differentiated cells induced by different RA concentration. (C) 

The quantitative neurite outgrowth induced by different RA concentration. 

 

2.3.3 Cell viability and proliferation on 2D hydrogels 

N2a cell proliferation and viability on 2D hydrogels were examined for validating 

GelMA-PEGDA in neural tissues. The assessment of cell viability on hydrogels was 

performed by employing live/dead staining. For the control, N2a cells were grown on 

a 12-well plate. Figures 2.8A and 2.8Ci showed that the cells were extremely viable, 

and no substantial cytotoxicity was seen. After 1 and 5 days of cultivation, 90% of the 

cells remained alive. As with the control samples, the N2a cells were evenly distributed 

on the hydrogels, demonstrating high cytocompatibility. 

 

To investigate N2a cell morphology on the hydrogels, we used phalloidin/DAPI for 

staining actin filaments green and N2a cell nuclei blue (Figure 2.8B). On the first day, 

N2a cells were round and equally dispersed. Five days after full-growth media 

incubation, the cell population rose dramatically, although the majority remained 

undifferentiated and round. 

 

CCK-8 assessed the proliferation of N2a cells (Figure 2.8Cii). Control expanded 

quickest after 5 days of culture (p≤0.001), followed by G and G:P=4:1. However, 

G:P=2.5:2.5 had the least proliferation, perhaps owing to the high PEGDA ratio, which 
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lacked RGD peptides and other biological ligands for cellular adhesion and 

proliferation [190]. 

 

Figure 2.8 The viability and proliferation of N2a cells on hydrogels. (A) Live/dead 

staining of different groups. (B) Cell morphology of different groups on day 1 and day 

5 stained by phalloidin and DAPI. (Ci-ii) The quantification of cell viability and 

proliferation in different groups at different times. 
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2.3.4 Impact of UV on cell viability 

The impact of UV radiation on cell viability within GelMA hydrogel was investigated 

in this study, as GelMA hydrogel served as the primary hydrogel throughout the entire 

thesis. Figure 2.9 illustrates the detrimental effects of UV on cells. The viability and 

proliferation of N2a cells exhibited a decline as the UV energy increased, particularly 

when the UV energy exceeded 0.24 J/cm2. It is worth noting that at low UV energy 

levels (<0.12 J/cm2), the hydrogel was not fully crosslinked, as evidenced by the 2D 

morphology of the cells (Figure 2.9A). In order to strike a balance between cell 

viability and hydrogel crosslinking, a UV energy of 0.12 J/cm2 (equivalent to 20 

seconds at a UV intensity of 6.9 mW/cm2) was chosen for the UV crosslinking process. 

This energy level ensured that the hydrogel achieved proper crosslinking while 

minimizing cell damage. 
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Figure 2.9 The effect of UV on N2a cell viability in 5% GelMA hydrogel. (A) 

Live/dead staining images (B) Cell viability obtained from the quantitative analysis of 

live/dead staining images (C) Cell proliferation in different UV Energy by CCK-8.  

 

2.3.5 Effect of stretching on cell viability 

With the increase in stretching ratio, cell viability decreased to varying degrees among 

all groups, indicating that stretching indeed affects cell viability (Figure 2.10). Notably, 

among groups subjected to the same stretching ratio, the GelMA groups displayed the 

most pronounced influence on cell viability. Specifically, as the stretching ratio 

increased from 0% to 50%, cell viability decreased significantly from 99% to 75% 

(Figure 2.10C). This observation can be rationalized by the relatively higher modulus 
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of GelMA hydrogel, which generates greater mechanical stress during the stretching 

process (approximately 6 kPa), consequently resulting in a more substantial reduction 

in cell viability. Conversely, the impact of stretching on cells within the GP hydrogel 

group was comparatively minimal due to the lower levels of mechanical stress exerted 

(approximately 3 kPa). In fact, at a stretching ratio of 50%, cell viability remained 

relatively high at 86% (Figure 2.10C). This finding suggests that the cells within the 

GP hydrogel experienced less strain and maintained their viability to a greater extent. 

Following a five-day culture period, the cells in all groups exhibited relatively high 

viability, meeting the requirements set forth by the research objectives involving 

stretching (Figure 2.10D). Moreover, a comparison between the initial and subsequent 

days revealed a consistent trend in cell viability, accompanied by noticeable cellular 

proliferation. These findings collectively affirm the feasibility of our stretching method 

and its potential for promoting cell proliferation within the experimental system. 
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Figure 2.10 The effect of stretching (stretching ratio=0%, 25%, 50%) on N2a cell 

viability. (A, B). Cell viability determined by Live/dead staining after 1, 5 days (Green: 

live cells; red: dead cells) (C, D). Quantification from the live/dead assay via ImageJ 

software. (5G: 5% GelMA, G:P=4:1 4%GelMA+1% PEGDA, 

GP=2.5%GelMA+2.5%PEGDA) 

 

2.3.6 Neuronal differentiation on 2D hydrogels 

Following the determination of hydrogel cytocompatibility, neuronal differentiation 

was induced on 2D hydrogels using the differentiation medium. On days 1 and 5, N2a 

cell morphology pre- and post-differentiation was examined using phalloidin/DAPI 
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staining. As in prior trials, the control consisted of 12-well plate-grown N2a. On day 1, 

the spherical cells never spread, as seen in Figure 2.11A. For G:P=4:1 and 5 wt% 

GelMA, lengthy synapses were detected. Cell morphology changed substantially 5 days 

after incubation in differentiation media, with most cells assuming a spindle-like 

structure and spreading out entirely. As previously stated, G:P=2.5:2.5 did not disperse 

compared to others, potentially because of a significant proportion of PEGDA, where 

there is no biological ligand for cell attachment. 

 

To assess gene expression and cell differentiation, RT-qPCR and immunocytochemical 

staining were used based on these biomarkers: nestin, Tuj-1, and GFAP [191]. On day 

1, N2a cells were round in all groups with no neurite outgrowth, and only a minimal 

amount of neuronal differentiation protein expression (GFAP, Tuj-1) was detected from 

immunofluorescence staining (Figure 2.11B). On day 5, both the control and hydrogel 

groups showed significant expression of neuronal differentiation markers along with 

noticeable neurite growth. The neurite length was then measured by tracing the neurite 

length of representative neurons using ImageJ (Figure 2.11Ci) [192]. The GelMA 

group had the highest neurite development (154μm), and neurite length dropped to 

about 30μm with the increase of PEGDA, possibly because of the weakening cell 

adhesion caused by the absence of RGD peptide. Figure 2.11Cii-iv demonstrates that 

the control group had the lowest nestin expression and the relative nestin expression 

rose in parallel with the quantity of PEGDA. The relative nestin expression in 

G:P=2.5:2.5 was doubled when compared to the GelMA group. In contrast to Tuj-1 
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expression (Figure 2.11Civ), GFAP (an astrocyte marker) was considerably greater 

(2.5-fold) in the stiffer hydrogel group (higher GelMA ratio) (Figure 2.11B, Figure 

2.11Ciii). These results confirm recent findings [38, 193-195] that a more rigid 

hydrogel mechanical environment renders NSC marginally more sensitive to astrocyte 

differentiation. Furthermore, while there was no significant change in neuronal marker 

expression between G and G:P=4:1, expressions of Tuj-1 and GFAP were reduced in 

G:P=2.5:2.5, possibly owing to the lack of cell adhesion ability caused by greater 

PEGDA concentration. 
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Figure 2.11 The influence of stiffness on neuronal differentiation on 2D hydrogels. (A) 

Cell morphology of different groups stained by phalloidin and DAPI. (B) Tuj-1 and 

GFAP immunofluorescence staining of different groups on days 1 and 5. (Ci-iv) The 

quantitative neurite outgrowth and RT-qPCR evaluation of neural differentiation-

related gene expressions on day 5. 
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2.3.7 The influence of matrix stiffness on neuronal differentiation in 

3D hydrogels 

After proving the efficacy of 2D hydrogels, the same properties were investigated for 

3D hydrogels. Firstly, the viability of cells within 3D hydrogels was assessed using 

live/dead staining. As depicted in Figure 2.12Ai, N2a cells in all hydrogel groups were 

in good condition, with only a few dead cells observed. After 5 days of cultivation, N2a 

cells proliferated significantly and formed cell clusters, indicating the favorable 

biocompatibility of hydrogels for 3D cell encapsulation. The quantitative cell 

proliferation was evaluated by CCK-8. As seen in Figure 2.12Aii, the proliferation of 

encapsulated N2a cells rose considerably from day 1 to day 5 in all hydrogels. In 

addition, like the 2D results, the proliferative capacity of N2a cells within the 3D 

G:P=2.5:2.5 group exhibited a comparatively lower rate in contrast to both the G and 

G:P=4:1 group. This discrepancy can be attributed to the increased incorporation of 

PEGDA and subsequently diminished presence of RGD peptide, as previously 

elucidated. Using a bright-field microscope, cell morphology in the 3D hydrogel was 

examined (Figure 2.12B). Significantly less cell differentiation occurred in 3D 

hydrogels than in 2D hydrogels. Compared to the GelMA groups, G:P=4:1 and 

G:P=2.5:2.5 groups showed different cell morphologies. Specifically, the round form 

and increased number of synapses of cells in the GelMA group indicated that they had 

developed into glial cells. In contrast, cells in the G:P=4:1 and G:P=2.5:2.5 groups 

exhibited a fusiform morphology and developed into neuronal cells. In this regard, it 

appeared that the material stiffness in a 3D environment influences N2a cell 
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differentiation significantly; the relatively stiff hydrogel environment (GelMA) 

promotes glial cell development while the relatively soft environment (G:P=4:1 and 

G:P=2.5:2.5 groups) facilitates neuronal cell differentiation [38, 194, 196]. 

 

To validate our results, cell differentiation and relative gene expression in 3D hydrogels 

were assessed on day 5 using immunofluorescence labelling and RT-qPCR. GelMA 

hydrogels exhibited more green fluorescence (GFAP) and high GFAP relative 

expression (1.4-fold) than GelMA-PEGDA hydrogels (Figure 2.12C-D), but GelMA-

PEGDA hydrogels exhibited greater red fluorescence (Tuj-1) and high Tuj-1 expression 

(1.5-fold). This was consistent with our findings of cell morphology. However, 

differentiation in 3D hydrogels was much lower than in 2D hydrogels, indicating that 

neuronal differentiation in 3D hydrogels required much more sensitive control. 

Consequently, we examined the influence of mechanical stimulation (i.e. stretching) on 

neuronal development in a three-dimensional environment in more detail. 
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Figure 2.12 The influence of hydrogel stiffness on NSC differentiation in 3D hydrogels. 

(Ai) The Live/dead staining of different groups. (Aii) Cell proliferation in different 3D 

hydrogels. (B) Cell morphology of different groups. (C) Tuj-1 and GFAP 

immunofluorescence staining of different groups on day 5. (Di-iii) The RT-qPCR 

evaluation of relative gene expressions on day 5.  
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2.3.8 The influence of mechanical stretching on neuronal 

differentiation in 3D hydrogels 

2.3.8.1 The influence of mechanical stretching on neuronal differentiation in 3D 

GelMA hydrogel 

As indicated in Figure 2.13, GelMA hydrogels were elongated by 0%, 25%, and 50% 

of their original length. A live/dead experiment on day 1 demonstrated that cells in 

stretched hydrogels were still alive despite some dead cells, and that stretching had a 

minor influence on the viability of encapsulated N2a cells (Figure 2.13A). Cell 

morphology was investigated on a stretched 3D hydrogel using bright field microscopy 

(Figure 2.13B). The stretched cells exhibited more synaptic structures and extended 

axons (Figure 2.13B red arrows) than the non-stretched cells, which was most evident 

on day 5. On day 1, most cells were spherical and showed little neurite outgrowth. 

However, the cell pseudopodia exhibited evident elongation, especially in the stretching 

group on day 5. Again, most cells in GelMA hydrogel were glial cells because NSC 

were sensitive to glial differentiation in a stiffer environment (7-10 kPa) [196]. 

 

Relative gene expression and immunocytochemistry were used to evaluate the impact 

of mechanical stretching on neuronal differentiation in G hydrogels in detail. GFAP and 

Tuj-1 were used as unique markers for astrocytes and neurons, respectively. Neurite 

length rose when the stretching ratio was raised compared to the non-stretching group 

(Figure 2.13C). Compared with non-stretched G hydrogel, there was high gene 

expression in GFAP (2.3-fold) and Tuj-1 (1.5-fold) in the stretched G hydrogels, 
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indicating that mechanical stretching might enhance N2a differentiation (Figure 

2.13D). Moreover, following stretching, the expression of GFAP rose more than that of 

Tuj-1 (a sign of neuronal cells), most likely because of the greater modulus (i.e. stiffness) 

of GelMA hydrogel. 

 

Figure 2.13 The influence of stretching 3D G (5 wt% GelMA) hydrogels on neuronal 

differentiation. (A) Live/dead staining of cells at different stretching ratios on day 1. (B) 

Cell morphology at different stretching ratios. (C) Tuj-1 and GFAP 

immunofluorescence staining at different stretching ratios on day 5. (Di-iii) The RT-

qPCR evaluation of neuronal differentiation-related gene expressions at different ratios 

on day 5.  

 

2.3.8.2 The influence of mechanical stretching on neuronal differentiation in 3D 
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GelMA-PEGDA hydrogels 

G:P=4:1 and G:P=2.5:2.5 hydrogels were stretched for further investigation (Figures 

2.14 and 2.15), and most stretched N2a cells maintained high viability (Figure 2.14A 

and Figure 2.15A). The morphology of N2a cells following stretching on days 1 and 5 

was seen using microscopy (Figure 2.14B and Figure 2.15B). Compared with the 

GelMA group, no neurite outgrowth was seen on day 1. However, significant axons 

were developed after 5 days of incubation. Stretching may greatly boost neurite 

outgrowth, resulting in longer axon extension than the non-stretched groups. On day 5, 

neurites developed randomly in the 0% stretching hydrogels (Figures 2.14C and 

2.15C), but they grew in a more directed manner in the stretching hydrogels. Thus, the 

extension of the axon tended to follow the direction of stretching, as opposed to the 

random outgrowth in non-stretched hydrogels. 

 

Immunocytochemistry aided in confirming the above results (Figure 2.14C and Figure 

2.15C). GelMA-PEGDA hydrogels that were stretched exhibited longer neuron 

development than those that were not. In addition, the growth direction of neurite 

elongation correlated to tensile tension. In contrast, the intensity of Tuj-1 increased 

significantly in the stretched hydrogels. RT-qPCR was used to further measure relative 

gene expression (Figure 2.14D and Figure 2.15D). After 5 days of culture, the relative 

gene expressions of GFAP and Tuj-1 in the stretched GelMA-PEGDA hydrogel were 

about thrice and twice greater than in the non-stretched state, respectively. These results 

demonstrate conclusively that mechanical stretching impacts neuronal development 
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under stretching circumstances, particularly when the hydrogels are sufficiently flexible.  

 

By comparing Figures 2.14, and 2.15, we observed that the effect of stretching 

improves with an increase in PEGDA concentration. Specifically, the G:P=2.5:2.5 

group exhibited the most significant elongation of axons, suggesting that the decrease 

in hydrogel modulus resulting from higher PEGDA content is favorable for neuronal 

differentiation and axonal extension. Additionally, the local stress induced by stretching 

was reduced as the increase of PEGDA (GelMA ~ 6 kPa, G:P=4:1 ~ 3 kPa, and 

G:P=2.5:2.5 ~ 1 kPa), leading to decreased cellular damage. Moreover, as the stretching 

ratio increased from 0% to 25%, a higher number of differentiated cells and increased 

gene expression were detected. However, beyond a stretching ratio of 25% and up to 

50%, the effect of stretching appeared to diminish. Therefore, we propose that 

G:P=2.5:2.5 with a stretching ratio of 25% would be the ideal condition for our further 

investigations in Chapter 3. 
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Figure 2.14 The influence of stretching 3D G:P=4:1 hydrogel on neuronal 

differentiation. (A) Live/dead staining of cells at different stretching ratios on day 1. (B) 

Cell morphology at different stretching ratios. (C) Tuj-1 and GFAP 

immunofluorescence staining at different stretching ratios on day 5. (Di-iii) The RT-

qPCR evaluation of neuronal differentiation-related gene expressions at different ratios 

on day 5. 
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Figure 2.15 The influence of stretching 3D G:P=2.5:2.5 hydrogels on neuronal 

differentiation. (A) Live/dead staining of cells at different stretching ratios on day 1. (B) 

Cell morphology at different stretching ratios. (C) Tuj-1 and GFAP 

immunofluorescence staining at different stretching ratios on day 5. (Di-iii) The RT-

qPCR evaluation of neuronal differentiation-related gene expressions at different ratios 

on day 5. 
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2.4 Summary 

In summary, we developed soft and flexible GelMA-PEGDA hydrogels with an 

appropriate 3D environment for developing neuronal cells. Combining PEGDA into 

GelMA and altering concentration, we could adjust hydrogel matrix stiffness and 

increase their tensile characteristics. GelMA-PEGDA had an extraordinarily high 

biocompatibility for the growth of 3D neural cells, even though the addition of PEGDA 

had a small influence on cell survival and development owing to inadequate RGD group. 

Stem cells with significant GFAP protein expression in GelMA hydrogel (around 5.8 

kPa) were more conducive to glial cell differentiation. In contrast, stem cells with 

significant Tuj-1 protein expression in GelMA-PEGDA hydrogel (0.8-2.8 kPa) were 

more conducive to neuronal cell development. This may be linked to variations in 

hydrogel stiffness and concentration of RGD peptides. Moreover, stem cells are 

sensitive to stiffness, and the mechanical modulus of 3D hydrogels affects neuronal 

differentiation more than changes in RGD peptide concentration, as shown by prior 

research [197]. According to our results, stiffness regulated neuronal cell differentiation, 

which was consistent with the findings of several previous research [38, 198]. In 

addition, we demonstrated that mechanical pressures might enhance 3D neuronal 

differentiation regarding axon extension and neurite direction. Overall, these findings 

demonstrated the high biocompatibility of GelMA-PEGDA hydrogel as a potential 

strategy to enhance the efficiency and viability of neural stem cell therapies. 
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Chapter 3 Effect of electrical stimulation and mechanical 

stretching on neural stem cell differentiation 

3.1 Introduction 

Previous studies have shown that mechanical strain may induce neuron development 

and neurite outgrowth in a 3D environment. In addition to mechanical cues, electrical 

signals are also a possible trigger for NSC differentiation. Mild electrical currents 

generated by bioelectric fields have been shown to promote growth factors that can 

increase nerve fibre outgrowth and accelerate axonal development on a 2D surface to 

control NSC differentiation [199, 200]. In the CNS and PNS, electric fields have been 

shown to trigger neuron regeneration in vivo [201]. ES has gained more attention 

because of its effectiveness in promoting nerve regeneration by altering the electro-

responsiveness of neural cells [202]. However, because of the shortage of materials 

possessing appropriate conductivity and good biocompatibility, most research on ES 

remains focused on 2D substrates rather than 3D matrices [203]. Therefore, it is critical 

to create materials with similar conductivity and modulus as those of nerve tissues to 

facilitate 3D ES research. 

 

Conductive hydrogels can provide an appropriate environment for direct ES 

applications to further enhance cell encapsulation and other cell responses [204]. Based 

on the potential and promising features of conductive hydrogels, incorporating ES into 

hydrogels will increase their suitability for diverse biomedical applications, such as 
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bimodal neural probes, tissue regeneration, and spinal cord repair [205, 206]. 

 

Among several conductive additives for hydrogels, PEDOT:PSS is supposed to be the 

best-known example among organic conductors due to its high conductivity, flexibility, 

and biocompatibility [112, 207, 208]. PEDOT-related polymers have been extensively 

employed as electroactive materials to control stem cell adhesion, proliferation, and 

differentiation. For example, Pires et al. found that a crosslinked PEDOT:PSS film 

increased the number of differentiated neurons [200]. In the previous chapter, we 

developed soft and stretchable GelMA-PEGDA (G:P=2.5:2.5, GP) hydrogels with high 

biocompatibility to support N2a viability and proliferation. In this chapter, we 

incorporated PEDOT:PSS into GP hydrogel for improving conductivity. 

 

Herein, a photo-crosslinkable conductive hydrogel was developed based on GelMA-

PEGDA by adding various PEDOT:PSS concentrations, which created a highly 

electrochemical environment. The concentration of PEDOT:PSS was optimised by 

mechanical properties, conductivity, and biocompatibility of the hydrogel. Next, the 

effects of ES intensity and duration on neuronal differentiation, neurite outgrowth, and 

relative gene expression were examined. Subsequently, the effects of combining 

mechanical stretching with ES on the neuronal development capacity of 3D conductive 

hydrogels were examined. Morphological traits, neuronal biomarker expression levels, 

and relative gene expression levels were investigated with various treatments. In 

addition, the MEA system was used to assess electrophysiological signals of neural 
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cells under both ES and mechanical stretching. Based on previous research and 

preliminary results, a combination of mechanical and ES may enhance the 

differentiation of NSC into mature and functional neurons. 
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3.2 Methodology 

3.2.1 Fabrication of conductive hydrogels 

GelMA and PEGDA were produced following the procedure described in Chapter 2, 

and GelMA and PEGDA hydrogels were synthesised using an amide reaction. To 

construct the conductive hydrogel, PEDOT:PSS was incorporated into GP hydrogel. 

To obtain solid PEDOT:PSS, its liquid form (MACKLIN, Shanghai) was first freeze-

dried for 24 h according to a previously reported method [209]. Next, the completely 

dried product was dissolved in GP hydrogel at 0.5 and 1 wt% according to a previously 

reported method to form conductive hydrogels [210]. Correspondingly, GPL represents 

GP+0.5 wt% PEDOT:PSS; GPH represents GP+1 wt% PEDOT:PSS. The hydrogel 

solution was then thoroughly mixed with 0.5 wt% LAP for further crosslinking. 

Subsequently, the mixed hydrogel was photo-crosslinked by UV as before.  

 

3.2.2 Physicochemical characterisation of conductive hydrogels 

3.2.2.1 Scanning electron microscopy (SEM)/Energy-dispersive spectroscopy 

(EDS) 

SEM was employed to characterize the morphologies of the hydrogels produced after 

freeze-drying. The crosslinked conductive hydrogels with a cylindrical shape (d=10 

mm, h=3 mm) were prepared and lyophilised under vacuum at -80°C. After coating 

with gold, the dry hydrogels were split along the centre and photographed by SEM. In 
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addition, EDS was used to describe the fundamental hydrogel composite at an 

accelerating voltage of 12 keV.  

 

3.2.2.2 Fourier transform infrared (FTIR) 

An FTIR spectroscope (Thermo, 6700) was used to assess the chemical structure and 

composition of the conductive hydrogels. The hydrogel and potassium bromide were 

compressed into pellets using a PerkinElmer. Scans (n=64) were performed on each 

sample with a resolution of 4 cm-1 and a wavenumber range of 4000–500 cm-1.  

 

3.2.2.3 Mechanical testing  

Mechanical stretching was performed using a dynamic universal mechanical system. 

Dumbbell-shaped hydrogel samples (L=15 mm, W=2 mm, T=1.5 mm) and cylindrical 

samples (d=10 mm, h=5 mm) were prepared separately for tensile and compression 

tests, respectively [211]. 

 

3.2.2.4 Swelling experiment 

To ascertain the effect of crosslinking on the hydrogels, cylindrical samples (d=10 mm, 

h=3 mm) were subjected to swelling tests at room temperature [170]. The ability of the 

hydrogels to swell was evaluated by measuring the change in mass of specimens 

immersed in PBS at varying intervals through Eq. 2.1. 
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3.2.3 Characterisation of the electrical behaviour of conductive 

hydrogels 

3.2.3.1 Conductivity 

A Keithley model 2361 multimeter was used to assess the electrical conductivity of the 

conductive hydrogels in a previous study (Keithley Instruments, USA) [212]. The 

hydrogel samples were cut into 2×2×10 mm rectangles, and their resistance (R) was 

measured using a multimeter to determine the electrical resistivity (ρ) (Eq. 3.1): 

 𝜌 = 𝑅
𝐴

𝐿
= 𝑅

𝑊×𝐻

𝐿
       (3.1) 

where L, H, and W are the specimen's length, height, and breadth and A is the 

specimen's cross-sectional area. Electrical resistivity (ρ) and conductivity (σ) are 

opposites of one other σ = 1/ρ, in units of S/m.  

 

3.2.3.2 Electrochemical impedance (EIS) 

EIS of the conductive hydrogels was performed using an electrochemical workstation 

(CHI600E, CH Instruments, China). The electrolyte solution used was PBS (0.1 M, 

PH7.4). Crosslinking and testing of the conductive hydrogels on the working electrode 

(Schematic 3.1B) were performed, with Ag/AgCl and platinum (Pt) serving as the 

reference and counter electrodes (CE), respectively (Schematic 3.1A). The activity 

between 1 and 100,000 Hz was examined. 
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Schematic  3.1 (A) Electrochemical impedance properties of conductive hydrogel were 

measured with a three-electrode system. (B) Photographs of (left) a bare carbon 

electrode (CE) and (right) the hydrogel immobilised on the CE. 

 

3.2.3.3 Cyclic voltammetry  

To investigate the current response and charge delivery capacity of the conductive 

hydrogel, cyclic voltammetry (CV) was performed at another electrochemical 

workstation under the same conditions as EIS. The conductive hydrogel was 

crosslinked on top of the carbon electrode and was used as the working electrode. After 

three repetitive potential scans, the CV curves were obtained between -0.8 and 0.4 V at 

a scan rate of 100 mV/s. 
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3.2.4 Cell viability and proliferation 

N2a cells were also chosen for the experiments in this chapter; the cell culture 

procedures are the same as in Chapter 2. The biocompatibility of the conductive 

hydrogels was assessed by seeding and integrating N2a cells into the hydrogels. The 

viability of N2a cells was assessed using live/dead staining. The data were then 

analysed using Fiji software to determine the fractions of living and dead cells. On days 

1 and 5, Cell Counting Kit-8 demonstrated the multiplication of N2a cells after they 

had been grown with conductive hydrogels. 

 

3.2.5 Construction of ES and stretching system 

After cells were incorporated into the hydrogel, a complete DMEM medium with 10 % 

FBS was used on day 1, and a differentiation medium with 1 % FBS and 10μM RA was 

applied on day 2. For the electrical treatment, ES was applied to both the GelMA-

PEGDA hydrogel and conductive hydrogel using an electrical pulse generator (SDG-

2105 function generator, DINGYANG) from day 3. An electrical field of 100 mV/mm 

with a frequency of 100 Hz was chosen for this experiment through two copper 

electrodes for 20 min each day (Schematic 3.2). The electrodes were connected to a 

pulse generator using alligator clips [213].  
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Schematic 3.2 Diagram of electrically stimulated conductive hydrogels and 

encapsulated cells (100 mV/mm). 

 

We further assessed the effect of ES and optimised the timeframe and electric intensity 

for stimulation. Cell behaviour under different electrical fields (10 mV/mm, 100 

mV/mm, and 1 V/mm) was explored, and neural cells were observed under the 

microscope after ES every 2 days.  

 

3.2.6 ES and mechanical stretching of 3D conductive hydrogels 

A stretchable PDMS mould was designed to provide mechanical stretching to the 3D 

conductive hydrogel, as shown in Schematic 3.3. Different ratios of phases A and B 

(10:1, 20:1, 30:1, 40:1, and 50:1) were chosen for the construction of the PDMS mould. 

We found that the stretching ratio increased as the proportion of curing agent decrease 

from 10:1 to 30:1. However, when the ratio of A:B over 30:1 the cured PDMS became 

sticky and A:B>50:1 PDMS became difficult to cure. The PDMS mold was fabricated 

with a PDMS precursor and curing agent (Sylgard 184, Dow Corning Toray) at 30:1 
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leading to a softer substrate for stretching. After completion, the mould was sterilised 

by autoclaving before use. Fibronectin human plasma (Sigma, Aldrich) was pre-coated 

on the PDMS mould for 24 h in an incubator. The N2a encapsulated in the conductive 

hydrogel was loaded onto the mould with ES or mechanical stretching.  

 

Schematic 3.3 Schematic diagram of ES and mechanical stretching of the 3D 

conductive hydrogel. 

 

3.2.7 Cell morphology, immunocytochemistry, and image analysis 

As described earlier, the cytoskeleton and nucleus were respectively stained with 

phalloidin and DAPI to examine sample morphology. After 20 minutes of 
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permeabilization with 0.1% Triton, the cells were blocked in 1% BSA for 45 min. The 

samples underwent a 45 min incubation in phalloidin solution, followed by a 5 min 

incubation in DAPI solution. The specimens were observed and analyzed by 

fluorescence microscope (Nikon, Japan) after rinsing thrice with PBS. 

 

Antibody labelling validated NSC differentiation. All hydrogel samples were treated 

with 4% paraformaldehyde for 20 min. After 20 min, 0.1% Triton was added to further 

penetrate the samples. After a 45-min incubation in 1% BSA, samples were treated with 

two primary antibodies (GFAP and Tuj-1) overnight at 4°C, followed by 2h two 

secondary antibodies incubation. Finally, after 5 min at 37°C, the DAPI solution was 

added for counter-staining. The samples were inspected using a confocal microscope 

(ZEISS LSM 900) after washing thrice with PBS. 

 

Images were captured using an Olympus inverted microscope (Nikon, Japan) and a 

confocal microscope (ZEISS LSM 900) to quantify the morphological features. The 

Fiji package in ImageJ (National Institutes of Health, USA) was used for quantitative 

analysis. NeuronJ plugin of Fiji was used to measure neurite length, and number of 

roots from 11 cells in each condition was used for statistical analysis [177]. In addition, 

neurite outgrowth was quantified using ImageJ and categorised into eight classes based 

on its growth pattern [214].  
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3.2.8 RNA extraction and gene expression 

Per previous literature, RT-qPCR was used to check the target gene expression [178]. 

The cells grown on the 2D hydrogel were harvested by trypsinization after various 

incubation periods. Collagenase type II was used to break down and liberate the 3D 

cells encapsulated in the hydrogels. The total RNA of the obtained N2a cells was 

extracted using the Total RNA Kit, and reverse transcribed into cDNA. To normalise 

results, the expression levels were standardized by employing GAPDH as an internal 

control. Table 2.1 lists the sense and antisense primer sequences used for a group of 

related genes. The 2-ΔΔCt technique was used to determine gene expression. 

 

3.2.9 Electrophysiology evaluation 

Electrophysiology evaluation was performed using the MEA System (Alpha MED 

Scientific Inc., Japan). A probe MED-P515A (50×50 μm in size and 150 μm in spacing) 

with 64 electrodes was chosen for this study, as shown in Figure 3.1. The probe was 

placed in fresh distilled water for 24 h and sterilised using 70% alcohol for 30 min 

before use. Then, exposure to UV light was provided for 15–30 min for further 

sterilisation.  
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Figure 3.1 The MED-P515A probe (A) and magnified microstructure of MED probe 

(B, 50 × 50 μm in size and 150 μm in spacing).  

 

N2a cells encapsulated within the conductive hydrogel were seeded directly onto the 

probe in a disposable cell Petri dish. A cloning ring with an inner diameter of 5 mm was 

used to seed the dispersed cells, primarily in the central area containing 64 electrodes. 

The cells were cultured for 10 days, during which the culture medium was exchanged 

every second day until recording began. For excitatory postsynaptic potential (EPSP) 

evaluation, the sample was electrically stimulated by two selected electrodes according 

to the Mobius EPSP protocol. Each stimulation began with 5 ms pre-stimulation (0 μA) 

followed by a biphasic ES of 10 μA for 0.2 ms and post-stimulation of 94.8 ms (0 μA). 

A total of 1000 traces with 1.0 Hz were recorded. Before sampling, baseline signals 

were captured for 10 min. After 1 min of signal stabilisation, the recording was restarted. 

   

Schematic 3.4 Diagram for excitatory postsynaptic potential stimulus protocol: Pre-

Type Length (ms) Amplitude (μA) 

Const 5.00 0.00 

Pulse 0.2 -10.00 

Const 94.80 0.00 
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stimulation for 5 ms (10 μA) and post-stimulation for 94.80 ms.  

 

Neural spikes were also recorded through the MEA system according to the spike 

recording cluster protocol. Signals were recorded every 30 min for 5 min, as shown in 

Schematic 3.5. This was repeated 48 times. Afterwards, the spike signals were sorted 

through “Spike recording (filter) cluster” workflow templates with a similarity radius 

of 30%. 

 

Schematic 3.5 Diagram for spike recording trace (5-min recording every 30 min)   
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3.3 Results and discussion 

3.3.1 Characterisation of conductive hydrogels 

3.3.1.1 Morphology and composition of hydrogels 

Conductive hydrogels were constructed by incorporating PEDOT:PSS into GP 

hydrogels. As shown in the macro view in Figure 3.2A, the transparency of the 

conductive hydrogels (GPL and GPH) changed from transparent to dark blue after 

PEDOT incorporation, and the colour of the hydrogel gradually deepened with 

increasing PEDOT content. The chemical combination of PEDOT:PSS with GelMA, 

PEDOT, and the hydrogel is shown in Figure 3.2B. The PEDOT:PSS monomer was 

polymerised to form conducting polymer chains through the hydrogen bonds in the 

hydrogel network. The microstructural features of conductive hydrogels were 

characterised using SEM. As visualized in Figure 3.2C, the hydrogel displayed a 

consistently porous structure with the average pore sizes of 21.97μm, 21.70μm and 

22.47μm for GP GPL and GPH. Compared to the conductive scaffolds, the average pore 

size of the remain unchanged, indicating the stability of the porous hydrogel structure, 

which remained consistent after the incorporation of PEDOT:PSS. Meanwhile, the 

elemental composition of the GelMA-PEGDA hydrogel and conductive hydrogel (GPL) 

was analysed by EDS. As shown in Figure 3.2D, the fraction of S atoms was increased 

from 0% in the GelMA-PEGDA hydrogel to 0.5% in the GPL, suggesting the successful 

introduction of PEDOT:PSS into the hydrogel matrix. 
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In Figure 3.2E of the FTIR spectrum, the distinctive peak observed at 3306 cm-1 can 

be attributed to the C-H stretching vibrations of GP [215]. The peaks at 1647 and 1540 

cm-1 corresponds to the stretching vibrations of the -C=O short bond and -N-H bond 

bending, respectively [216]. In the curve of PEDOT:PSS, the peaks of the -SO3
- group 

was observed at 1145 and 1009 cm-1. Meanwhile, the peak at 835 cm-1 corresponded to 

the plane vibrations of =C-H [217]. After incorporating PEDOT:PSS into GP, some 

peaks in the spectra of GPL and GPH showed changes in shape or size compared with 

those of GP. For example, the peak at 1145 cm-1 shifted to 1185 cm-1, indicating the 

presence of hydrogen bonds between GP and PEDOT:PSS. In addition, with an increase 

in the PEDOT:PSS content, the characteristic peaks belonging to GP at 3306, 1647, and 

1540 cm-1 gradually became weaker, and the characteristic peak belonging to 

PEDOT:PSS at 1009 cm-1 gradually became stronger [218]. These changes indicated 

intramolecular interactions between the two materials. 
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Figure 3.2 Characterisation of hydrogel morphology and composition. (A) Macro view 

of different hydrogels (From left to right: GP, GPL, and GPH hydrogel) (B) Schematic 

representation of the chemical structure of conductive hydrogel. (C) SEM micrographs 

of different hydrogels. (D) Elemental composite of GP and GPL hydrogels analysed by 

EDX. (E) FITR spectrum of GP, GPL, GPH, and PEDOT:PSS. 

 

3.3.1.2 Swelling and mechanical characterisations of hydrogels  
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The swelling behaviour can reflect the network structure and crosslinking performance 

of the hydrogel, which is an important physicochemical property. Different cylindrical 

hydrogel samples were immersed in PBS, and the mass changes of the samples were 

weighted at different time points. Figure 3.3A shows that the swelling ratio attained 

equilibrium after 9 h and increased slightly with the increase of PEDOT:PSS. The GPH 

group had the highest swelling ratio (approximately 110%), whereas the GP group had 

the lowest (around 90%). These changes in the swelling ratio were mainly due to the 

weaker crosslinked network structure resulting from incorporating PEDOT:PSS. There 

has been repeated discussion on the decreased transparency due to PEDOT:PSS, 

resulting in decreased photo-crosslinking efficiency. 

 

We further evaluated the compression and tensile moduli of different hydrogels. In the 

compression test, the different hydrogels demonstrated normal linear elasticity under 

mild stress (Figure 3.3B). Although the compression moduli decreased slightly with 

the increase in PEDOT:PSS owing to the decrease in transparency, no significant 

differences were observed (Figure 3.3E). The compression moduli of these three 

hydrogels were approximately 1 kPa, similar to the moduli of our neural tissues [36, 

37]. Reportedly, NSC tend to differentiate into nerve cells in a relatively soft 

environment (~1 kPa). Therefore, these hydrogels are beneficial for cell encapsulation 

growth and differentiation. In addition, we studied the differences in tensile 

performance between various compositions because stretching was an important 

parameter. Figure 3.3C illustrates that the incorporation of PEDOT:PSS decreased the 
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tensile moduli (from 13kPa to 11kPa) and improved the elongation at break (from 175% 

to 210%) owing to its highly flexible properties [208].  

 

Figure 3.3 Swelling and mechanical results for different hydrogels. (A) Swelling 

properties. (B) Compression stress-strain curves. (C) Tensile stress-strain curves. (D-E) 

Tensile and compression moduli (F) Elongation at break and swelling properties.  

 

In line with our previous method, we also investigated the changes in modulus during 

the degradation process in this chapter. Figure 3.4A demonstrates the swelling ratio of 

the hydrogels over time, reaching approximately 90%, with no significant differences 

observed between the groups. Likewise, the modulus of GP, GPL, and GPH exhibited 

similar trends in Figure 3.4B. Initially, there was a significant drop in modulus on the 

first day due to hydrogel swelling, which was followed by a stable modulus of around 

1 kPa for the subsequent six days in the culture medium. Notably, the introduction of 

PEDOT:PSS into the hydrogel system resulted in an increase in its concentration while 

simultaneously causing a reduction in system transmittance. This alteration had a 

discernible impact on the crosslinking dynamics of the hydrogel system [209]. 
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The degradation of the conductive hydrogel and the corresponding modulus changes in 

collagenase are presented in Figures 3.4C-D, respectively. As depicted in the bar chart, 

hydrogels with higher PEDOT: PSS content (GPH) degraded at a faster rate compared 

to GP, while only a slight difference was observed between GP and GPL. GPH 

completely degraded by day 3, followed by GP and GPL with no significant differences. 

Additionally, all hydrogels exhibited a noticeable decrease in modulus on day 1 under 

collagenase degradation. Notably, GP demonstrated the highest compression modulus 

throughout the entire period. The introduction of PEDOT:PSS promoted the 

degradation of the conductive hydrogel, particularly at higher concentrations, due to the 

reduced degree of crosslinking caused by decreased light transmittance [208]. 

Figure 3.4 (A) Swelling properties of the hydrogels in DMEM. (B) Compression 

modulus of the hydrogels incubated in DMEM solution within 7 days. (C) Degradation 
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properties of the hydrogels in 0.2 U/mL collagenase type II solution. (D) Compression 

modulus of the hydrogels incubated in collagenase within 2 days.  

 

3.3.2 Electrical properties of conductive hydrogels 

3.3.2.1 Conductivity 

To investigate their electrical properties, conductive hydrogels were cut into rectangular 

shapes (weight=2 mm, height=2 mm, length=10 mm) using a biopsy punch. The 

resistivity and conductivity of the hydrogels were measured using a multimeter (Figure 

3.5A). With an increase in PEDOT concentration, a reduction in resistivity was 

observed, from 2300 Ω·m to 160 Ω·m for GP and GPH, respectively (Figure 3.5B). 

Concurrently, incorporating PEDOT:PSS increased the conductivity of the hydrogel 

from 0.0004 S/m to 0.006 S/m (Figure 3.5C). The observed improvement in 

conductivity and reduction in resistance can be attributed to the realignment of densely 

packed and well-organized structures of PEDOT:PSS. This reorganization promotes 

enhanced charge transport and facilitates more efficient electron flow within the system. 

The GPH hydrogel with a high PEDOT:PSS content demonstrated superior electrical 

conductivity and electron transport properties. Meanwhile, the conductivity of the 

conductive hydrogel (GPL and GPH) was similar to that of neural tissue (8×10-4 to 

4×10-2 S/m), suggesting that our conductive hydrogel was appropriate for neural 

regeneration [68, 69, 219]. 
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Figure 3.5 Conductivity tests for different hydrogels. (A) The schematic representation 

of the conductivity test. The resistivity (B) and conductivity (C) of the conductive 

hydrogels. 

 

3.3.2.2 Impedance spectra  

EIS of the conductive hydrogel is also a key component that influences the fate of stem 

cells through the hydrogel itself or ES. The electrochemical impedance characteristics 

of the hydrogels with varying PEDOT:PSS concentrations were evaluated using a three-

electrode EIS setup. As depicted in Figure 3.6, the Nyquist plots for GPL and GPH 

initially displayed greater radians and steeper increases. The slope of Nyquist curves in 

GP was approximately 44°, which was reduced to 34° (GPL) and 33° (GPH) after the 

addition of PEDOT:PSS, suggesting a decreased impedance for charge transfer and a 

quicker rate of electron transfer between the electrode surface and solution. For the 

impedance of different hydrogels (Figure 3.6C), other than the growth in conductivity, 
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incorporating PEDOT:PSS into the hydrogel network could provide higher 

electroactivity and conductivity for electrical signal transmission [220]. GelMA-

PEGDA exhibited high impedances at all frequencies, whereas the conductive 

hydrogels (GPL and GPH) exhibited relatively low impedances. For example, the 

impedance values of the GP, GPL, and GPH at 10 Hz were 9 kΩ, 5 kΩ, and 3 kΩ, 

respectively.  

 

Figure 3.6 Electrochemical impedance spectroscopy (EIS) of different hydrogels. (A-

B) Nyquist curves. (C) Electrochemical impedance curves. (D-F) The independent 

Nyquist curves at low impedance. 

 

3.3.2.3 Cyclic voltammetry  

The response characteristics of the conductive hydrogels were assessed by comparing 

the CV curves of different PEDOT:PSS concentrations. In Figure 3.7, the region within 

the cyclic graph indicates that the charge delivery capacity of the tested capacitors 

varied. Compared with the pristine GelMA-PEGDA hydrogel (GP), the conductive 
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GelMA-PEGDA hydrogels (GPL and GPH) exhibited higher currents and capacitances 

for charge delivery with a larger CV area. These results suggest that incorporating 

PEDOT:PSS can significantly improve electrical properties. However, the electrical 

performance of the hydrogels was not significantly improved by increasing 

PEDOT:PSS (GPH) concentration when PEDOT concentration exceeds 0.5 wt%. 

Therefore, 0.5 wt% PEDOT:PSS (GPL) was sufficient to create the conductive network. 

As per previous reports, PEDOT:PSS enhances the electrical properties of the hydrogel 

by providing densely packed realignment and a highly ordered network structure [221]. 

The conductive hydrogel constructed in this study met the criteria for the electrical 

conductivity of ES in neural tissue engineering. 

 

Figure 3.7 Cyclic voltammetry (CV) curves with a scan range from −0.8 to 0.4 V at a 

scan rate of 100 mV/s. (A) CV curves of hydrogels. (B-D) The independent CV curve 

of GP (B), GPL (C) and GPH (D) hydrogel. 
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3.3.2.4 The impact of electrical field intensity on the temperature of hydrogels 

The heat generated during electrical stimulation has the potential to impact cell viability, 

differentiation, and function within the hydrogel, particularly if the temperature 

surpasses a certain threshold. To assess the heat generated by the electrical field, we 

utilized a thermographic camera [222]. Our observations revealed a correlation between 

the electrical conductivity and field strength of the hydrogel and the heat produced. 

With the augmentation of conductivity and electrical field, the temperature of the 

hydrogel gradually rose, as depicted in Figure 3.8. Specifically, a high electric field of 

1 V/mm resulted in a temperature increase of 1°C in the hydrogel. However, due to the 

hydrogel's high specific heat capacity, lower conductivity levels (100 mV/mm) did not 

induce a significant change in temperature. Consequently, we believe that although a 

small amount of heat is generated, it does not have a substantial impact on the 

temperature of the hydrogel or cellular behavior, especially at lower electrical field 

strengths.

Figure 3.8 Temperature changes during electrical stimulation.  

 

3.3.3 Biocompatibility of conductive hydrogels 

We assessed the biocompatibility of the conductive hydrogels for neural tissue 
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engineering, we conducted an evaluation of N2a cell viability and proliferation on both 

2D and 3D hydrogel. To assess cell viability on 2D hydrogels, live/dead cell staining 

was employed. A 24-well plate containing N2a cells served as the negative control. As 

depicted in Figure 3.9A and Figure 3.9Ci, the cells were viable with negligible 

cytotoxicity detected. After 24 h of incubation, the cells remained 95% viable. Similar 

to the control samples, the N2a cells were equally distributed over the hydrogels, 

suggesting high cytocompatibility of the conductive hydrogels. After confirming the 

effectiveness of the 2D hydrogels, cell morphology and proliferation were assessed in 

the 3D hydrogels. From the BF images in Figure 3.9, cells were distributed evenly in 

the 3D hydrogel with a spherical shape on day 1, and the cells encapsulated in GP and 

GPL hydrogels displayed robust cell proliferation and the formation of distinct cell 

clusters by day 5, suggesting the favourable biocompatibility of GP and GPL hydrogels 

for 3D cell encapsulation. However, compared with the GP and GPL groups, the cell 

morphology of the GPH group with a high PEDOT:PSS concentration became less 

regular, and the number of cell clusters decreased on day 5. Quantitative cell 

proliferation in the 3D hydrogels was evaluated using CCK-8. As shown in Figure 3.9 

Cii, similar absorbance values at 450 nm (about 0.25) were observed in different groups 

on day 1, and the absorbance increased significantly after cultivation for 5 days for the 

GP and GPL groups, which agreed with the BF observation. The cell proliferation in 

the GPH group was relatively low compared to the GP and GPL groups, probably 

because the high PEDOT:PSS concentration induced weak biocompatibility [213]. 

Although PEDOT:PSS has been reported to have good biocompatibility, neural cells 
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are very sensitive to their surroundings, particularly in 3D environments [219]. 

Considering the relatively weak biocompatibility of GPH, we selected a GPL 

conductive hydrogel for ES in the following experiments. 

 

Figure 3.9 Biocompatibility of hydrogel. (A) Cell viability on 2D hydrogels. (B) Cell 

morphology in 3D hydrogels. (C) Cell viability on different hydrogels (Ci) and cell 

proliferation in different hydrogels (Cii). 
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3.3.4 Effect of ES on neuronal differentiation 

N2a cells was encapsulated in GP and GPL hydrogels. Then we exposed the cells to ES 

(100 mV/mm) to induce neuronal differentiation after 48 h of culture to demonstrate 

the effectiveness of the conductive hydrogel and ES on neuronal differentiation in a 3D 

environment. Using a confocal microscope, images of cell shape and differentiation in 

four distinct biological contexts were captured and are shown in Figure 3.10. After 7 

days of incubation, phalloidin/DAPI staining was used to evaluate cell morphology. 

Figure 3.10A shows that the four distinct cell groups had different morphologies. N2a 

cells exhibited extending and branching processes that are characteristic of neurons. 

GFAP and Tuj-1, two distinct neuronal markers, were expressed by all neural cells, as 

revealed immunofluorescence labelling (Figure 3.10B). No discernible changes were 

found between GP with ES treatment and GP without. In contrast, compared with the 

GP group, the conductive hydrogel (GPL) demonstrated improved neuronal 

development with neuronal length extension and Tuj-1 (1.2-fold) and GFAP (2.5-fold) 

overexpression. Additionally, the GPL hydrogel with ES treatment could further 

support neuronal differentiation by increasing neurite outgrowth compared with the 

GPL groups (without ES). Neurite length, neurite quantity, and neurite extremity were 

determined by morphological examination of the cells in four separate groups (Figure 

3.10C). Regardless of the ES treatment, N2a cells enclosed in a non-conductive 

hydrogel had the shortest neurites (about 100μm). On the other hand, N2a cells 

incubated in conductive hydrogel GPL showed significantly longer neurites (about 

250μm). The combination of ES and conductive hydrogel might significantly extend 
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the length of neurite to 450μm. Increases in the number of neurite roots and extremities 

in the GPL+ES group were associated with increased neurite length. Four neuronal 

gene markers, including the stem cell protein marker nestin, astrocyte marker GFAP, 

premature neuronal marker Tuj-1, and mature neuronal marker MAP2, were used in 

RT-qPCR to examine mRNA expression in various groups to quantitatively evaluate 

neuronal differentiation. There was no discernible variation in the expression of 

neuronal genes in the non-conductive hydrogel with or without ES, as shown in Figure 

3.10D. In contrast, the conductive hydrogel (GPL) with ES expressed GFAP (1.2-fold), 

Tuj-1 (1.2-fold), and MAP2 (2-fold) genes much more than those without ES. The 

overexpression of these markers suggests that the combination of the conductive 

hydrogel with ES treatment could enhance the differentiation of NSC or precursor cells 

into mature neurons. The conductive hydrogel may effectively transfer electrical signals 

to the encapsulated N2a cells, enhancing neuronal development. The development of 

highly induced neuron-like cells may be caused by increased protein expression in 

neuronal cells during ES treatment [223, 224]. Although the precise underlying 

mechanism remains elusive, it is postulated that this phenomenon involves intricate 

cellular and molecular processes. One hypothesis is that the conductive hydrogel and 

ES treatment can alter the ECM, leading to changes in the membrane receptors of the 

encapsulated cells. The change in the membrane receptors may activate certain 

signaling pathways, such as ERK and AKT pathways, which have been demonstrated 

to exert a significant influence on neural differentiation [60]. The activation of these 

pathways may then lead to the activation of transcription factors, which are proteins 
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that control the expression of genes involved in neural differentiation. The increased 

expression of neural marker genes, such as Tuj-1, GFAP, and MAP2, may then promote 

neurite outgrowth and branching, leading to the development of mature neurons. 

However, to comprehensively unravel the intricate mechanisms underlying the 

promotion of neural differentiation by the conductive hydrogel and ES treatment, 

further molecular experiments are imperative to provide valuable insights into the 

precise molecular pathways and molecular events involved. 

 

Figure 3.10 Effect of ES on neuronal differentiation. (A) Cell morphology by F-actin 

staining on day 7. (B) Immunofluorescence staining on day 7. (C) Morphology changes 
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in terms of neurite length, roots, and extremities. (D) Evaluation of day 7 gene 

expression associated with neuronal differentiation by RT-qPCR. 

 

3.3.5 Effect of electrical intensity on neuronal differentiation 

Different electrical fields (10, 100, and 1 V/mm) were delivered to N2a cells enclosed 

in 3D conductive hydrogels to maximise the electrical intensity of neuronal 

development. We observed from phalloidin/DAPI staining (Figure 3.11A) that the 

majority of N2a cells developed by extending their dendrites. Additionally, compared 

with the no ES treatment group, accelerated neurite outgrowth caused by ES was 

observed. As outlined in the preceding section, neuronal markers (GFAP and Tuj1) were 

examined by immunostaining using fluorescently labelled antibodies to learn more 

about N2a differentiation. Numerous N2a cells developed into astrocytes (GFAP) and 

neuronal cells (Tuj-1), as seen in the fluorescence microscope images (Figure 3.11B). 

Using ImageJ, neurite outgrowth was further evaluated regarding neurite length, 

number of roots, and neurite extremities (Figure 3.11C). Neurite counts and outgrowth 

significantly increased in the ES treatment groups. Meanwhile, the average length of 

neurites increased from 255μm to 454μm with an increase in the electrical field from 0 

mV/mm to 100 mV/mm (Figure 3.11Ci), which agreed with the results of Patel et al. 

[225] and Lee et al. [214]. However, when applying a higher electrical field (1 V/mm), 

neither neurite length nor number showed a significantly increasing trend compared 

with the control test without electrical stimuli. RT-qPCR was also performed to quantify 
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gene expressions (GFAP, Tuj-1, and MAP2) for neuronal differentiation. Similar to 

other results, there was a significant increase in GFAP (2-fold), Tuj-1 (1.5-fold), and 

MAP2 (2-fold) gene expression with an increase in the electric field from 0 to 100 

mV/mm. However, the downregulation of gene expression was observed under an 

extreme electrical field (1 V/mm). Similarly, Yamada et al. found a relatively low 

differentiation efficiency at high electrical fields [226]. This mechanism is not 

completely understood yet [200]. One explanation might be that low electric fields have 

a non-negligible impact on the cell steering mechanism, even under relatively high 

electric fields [227]. Considering the above results, we selected 100 mV/mm as the 

optimised electrical field for ES treatment in the following experiments. 
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Figure 3.11 Effect of ES intensity on neuronal differentiation. (A) Cell morphology at 

different electrical fields by F-actin staining on day 7. (B) Immunofluorescence staining 

at different electrical fields on day 7. (C) Morphology changes in terms of neurite length, 

roots, and extremities. (D) Evaluation of day 7 gene expression associated with 

neuronal differentiation by RT-qPCR.  
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3.3.6 Effect of ES duration on neuronal differentiation 

After optimising the electrical field of ES treatment, we investigated the effect of 

different ES treatment times on neuronal differentiation. A schematic of the ES 

treatment schedule with an electrical field (100 mV/mm, 100 Hz) is shown in Figure 

3.12A. The efficiency of differentiation was evaluated using BF observation, F-actin 

staining, immunofluorescence staining, and RT-qPCR. As shown in Figure 3.12B-C, 

from the days 5 to 10, the number of differentiated N2a cells and the average neurite 

length increased significantly. However, there was no further significant increase 

between days 10 and 14. From the immunofluorescence images (Figure 3.12D), more 

N2a cells were observed to have differentiated into Tuj1-positive neuronal cells and 

GFAP-positive astrocytes with increasing culture time. To further obtain quantitative 

gene expression information, RT-qPCR was performed according to the above 

description on days 7, 10, and 14.  

 

As shown in Figure 3.12E, the relative expression of NSC markers (nestin) and 

premature neuronal markers (Tuj-1) decreased from 1 to about 0.6 with the increase in 

culture time from day 7 to 14 as an increasing number of NSC differentiated into 

neurons and glial cells. Neurons gradually mature from the premature to mature stage. 

The astrocyte marker (GFAP) and maturing neuronal marker (MAP2) first increased 

from (reaching their maximum on day 10) and then decreased. The initial rise was the 

gradual maturation and stability of the neural network, while the later decline in gene 

expression showed signs of degradation of the neural network [228].  
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Figure 3.12 Effect of ES duration on neuronal differentiation. (A) Schematic of ES 

treatment schedule. (B) The BF cell morphology at different time points. (C) Cell 

morphology at different time points by F-actin staining. (D) Immunofluorescence 

staining at different time points. (E) Gene expression associated with neuronal 

differentiation by RT-qPCR at different time points. 
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3.3.7 Effect of ES and stretching on neuronal differentiation 

To assess the total influence of ES and stretching, cells were tested under mechanical 

stretching (25% elongation) and ES (100 mV/mm, 100 Hz) co-stimulation. The 

morphology of the N2a cells under different conditions was evaluated by 

phalloidin/DAPI staining (Figure 3.13A). In addition, specific immunostaining with 

fluorescently labelled antibodies (GFAP and Tuj1) was used to assess N2a cell 

differentiation (Figure 3.13B). As depicted in the fluorescence microscopy images, 

more N2a cells differentiated into neuronal cells (Tuj-1) and astrocytes (GFAP) upon 

stimulation. In addition, independent of the ES treatment, the cells in the static control 

culture displayed a non-uniform distribution. However, under stress, N2a cells started 

to align in (i.e. parallel to) the direction of stretching. 

 

Quantitative morphological characterisation in the four groups was further assessed in 

terms of neurite length, growth direction, number of roots, and neurite extremities using 

ImageJ (Figure 3.13C-E). Compared with the static control, significant increases in 

neurite outgrowth from 255μm to 635μm were observed under stretching and ES alone. 

The difference was that ES increased the number of roots and neurite extremities 

(increased by 30%), whereas stretching was more beneficial to the distribution of 

neuronal orientation and decreased filopodia density (15% reduction). This was similar 

to a study by Feng et al. [229], where large neurites grew preferentially towards the cell 

poles closest to the source of tension due to mechanical strain, thereby reducing the 

number of neurites. Notably, mechanical stretching plus ES increased the length more 
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efficiently than treatment with electricity alone, with significant differences. Similar to 

neurite length, higher filopodia density (number of neurite roots and extremities) and 

uniform distribution were observed in N2a cells under co-stimulation than in single 

stimulus and invariable control groups.  

 

In neural cell types, qPCR was used to determine the impact of mechanical stretching 

and ES on the expression of neuronal differentiation markers. Similar to the 

immunofluorescence findings, stretching and ES alone dramatically increased the 

expression of genes supporting brain development (GFAP, Tuj-1, and MAP2) compared 

with the control group. Although stretching was more effective in enhancing Tuj-1 

expression, ES was more effective in enhancing GFAP expression. As shown in Figure 

3.13D, stretching (alone) increased the expression of GFAP and Tuj-1 by 1.3 and 1.9-

fold, respectively, while ES (alone) increased the expression of GFAP and Tuj-1 by 3.5 

and 2.3 fold, respectively. Compared with the control group or single stimulation alone, 

co-stimulation induced further upregulation of MAP2 (1.7-fold), Tuj-1 (2.6-fold), and 

GFAP (5.7-fold). Overall, these results show that ES and mechanical stretching can 

synergistically promote the neuronal differentiation of N2a cells and upregulate related 

genes. Furthermore, the precise mechanism of action of ES and stretching on neural 

differentiation can be studied by molecular experiments. 
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Figure 3.13 Effect of ES and stretching on neuronal differentiation. (A) Cell 

morphology with different stimulation conditions by F-actin staining. (B) 

Immunofluorescence staining with different stimulation conditions. (C) Morphology 

changes in terms of neurite length, roots and extremities. (D) Distribution of neuronal 
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orientation. (E) Rose diagram of neuronal direction. (F) Evaluation of day 7 gene 

expression associated with neuronal differentiation by RT-qPCR. 

 

3.3.8 Electrophysiology evaluation 

To determine the functional state of encapsulated N2a cells in the conductive hydrogel, 

the MEA System (Alpha MED Scientific Inc., Japan) was used to evaluate the 

electrophysiology. Before the measurements, the cells encapsulated within the 

conductive hydrogel were fixed on the probe through photo-crosslinking (Figure 

3.14A).  

 

3.3.8.1 Excitatory postsynaptic potential (EPSP) 

EPSP was tested to capture the neuron action potential. As shown in Figure 3.14B, two 

random electrodes were stimulated, with action potential induction monitored in the 

responding electrodes. As shown in Figures 3.14C-D, connectivity of extracellular 

neuronal activities (EPSP amplitude and slope) was observed in N2a cells encapsulated 

in the conductive hydrogel, suggesting that there were healthy and functioning neurons 

in our 3D network model. In co-stimulation hydrogel conditions, neural activity 

(~1.7mV) was much greater than that in statically cultured conditions (~1mV) (Tai et 

al. [230]). Longer periods of hyperpolarisation and greater action potential induction 

may indicate more active neurons in the conductive hydrogel. Additionally, the 

increased response time of the modified nerve construct was probably due to the 
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increased interaction between neurons and glial cells during mechanoelectrical 

stimulation [231].  

 

3.3.8.2 Spike 

Important for neural activity, a spike is a short electrical pulse flow input at the dendrites 

to outputs at axon terminals [232]. In this study, neural spikes generated in N2a cells 

encapsulated in the conductive hydrogel were recorded using the MEA system. Spike 

sorting was used for synchrony analysis to extract a single activity from a multi-unit 

signal [233]. As shown in Figure 3.14E, multi-unit signals were extracted and classified 

using the Mobius software. Upon spike sorting, we identified four spikes, indicating 

four neighbouring neurons surrounding the probe. Compared with static cultures, the 

co-stimulated groups detected more connected neurons (more synergic spikes) in a 

network around the MEAs responding to the same stimulating signals. This synergic 

neuronal behaviour further demonstrated enhanced electroactivity by co-stimulation. 

Overall, the comprehensive mechanical and ES of conductive hydrogel specimens 

synergistically induced the differentiation and electrophysiological activity of N2a 

simultaneously, leading to tissues that were functionally competent engineered nerves. 
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Figure 3.14 Electrophysiological evaluation of 3D neural network. (A) N2a cells 

cultured on MEA probe. (B) EPSP stimulated amplitude. (C) EPSP amplitude of 3D 

neural network. (D) EPSP slope of 3D neural network. (E) Spikes of 3D neural network. 
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3.4 Summary 

Directed differentiation of NSC is of great significance in researching nerve 

regeneration and treating different types of injuries to the nervous system. Previous 

studies have demonstrated that neural growth factors and chemical molecules can 

promote the differentiation of NSC into nerve cells [234]. In addition, some studies 

have shown that physical cues (e.g., electrical and mechanical stimulation) can promote 

neuronal cell differentiation. This section studied the effects of ES and mechanical 

stretching on the differentiation of N2a cells in a 3D microenvironment. 

 

Conductive GelMA-PEGDA hydrogels were first constructed, and their electrical 

conductivities and mechanical properties were assessed. Subsequently, we investigated 

the effects of ES on neuronal differentiation. According to our findings, the conductive 

hydrogel itself promoted the differentiation of neural cells, which was amplified further 

by ES. The effects of different electric field intensities on neuronal differentiation were 

studied to optimise the effect of ES. Consistent with Yamada et al. [226], we found that 

the optimal intensity occurred under an electric field of 100 mV/mm. Although some 

studies have shown a different electric field for stimulation, it may be related to the type 

and maturity of nerve cells [235, 236]. 

 

Further investigations of stretching and electrical co-stimulation were performed using 

a self-designed device. Consistent with previous research, stretching could also induce 

neuronal differentiation and promote neurite outgrowth, and directional alignment of 
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nerve extension was observed upon stretching stimulation [60]. The co-stimulation had 

synergetic effects on neuronal differentiation in terms of neurite outgrowth and 

filopodia density. In addition to changes in neuronal morphology, simultaneous co-

stimulation can also affect neuronal gene expression. RT-qPCR results showed that co-

stimulation improved the relative gene expression of neuronal differentiated genes 

(MAP2, Tuj-1, and GFAP), which play critical roles in neuronal development and 

function.  

 

Overall, our study showed that ES and mechanical stretching could synergistically 

promote the neuronal differentiation of N2a cells and upregulate the expression of 

related genes. Using physical cues, this study enriches the existing literature on the 

directed differentiation of NSC within 3D microenvironments, allowing a better 

understanding of the effectiveness and feasibility of NSC therapies in the future. 
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Chapter 4 Host-guest self-healing hydrogel for 

bioprinting neural tissue mimics  

4.1 Introduction 

Currently, the inaccessibility of live human neural tissue and the inherent limitations of 

animal studies hinder studies on functions and disorders of the nervous system [128]. 

For decades, researchers have attempted to model NTMs in vitro to investigate the 

pathogenesis of neurological disorders [237], unfortunately, these studies usually 

investigated 2D substrates and were not accurately representative of the 3D 

microstructure and operation of neural tissues [238]. In previous chapters, 3D soft and 

elastic GelMA-PEGDA-based hydrogels were developed to study the mechanical and 

electrical microenvironment of neural behaviour in a 3D environment. Although 

GelMA-PEGDA hydrogels had excellent biocompatibility and tensile properties for the 

3D stretching experiments in Chapter 2 and 3, they were static hydrogel networks 

formed by covalent bonds, which were fragile and could not fully mimic the dynamics 

of ECM composed of supramolecular chemistry [239, 240]. In addition, the nervous 

system is intricate and consists of many layers of tissue (e.g., multi-layered brain 

architecture of the human cortex, grey and white matter structure of the cylindrical 

spinal cord, and concentrically laminated fascicle structure of the peripheral nerve) 

[238]. The formation of 3D NTMs with desired shapes and functions is important for 

nerve regeneration applications.  
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Currently, 3D NTMs are typically obtained from neurospheres that spontaneously form 

during stem cell differentiation. However, these neurospheres do not have a specific 

complex shape and cannot be scaled up owing to diffusional limitations. In addition, 

constructing a freestanding 3D NTM with nerve function and electrical activity is also 

challenging when neural cells are seeded on the surface of 3D constructs [241]. 

Bioprinting, as an additive manufacturing technology, provides a promising technique 

for constructing in vitro neural models because it can replicate the mechanical, 

structural, and biological features of nerve tissues [242]. During the bioprinting process, 

bio-inks – which are the combination of biomaterials, cells, growth factors, and drugs 

– can be deposited layer-by-layer to fabricate tissue-like structures [243]. The 3D 

bioprinted neural mimics might develop neuronal circuits in their structures during 

development, giving them the capacity to react sensitively to stimuli. 

 

The limitations encountered in bioprinting predominantly stem from the constraints 

associated with printable biomaterials. Numerous biomaterial inks, including PCL and 

PLA, exhibit unsuitability for bioprinting neural systems due to their ability to be 

printed solely in the form of polymer melts at elevated temperatures or polymer 

solutions dissolved in organic solvents [244]. Hydrogel bio-inks, such as gelatin, 

GelMA, and fibrin, have also been developed for bioprinting, which can be used to print 

fibroblasts but are unsuitable for printing nerves because of their greater sensitivity to 

the printing process [126]. Although our previously synthesized GelMA-PEGDA 

hydrogel has excellent biocompatibility for 3D cell encapsulation, it also lacks 
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sufficient rheological properties to be fabricated into 3D biomimetic neural tissue 

structures with controlled shape and size. Meanwhile, the lack of necessary functional 

groups of PEGDA makes it difficult to be further modified with desired properties. Thus, 

it is necessary to develop a new advanced bio-ink for bioprinting neural tissues. 

 

The overall requirements for an ideal bio-ink for neural tissues are as follows [245]: 1) 

Biocompatibility: One of the most important key features for bioprinting tissues is to 

design a microenvironment that is adaptable with neural cellular activities (e.g. cell 

proliferation, migration, and differentiation). 2) Rheological Properties: Neural cells are 

highly sensitive to printing procedures. Generally, neural cells show low viability after 

printing with no proliferation or axon propagation owing to high-shear stress and lack 

of biological components. It is essential to process high-viscosity inks with the 

necessary printing pressure and accompanying shear forces to prevent damage to cell 

viability. 3) Mechanical Properties: The printed structures should be sufficient to 

maintain the desired 3D shape after printing, and be mechanically analogous to native 

nerve tissue (a few kPa) to provide structural assistance and signalling hints for cell 

behaviour. 

 

Natural hydrogels, such as HA and gelatin, have been popular for neural tissue 

bioprinting. In contrast to synthetic hydrogels, natural hydrogels possess superior 

biocompatibility and exhibit notable biological activity, making them highly desirable 

for neural printing applications [246, 247]. As a key element of the ECM and an 
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important glycosaminoglycan in connective tissues (nerve, cartilage, vitreous humour, 

and synovial fluids), HA is essential for rheological and structural functions [248]. HA 

can also regulate neural proliferation, migration, and differentiation through 

interactions between certain cell receptors [249]. Furthermore, HA has been reported to 

enhance neural regeneration by organising the ECM into a hydrated open lattice for 

axonal migration [250]. Gelatin is a natural hydrogel with strong biocompatibility and 

low antigenicity [251]. Gelatin comprises a mixture of peptide sequences (RGD) that 

enhance cell attachment [252]. 

 

Regeneration failure occurs because conventional hydrogels for neural healing are 

generally fragile and are quickly destroyed by external forces. Considering the high 

demands on the rheological properties of bio-inks and the soft nature of nervous tissue, 

supramolecular reversible crosslinking was introduced into the hydrogel backbone. The 

fast self-healing property of the host-guest hydrogel could restore its functionalities and 

morphological and mechanical integrity after printing. In addition, the self-healing 

property has many advantages for developing neural tissues: 1) avoiding the potential 

risks of repeated rupture, 2) restoring its original properties after damage, and 3) 

protecting neural cells from high-shear stress upon printing [253]. Finally, host-guest 

interactions also provide a 3D biomimetic hydrogel with tenable dynamic properties to 

regulate cell behaviour and function, forming a united nervous network. 

 

Among the host-guest molecules, β-cyclodextrin (CD) is the best-known host-guest 
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molecule due to its processable in water, appropriate affinity, and wide distribution in 

nature. CD has gained extensive utilization across diverse pharmaceutical industries 

and is widely acknowledged as being safe for its intended applications [254]. 

Furthermore, characterized by its cavity size of approximately 300 Å3, CD possesses 

the capacity to encapsulate an array of hydrophobic guest molecules. Among these 

guests, adamantane (Ad) stands out as a notable representative due to its well-matched 

size and substantial affinity (Keq≈105 M−1), making it an exemplary choice for CD 

inclusion complexes [255]. In this chapter, a novel host-guest supramolecular hydrogel 

was investigated by grafting CD and Ad into two natural hydrogels, hyaluronic acid 

and gelatin.  

 

While host-guest dynamic interactions provide hydrogels with shear-thinning and rapid 

self-healing properties to a certain degree, their mechanical strength remains inadequate 

for long-term stability and perfusion following bioprinting, primarily attributed to the 

inherent weakness of non-covalent bonds. However, a promising solution lies in the 

additional modification of hydrogels through a covalent photo-crosslinking mechanism, 

which imparts resistance against physical and chemical perturbations, thereby 

enhancing their overall mechanical robustness [256, 257]. To achieve this objective, the 

chemical grafting of double bonds into HA and gelatin macromers was accomplished 

using MA. Subsequently, host or guest moieties were introduced to modify the 

macromers, enabling the construction of double network structures. Within this dual 

network framework, the host-guest interactions facilitated reversible energy dissipation, 
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effectively shielding the covalent network from bond rupture and enhancing the overall 

mechanical resilience of the hydrogel system.  

 

This chapter describes the development of a novel host-guest hydrogel bio-ink for 

constructing an NTM. First, host-guest hydrogels with good self-healing ability and 

printability were prepared. The host-guest interaction endowed the hydrogel with a 

large degree of design flexibility for developing a neural structure (grid, cube, and ring 

structure) through bioprinting. The neural cells maintained high viability, proliferation, 

and electrical activity in the printed structures. In addition, host-guest interactions 

provided a dynamic ECM environment that regulated cell behaviour (morphology, 

spreading, and migration) and the function of the neural system (electroactivity and 

signal transmission), forming a united neural network. These bioprinted neural mimics 

could be efficient models with great potential in neuroscience research for assessing 

neural functionality in vitro, thus helping improve disease study models. 
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4.2 Methodology 

4.2.1 Preparation of host-guest hydrogel 

4.2.1.1 Preparation of host hydrogel 

Synthesis of HA modified with β-cyclodextrin (CDHA)  

HA (Bloomage Biotech Co., Ltd., China, 290 kDa) modified with CD (Zhiyuan Biotech 

Co., Ltd., China) was synthesized by side-chain modification via an amide 

condensation reaction [258]. Briefly, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC, Sigma-Aldrich, 383 mg) and N-hydroxysuccinimide (NHS, 

Sigma-Aldrich, 230 mg) were added into 60 mL PBS containing 290 mg HA, and 

stirred for 30 min at 25°C. 10 mL PBS containing 120 mg of CD was then added to the 

above solution, and stirred for 24 h at 25°C. After a 3-day dialysis of deionized (DI) 

water and a freeze-drying process, CDHA was successfully obtained as a white powder. 

The degree of substitution of the target CDHA was determined by 1H-NMR (JEOL 

ECZ500R 500 MHz), according to a previous study [254].  

 

Synthesis of methacrylated HA (MeHA) 

MeHA was synthesized using the conventional MA route, as described in a previous 

study [257]. Briefly, 290 mg of HA was dissolved in 60 mL DI water at 4°C. After 

adjusting the solution pH to 8.5, 0.32 mL of MA was added. The reaction was allowed 

to proceed for 8 h, while carefully maintaining the pH at 7.5–8.5 using 1 M NaOH. 

Then, an additional 0.16 mL of MA was added, while meticulously maintaining the pH 
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within the range of 7.5–8.5 for another 4 h. Subsequently, the solution was adjusted to 

pH 7.0 and subjected to dialysis against an abundant volume of water for 3 days. After 

that, the solution was filtered and subjected to freeze-drying at -80°C, resulting in the 

obtainment of dry MeHA. The DS was determined using 1H-NMR. 

 

Synthesis of CDMeHA 

HA modified with methacrylate and β-cyclodextrin moieties (CDMeHA) was prepared 

using a procedure similar to that described above. MeHA was used as the base material 

instead of HA. CDMeHA was synthesised using sequential combinations of these 

processes. 

 

4.2.1.2 Preparation of guest hydrogel 

Synthesis of Amantadine-modified gelatin (Ad-gelatin)  

Amantadine modified gelatin was obtained by the reaction of carboxylic groups on 

gelatin with amine groups [259, 260]. In brief, EDC (335.4 mg) and N-NHS (201.4 mg) 

were added to a solution of gelatin (300 mg) in 60 mL PBS (pH=6), and the solution 

was agitated for 30 min at 50°C. Subsequently, 60 mg of Ad (Sigma-Aldrich) was added 

to the combination described above. At 50°C, the solution was agitated for 12 h. Then, 

the solution was filtered and dialyzed for three days against an excess of DI water. After 

lyophilization, the functionalized Ad-gelatin was successfully obtained. The increasing 

C/N molar ratio determined the DS through elemental analysis (Vario EL III) [261]. 
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Synthesis of Amantadine-modified GelMA (Ad-GelMA)  

Ad-GelMA was synthesized according to our previously method [262]. Briefly, 300 mg 

Ad-gelatin was fully dissolved in 60 mL PBS at 50°C for 30 min. Then 0.03 mL of MA 

was dropped into the above Ad-gelatin solution. The solution was agitated for 12 h at 

50°C, dialyzed against water for three days, and freeze-dried to yield functionalized 

Ad-GelMA [164, 170, 261]. 

 

4.2.1.3 Host-guest hydrogel formation 

Host-guest hydrogels were fabricated through the process of host-guest self-assembly. 

The host hydrogel solution (CDMeHA) and guest hydrogel solution (Ad-GelMA) were 

combined and subjected to heterogeneous mixing through stirring. Subsequently, any 

remaining air was eliminated via centrifugal separation. Host-guest hydrogels with 

varying concentrations were prepared to enable subsequent characterization and 

analysis. 

 

4.2.2 Physicochemical characterization of host-guest hydrogels 

4.2.2.1 Mechanical tests  

The mechanical tests of the hydrogels were conducted on a dynamic universal 

mechanical system. Dumbbell-shaped hydrogel samples were prepared for the tensile 

test, while cylindrical samples were prepared for the compression test [211]. 
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4.2.2.2 Swelling experiment 

To ascertain the effect of crosslinking on the hydrogels, cylindrical samples (d=10 mm, 

h=3 mm) were subjected to swelling test at room temperature [170]. The ability of the 

hydrogels to swell was assessed by determining the weight change of samples 

submerged in PBS at various periods through Eq. 2.1. 

 

4.2.2.3 Viscosity test 

Hydrogels of varying compositions were placed through their paces in a rheometer 

(MCR 702) with temperature control features and a parallel plate measuring 25 mm in 

diameter. The viscosity of hydrogel solutions was assessed using a shear rate range of 

0.1 s-1 to 1000 s-1 at 37°C. 

 

4.2.3 Rheological and printability characterisation  

4.2.3.1 Rheological characterisation 

Rheological characterisation was performed using a rheometer (MCR 702) fitted with 

a cone and plate geometry facility with a diameter of 50 mm, 0.995° cone angle, and 

27-μm gap. The rheological performance was measured under 37°C with different 

oscillatory frequencies (0.01 to 100 Hz with 1% strain), oscillatory time, and oscillatory 

strain (0.01 to 300% strain at 30 Hz). The shear force test was measured at 300% strain 

with recovery at 1% strain at 30 Hz, and a continuous flow test was performed under a 

linear shear rate from 0 to 10 s−1.  
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4.2.3.2 Bioprinting process 

A commercial extrusion 3D printer (ALPHA-CPD1, SUNP) was employed for 3D 

bioprinting. The design of the printed CAD models was accomplished using standard 

software, and during the printing process, a G-code was generated based on the STL 

files to facilitate hardware control. Notably, the G-code allowed for the convenient 

adjustment of parameters such as extrusion flux, printing speed, as well as distance and 

thickness between layers. Subsequent to the printing procedure, the printed structure 

was subjected to UV light to ensure the stabilization of the entire construct. 

 

4.2.3.3 Injectability 

To investigate the injectability of the host-guest hydrogel, it was injected into a PolyU 

mould overlapped by glass sides. After photo-crosslinking with UV, a PolyU logo-

shaped hydrogel was obtained. 

 

4.2.4 Characterisation of self-healing ability 

Color-alternating hydrogel columns and rings served as a visual representation of the 

host-guest hydrogel's self-healing capabilities. First, the host and guest hydrogels were 

dissolved in DI water. The host and guest hydrogels were then mixed to prepare the 

host–guest hydrogel and stained in two different colors. Next, the crosslinked host–

guest hydrogel was cut into several parts using a scalpel. Two supramolecular hydrogels 

were connected along the incision. After a few minutes, the self-healing hydrogels were 
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torn apart using tweezers to examine their self-healing status. The hydrogels were 

monitored as they healed over a range of time. Hydrogels of various hues were prepared 

using rod-shaped vials, according to the procedures described above. Identical chunks 

of the hydrogel were sliced off and reassembled individually until they formed a single 

column. Hydrogels made in the shape of a column were manipulated into semicircles 

or circles. 

 

Experiments on host hydrogel shear recovery were performed at 37 °C on a rheometer 

with 12-mm diameter parallel plates. Shear-thinning was achieved at 10 Hz, 250% 

strain and recovery at 0.5% strain. The continuous step strain was changed every 50 s 

throughout each strain period.  

 

4.2.5 Cell culture and characterization 

4.2.5.1 Cell culture 

PC12 (High differentiation, ATCC, USA), a cell line obtained from a 

pheochromocytoma of rats, was used in this project instead of N2a [21]. The highly 

differentiated PC12 cells exhibit high electroactivity, increasing the likelihood of 

generating functional networks while the differentiation of N2a cells within the host-

guest hydrogel is expected to be limited to the formation of interconnected functional 

neural networks. PC12 cells were cultivated using a full growth media (RPMI-1640 + 

10% FBS). The medium was refreshed every 2 days during cultivation [263]. 
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4.2.5.2 Live/dead staining 

Using the manufacturer’s guidelines, a live/dead test was used to determine the viability 

of PC12 cells. Each sample was incubated at 37°C for 15 min after treatment with a 

live/dead solution containing 4 mmol/L ethidium homodimer-1 and 2 mmol/L calcein 

AM in PBS.  

 

4.2.5.3 Phalloidin/DAPI staining 

Hydrogels samples encapsulated with PC12 cells were fixed with 4% 

paraformaldehyde, permeabilised with 1% Triton for 20 min. The samples were then 

incubated in the dark with phalloidin solution for 45 min, followed by DAPI solution 

for 5 min. After rinsing thrice in PBS, the samples were placed under a fluorescence 

microscope for analysis. 

 

4.2.6 Analysis of neuronal migration in the hydrogels  

The migration of neuronal cells plays a crucial role in neural tissue regeneration. To 

evaluate neuronal cell migration in host-guest hydrogels and neural tissue regeneration 

in vitro, a neuronal migration model was constructed, as shown in Figure 4.1. Four 

different hydrogels (GelMA, host hydrogel, guest hydrogel, and host-guest hydrogel) 

were selected for the migration test. First, four hydrogel PC12 cell suspensions (5×106 

cells/mL) were prepared. Subsequently, 90 μL of PC12 cell-loaded hydrogel was added 
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to the left of the mould (blue area h=1 mm) and exposed to UV for 10 s for crosslinking. 

Then 90 μL of corresponding cell-free hydrogel (the same type of hydrogel as the cell-

loaded hydrogel) was added into the red area of the mould. Subsequently, the whole 

mould (blue and red areas) was exposed to UV (365 nm, 4 mW/cm2) for another 60 s 

to be crosslinked into one. Finally, the migration of cells from the different hydrogels 

was observed under a microscope.  

 

Figure 4.1 Neuronal migration mould for cell migration experiments. The migration of 

PC12 cells in different hydrogels was evaluated using a ZEISS confocal microscope. 

Using confocal microscopy, 400-µm thick Z-stack projections of each interface were 

acquired.  

 

4.2.7 Gene expression 

According to the literature, RT-qPCR was used for quantitative gene expression [178]. 

Collagenase type II was used to break down and liberate the 3D cells encapsulated in 

hydrogels. Using a Total RNA Kit total RNA was isolated from PC12 cells. A Prime 

Script RT Master Mix Kit was used to reverse-transcribe the extraction into cDNA. As 
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an internal control, GAPDH was employed to standardize the findings. Table 4.1 lists 

the sense and antisense primer sequences used for a group of related genes. The 2-ΔΔCt 

technique was used to determine gene expression. 

Table 4.1 Primer sequences used for RT-qPCR 

Genes Sequences  

F-actin 
F: 5’-CGGCAGGCGGGTACAAG-3’ 

R: 5’-TCTCTGCCTTCTGTGACACG-3’ 

Myosin 
F: 5’-ACTATGCAGGCAAGGTGGAC-3’ 

R: 5’-CTGAGGACTGGTGAAGCAGG-3’ 

FAK 
F: 5’-GCTTAATCTGGCCAGGACGG-3’ 

R: 5’-TGAAGCACGGTTTGAGAGGT-3’ 

Vinculin 
F: 5’-TCACCTCCTGGGATGAGGA-3’ 

R: 5’-TGGCCTGGTTCAGTTTCGAG-3’ 

Integrin 
F: 5’-AATGCCCTGAAGCCAAGTGT-3’ 

R: 5’-GGCTGGTATTCCTGCTGC-3’ 

GAPDH 
F: 5’-GGCTGCCTTCTCTTGTGACAA-3’ 

R: 5’-TGCCGTGGGTAGAGTCATACTG-3’ 

 

4.2.8 Bioprinting of cell-laden host–guest hydrogels 

The host–guest hydrogels were dissolved in a 0.5 wt% LAP solution in the culture 

medium. To ensure sterility, the resulting solution underwent filtration. Then, PC12 

cells (1×106 cells/mL) were thoroughly mixed with the aforementioned hydrogel 

solution, resulting in the formation of cell-laden hydrogel constructs. The mixture was 

then injected and printed using a printing needle (25G). After printing, the printed 

structure was crosslinked under UV light (365 nm, 4 mW/cm2), washed with PBS, and 

cultured in a complete growth medium. After culturing for 1 and 5 days, the cells in the 

3D hydrogel were stained for observation. 
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4.2.9 Electrophysiology evaluation of neural regeneration model in 

vitro 

Fluo-4 (F14201, InvitrogenTM) was used to capture the spontaneous neuronal activity. 

In short, Hanks’ Balanced Salt solution (HBSS, Sigma-Aldrich) was mixed with 0.1% 

Pluronic® F-127 and 3mM fluo-4 AM (reconstituted in dimethyl sulfoxide (DMSO)). 

There was a 6 min incubation period at 37°C during which the cells were loaded with 

Fluo-4 AM. Following incubation, the PC12 cells were rinsed with HBSS and kept in 

the dark until data were captured. Visual examination and fluorescence imaging were 

performed using a fluorescence microscope (Nikon, Japan). As previously reported, 

potassium chloride (KCl, Sigma-Aldrich) was used to stimulate certain samples after 

baseline recording was made [115]. ImageJ was used to extract the areas of interest and 

monitor the changes in fluorescence intensity over time from the generated recordings. 

The ImageJ Image Stabilizer was used to fix the drift [264], and the changes in intensity 

(dF/F) were determined using previously outlined methods [265, 266]. 
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4.3 Results and discussion 

4.3.1 Preparation and chemical characterisation of host-guest 

supramolecular hydrogels 

4.3.1.1 CDHA  

The structure of CDHA was confirmed by 1H-NMR. As can be seen from the 1H NMR 

spectra of the CDHAs in Figure 4.2, CD had a characteristic peak at approximately 5.1 

ppm. The DS was calculated by comparing the integrated peak area of CD (H1 proton 

δ=5.1) with the integrated peak area of HA (methyl singlet δ=2.1). Upon calculation, 

the degree of substitution for CDHA was found to be approximately 20%. 

 

Figure 4.2 The chemical structure and 1H-NMR spectra of synthesised CDHA. 
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4.3.1.2 MeHA 

The structure of MeHA was also confirmed using 1H NMR spectroscopy. As can be 

seen in Figure 4.3, the characteristic peaks of the vinyl group at approximately 5.7 and 

6.2 appeared. The DS of MeHA was further determined by comparing the integrated 

peak area of the two vinyl protons with the integrated peak area of HA. A substitution 

degree of 3% was obtained. 

 

Figure 4.3 The chemical structure and 1H-NMR spectra of synthesised MeHA. 

 

4.3.1.3 CDMeHA 

In the 1H-NMR spectrum of CDMeHA (Figure 4.4), the characteristic peaks of both 

CD and vinyl groups appeared on the HA backbone, suggesting the successful synthesis 

of CDMeHA. 
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Figure 4.4 The chemical structure and 1H-NMR spectra of synthesised CDMeHA. 

 

4.3.1.4 Ad-gelatin  

In the 1H-NMR spectra of Ad-gelatin (Figure 4.5), a new peak was observed at 3.4 ppm, 

probably caused by a chemical shift due to the amide reaction between amide on 

amantadine and carboxyl on gelatin. The synthesis was further confirmed by elemental 

analysis (Vario EL III). As can be seen in Table 4.2, the C/N ratio increased from 3.20 

(gelatin) to 3.33 (Ad-gelatin) owing to a higher C/N mole ratio of Ad (C/N=10). The 

degree of substitution could also be roughly calculated by elemental analysis to be 

approximately 20%. 
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Figure 4.5 The chemical structure and 1H-NMR spectra of gelatin, Ad-gelatin, and Ad. 

 

Table 4.2 The element analysis results of gelatin and Ad-gelatin 

Sample C content 

(%) 

N content 

(%) 

H content 

(%) 

C/N 

ratio 

C/N mole 

ratio 

gelatin 44.17 16.11 6.23 2.74 3.20 

Ad-gelatin 
47.21 16.52 6.56 2.86 3.33 

 

4.3.1.5 Ad-GelMA 

The 1H NMR spectra of Ad-GelMA are shown in Figure 4.6. The characteristic peaks 

of both amantadine (3.4 ppm) and MA (5.36 and 5.64 ppm) were observed. 
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Figure 4.6 The chemical structure and 1H-NMR spectra of gelatin, GelMA, Ad, and 

Ad-GelMA. 

 

4.3.2 Host-guest interaction and self-healing ability 

4.3.2.1 Host-guest interaction 

When host and guest hydrogel solutions were mixed, a pseudoplastic hydrogel was 

immediately formed through the self-assembly of reversible host and guest moieties. 
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The formation and mechanisms of host-guest interaction are shown in Figure 4.7A. 

Compared with the flowable liquid in the individual host or guest solutions, the 

fabricated hydrogel was more stable in the qualitative inversion test (Figure 4.7B). 

Furthermore, according to the oscillatory rheology results (Figure 4.7C), the moduli 

increased significantly after mixing the host-guest hydrogel. 

 

Figure 4.7 (A) Schematic of the dynamic formation procedure and host–guest 

interaction mechanisms. (B) Images of host-guest interaction (liquid-like before mixing 

and gel-like after) and (C) Modulus changes before and after mixing host-guest 

hydrogel.  

 

4.3.2.2 Recovery and self-healing 

Because the host-guest interactions were reversible, the host-guest hydrogels possessed 

rapid self-healing ability. In this part of the study, the recovery ability of the obtained 

hydrogels was tested under cyclic large and low-amplitude oscillatory strains. The yield 

stress of the hydrogel was examined using the strain sweep test from 0.5% strain to 300% 
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strain to determine the recovery ability, presented in Figure 4.8Ai. The storage modulus 

G′ and loss modulus G″ exhibited similar values (~200Pa) at low strain, and G′ 

decreased dramatically (~100Pa) at a large strain of 100%, suggesting the host-guest 

interaction had completely collapsed. Meanwhile, the self-healing ability of the host-

guest hydrogels was evaluated by the alternate step strain test (low stain=1% strain; 

high stain=300%), as illustrated in Figure 4.8Aii. The hydrogel displayed a significant 

downward tendency in moduli under cyclic deformation, and a concurrent gel-sol 

transition was observed at high strain (300% strain). Meanwhile, fast recovery was 

observed when the strain conditions were converted from high to low within seconds. 

Similar results were also obtained regardless of how many cycles are run, indicating 

that the hydrogels could recover almost immediately after shear thinning. 

 

To further observe the self-repairing ability of host-guest hydrogels from a macro 

perspective, the photo-crosslinked hydrogels were dyed in different colours and cut into 

halves (Figure 4.8B). The evolution process of diffusion is shown in Figure 4.8Bi. The 

diffusion efficiency of the host-guest hydrogel was higher than that of GelMA 

hydrogels. Fast and efficient permeability is an important factor in using hydrogels for 

tissue engineering, demonstrating that the created self-healing hydrogels may be used 

in biomedicine [267, 268]. Meanwhile, these cut pieces of host-guest hydrogel could 

easily interconnect and form an integrated hydrogel after close contact compared with 

that of GelMA in microscopy images (Figure 4.8Bii). To confirm the self-healing 

ability of the host-guest hydrogel, we used a tweezer to lift the self-healed hydrogel 



151 
 

from one side without breaking the healed incision. In addition to self-healing 

properties, the hydrogels exhibited excellent flexibility in connecting blocks alternately 

into columns and rings (Figure 4.8C).  

 

Figure 4.8 (Ai) The strain sweep cures for the host-guest hydrogel. (Aii) Cyclic 

recovery cures for host-guest hydrogel (low strain=1% strain; high strain=300% strain). 

(Bi) Comparison of colourant diffusion efficiency in different hydrogels. (Bii) 

Microscopy images of hydrogel healing sections. I The macro perspective for host-

guest hydrogel self-healing. 

 

The modulus changes during the degradation of the host, guest, and host-guest 
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hydrogels were also evaluated in Figure 4.9. Initially, the swelling ratio of the 

hydrogels increased significantly on the first day and remained stable for the remaining 

6 days in the culture medium (Figure 4.9A). The host hydrogel exhibited the highest 

swelling ratio (20%) due to its high-water absorption capacity attributed to hyaluronic 

acid, followed by the host-guest hydrogel (18%) and the guest hydrogel (10%). 

Similarly, all hydrogels demonstrated a decrease in modulus on the first day due to 

hydrogel swelling, followed by a stable modulus over the subsequent 6 days in the 

culture medium. The modulus remained at around 3 kPa, which aligns with the 

requirements for establishing a natural neural microenvironment suitable for neuronal 

differentiation (Figure 4.9B). During collagenase degradation shown in Figure 4.9C-

D, the modulus of the host hydrogels remained stable for 2 days due to the limited 

degradation of hyaluronic acid by collagenase [269]. In contrast, the compression 

modulus of the guest hydrogels experienced a reduction from 3 kPa to 1 kPa within 2 

days. As for the host-guest hydrogels, the compression modulus was intermediate 

between that of the host hydrogels and the guest hydrogels, decreased from 

approximately 3.5 kPa to about 2 kPa [270]. 
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Figure 4.9 (A) Swelling properties of the host, guest, and host-guest hydrogels in RPMI 

culture medium. (B) Compression modulus of the host, guest, and host-guest hydrogels 

incubated in RPMI solution within 7 days. (C) Degradation properties of the host, guest, 

and host-guest hydrogels in 0.2 U/mL collagenase type II. (D) Compression modulus 

of the host, guest, and host-guest hydrogels incubated in collagenase solution in 2 days.  

 

4.3.3 Rheological and physicochemical properties of host-guest 

hydrogels  

The crosslinking density and structure of the hydrogel are sensitive to the 

concentrations of the individual macromers and the guest-to-host components, 

including the weak physical interactions between host and guest complexes and the 
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multi-fold junctions of polymer chains. To optimise the properties of host-guest 

hydrogels, the relationship between crosslinking density, junction point architecture, 

and hydrogels from different concentrations was investigated, with compositions listed 

in Table 4.3. 

 

Table 4.3 The composition of three different host–guest hydrogels for rheological and 

physicochemical characterization 

Sample Host Guest 

Low 1 wt% CDMeHA 2.5 wt % Ad-GelMA 

Med 2 wt% CDMeHA 5 wt% Ad-GelMA 

High 4 wt% CDMeHA 10 wt% Ad-GelMA 

 

4.3.3.1 Rheological characterisation of host-guest hydrogels 

Rheological properties are crucial for the injectability and printability of host-guest 

hydrogels. When host-guest hydrogels are extruded from a standard syringe, they 

undergo shear-thinning (deformation) and fast self-healing (recovery deformation). 

Figure 4.9A shows representative oscillatory frequency sweeps of hydrogels. The 

modulus of the hydrogels increased with increasing frequency. At low frequencies, the 

hydrogel exhibited liquid-like properties with a G″ higher than G′. With the frequency 

increasing to 30 Hz, the storage modulus became closer to the loss modulus, and the 

hydrogel assumed a gel state. Meanwhile, a rise in concentration resulted in a rise in 

moduli, as expected. For example, the moduli of the Low, Med, and High concentration 
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hydrogels at 10 Hz were about 10Pa, 30Pa, and 200Pa, respectively.  

 

4.3.3.2 Viscosity and resultant shear stress 

The host-guest interaction was attributed to reversible dynamic bonds, so the formed 

hydrogels possessed shear-thinning properties. In order to elucidate the intended shear-

thinning characteristic of the hydrogels, shear and viscosity tests were conducted, where 

the shear rate was linearly increased from 0 to 10 S-1. Figures 4.10B-C show viscosity 

variations and shear force under defined simulation conditions. As shown, the host-

guest hydrogels had the desired shear-thinning property such that the viscosity 

exhibited an inverse tendency with the shear rate. Similarly, the shear stress and 

terminal viscosity also increased with increasing host-guest concentration. This shear-

thinning property may have many advantages for biomedical applications because it 

increases the flowability and reduces the necessary shear force upon injection.  

 

Figure 4.10 (A) Frequency dependence curves of three different host-guest hydrogels 

(G′=storage modulus; G″=loss modulus). (B-C) Shear stress and viscosity curves of 

three different host-guest hydrogels.  

 

4.3.3.3 SEM and swelling 
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The crosslinking structure of the hydrogel was characterised by microporous density 

and size, as shown in Figure 4.11A. As expected, the pore size decreased from about 

40μm to 10μm with the increase of hydrogel concentration from Low to High. These 

results confirmed that the crosslinking ability was sensitive to the hydrogel content. The 

swelling ratio results are shown in Figure 4.11B, which also reflects the crosslinking 

density of the hydrogel. As the hydrogel concentration increased, the swelling ratio 

decreased from 250% to 60%, indicating an increased crosslinking density. 

 

Figure 4.11 SEM images (A) average pore size (B) and swelling ratios (C) of various 

concentrations of host-guest hydrogels after crosslinking.  

 

4.3.4 Cell encapsulation in host-guest hydrogels  

To determine the optimal concentration for cell encapsulation, we encapsulated 3T3 

cells in three different hydrogel concentrations (Table 4.4). First, from the live/dead 
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results on the first day, most of the cells (over 96%) were alive, which confirmed that 

the host-guest hydrogel had excellent cytocompatibility. From the F-actin staining on 

day 5, although the cells were in good condition, they were in 2D instead of 3D (Figure 

4.12B). This was because at low hydrogel concentration (I), the host-guest force was 

too weak to maintain the 3D network structure for a long time [270]. On the contrary, 

a high concentration of hydrogel (III) limited cell growth, migration, and proliferation 

in 3D networks because of the high modulus and denser crosslinked network (Figure 

4.12B). As the middle ground (II), the sample group exhibited a moderate modulus and 

density, and the cells formed a good 3D network structure in the hydrogel (Figure 

4.12D). Compared with other hydrogels, such as GelMA, the host-guest hydrogel (II) 

had a deeper 3D network because the host-guest dynamic force facilitated a better 3D 

distribution of cells. Therefore, we chose the II concentration for subsequent 

experiments. 

 

Table 4.4 The composition of host–guest hydrogels for cell encapsulation 

Sample Host Guest 

I 0.5 wt% CDMeHA 1.25 wt% Ad-GelMA 

II 1 wt% CDMeHA 2.5 wt% Ad-GelMA 

III 2 wt% CDMeHA 5 wt% Ad-GelMA 
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Figure 4.12 Encapsulation of cells in 3D with different concentrations of hydrogels. 

(A) Live/dead staining on day 1. (B) Quantitative cell viability on day 1 (C) Cell 

morphology on day 5. (D) 3D cell network in host-guest hydrogel (II). I represent 0.5 

wt% CDMeHA +1.25 wt% Ad-GelMA; II represents 1 wt% CDMeHA +2.5 wt% Ad-

GelMA; III represents 2 wt% CDMeHA +5wt% Ad-GelMA 

 

4.3.5 PC12 cells behaviour and function in different hydrogels 

We next investigated the behaviors of PC12 cells encapsulated in different hydrogels. 

We would like to explore whether the host-guest interaction would interfere or enhance 

neuronal spreading, migration, and function in the 3D matrix. To evaluate neuronal cell 

migration and neural tissue regeneration in vitro, a simple model, shown in Figure 4.1, 

was constructed for validation. Four different hydrogels (GelMA, host hydrogel, guest 

hydrogel, and host-guest hydrogel) were selected for migration testing. To control the 

single variable, hydrogels were prepared with a similar modulus (~1.66 kPa). The 

corresponding compression moduli of the different hydrogels are shown in Figure 4.13. 
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Figure 4.13 The compression moduli of four different hydrogels. 

 

Neuronal extension, morphology, and distribution in the different hydrogels were 

assessed using BF imaging, confocal imaging, and RT-qPCR. As shown in Figures 

4.14A-B, clear boundaries between the cell-loaded and cell-free hydrogels were 

observed, and the PC12 cells maintained high viability in all hydrogels. No neuronal 

migration was observed in any of the hydrogels on day 1. After 7 days of cultivation, 

cell migration in different hydrogels was further observed using BF and confocal 

imaging. As shown in Figures 4.14C-D, no significant cell migration or extension was 

observed in the GelMA and guest (Ad-GelMA) groups. However, the axons of neurons 

encapsulated in the host (CDMeHA) hydrogel penetrated the cell-free host hydrogels, 

and more cell migration was observed in the host-guest hydrogel. The cell morphology 

among different hydrogels was also different. Dynamic host–guest networks had a 

faster spreading rate than static networks. Unlike the round and non-spreading cells in 

the static hydrogel, PC12 cells in the host-guest hydrogel started spreading radially on 
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day 1 (Figure 4.15A). Similarly, substantial cell spreading and cytoskeletal proteins 

were observed in host-guest hydrogels compared with those in static hydrogels on day 

7 (Figure 4.15B). Ultra-rapid radial cell spreading in the host-guest hydrogel is highly 

dynamic, permitting cells to pass through and facilitate axon extension [239]. In 

addition, compared with the GelMA-based (guest) hydrogel, the HA-based (host) 

hydrogel showed better cell spreading ability individually because HA can also regulate 

cell migration by organising the ECM into a hydrated open lattice for axonal migration 

[249, 250]. Relative gene expression was further used to evaluate cell migration in 

different hydrogels, and five key genes (F-actin, Myosin, FAK, Vinculin, Integrin) were 

related to cell-ECM interactions and cell migration. As shown in Figure 4.15C, the 

gene expressions of F-actin and FAK in the host-guest hydrogel were almost 2 times 

higher than those in the static hydrogel. Together, these findings suggested that host-

guest interactions mimic the dynamic ECM environment to regulate neuronal cell 

morphology, spreading, and migration, forming a united neural network. Numerous 

studies have shown that the migration of nerve cells is an important factor in nerve 

regeneration, and the migration of cells in host-guest hydrogels provides a good basis 

for future nerve regeneration in vivo [271, 272]. 
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Figure 4.14 Cell migration morphology in different hydrogels on day 7. (A) BF images 

of cells encapsulated in different hydrogels on day 1. (B) Live/Dead staining of cells 

encapsulated in different hydrogels on day 1. (C) Cell migration observation through 

BF images. (D) Cell migration and 3D network in different hydrogels through 

phalloidin/DAPI staining (Z stacks = 400 μm). 
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Figure 4.15 Cell morphology in different hydrogels. (A) BF observation of cell 

morphology at different time points. (B) Phalloidin/DAPI staining in different 

hydrogels (Z stacks = 200 μm) on day 7. (C) The quantitative RT-qPCR evaluation of 

cell migration-related gene expressions (F-actin, Myosin, FAK, Vinculin, Integrin) in 

different hydrogels on day 7. 

Important cellular activities in all neuron types are regulated by intracellular calcium 

signalling. To evaluate the functionality of 3D hydrogels, calcium imaging using Fluo-

4 was employed to detect the electrophysiological activity of encapsulated neurons. A 
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microscope was used for visual inspection and fluorescent imaging (488-nm excitation 

wavelength), shown in Figure 4.16A. The Pseudo-colour of spontaneous 

electrophysiological activity was analysed using Fiji software, shown in Figure 4.16B 

(The level of intracellular Ca2+ concentration correlates with the warmth of the hues.). 

For quantitative assessment, six representative active neurons in each hydrogel were 

selected, and the fluorescent signal was plotted over time in Figure 4.16C. 

 

As can be seen in Figure 4.16, few PC12 cells were detected to have spontaneous 

electrophysiological activity in GelMA and guest hydrogel groups. However, more 

PC12 cells and high spontaneous electrical activity (dF/F>0.5) were observed in host 

and host-guest hydrogels. Meanwhile, calcium transients between adjacent cells 

showed the spontaneous electrophysiological activity of the whole networks in host and 

host-guest hydrogel. We supposed the increased electrophysiological activity was 

attributed to the interconnected 3D neural networks, which allowed neural 

communication and signal transformation (consistent with the results of Figure 4.15). 
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Figure 4.16 Functional assessment of neuronal activity in 3D hydrogels. (A) 

Spontaneous electrophysiological activity in 3D hydrogels via calcium imaging. (B) 

Pseudo-colour of spontaneous electrophysiological activity. (C) Representative 

fluorescent signals change over time. 

 

4.3.6 Injectability and printability  

The foundation of 3D printing is the production and management of gel filaments. The 

extrusion behaviour of different hydrogel bio-inks was evaluated by extension of the 

filament through a 25-G needle. Rheological characterisation showed that materials 

with low-viscosity formulations, such as host or guest hydrogel alone, came out of the 

needle one drop at a time (Figures 4.17A-B). When the host and guest hydrogels were 

combined, a gel filament that could be used to hang from the end of the needle was 

formed (Figure 4.17C). This was because hydrogels have excellent printing 
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capabilities owing to their shear-thinning and self-healing properties, as described by 

Ouyang et al [273]. 

 

Figure 4.17 Extrusion status of a guest hydrogel (A), host hydrogel (B), and host-guest 

hydrogel (C) using a 25-G needle. 

 

Multifarious shapes could be easily achieved by the injectability of the host-guest 

hydrogel, which was beneficial for matching the tissue environment and minimising 

mechanical stimulation from the surrounding tissues. As can be seen in Figure 4.18, 

the host-guest hydrogel could be easily extruded from syringes through needles into the 

PolyU mould owing to the shear-thinning property. After UV crosslinking, a PolyU-

shaped hydrogel was obtained. 

 

Figure 4.18 The injectability of host-guest hydrogel. 

 

The dynamic crosslinking in the host-guest hydrogel also improved bioprinting ability. 
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On the one hand, the hydrogel could be easily extruded from a bioprinting needle with 

relatively low force owing to the shear-thinning property, which protected the cells in 

the hydrogel from shear forces to a large extent. On the other hand, the fast self-healing 

ability of the hydrogel after injection could help maintain the formation of printed 

filamentous structures. Figure 4.19 shows the bioprinting process and the 3D-printed 

structures. After UV crosslinking, the bioprinted structures were stable, with no 

significant changes in gross appearance. The combination of a double network (host-

guest interaction plus covalent cross-linking) played an important role in designing 3D, 

layer-by-layer printed NTMs. 

 

Figure 4.19 The printability of host-guest hydrogel. (A) Bioprinting process. (B) 3D-

printed structure. 
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4.3.7 Cell viability and differentiation in 3D bioprinted host-guest 

hydrogels 

Neuronal cells are highly sensitive to printing procedures. To assess the 

cytocompatibility of the bioprinting process, PC12 cells were encapsulated in a host-

guest hydrogel for bioprinting. Cell viability and proliferation after printing was 

characterised by live/dead staining and CCK-8 (Figures 4.20A-B). PC12 cells showed 

high viability, with over 90% remaining viable after printing (Figure 4.20Bi) and 

printed cells also had significant proliferation (Figure 4.20Bii). Meanwhile, the 3D-

printed scaffolds supported cell adhesion, growth, and spread in filaments after 

cultivation (Figure 4.20C-D). We supposed that the high cell viability was attributed 

to the low viscosity and shear-thinning property of the host-guest interaction, which 

protected the cells from high shear stress during extrusion. 

 

Figure 4.20 Cell viability and proliferation after printing. (Ai-ii) Live/dead staining of 



168 
 

printed PC12 cells on days 1 and 5. (Bi-ii) Cell viability and proliferation at different 

times. (C) Large image of printed 3D neural ring mimics (stained by live/dead kit 3 

days after printing). (D) Cell morphology in 3D bioprinted neural ring mimics through 

phalloidin/DAPI staining (day 5). 

 

4.3.8 Evaluation of electrophysiology in 3D-printed NTMs 

To test whether the 3D-printed neurons functioned inside the host-guest hydrogel, we 

used Fluo-4 AM, a calcium-sensitive fluorescent dye. High-speed imaging then tracked 

the calcium influxes in the cells over time. 

 

The spontaneous electrophysiological activity was first studied to investigate the 

neuronal activity of single neurons and the entire network. Confocal microscopy of 3D 

bioprinted neural rings showed that multiple neurons measured at baseline levels 

spontaneously increased in fluorescence intensity, marking intracellular calcium 

influxes (Figure 4.21). Six representatives active PC12 cells were selected, and the 

fluorescent signal was plotted over time for quantitative assessment (Figures 4.21A-

B). From the representative image sequence (Figure 4.21C), calcium transients were 

also observed between adjacent PC12 cells at different time points, indicating the 

spontaneous electrophysiological activity of the whole network.  



169 
 

 

Figure 4.21 Electrophysiological activity of 3D bioprinted neural ring mimics. (A) 

Spontaneous electrophysiological activity of 3D bioprinted neural ring mimics via 

calcium imaging. (B) Representative fluorescent signal changes over time. (C) The 

representative image sequence shows adjacent cells with calcium transients.  

 

KCl, a signalling chemical, was used to further define the enhanced 

electrophysiological activity of the printed PC12 cells. Increased intracellular calcium 

ions are caused by the high extracellular potassium chloride concentration, which raises 

the membrane potential of the cell and opens the voltage-dependent calcium ion 

channel. Adding KCl resulted in a significant increase in fluorescence intensity, as 

illustrated in Figure 4.22. Typical cells were measured throughout the experiment, and 

all responded to high potassium levels by increasing their fluorescence intensity by a 

factor of two. There was conclusive evidence of the 3D-printed neural circle owing to 

the presence of electrically activated neurons. 
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Figure 4.22 Stimulated electrophysiological activity of 3D bioprinted neural ring 

mimics. (A) Potassium chloride (KCl) stimulated the electrophysiological activity of 

3D bioprinted neural rings. (B) Representative fluorescent signal changes over time. 
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4.4 Summary 

In conclusion, host-guest hydrogels with notable shear-thinning and rapid self-healing 

properties were successfully fabricated. The rheological properties indicated that the 

host-guest hydrogel had excellent injectability for the printing process and outstanding 

self-healing ability for repeated damage due to host-guest interactions. The host-guest 

hydrogel could be printed and maintained in various shapes, with excellent 

biocompatibility to support cell growth and proliferation in 3D structures.  

 

Typically, neural cells are highly sensitive to the printing procedure and have low 

viability after printing. However, neural cells (PC12) exhibited high viability during 

printing because host-guest interactions protected cells from high shear stress. After 7 

days of cultivation, the PC12 cells proliferated well and maintained a printed structure. 

 

Calcium imaging showed that the printed neuronal mimics displayed high levels of 

electrical activity, as indicated by a spontaneous increase in fluorescence intensity. 

Meanwhile, the host-guest interaction promoted cell migration and spreading to form 

interconnected 3D networks. Based on these findings, bioprinted neural mimics 

appeared to be promising drug-testing models that could advance methods for assessing 

neural functionality in vitro and support the development of better models for disease 

studies in the neuroscience research community and the pharmaceutical industry. 
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Chapter 5 Conclusions and recommendations for future 

work 

5.1 Major findings and conclusion 

Researchers have investigated in vitro modelling of NTMs, but these studies have 

focused mostly on 2D substrates and did not simulate the 3D microstructure of neural 

tissues. Numerous species-specific characteristics of the nervous system cannot be 

investigated using animal models, even though they provide a powerful option for 

studying neural development, neurological disease, and regeneration processes. In 

addition, understanding how neural circuits arise and develop is essential to 

understanding how the brain works. Therefore, it is necessary to construct 3D neural 

mimics. In this study, a variety of biomimetic and functional hydrogels were created to 

investigate neural development, neurogenesis, and electrophysiology in a 3D 

environment. 

 

Chapter 2 describes the production of soft and flexible GelMA-PEGDA hydrogels with 

a favourable microenvironment for neuronal cell development. By adding PEGDA and 

adjusting its concentration to GelMA, the matrix stiffness of the hydrogels was altered, 

and their overall tensile properties were enhanced. GelMA-PEGDA had excellent 

biocompatibility for 3D neural cell growth, although the inclusion of PEGDA had little 

effect on cell survival and proliferation, owing to the absence of the RGD group. Stem 

cells were more conducive to glial cell differentiation in GelMA hydrogel with high 
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GFAP protein expression and neuronal cell development in GelMA-PEGDA hydrogel 

with high Tuj-1 protein expression. Matrix stiffness was the primary factor influencing 

neuronal cell differentiation and development. Mechanical stretching may further 

improve 3D neuronal differentiation in axon elongation and neurite orientation.  

 

Furthermore, conductive hydrogels were developed following the preceding chapter, 

and the electrical conductivity and mechanical properties were examined in Chapter 3. 

Compared with conventional hydrogels, the conductive hydrogel alone could promote 

the differentiation of NSC. The conductive hydrogel combined with ES may further 

drive neuronal differentiation. Simultaneously, the influence of various electric field 

intensities on neuronal differentiation was studied to maximise the effects of ES. 

Stretching and electrical co-stimulation were explored further. Consistent with prior 

studies, stretching was shown to trigger neuronal differentiation and promote neurite 

outgrowth and the directional alignment of nerve extensions. Stretching and electrical 

co-stimulation affected neurite outgrowth, neurite branching, and filopodia density. In 

addition to changes in cell morphology, simultaneous co-stimulation may affect neural 

gene expression. Co-stimulation boosted the expression of neuron-specific markers 

(MAP2, Tuj-1, and GFAP), which play crucial roles in neuronal development and 

function, as shown by RT-qPCR. 

 

Finally, host-guest hydrogels with excellent shear strength and rapid self-healing 

properties are described in Chapter 4. The rheological features of the host-guest 
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hydrogel showed great injectability for the printing process and remarkable self-healing 

capabilities for recurrent injury. Host-guest hydrogels could be produced and stored in 

a variety of forms. Moreover, the host-guest hydrogel had outstanding biocompatibility 

for promoting cell growth, proliferation, and migration, forming a 3D interconnected 

network. Although neuronal cells are highly susceptible to the printing method, 

resulting in reduced cell viability, PC12 cells displayed high viability when printed 

because the host-guest interaction shielded them from excessive shear stress. Calcium 

imaging also revealed that the printed neuronal mimics exhibited significant levels of 

spontaneous electrical activity, as indicated by an increased fluorescence intensity.  

 

Overall, a range of biomimetic and functional hydrogels have been produced for neural 

development, neurogenesis, and electrophysiology in 3D environments. Results 

demonstrated that GelMA-PEGDA hydrogel encapsulation and stretching are potential 

strategies for improving the efficacy and viability of NSC therapies for neural 

regeneration. Meanwhile, the co-stimulation of stretching and ES exhibited synergetic 

effects on neuronal development and neurogenesis. These studies not only enrich the 

research on the directed differentiation of NSC in a 3D microenvironment induced by 

physical stimuli but also offer a foundation for the efficacy and practicability of NSC 

treatment. In addition, 3D bioprinted neural mimics with good viability and 

electroactivity appear to be promising advance models for assessing neural 

functionality in vitro and support the development of better NTMs for disease studies 

in both the neuroscience research community and the pharmaceutical industry. 
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5.2 Recommendations for future work 

In this thesis, functional and biomimetic hydrogels were developed for 3D neural 

investigation, and cell behaviour and development within 3D hydrogels were studied 

by microenvironment effects (stiffness, mechanical stretching, ES, and host-guest 

interaction). While significant progress has been made in understanding these effects, 

there remain several avenues for future research and exploration in this topic. 

 

5.2.1 Effect of stretching strategies on neuronal differentiation 

Stretching has a positive effect on promoting neural cell differentiation and axonal 

growth. In our previous experiments on stretching, we discovered that neural cells grow 

along the direction of stretching when subjected to static unidirectional stretching using 

hydrogels. In addition to static unidirectional stretching, there are various other 

stretching methods such as dynamic stretching, compression stretching, bidirectional 

stretching, and cyclic stretching. These different stretching methods have varying 

effects on promoting neural cell differentiation and axonal growth. However, the 

specific outcomes may depend on the stretching parameters, such as strain amplitude, 

frequency, and duration, as well as cell types and experimental conditions. Therefore, 

in our future work, we aim to investigate the effects and underlying mechanisms of 

different stretching methods on neural differentiation and optimize the stretching 

protocols to achieve desired neural differentiation outcomes. 
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5.2.2 Effect of electrical stimulation strategies on neuronal 

differentiation  

In previous studies, we have explored the effects of different electrical stimulation 

intensities on neural differentiation. We found that an excessively high electric field, 

such as 1V/mm, can be detrimental to the cells. Moderate electric field strengths, such 

as 100mV/mm, were found to be more favourable for neural differentiation. In addition 

to electric field strength, the mode of electrical stimulation, including direct current 

(DC) and alternating current (AC), as well as continuous and intermittent stimulation, 

can influence neural differentiation by altering ion migration, charge accumulation, 

signal transduction, and ion channel activity. Previous research conducted on 2D 

substrates has demonstrated the positive effects of both AC and DC stimulation on 

neural differentiation, promoting the expression of neural markers, neurite outgrowth, 

and functional maturation [70]. However, they differ in their mechanisms of action, 

spatial and temporal effects, current direction, and cellular responses. Several studies 

have also suggested that intermittent stimulation may be more effective than continuous 

stimulation in promoting the differentiation of NSCs into neurons. Conversely, 

continuous stimulation may be more effective in promoting the differentiation of NSCs 

into glial cells. Therefore, future research investigating the effects of different 

stimulation modalities on 3D neural differentiation is crucial. In our future plans, we 

would like to explore different stimulation strategies and evaluate their impact on NSC 

differentiation. By investigating various parameters and protocols, we hope to gain a 

deeper understanding of the underlying mechanisms and optimize the stimulation 
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approach to achieve desired outcomes in neural differentiation. 

 

5.2.3 Mechanism of neuronal differentiation induced by different 

stimuli 

To gain a comprehensive understanding of the mechanisms underlying neuronal 

differentiation induced by different stimuli, it is crucial to conduct further molecular 

research. This deeper understanding holds significant importance in elucidating the 

intricate processes involved in neuronal development and can have implications for 

various applications in neuroscience and regenerative medicine. 

 

Despite previous studies utilizing RT-qPCR to investigate changes in gene expression, 

further molecular research is necessary to uncover the precise mechanisms governing 

neuronal differentiation. Specifically, advanced techniques such as Western blotting 

(WB) and gene sequencing, such as RNA sequencing (RNA-seq), can provide valuable 

insights into the molecular dynamics of this process. 

 

WB is a widely employed technique in molecular biology that enables the detection and 

analysis of specific proteins. By utilizing WB, researchers can examine the levels and 

expression patterns of proteins during neuronal differentiation, allowing for a more 

detailed understanding of the protein-level changes that occur. Meanwhile Gene 

sequencing, particularly RNA-seq, offers a comprehensive overview of gene expression 

patterns and facilitates the identification of differentially expressed genes throughout 
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neuronal differentiation. By comparing gene expression profiles between stimulated 

and control conditions, researchers can discern the specific genes and pathways that are 

activated or suppressed by the stimuli, thereby unraveling the underlying molecular 

mechanisms involved in neuronal differentiation. Furthermore, gene sequencing can be 

leveraged to identify signaling pathways and determine the upregulation or 

downregulation of particular genes, enhancing our understanding of the intricate 

signaling cascades governing this process. 

 

5.2.4 Construction of neural mimics with different types of neuronal 

cells 

Despite significant breakthroughs in neuroscience, our current understanding of brain 

dysfunction and CNS regeneration remains limited. Constructing functional neural 

models in vitro offers a promising avenue for studying the mechanisms underlying these 

diseases and developing effective treatments. In previous research, we utilized highly 

differentiated PC12 cells to construct a neural circuit using 3D printing, resulting in 

electrical activity. To further enhance the functionality of these neural mimics, our 

future objective is to incorporate different types of neuronal cells. By introducing a 

variety of cell types, we can facilitate cell-cell interactions, thereby improving the 

connectivity of the neural network. This utilization of diverse neuronal cells confers 

numerous advantages, including functional diversity, circuit complexity, specialization, 

adaptability, robustness, and the ability to model diseases.  
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Furthermore, we can also employ cells derived from individuals with specific diseases 

to construct disease models. For example, using cells from patients with Alzheimer's 

disease to create an Alzheimer's model is a common approach. This strategy allows us 

to gain a better understanding of the disease's mechanisms and enables the exploration 

of potential treatments. By leveraging these disease models, we can uncover crucial 

insights into the pathology and pathogenesis of various diseases, paving the way for 

advancements in clinical research and therapeutic interventions. 

 

5.2.5 Application of neuronal mimics in drug screening 

Currently , it is difficult to measure pharmacological effects owing to the large number 

of potential secondary neuronal and non-neuronal targets [132]. Less than 10% of 

proposed drugs for neurological diseases are clinically approved. Phase II and III 

medication development for neuropathy is delayed by years owing to high attrition rates 

in clinical trials. Numerous clinical impairments appear late in clinical trials, 

demonstrating a disconnect between preclinical findings and hospitalised patient 

outcomes. The 3D NTMs could also be a more advanced in vitro model for drug toxicity. 

We can test the 3D capacity of NTMs to identify hazards by exposing them to 

neuroactive chemicals and neurotoxins.  

 

The detailed plans for drug screening using our 3D printed neural tissue are as follows 

(Alzheimer's disease as an example):  



180 
 

1) Cell culture and model construction: 

Select appropriate cell lines or primary cells that exhibit relevant characteristics of 

Alzheimer's disease, such as Alzheimer’s disease patient-derived hiPSCs generate 

neurons and astrocytes. Construction of 3D neural mimics as describe in section 5.2.4. 

 

2) Model validation and evaluation: 

Perform comprehensive characterization of the constructed model by assessing key 

features associated with Alzheimer's disease, such as amyloid-beta deposition, tau 

hyperphosphorylation, synaptic dysfunction, and neuronal cell death. Utilize 

techniques such as immunocytochemistry, ELISA, Western blotting, and functional 

assays to quantify and evaluate the presence and severity of these disease-related 

features. Compare the results obtained from the constructed model with established 

benchmarks and reference models to assess the similarity and reliability of the in vitro 

model. 

 

3) Drug screening: 

Acquire a diverse library of compounds, including known drugs, investigational 

compounds, and natural products, with potential therapeutic effects on Alzheimer's 

disease. Establish appropriate screening assays based on the specific aspects of 

Alzheimer's pathogenesis targeted by the compounds, such as amyloid-beta aggregation, 

tau phosphorylation, or neuroinflammation. Screen the compounds using the 

constructed in vitro model and evaluate their effects on disease-related features using 
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relevant readouts and assays. Prioritize compounds showing promising therapeutic 

potential for further investigation. 

 

4) Data analysis and interpretation: 

Analyze the obtained experimental data using appropriate statistical methods and data 

visualization techniques. Interpret the results to draw conclusions regarding the success 

of the constructed model, the efficacy of screened compounds, and the role of signaling 

pathways in Alzheimer's disease pathogenesis. Share the findings through scientific 

publications, conferences, and collaborations to contribute to the broader scientific 

community's understanding of Alzheimer's disease and its potential treatments. 
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