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Abstract 

The field of tissue engineering aims to create functional tissues/organs using scaffold 

biomaterials and cell sources to treat a multitude of diseases. To guide the regeneration process, 

the development of biomaterials with desirable characteristics, described as scaffold, is 

required. It is believed that 3D scaffolds can effectively reflect the realistic characteristic of 

living tissues, in contrast to 2D culture systems. Graphene, a 2D carbon allotrope, brings 

several advantages in neural tissue engineering owing to its unique properties including high 

surface area, suitable biocompatibility, mechanical properties and excellent electrical 

conductivity. In this study, 3D graphene-based composite scaffolds, consisting of Graphene 

Oxide (GO) and Sodium Alginate (Na-ALG), were fabricated as functional neural scaffolds. 

The fabrication method, physical and chemical characterizations of synthesized scaffolds are 

extensively studied and analysed to match neural tissue engineering requirements. Besides, 

electrically conductive scaffolds are developed based on the in-situ bioreduction of GO/Na-

ALG aerogels which makes scaffolds more favourable for engineering of electroactive 

tissues. GO/Na-ALG scaffolds showed great improvement in hydrophilicity, electrochemical 

properties and mechanical integrity. Furtheremore, in vitro biodegradation study reveals that 

the proposed composite scaffolds have a controlled biodegradation rate. The prepared scaffold 

with interconnected porous structure and suitable mechanical properties is an appropriate 

platform for 3D stem cell culture.  

As a result, human dental pulp stem cells (hDPSCs) are combined with the fabricated graphene-

based scaffolds to support cellular responses. The biological effects of prepared graphene-

based 3D scaffolds on dental pulp stem cells (DPSCs) in terms of proliferation, cell viability, 

and cytotoxicity were investigated. The Alamar Blue (AB) assay shows that DPSCs viability 

cultured onto Na-ALG and GO/Na-ALG scaffolds was higher than that of 2D controls 

confirming the desirable initial cell adhesion to the scaffolds’ surface followed by cell 

spreading through pores. Besides, the LDH release measurements show that DPSCs toxicity 

on the GO/Na-ALG and RGO/Na-ALG scaffolds was comparable to that obtained on the 2D 

surface in the absence of the biomaterial. The cellular viability and activity are improved on 

scaffolds coated with PLL, being superior to combined PLL+LAM coating. The incorporation 

of graphene into the composite scaffold supported higher DPSCs viability and function, 

suggesting that the selected biomaterials are biocompatible with DPSCs which is ascribed to 

unique surface chemistry, good mechanical properties, high surface area, and excellent 

physicochemical properties of graphene-based nanomaterials. The cytotoxicity of GO/Na-

ALG and RGO/Na-ALG scaffolds indicates that DPSCs can be seeded in serum-free media 

without cytotoxic effects. This is critical for human translation as cellular transplants are 

typically serum-free. The findings from the current study suggest that proposed composite 3D 

graphene-based scaffolds had a favourable effect on the biological responses of DPSCs. The 

knowledge and contributions made in the current work can be exploited for further studies on 

electrical stimulation and in vivo investigation of the engineered scaffolds for neural 

regeneration. 
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CHAPTER 1: INTRODUCTION AND MOTIVATION 

1.1 Abstract 

In neurobiology, a useful treatment method to reconstruct the brain damage has been 

questioned to research during the last decades due to its limited regeneration capacity and lack 

of appropriate guidance cues. The central nervous system (CNS) traumatic injuries have left 

the patients with profound and permanent neurologic deficits. The focus of current researchers 

is on developing methods to promote neuronal and axonal regrowth as well as building up 

synapses. Neural tissue engineering (NTE) field is considered as a potential therapeutic strategy 

to compensate neurons loss for a wide range of neurological diseases. For the success of clinical 

applications, a three-dimensional (3D) scaffold is required in order to mimic the natural 

environment of neural tissues and provide synergistic cell guidance cues to assist tissue 

recovery. Target cells are loaded in the 3D scaffold and implanted at spinal cord contusion to 

create a neural network at the site of injury. This chapter starts with an introduction to the CNS 

disease focusing on spinal cord injury (SCI) and discusses common treatment options for the 

injury. NTE as the main focus of this thesis is then expanded. Finally, a summary of the thesis 

and original contributions are outlined. 

1.2  Central Nervous System (CNS) 

Nervous system contains basic functional elements defined as neurons. Neurons consist of 

three main components including cell body, axons and dendrites. The main function of neurons 

is transmitting electrochemical signals throughout their axons and lead to the release of 

neurotransmitters at synapses. In addition to neurons, the nervous system contains other 

supporting cells called glia (such as astrocytes, oligodendrocytes, Schwann cells) and facilitate 

the metabolic and structural support [1]. Figure 1.1 depicts different types of nerve cells in the 

nervous system. As the figure shows, there are three types of nerve cells including multipolar 

interneurons, a motor neuron, and a sensory neuron.   

 

Figure 1.1. Different type of nerve cells in the nervous system: (a) Multipolar interneurons, (b) A motor neuron, 

(c) A sensory neuron (arrows indicate the direction of conduction of action potentials in axons)[2]. 
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The nervous system, the most complex and delicate structure that controls all functions of the 

body, is divided into the central nervous system (CNS) and peripheral nervous system (PNS). 

The CNS consists of the brain and spinal cord in which the brain is the command centre of the 

nervous system with billions of nerve cells and the spinal cord is the communication means 

between the body and the brain. One of the most significant differences between the CNS and 

PNS is the limited nerve and axon regeneration capacity of CNS which is ascribed to its native 

inhibitory environment. This could be due to glial scar, inflammation, accumulation of 

inhibitory factors, and absence of myelinating oligodendrocytes.  

Following the primary injury to the CNS, the fee radicals flow via the blood-brain barrier 

causes nerve cells damage, which eventually results in secondary injury causing prevention of 

nerve regeneration [3]. Severe disruption of CNS can be caused by stroke, traffic accidents, 

falls, brain trauma, sports injuries, gunshots or other degenerative neurologic diseases which 

severely affect patient’s quality of life and economic costs. In addition to common causes of 

traumatic SCI including automobile accidents, violence and falls, there are some cases on 

spinal cord birth defects which occur in fetal development and are known as neural tube defects. 

Affected infants suffer from loss of sensation and motor functions, bowel and bladder control 

problems, and intellectual disabilities as a result of incomplete enclosure of spine nerves [4]. 

The complex physiology of the nervous system brings about numerous challenges to address 

neural damages. The conventional methods to repair neural defects including autografts or 

allogenic grafts have some limitations due to the mismatch of nerve size, lack of donors, and 

immune rejections. In addition, the administration of post-injury drug therapy has no effect on 

lost functions and only focuses on further progression of the damage. Regarding traumatic 

injuries and particularly SCI, no effective treatment strategy has been found to restore or 

enhance the lost tissue function. The devastating conditions of patients suffering from CNS 

diseases inspired NTE researchers to focus on developing an effective treatment method. 

However, providing therapeutic regimens to engineer tissue constructs for CNS are challenging 

due to its complex architectural and functional nature. Several strategies have been employed 

to re-establish a functional neural network and tissue contiguity including cell therapy, delivery 

of growth factors and tissue engineering (TE) products; each with varying degree of success 

[5]. Among all reported therapeutic methods for devastating conditions of neuronal loss, tissue 

engineering technology which combines cell sources, benefits of scaffold matrix, and growth 

factors can be considered as the most promising method to maximize the repair effect. The 

consequences of neurotrauma involve a kind of tissue disruption at the injury site and nerve 

tracts discontinuity resulting in neural network demolition in CNS [6-9]. Therefore, bridging 

the lesion site with the help of tissue engineering strategies can help biological and architectural 

tissue integration at the cavitary site. 

1.3 Spinal Cord Injury  

The spinal cord, a long tubular bundle of nervous tissue (with the length of ~45cm in male and 

~43cm in female), is a part of CNS that extends from the brain and primarily acts as a link 

between the brain and the PNS and transmits neural signals. There are two cross-sectional 

regions in the spinal cord, as indicated in Figure 1.2, known as white matter, containing 

myelinated axons, and grey matter, butterfly-shaped, containing unmyelinated axons, neuroglia 

cells and motoneurons. The important functions of the spinal cord involve motor and sensory 

functions as well as coordinating reflexes [1]. 
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Figure 1.2. Cross-sectional view of spinal cord [10]. 

SCI is defined as the devastating damage to nerves at the spinal canal that is impacting 250-

500,000 people all over the world annually and often results in long-term disability. It is 

estimated that 20-30% of patients experience significant signs of depression, which in turn has 

negative impacts on economic participation, physical and psychological wellbeing, and results 

in individual and societal costs (based on WHO statistics, 2013). 

In Australia, 15,000 people are living with SCIs and near 350 new cases reported annually. 

Other than personal devastating impacts of SCI, the economic cost and care of patients living 

in Australia are estimated to be more than $3 billion annually (based on the statistics provided 

by Australian Institute of Health and Welfare (AIHW). This condition results in paraplegia or 

quadriplegia with no feasible treatment approach to date. Patients undergo various loss of 

functions of limbs, bowel, bladder and struggle with sexual function. Failure of regeneration 

following the injury affected the physical, psychological, and social well-being of people 

sustaining a SCI. The pathological changes after an injury can be divided into primary injury 

following by secondary injury. The irreversible process of primary injury involves the spinal 

cord tissue damage, neural death, hemorrhagic necrosis and edema. Secondary injury causes 

spinal cord hypoxia, the formation of cavity, inflammation and glial scar which could be 

managed by medical intervention. The glial scar is formed as a result of inflammation of 

surrounding spinal cord sections which have led to hyperplasia and hypertrophy of astrocytes. 

The resultant glial and stromal scarring at the site of injury hinder axon regrowth followed by 

an increase in inhibitors upon myelin debris and proteoglycan deposition in the environment. 

This hostile environment causes a decrease in neuronal regrowth following SCI [11, 12]. 

Therefore, finding plausible strategies to maintain and improve the functional stability of SCI 

patients has become one of the most challenging topics in the neuroscience field. Researchers 

have agreed that designing substrates to provide guidance for axonal and nerve growth after 

spinal cord transection can enhance the regenerative capacity of neurons in animal models with 

spinal cord defect [13-16]. Besides, other studies examined the implantation of various stem 

cell sources into spinal cord lesions to stimulate neural regrowth [17-19].  
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1.4 Neural Tissue Engineering 

One of the common surgical techniques to repair nerve gaps is autologous nerve grafting in 

which a nerve segment from less important body parts such as sural nerve is used to replace 

the damaged part of another nerve [20]. However, due to inherent limitations of this technique 

such as lack of donors and comorbidity, the clinical recovery rate is only 80% for the treatment 

of nerve injuries with autologous grafts [21]. An alternative treatment approach for segmental 

nerve damages is nerve allograft transplantation using cadavers. However, the application of 

cadaver-based nerve allografts is limited due to histocompatibility, long-term use of 

immunosuppression, and immune response issues [22]. 

In regards to pursuing a replacement to organ transplants, tissue engineering has been found to 

offer the most effective approach for modelling and repairing the function of damaged/diseased 

tissues. Particularly, NTE is aimed at functional recovery of nervous system tissues for in vivo 

transplantation for a variety of neurological medical conditions. This strategy involves 

regulating and improving the cell behaviour and tissue regeneration through the design of 

biomaterials which can support the three-dimensional neuronal cell regrowth. It has been 

extensively demonstrated that neural growth three-dimensionally facilitating cell-cell and cell-

scaffold interactions in all directions can promote neural outgrowth and replicate a highly 

similar physiological environment of living tissue [23].  

The neuron loss, cavity formation, damaged tissue, and paralysed functions as a result of the 

injured spinal cord could be repaired through NTE approaches combining three-dimensional 

scaffold and cell sources. The appropriate physical, chemical, mechanical and biological 

characteristics of scaffold biomaterials can give rise to developed nerve regeneration and 

functional recovery at the site of lesioned spinal cord tissue. Biomaterials could establish a 

suitable environment for vascularization, structural support and regeneration of axons and 

neuron cells. It has been reported that nerve regeneration can be significantly impacted by 

length, diameter, rigidity, permeability, degradability, morphology, and composition of the 

designed neural conduit [24]. The potential of designed/fabricated biomaterials should be 

evaluated thoroughly and carefully in terms of efficient integration with the host tissue. Tissue-

engineered scaffolds with matched properties to the nerve tissue, as represented in Figure 1.3, 

combined with cell transplantation can act as a bridge to reconstruct the damaged nerve 

pathways with the ultimate goal of enhanced motor and sensory functions. In view of this, NTE 

research has gained a great deal of attention for effective medical management of brain 

diseases. Therefore, the application of biomaterial scaffolds in NTE has raised great hope for 

prospective treatment regimens of SCI [25]. In addition, the recent application of stem cell 

technology has revolutionized the great progress in compensating cell loss caused by traumatic 

injuries [26]. 
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Figure 1.3. Key design elements in the construction of nerve guidance channels (adapted from [27]). 

A suitable tissue-engineered nerve graft for CNS should ultimately play a significant role in 

providing structural support, delivering cells and growth factors, regulating the expression of 

particular genes and inducing tissue regeneration [27]. As in the case of TE-based therapies 

aimed at SCI, an appropriate scaffold biomaterial should have a similar Young’s modulus to 

the spinal cord, mimicking the natural milieu and induce neuroregeneration to allow space 

filling, axonal ingrowth and inhibiting scar formation of damaged spinal structures [28]. A 

desirable scaffold for SCI should not only support neuronal regeneration but also be adjustable 

to fit a defect in complicated physiological geometry. Since the introduction of TE strategies 

to SCI models, several tissue-engineered platforms have been investigated in terms of 

preclinical effectiveness. For instance, Espinosa-Jeffrey et al. developed a biocompatible 3D 

hydrogel framework to induce neuroregeneration of SCI using a combination of neural TE 

system and stem cell technology. It is shown that scaffold could not only control inflammation 

and scar formation but also facilitate differentiation and repair of the injured spinal cord of cats 

by restoring locomotor functions [29].  

Scaffolds can successfully act as a permissive delivery vehicle to support the regeneration of 

spinal nerve fibres. It can be observed from previous studies that scaffolds could significantly 

enhance the survival of stem cells and functional recovery after implantation. Despite the 

apparent benefits of stem cell-based therapy in some animal models, there is still a need for a 

deeper understanding of stem cell manipulation to provide efficient and safe cellular therapy. 

Although the combined application of scaffolds and stem cell technology in the treatment of 

SCI is encouraging, current methods present some limitations and the challenge is to develop 

biomaterial scaffolds that can fulfil multiple requirements including mimicking in vivo 

microenvironment, modulating cellular behaviour and functions, supporting regenerative 

growth and functional recovery of damaged neural tissues, and providing axonal regeneration 

and network connection [30, 31]. Therefore, the transition from 2D cell cultures to 3D scaffolds 
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could open remarkable grounds in therapeutic strategies of the spinal cord. In this context, 

graphene with advanced multidimensional characteristics holds strong promise in mediating 

reconstruction of damaged neural tissue. Also, excellent conductivity of graphene-based 

materials could assist in increased cell proliferation, differentiation and protein absorption. 

Besides, the development of composites with controllable microstructure has remarkable 

potential for guiding suitable reparative responses in NTE applications. [32-34]. Thus, the aim 

of this current work is to engineer graphene-based composite scaffolds that interact with neural 

cells and induce nerve regeneration in the spinal cord. Furthermore, it introduces a new 3D 

graphene-based scaffold loaded with dental pulp stem cells (DPSCs) in order to promote stem 

cell fate. 

1.5 Chapter Summary 

Researchers have focused on a combination of stem cell technology and tissue engineering 

fields to respond to the expectations of treatment of nervous system disorders. It is believed 

that for the success of stem cells clinical applications, a 3D scaffold is required in order to 

mimic the natural environment of neural tissues and provide synergistic cell guidance cues to 

assist tissue recovery. The important design elements in the fabrication of nerve conduits are 

identified. The combination of a scaffold with cells has been developed with a tendency for 

achieving greater survival and integration of cells with the host tissue. The stem cell-

encapsulated scaffolds are expected to optimize the nerve regeneration process as well as 

axonal regeneration and specific neuronal differentiation. The ultimate goal of this research is 

to enhance the functional recovery of patients suffering from SCI after transplantation of neural 

TE product.  

1.6 Thesis Structure and Original Contributions 

The current PhD thesis aims at researching the potential of graphene-based composite scaffolds 

in neural tissue engineering applications. The current state of knowledge in the field consists 

of limitations in existing therapeutic approaches of CNS injuries for clinical translations. 

Therefore, significant work has been directed towards the development of advanced tissue 

engineering strategies for functional nerve regeneration. In contrast to the existing studies, this 

study considers multiple roles of suitable biomaterial scaffolds as neural tissue substitutes 

including high porosity, bioactivity, tuneable properties, electrical conductivity and appropriate 

mechanical strength. This study aims at contributing to the literature in the field of advanced 

neural engineering by incorporating 3D graphene-based nanocomposite scaffolds to enhance 

stem cell functions. It also investigates the impacts of synthetic conditions on physical, 

chemical, biological and mechanical characteristics of the prepared scaffolds. The primary 

objective of this thesis is to test the hypothesis that graphene-based composite scaffolds will 

promote increased cell viability, proliferation and neural induction of seeded DPSCs compared 

to control scaffolds. Also, this study argues why it is important to find out a suitable 

biocompatibility assay in accordance with scaffold biomaterials to estimate an accurate 

representation of scaffold cytotoxicity level.  

The key research findings and contributions of this thesis are compiled into separate chapters 

at each significant stage of the research as illustrated in Figure 1.4, which also provides an 

overview of the thesis structure and describes each chapter’s content.  
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 The general background of the study along with current limitations associated with the 

conventional therapeutic methods of SCIs and neuronal loss in nervous system disorders 

have presented in Chapter 1. 

  

 Chapter 2 elaborated the justification of the study by identifying the most relevant and 

significant research in this field. It also provides an overview of tissue engineering 

requirements, scaffold biomaterials and scaffold fabrication techniques.  

 

 Fabrication and characterization of 3D graphene-based scaffolds are proposed in Chapter 

3. The proposed scaffold aims to provide cell guidance cues which can induce neuronal 

regeneration. Besides, the physical, chemical, mechanical and electrical properties of the 

fabricated scaffolds are investigated in order to match the specific properties of neural 

tissue engineering. The optimization of synthetic conditions of this composite fibrous 

scaffold is also described which are specifically selected to comply with CNS tissue.  

 

 In Chapter 4, cytotoxic effects of the fabricated scaffolds are assessed to understand the 

scaffold-cell interactions. Methods and procedures involving culture of DPSCs in a 3D 

cell culture system using the fabricated scaffolds are discussed. In addition, biological 

responses of DPSCs upon exposure to graphene are reported with the aim to highlight 

the potential capacity of graphene-based nanomaterials for the future tissue engineering 

and regenerative therapy. With the ultimate goal of successful clinical treatment, this 

chapter highlights cell viability and toxicity of various graphene contents to prove the 

concept of the graphene-based scaffold as a vehicle to deliver stem cells.  

 

 In the final chapter, a summary of the research carried out in this thesis is provided 

followed by suggesting the future works. Moreover, the significance of this work to the 

field as well as challenges in conducting the research are elaborated.  

 

The knowledge and contributions made in the current work, in addition to the design, 

development, and experimental results provide a foundation for future studies on nerve tissue 

alternatives as a permissive environment in disorders of the nervous system. 
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Figure 1.4. Overview of thesis structure. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Abstract 

Tissue engineering is a multidisciplinary field that combines the principles and methods of 

biology, clinical medicine, materials science, and engineering and aims to regenerate functions 

of damaged tissues/organs by making use of cells and scaffolds. However, scaffold 

development is challenging due to the difficulties in arranging cells in a desirable three-

dimensional (3D) environment which provides molecular signals to stimulate cell regrowth in 

the desired tissue structures. Hence, there is a need to develop 3D bioscaffolds loaded with 

cells whose microenvironment is matched with the host tissue and pores can facilitate cell 

growth and migration. After the introduction provided in Chapter 1, it is fundamental to 

recognize the requirements of scaffolds and scaffolding approaches from a tissue engineering 

perspective. In the development of an ideal scaffold, the choice of material(s), structures and 

fabrication technology of a scaffold highly affects the ultimate tissue regeneration outcome. In 

this chapter, an overview of various scaffold materials, and fabrication methods are presented. 

Among current scaffold materials, graphene has attracted considerable scientific attention as 

nanocomposite carriers or scaffold materials for a various range of connective tissue such as 

cartilage and scaffold in bone, nerve, skin, heart and muscle tissue engineering, owing to its 

porous morphology, great surface area, excellent mechanical strength, and good electrical 

conductivity. Furthermore, the potential of graphene-based nanomaterials in tissue engineering 

as a promising scaffold material is also discussed. Graphene-based scaffold in tissue 

engineering applications as the main focus of this research is then expanded to provide a review 

of previously developed scaffold materials and their outcomes. Iterating the advantages and 

shortcomings of tissue engineering scaffolds, the research gap is emphasized. 

2.2 Introduction 

The ‘tissue engineering’ term corresponds to the development of biological replacements to 

improve or restore the function of diseased/malfunction tissues by the means of engineering 

and life science approaches. This field mainly relies on incorporating scaffolds, cells, and 

biochemical factors to address problems associated with organ transplantation and surgical 

reconstruction. Previous studies demonstrated that cells cultured in 3D scaffolds, in 

comparison with 2D culture system, improved the proliferation and differentiation for 

constructing tissues in heart, liver, kidney, spinal cord and brain [35]. The use of 3D scaffolds 

as supportive matrices offers an appropriate microenvironment for tissue regeneration. 

Thereby, these structures are eventually cultured with cells or exposed to biophysical 

stimulations in order to engineer viable and functional tissues similar to native tissues. The 

scaffold-based methods are advantageous compared with conventional 2D cell cultures owing 

to their ability to competently recreate in vivo physiological conditions. Scaffold should present 

the needed support for cell proliferation and eventually tissue regeneration. Recently, the 

development of appropriate scaffold biomaterials that are conducive to cell growth is a trivial 

question among researchers [36, 37]. 

Furthermore, researchers are currently focusing on combinatorial approaches using scaffold 

materials and stem cell sources to effectively stimulate nerve regeneration. Some selected 

studies using the combination of scaffolds and stem cells as potential treatment methods are 
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outlined in Table 2.1. For example, Shoichet et al. prepared a hydrogel loaded with neural stem 

cells for a mice model of SCI. According to their results, the combination of stem cell source, 

fabricated scaffold and growth factor could significantly reduce the lesion size and improve 

differentiation and locomotor functions [38]. In another study, PLGA scaffolds were loaded 

with human NSCs in order to investigate its capability in bridging the gap of the hemisected 

canine spinal cord. It was indicated that the proposed scaffold could deliver therapeutic cells 

and genes at the site of injury [39]. Another similar study investigated the capability of gellan 

gum hydrogel for the repair of SCI models. This FDA approved hydrogel is well-known for 

the identical mechanical and electrical properties to the spinal cord. According to this study, it 

was shown that the biofunctionalized hydrogel improved cell attachment, proliferation and the 

activity of adipose-derived stem cells and olfactory ensheathing cells resulted in a substantial 

enhancement in motor and histological functions of animals suffering from SCI [40]. In 

addition to the great efforts to combine TE-based strategies with stem cell technology for SCI, 

some other studies discussed transplantation of Wharton's jelly mesenchymal stem cells (WJ-

MSCs) which resulted in the restoration of neurological functions and improvement of axonal 

regeneration [41, 42]. 

Results from various researches demonstrated the great hope for the reconstruction of neural 

and axonal networks for appreciable improvements in SCI. More specifically, as shown in 

Table 2.1, these studies provided experimental evidence that the utilization of scaffold 

biomaterials and stem cells significantly improve cell survival, the formation of synapses, 

reduction of cavitation, neuronal and axon regeneration and functional recovery of animals 

with the injured spinal cord. 
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Table 2.1. Benchmarking of studies on the repair of injured spinal cord using biomaterial scaffolds and stem cells. 

Injury Animal 

model 

Scaffold 

composition 

Stem cell type Outcome Ref 

Acute clip 

impact-

compression 

injury at T2 

Rat 

Hyaluronan 

and methyl 

cellulose 

(HAMC) 

Adult brain-derived 

neural 

stem/progenitor cells 

(NSPCs) 

 Improved behavioural recovery 

 Significantly reduced cavitation 

 Improved graft survival 

 Increased oligodendrocytes’ differentiation 

[38] 

Acute T11 

hemisection 
Canine 

PLGA 
Human NSC 

 Grafted NSC survived implantation procedure  

 Showed migratory behaviour to residual spinal cord tissue 

[39] 

T10 

Transection 
Rat 

Matrigel 
Primary NSC 

 Improved behavioural recovery and neuronal and reactive astrocyte [43] 

T3 Complete 

transection 
Rat 

PEG-GelMa Spinal cord derived 

neural progenitor 

cells 

 Enhanced axon regeneration, 

 Aligned host astrocytes with the growth axis of the host axonal fascicles 

[44] 

C7 lateral 

hemisection 

Rhesus 

monkeys 

Fibrin Matrix Human spinal cord 

derived neural 

progenitor cells 

 Improved axon regeneration and formation of synapses  [45] 

Acute 

contusive 

SCI 

Rat 

PLGA or 

chitosan BMSCs 

 Improved cell engraftment and functional recovery [46] 

Acute 

hemisected 

SCI 

Rat 

Collagen 

BMSCs 

 Reduced the expressions of inflammatory cytokines, 

 Enhanced axonal regeneration, and motor functional recovery 

[47] 

Acute 

hemisected 

SCI 

Rat 

Acellular 

spinal cord 

(ASC) 

BMSCs 

 Decreased macrophages and lymphocytes around the injury site, 

 Reduced neural cells apoptosis, 

 Enhanced locomotor functions 

[48] 
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A wide range of scaffolds manufactured using various fabrication techniques has been 

investigated to design tissue engineering constructs towards the goal of tissue reconstruction 

and repair. Scaffolds are considered as structural support for cell delivery and tissue 

regeneration to create a 3D microenvironment for cell cultures. Utilization of bioscaffolds and 

3D cell culture methods have received attention owing to the great possibility of remodelling 

biological environment [49-51]. Scaffolds with tuneable properties have also been given 

growing attention and proved to have significant effects on cellular responses. However, 

scaffold materials suffer from poor bioactivity and increased risk of rejection, later can be 

reduced by coating of the scaffold with ECM proteins to improve cell adhesion and growth 

[52]. Mainly, fabrication techniques and material compositions of scaffolds play important 

roles in their potential properties for tissue engineering products. In the following subsections, 

these requirements and materials commonly used will be discussed and how graphene can play 

a significant role on both of these fronts. 

2.3 Scaffold Requirements 

There are some essential requirements, regardless of the tissue type, for designing scaffolds in 

tissue engineering and biomedical applications. The very first key consideration in determining 

the appropriateness of a scaffold is its suitable biocompatibility. This feature is important for 

both in vitro and in vivo conditions in a way that the scaffold material must not elicit toxicity 

to cultured cells and also prevent inflammatory response and rejection of the host tissue upon 

its implantation. This is the reason why naturally obtained polymers have received a great 

amount of attention for the design and fabrication of tissue engineering scaffolds [36]. It is 

generally believed that unsatisfactory biocompatibility could provoke poor cell attachment and 

growth. Thus, some post-fabrication processes are required to modify the bulk properties of 

scaffold materials to develop their biocompatibility [53].  

Moreover, scaffold’s architecture is another main criterion that is characterized by porosity and 

interconnectivity of pores as well as surface area. High porosity and interconnected porous 

structure are critical for cellular migration, penetration and vascularization as well as the 

exchange of nutrients and waste products out of the scaffold [37]. Cellular performance and 

interactions can be considerably influenced by the mean pore size of the scaffold with pore 

sizes large enough to allow cell penetration into the construct and small enough to allow 

effective culture of a critical number of cells on the scaffold. Thus, a scaffold is strictly required 

to be fabricated with specific pore sizes depending on the optimum porosity based on the tissue 

being engineered [54, 55]. For axonal growth, for instance, it was reported that scaffold with 

pore sizes ranging from 20 to 50 μm is efficient for cell migration and transport. However, in 

brain tissue regeneration, pore sizes between 80 to 100 μm are recommended for the 

development of tissue formation [56]. In addition to the porosity, scaffold geometry greatly 

affects the cell intrusion, cellular network formation and tissue ingrowth. Mostly, cells have a 

tendency to align along the scaffold geometry depending on the pore shapes throughout the 3D 

structure. Improved tissue regeneration process in response to the geometrical design of 

scaffolds has been evaluated recently. A number of studies have consistently explored that 

surface curvatures and topography could stimulate tissue growth process [57, 58]. Accordingly, 

it was shown that concave surfaces are more favourable for tissue growth in comparison with 

convex and flat surfaces. Moreover, variations in the geometrical design of scaffolds found to 

be effective in cell attachment, migration and morphology [59].  

https://www.sciencedirect.com/topics/engineering/tissue-regeneration
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Biodegradability is considered as another important criterion of scaffold biomaterial which 

enables the substitution of the implanted scaffold with a controlled interconnected cellular 

infusion. This also eliminates the need for a second surgery to remove the implanted scaffold 

in clinical practice. The by-products of biodegradation must not be toxic or cause an 

inflammatory response to other organs or tissues [60, 61]. It is observed that the 

biodegradability of scaffold materials positively affects cellular migration and proliferation 

[62]. The by-products of biodegradation must not be toxic or cause inflammatory response to 

other organs and tissues [60, 61]. Moreover, the rate of biodegradation should supportively 

follow the regeneration rate of nerve tissue at the injury site. Reconstructing neuronal cells 

requires a low degradable scaffold with swelling properties to resist nerve compression and 

implantation collapse [63]. 

Another key factor in designing tissue engineering constructs is the mechanical properties of 

the scaffold. The mechanical integrity should be maintained at a sufficient level to handle 

surgical implantation while withstanding forces generated from surrounding tissues after the 

injury such as wound contraction forces. For each specific tissue in the body, there exists a 

range of mechanical strength which should be taken into account when designing and preparing 

scaffold to allow proper regeneration process and load-bearing. Moreover, it has been reported 

that there should be a balance between scaffold stiffness and porosity of any scaffold to give 

rise to the desired capacity for vascularization and cell infiltration [37, 64].  

In terms of the commercial viability of scaffolds in the clinical perspective, the scaffold 

materials and fabrication process should be cost-effective and scalable in a research laboratory. 

Furthermore, reproducible and controlled fabrication process with minor batch-to-batch 

variations can ensure the effective translation of tissue engineering approaches to clinical 

applications [65, 66].  

2.4 Scaffold Fabrication Techniques 

There are many fabrication techniques for designing scaffolds with different characteristics. A 

summary of these techniques is discussed below.  

2.4.1 Solvent Casting/Salt Leaching Technique  

Solvent casting is one of the straightforward and cost-effective preparation methods of 

scaffolds. This method is based on the evaporation of some polymeric solvent solution to create 

scaffolds out of the mould. Pores are created by leaching out the salt crystals after the scaffolds 

are soaked in a water bath as shown in Figure 2.1. The dissolution of salt and evaporation of 

the solvent creates a porous structure which is favourable in biomedical applications [67]. Salt 

leaching was employed in a study by Kumar et al. to fabricate 3D scaffolds based on graphene 

and PCL to examine the biological behaviour of osteoblasts. It was found that osteoblasts could 

differentiate and proliferate in the fabricated porous composite foams [68]. However, one of 

the main problems of this technique is the toxicity of solvent residues remained in the scaffold. 

Therefore, an extra step of full vacuum drying process is required to take away the toxic solvent 

which makes the process time-consuming [69, 70]. In a work by Cha et al., graphene-based 

hydrogels were fabricated using a solvent casting technique. The structure contains a mixture 

of methacrylated graphene oxide and gelatin methacrylate. The prepared hydrogels showed 

improved mechanical properties and biocompatibility with fibroblast cells [71].  
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Figure 2.1. Schematic Diagram of Solvent Casting/Salt Leaching technique [72] 

2.4.2 Self-assembly Technique  

The self-assembly technique has been used to fabricate different nanofibers with the potential 

of constructing tissue engineering scaffolds. This method can be defined as non-intervention 

organization of molecules into structures/patterns [73]. This strategy has been extensively 

utilized in the fabrication of graphene-based scaffolds for tissue engineering applications. For 

instance, a recent study evaluated the therapeutic efficacy of scaffold fabricated by self-

assembly technique [74]. The composite scaffold based on hydroxyapatite and reduced 

graphene oxide could promote bone regeneration and can be effectively used for the treatment 

of tumours. In other work, Nie et al. constructed a porous bioscaffold via self-assembly for in 

vivo evaluation of bone defects healing [75]. The 3D biocompatible scaffold composed of 

reduced graphene oxide and hydroxyapatite was studied in terms of bone mineralization and 

cellular behaviour. It was reported that the self-assembled rGO-based composite promoted cell 

proliferation and reconstruction of the defect site upon scaffold implantation. In addition, Girão 

et al. took advantage of the self-assembly method for the production of 3D graphene 

oxide/collagen scaffolds. It was indicated that the resulted porous network with desirable 

structural integrity could be beneficial in cellular activity and microenvironments [76].  

2.4.3 Freeze-drying Technique  

Freeze-drying is also a common fabrication route, based on the sublimation principle, to 

engineer scaffolds. The synthesized mixed solution is frozen and the solvent, which is normally 

water, forms ice crystals and is removed under high vacuum. The resulted freeze-dried 

scaffolds have high porosity, and a homogenous pore structure with interconnected pores [67, 

77-79]. However, the pore size is controllable via the freezing temperature, freezing profile 

and stirring rate. Although this technique does not require a high temperature or leaching step, 

it suffers from a long processing time and limited pore size [80]. This method has been applied 

for the fabrication of graphene-based scaffolds to investigate their potential in tissue 

engineering and stem cell fields. For instance, graphene/PLLA and GO/gelatin-hydroxyapatite 

sponge-like scaffolds were used in bone tissue engineering [81, 82]. In addition, chitosan-

graphene oxide scaffolds were prepared via the freeze-drying method by Valencia et al. The in 

vivo results presented scaffolds’ ability to reconstruct bone tissues and excellent 

biocompatibility [83]. In another study, a 3D porous scaffold based on hydroxyapatite, 
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collagen, PLGA and graphene oxide was fabricated in a freeze dryer with various 

concentrations of GO. The freeze-dried composite scaffold with suitable biocompatibility was 

reported as a potential structure with well-established pores for bone tissue regeneration [84]. 

In a study by researchers in India, it was found out that PVA/CMC bioscaffolds containing 

different amounts of reduced graphene oxide prepared using the freeze-drying technique 

significantly improved in vitro proliferation of endothelial cells as well as in vivo angiogenesis 

and arteriogenesis [85]. Mohandes et. al, successfully synthesized a graphene-based composite 

scaffold containing chitosan and hydroxyapatite by the means of the freeze-drying method. The 

excellent bioactivity, proper morphological properties and high elasticity of the produced 

scaffold are also applied in bone tissue engineering applications [86]. 

2.4.4 Electrospinning Method  

Electrospinning is a fabrication technique that uses the electrostatic force to produce polymeric 

ultrafine nanofibrous to microfibrous scaffolds as indicated in Figure 2.2. In this technique, the 

polymer solution is ejected as a result of a high-intensity electric field (10–40 kV) to deposit 

the nanofibers on the collector. Owing to high surface area and similar structure of produced 

fiber matrices to the natural ECM, these matrices demonstrated promising potential in the 

production of biomedical scaffolds. In addition, this method has been widely utilized for the 

fabrication of graphene-based tissue engineering scaffolds. For example, He et al. fabricated 

GO/alginate fibers by wet-spinning and studied the effect of GO concentration on mechanical 

strength and biocompatibility of cartilage cells [87]. 

In other work on coaxial spinning, composite biofibers containing graphene oxide and chitosan 

were prepared by Mirabedini et al. After injection of the composite solution into an ethanolic 

sodium hydroxide bath and creating the fiber on a stretching collector, the authors investigated 

the mechanical strength and biocompatibility with L-929 and PC-12 cells. In order to prepare 

electroactive fibers, L‐ascorbic acid was utilized for the mild reduction of graphene oxide 

which can be subsequently useful in electrical stimulation purposes [88]. Furthermore, 

electrospun conductive scaffolds based on silk fibroin and graphene were examined for bone 

tissue engineering applications by Yang et al. This study claimed that the developed fibrous 

scaffolds with enhanced electrical and mechanical properties could make improvements to 

mesenchymal stem cells proliferation and tissue regeneration [89]. Another study on graphene-

based scaffolds fabricated using the electrospinning method investigated the ability of the 

scaffolds in rat bone repairs. The scaffold which is composed of poly(3- hydroxybutyrate-co-

4-hydroxybutyrate) and graphene oxide showed an enhanced porosity, mechanical strength, 

cellular behaviour, and fast bone regeneration capability [90]. 
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Figure 2.2. Electrospinning Device [91] 

 

2.4.5 3D printing  

3D printing is another controlled fabrication method for designing customized and precise 

structures for biomedical applications. This method, which is based on the rapid prototyping 

(RP) technology, can address drawbacks of the conventional methods in terms of their poor 

ability to strictly mimicking the biomechanical properties of tissues. Recently, 3D printed 

structures have attracted researchers’ attention due to their ability to print various biomaterials 

with high precision and creating cell-laden scaffolds [69]. Particularly, graphene-based inks 

are being developed to be used for 3D fabrication of biomedical structures owing to graphene’s 

suitable biocompatibility, electrical conductivity and hydrophilicity [92]. For instance, one 

study focused on the utilization of the poly(ɛ-caprolactone)/graphene scaffold in stem cell 

technology and bone tissue engineering. This scaffold was developed using an extrusion 3D 

printer and showed good biocompatibility with human adipose-derived stem cells [93]. In 

another similar work by Wang et al., a 3D-printed scaffold containing PCL and pristine 

graphene was investigated in terms of human stem cell viability, morphology and proliferation. 

It was found that scaffolds with good dispersion of pristine graphene resulted in competent 

biological performance for bone tissue engineering [94]. 

 

Figure 2.3. Three-dimensional Printing Method [95] 
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2.5 Scaffold Materials 

There are a number of important factors which highly contribute to the success or failure of 

tissue engineering product development. Above all, tissue regeneration success critically 

depends on the scaffold biomaterial and its properties. Furthermore, scaffold biomaterials play 

a significant role in structural support and integrity, cell binding and tissue reconstruction rate 

[96]. It is important that the developed biomaterials efficiently mimic the native tissue 

microenvironment and encourage tissue formation [97, 98]. The biomaterials employed in the 

fabrication of tissue scaffolds are classified as naturally derived or synthetic based on their 

source [96]. In the provision of designing an appropriate carrier scaffold for production of 

clinically feasible tissue substitute, various natural and synthetic materials have been developed 

to regulate cellular behaviour and regenerate new cell types. Each of these biomaterials has 

advantages and disadvantages and thus utilization of biocomposites for the fabrication of tissue 

engineering scaffolds is becoming increasingly common [36]. 

2.5.1 Natural Materials 

Numerous natural biological materials have been used in tissue engineering scaffolds owing to 

their excellent biocompatibility and structural resemblance to ECM. Additionally, natural 

biomaterials including collagen, cellulose, chitosan, alginate, hyaluronic acid, and gelatin are 

biologically active, promote excellent cell growth, and have non-toxic biodegradability [99]. 

A brief description of these is provided below. 

Alginate: In the literature, it has been confirmed that alginate-based scaffolds have remarkable 

properties in tissue engineering and regenerative medicine including ease of manufacturing 

process, rapid gelation, low cost, biodegradability, high water uptake capability and 

biocompatibility [100]. Wang et al. have prepared 3D alginate scaffold with interconnected 

porous structure and investigated the cellular behaviour upon chondrocyte culture. It was 

reported that the fabricated scaffold is effective in terms of cell viability and proliferation for 

cartilage tissue repair [101].   

Cellulose: The fabrication of low-cost 3D structures with a favourable microenvironment was 

discovered by the utilization of cellulose in tissue engineering biomaterials due to its suitable 

biocompatibility, bioactivity and customizability of mechanical and chemical properties [102-

105]. For instance, a recent work by Laromaine et al. reported the successful fabrication and 

biological characterizations of 3D cellulose-based bioscaffold with controllable size and 

geometries seeded with mouse stem cells [106]. In another work by Sundberg et al, porous 

nanocellulose scaffolds showed enhanced proliferation and differentiation for bone repair 

[107]. 

Chitosan: Many studies have been undertaken to examine the potential use of chitosan-based 

scaffolds in several forms (sponges, fibers, and hydrogels) for the regeneration of various 

tissues such as skin, bone, cartilage, nerve, liver and muscle. The similar chemical structure of 

this natural polymer to ECM induced an appropriate platform for biological interactions with 

the host tissue [108]. In an in vivo study on dogs with injured phrenic nerve, it was found that 

implanted chitosan tube improved the nerve regeneration [109]. 

Gelatin: Another commonly used natural polymer as scaffold material is gelatin with promising 

applications in skin, bone, cartilage, nerve and kidney tissue engineering. The biodegradability, 

https://www.sciencedirect.com/topics/engineering/microenvironments
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biocompatibility, non-toxic by-products, and multiple available functional groups of gelatin 

have made this versatile biopolymer a suitable platform for cell adherence and growth [110]. 

A gelatin-based scaffold was prepared recently by Martin et al, [111] using a freeze-drying 

approach and tested with neural-lineage cells. Results showed that the fabricated 3D scaffold 

is highly biocompatible and is capable of promoting stem cell proliferation and differentiation.  

Despite their various advantages, natural biopolymers have a weak mechanical strength, rapid 

degradation rate, poor structural integrity and batch-to-batch variations [112]. Hence, synthetic 

polymers received increasing attention during the last decades to overcome problems related 

to naturally-derived polymers. 

2.5.2 Synthetic Materials 

In the provision of designing an appropriate carrier scaffold for production of clinically feasible 

tissue substitute, various synthetic materials have been developed to regulate cellular behaviour 

and regenerate new cell types. There have been great efforts to produce scaffolds based on 

synthetic polymers including polystyrene, poly-l-lactic acid (PLLA), polyglycolic acid (PGA) 

and poly-dl-lactic-co-glycolic acid (PLGA). These scaffolds can be produced with tuneable 

architecture and characteristics depending on the composition of each polymer. Several 

synthetic polymers are demonstrated to be biocompatible based on FDA approval and have 

promising applications in tissue engineering products [113]. For example, PLA porous 

scaffolds showed good biocompatibility with Schwann cell proliferation and differentiation. 

Moreover, it is concluded that the prepared PLA foams could be used in rat injured spinal cord 

to promote axonal regeneration and myelination [114]. Another study reported the utilization 

of polyethylene glycol hydrogels for 3D neural precursor cell culture. The results of the study 

demonstrated that PEG hydrogel encourages cellular network formation, proliferation and 

differentiation to neurons and glia cells [115]. However, the low bioactivity and hydrophobicity 

of synthetic materials are one of the main concerns in the case of biological interactions. 

Table 2.2. Biomaterials in manufacturing of tissue engineering scaffolds 

Source Scaffold Material Remarks Ref 

Natural 

Alginate 

 Biocompatible 

 Easily functionalized 

 Good cell recognition 

 Simple gelation methods 

[116, 

117] 

 

Cellulose 
 Good biocompatibility  

 Good cellular interaction 

 Poor mechanical strength 

Chitosan 

 Biologically renewable 

 Biodegradable 

 Non-toxic 

 Poor mechanical properties 

Gelatin 
 Biodegradable 

 Biocompatible 

 Poor mechanical properties 

Synthetic PLLA, PLGA, PGA  Biocompatible [118] 
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 Tuneable mechanical degradation 

properties 

 Good biodegradation rate 

 Poor cell adhesion 

 Acidic degradation by-products 

PEG 

 Biocompatible 

 Hydrophilic 

 Tuneable mechanical degradation 

properties 

 Poor cell affinity 

[119] 

The challenges associated with the utilization of natural and synthetic polymers (as shown in 

Table 2.2) have resulted in the introduction of composite scaffolds with various compositions 

in order to enhance the biological activity of synthetic polymers and improve the mechanical 

properties of natural polymers. Also, the resultant composite materials may have superior 

properties of the individual materials [36]. 

2.5.3 Composite Materials 

It is well documented that composite scaffolds have been applied extensively in the fields of 

bone, nerve, ligament, cartilage and cardiac tissue engineering [120]. Numerous ranges of 

biomaterials have been tested for the fabrication of composite scaffolds to support and promote 

tissue regeneration and cellular activity. For example, due to poor mechanical strength and 

electrical properties of alginates, the application of the material has been limited toward 

skeletal and electroactive tissues [121]. In addition, it was reported that alginate has poor 

biological properties which could have a great effect on in vivo cellular and molecular 

signalling [122]. To address the problems, researchers have suggested the combination of 

alginate with other polymer and/or nanomaterials to construct effective 3D scaffolds. For 

instance, Kim et al, successfully fabricated PCL/alginate scaffolds with enhanced osteoblastic 

cellular behaviour in comparison with control samples based on pure PCL [121]. 

Furthermore, another alginate-based composite scaffold was developed by Wang et al using a 

freeze-drying method. The blended porous scaffold composed of silk fibroin and sodium 

alginate showed suitable integrity for cell culture purposes. It was demonstrated that the 

prepared scaffold has good biocompatibility along with improved proliferation which can be 

employed as a capable construct for repairing diseased/injured soft tissues [123]. In another 

work, a neural scaffold based on chitosan and alginate was produced by ionic interactions with 

high pores interconnectivity and hydrophilicity which resulted in enhanced neural proliferation 

[124].  

In the field of neural tissue engineering, another alginate-based composite hydrogel was 

synthesized with the incorporation of hyaluronic acid and explored in terms of Schwann cell 

performance. It was shown that this 3D hybrid scaffold could support cellular activity and 

growth within its inner porous structure [122]. Furthermore, in a recent study by Yao et al, the 

chitosan/alginate composite scaffold was compared with pure chitosan- and alginate-based 

scaffolds in terms of capability to regenerate nerve fibers and repair rats with the injured spinal 

cord. It was observed that composite and alginate-only scaffolds failed to support the damaged 

tissue after implantation which could be due to the quick degradation rate [125]. 
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2.5.4 Carbon-based Materials 

Another example of biomaterials as tissue engineering scaffolds is carbon-based nanomaterials 

with favourable mechanical, chemical and biological properties. Several carbon-based 

derivatives such as graphene, carbon nanotubes, carbon dots, and nanodiamonds have been 

used as scaffold biomaterial to reconstruct a variety of tissues. These derivatives have been 

shown to affect cell morphology, migration, growth, proliferation, and differentiation which 

could eventually influence the tissue regeneration. In addition, their substantial stimulating 

effects on efficient nutrient delivery, suitable chemical properties to facilitate cell interactions, 

can be considered as merits of carbon-based scaffolds for biomedical applications [126]. For 

instance, Sitharaman et. al fabricated a porous nanocomposite scaffold based on polymer/ 

Single-walled carbon nanotubes (SWCNTs) for implantation in a rabbit model. The in vivo 

study revealed that the bone tissue growth was improved after the implantation of the prepared 

composite scaffolds compared to the individual polymer scaffolds [127]. In another study by 

Zhou et al, the morphological and electrical properties of PCLF scaffold was improved after 

incorporation of CNT. Also, the prepared conductive composite scaffolds have shown 

enhanced neural cell growth, neurite extension and differentiation [128]. Despite the 

advantageous properties of CNTs as tissue scaffolds, its application has been partially limited 

due to its uncertain biocompatibility, insolubility and nonbiodegradability [126, 129]. 

2.6 Graphene Characteristics 

Among all nanostructured carbon materials, graphene is considered as the most emerging 

material for effective tissue regeneration in a number of applications. The suitable 

biocompatibility of graphene-based family has enabled their utilization in drug delivery, 

bioimaging, biosensor, antibacterial interfaces, cancer therapy, and tissue engineering 

applications [130]. Several studies have investigated the feasibility of graphene derivatives in 

creating nanocomposite scaffolds. Incorporation of graphene highly enhances the mechanical 

and electrical properties as well as the bioactivity of the resulted composite construct. In 

addition, studies have demonstrated the extensive potential of graphene in the fabrication of 

nanocomposite scaffolds due to its good mechanical properties and bioactivity. Being the most 

versatile nanomaterial, graphene with its exceptional characteristics can interact with various 

biomolecules including DNA and proteins resulted in employing graphene and its derivatives 

in a wide variety of regenerative medicine and tissue engineering applications during the past 

few decades. Owing to graphene’s excellent optical, electrical and mechanical properties, 

developments in stem cell-based tissue engineering have greatly depended on graphene-based 

scaffolds, particularly in terms of inducing cell differentiation and proliferation [131, 132]. 

Additionally, the ability of graphene to be modified and functionalized easily has led the 

material to be employed in wider applications of the health care industry [133].  

Various graphene derivatives including GO and rGO have been employed as tissue engineering 

scaffolds. Reduced graphene oxide (rGO) can be obtained using various reduction methods 

including hydrothermal, chemical, photocatalytic, electrochemical, green methods and 

solvothermal. This material is very attractive for electroactive tissue regeneration due to its 

good electrical conductivity. Most of the previous studies took advantage of the utilization of 

GO as a filler material due to high dispersibility compared to rGO. However, the conductivity 

of reduced graphene oxide-based composites provides a path for external electrical stimulation 

purposes [134].  
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Graphene production route significantly affects the properties of the produced structure, as a 

result, the outcome of cellular behaviour could be highly affected by fabrication parameters 

such as synthesis approach, washing steps, reducing reagents, the amount of surface oxygens, 

etc [135]. For instance, in one study, GO reduced using ascorbic acid as an alternative for 

hydrazine resulting in a more favourable structure for medical applications. Accordingly, the 

rGO with ascorbic acid coated on the collagen scaffold and showed excellent cell viability 

[136]. Overall, graphene could be physically and/or chemically modified to develop a 

competent platform for biomedical applications. As evidenced from the literature, solution 

blending was appeared to be the most preferred method for synthesis of graphene 

biocomposites comparing to other preparation methods including UV-assisted crosslinking 

synthesis, microwave-assisted synthesis and synthesis by the means of covalent bonding. 

2.7 Graphene-based Scaffolds in Tissue Engineering 

Many graphene-based materials are already being combined with other biomaterials to 

effectively improve their mechanical, electrical and biological properties and construct tissue 

engineering matrices. A number of these studies are dedicated to investigating the potential of 

graphene-based composites in tissue engineering applications. For instance, Shin et al [137] 

incorporated graphene oxide inside gelatin hydrogels and analysed its characteristics for 3D 

encapsulation of fibroblasts. This scaffold presented superior cellular viability, proliferation, 

spreading, and alignment comparing with pure gelatin methacrylate hydrogel. The addition of 

GO significantly enhanced mechanical and electrical properties as well as cellular interactions. 

In another study, high hydrophobicity and poor bioactivity of PDMS, colossal obstacles toward 

accomplishing tissue engineering scaffolds, have been ameliorated by reduced graphene oxide 

coating. The results of this study showed that the enhancement in the mechanical properties 

and improved growth and differentiation to osteogenic cell lineages on the 3D porous rGO-

PDMS scaffold encouraged the further utilization of graphene-based composite scaffolds for 

osseointegrated implant [138].   

In excitable tissues, design challenges of composite scaffolds involve mimicking and providing 

the electrical microenvironment and coupling with the targeted tissue. Therefore, conductive 

scaffolds attracted a great deal of attention in engineering of cardiac and nerve tissues to 

improve the transmission of electrical signals [139]. Among many materials, graphene-based 

materials are highly promising for the restoration of electrically excitable living tissues due to 

their excellent electrical properties [140]. In cardiac tissue engineering, graphene was used to 

make electrically conductive scaffolds. For instance, Jiang et al. [141] developed 

chitosan/graphene oxide scaffolds with suitable cell viability, porosity and swelling ratio for 

the culture of cardiac cells. It was observed that conductive scaffolds could give rise to the 

promotion of cell adhesion and cellular network formation. Besides, the prepared scaffolds 

provided a platform for further electrical stimulation. CVD-grown 3D porous graphene foams 

were prepared by Li et. al and seeded with NSCs in order to examine its potential in neuronal 

growth and differentiation in vitro. It is found that NSCs growth, proliferation and 

differentiation into astrocytes and neurons enhanced when cultured on 3D conductive graphene 

foam. It is also concluded that the excellent conductivity of the produced graphene foams can 

be further effective in electrical stimulation and neural prostheses [142]. In another study by 

Hong et al. CVD grown 2D graphene film showed suitable biocompatibility as well as good 

neurite outgrowth which is essential for repairing nerve gaps [143].  
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Furthermore, graphene-based materials showed good bioactivity for cell performance and 

tissue regeneration. In a recent study conducted in Australia [138], the coating of reduced 

graphene oxide on 3D PDMS scaffolds significantly improved bioactivity, cell differentiation 

and osteointegration. Also, the developed scaffold showed suitable mechanical properties and 

porous structure for stem cell growth and proliferation. Another study by Lalwani et al also 

suggested the utilization of 3D graphene scaffolds fabricated by crosslinking of graphene oxide 

nanoribbons. It is indicated that synthesized scaffolds not only support good cell viability and 

proliferation but also keep cell at metabolically active state with cells spreading through the 

scaffold pores [144]. 

Owing to the excellent mechanical properties of graphene, GO was added to PAA hydrogels 

to improve the mechanical stiffness and thermal stability of the hydrogel for a wide range of 

applications [145]. In another study, GO is incorporated inside GelMA hydrogels to enhance 

the mechanical strength and electrical properties for the construction of tissue replacements 

[137]. The results of the study revealed that hybrid hydrogel improved 3D cellular performance 

and proliferation. 

It has been demonstrated that graphene-based materials combined with stem cells offer a facile 

microenvironment for neuronal differentiation and organized neuronal network formation to 

reconnect damaged nerves. For instance, Yang et al [146] showed that embryonic stem cells 

(ESCs) loaded on graphene oxide substrates notably improved differentiation into 

dopaminergic neurons for up to GO concentration of 100 μg/mL. Similarly, in another study 

[147], it is found out that MSCs cultured on functionalized graphene made an improvement in 

metabolic activities of cells and resulted in differentiation of these cells into neuronal cell 

lineages. In the case of NSCs, Park et al [148] initially demonstrated the role of graphene in 

human NSCs behaviours. The findings of the study suggested that graphene improves 

proliferation and neuronal differentiation compared with the control samples. In addition, 

Lalwani et al [144], took advantage of graphene oxide physiochemical properties to fabricate 

3D composite scaffolds based on single‐ and multiwalled graphene oxide nanoribbons. These 

scaffolds showed suitable cytocompatibility, cell adhesion and proliferation when seeded with 

adipose-derived stem cells (ADSCs) and murine MC3T3 preosteoblast cells. 

 
Figure 2.4. Neural tissue regeneration on graphene-based materials [149] 

Graphene-based substrates have a promising potential in the differentiation of stem cell sources 

to neurons, as shown in Figure 2.4, which is important in successful neuronal regeneration. 
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Weaver et al. [150] reported on developing a conductive platform based on GO and PEDOT to 

improve neuronal differentiation. Also, it is evidenced the differentiation rate of 

oligodendrocytes improved on GO-coated PCL substrates compared to the control substrate 

with no coating. Similarly, Solanki et al have acknowledged that silica nanoparticles coated 

with GO promoted differentiation and axonal alignment [151]. Also, it is identified that 

graphene-based substrates are able to retain high cell viability during the stem cell 

differentiation process. The unique surface chemistry of graphene effectively induces stem cell 

differentiation which is very favourable in tissue engineering applications [152-154].  

Additionally, it is confirmed that graphene-based materials can be effectively utilized in the 

electrical stimulation of neural cells to promote growth, proliferation, axonal growth and 

differentiation of neural lineage [155, 156]. Recently, the potential of 3D graphene scaffold 

was analysed using electrical stimulation to differentiate neural progenitor cells. Electrical 

stimulation could enhance cell growth and morphology. The excellent electrical conductivity 

of graphene scaffolds provides a valuable 3D culture system for electrical stimulation to 

enhance neuron maturation, while simultaneously facilitating therapy of neurological disorders 

in human [157]. Conductive porous graphene foams presented excellent performance under 

electrical stimulation of human neural stem cells which resulted in elongated and the directional 

growth of neural cells as well as enhancement of differentiation and proliferation [158]. In 

another similar study, graphene foams showed upregulating Ki-67 protein expression upon 

neural stem cell culture. The cells formed a connected 3D network through the macroporous 

scaffold which is important in cell attachment and growth. Cellular metabolism and 

communication have been improved in 3D graphene foams compared to 2D graphene 

substrates [142].  

Due to modifiable topography and characteristics of graphene-based scaffolds through 

different fabrication conditions, graphene-based scaffolds contributed to proliferation and cell 

interactions of a wide variety of tissues, as listed in Table 2.3. Based on the previous research 

outcomes, although graphene-based scaffolds exhibited a great potential in creating tissue 

engineering scaffolds, the synthetic conditions which affect the properties of scaffolds have to 

be engineered to match the desired requirement by the targeted application [159-161]. 
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Table 2.3. Graphene-based scaffolds in tissue engineering applications. 

No. Scaffold Graphene Synthesis Scaffold Preparation 

Method 

Response Application Ref 

1. 

GO/Chitosan Not specified Freeze Drying 

 Good cell viability 

 Promoted cell attachment  

 Intercellular network formation 

 Upregulation of the cardiac-specific 

gene, 

 Expression of protein involved in muscle 

conduction of electrical signals 

Cardiac tissue 

Engineering 

[141] 

2. 

GO/Chitosan 
Modified Hummers’ 

method 
Freeze drying 

 Aligned porous 3D scaffolds resembling 

bone lamellae 

 Improved mechanical strength and 

shape-memory  

 Aligned cell guiding capabilities 

 Enhanced protein adsorption ability 

Bone tissue 

engineering 

[162] 

3. GO nanoflakes 

incorporated into 

a gelatin– 

hydroxyapatite 

(GHA) 

Modified Hummers’ 

Method 
Freeze drying 

 Improved compressive strength 

 Yield strength and WOF of composite 

scaffolds with GO 

 Enhanced osteogenic differentiation 

Bone tissue 

engineering 

[82] 
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4. 

Graphene/HA 

hydrogels 

Commercial GO 

(Graphene Laboratories 

Inc., Calverton, NY, 

USA) 

Colloidal solution 

mixing, hydrothermal 

treatment and 

dialysis 

 Excellent mechanical properties 

 High electrical conductivity 

 High SSA, and good cell compatibility 

Bone tissue 

engineering 

[163] 

5. 

3D Graphene 

Nanofiber 
Not specified 

Electrospinning 

method 

 Recoverable electrical conductivity 

 Excellent biocompatibility and 

physicochemical stability 

 Improved growth and development of 

the primary motor neurons for cellular 

electrical stimulation  

Neural tissue 

engineering 

[164] 

6. 

GO/PVA  
Modified Hummers’ 

Method 

Electrospinning 

method 

 Increased mechanical strengths after the 

addition of GO 

 Good osteoblasts viability 

 Improved cell adhesion and spreading 

Bone tissue 

engineering 

[165] 

7. Single-layered 

graphene (SG) or 

multi-layered 

graphene (MG) 

and 

polycaprolactone 

(PCL) 

Purchased from 

Graphene Technology 

(China) 

3D printing and 

layer-by-layer 

casting (LBLC) 

method 

 Improved neural expression both in vitro 

and in vivo 

 Promotion of axonal regrowth and 

remyelination 
Neural tissue 

engineering 

[166] 
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8. 

3D graphene 

foam 
CVD-grown 

Chemical vapor 

deposition method 

with Ni foam 

 Improved electrical coupling between 

the scaffold and differentiated cells 

 Enhanced 3D formation of neuronal 

networks 

Neural tissue 

engineering 

[142] 

 

9. 

3D rolled GO 

foam 

Modified Hummers’ 

method 

Soft rolling the 

laminin-

functionalized GOF 

layers 

 Generating a neuronal fiber along the 

axis of the porous cylindrical-like 

scaffold 

Neural tissue 

engineering 

[158] 

10. 

Chondroitin 

sulfate 

(CSMA)/PECA/G

O 

Modified Hummers’ 

method 

Heat-initiated free 

radical method and 

Freeze-drying 

 Improved chondrocyte morphology, 

integration, continuous subchondral 

bone  

 Thickened newly formed cartilage 

 Improved porosity, elasticity, swelling 

ratio, electrical conductivity and rational 

degradable time 

Cartilage tissue 

engineering 

[167] 

11. 

GO/PLGA 
Modified Hummers’ 

method 
Electrospinning 

 Enhanced hydrophilic performance, and 

protein- and inducer-adsorption ability of 

the nanofibers 

 Accelerated cell adhesion, proliferation 

and osteogenic differentiation 

Bone tissue 

Engineering 

[168] 

12. 
rGO/PDMS Modified Hummers’, Solvent Casting 

 Improved mechanical strength and pore 

sizes 

Bone tissue 

engineering 

[138] 
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Reduction by L-ascorbic 

acid 

 Supported growth and osteogenic 

differentiation of human stem cells 

13. 

PCL/graphene  
Water-assisted liquid 

phase exfoliation 
Melt blending 

 Stimulated cell proliferation, and 

lowered immune response suggesting 

high potential for in vivo bone 

regeneration 

Bone tissue 

engineering 

[169] 

14. 3D graphene-

cellulose 

Modified Hummers’ 

Method 
Solution Mixing 

 Robust neurite outgrowths and possible 

synapse formation in vitro 

Neural tissue 

engineering 

[170] 

 

15. 

GO/PCL 

nanoscaffold 

Purchased from Sigma 

Aldrich 
Integration Moulding 

 Facilitated long-term nerve regeneration 

in vivo  

 Enhanced neurite sprouting and 

angiogenic restoration 

Neural tissue 

engineering 

[171] 

 

16. Starch-based 

NanoGO 
Starch-derived GO Electrospinning 

 Improved cytocompatibility, osteo-

bioactivity, and biodegradability 

Bone tissue 

Engineering 

[172] 

17. 

rGO nanomesh 
Improved Hummers’ 

Method 
Drop-casting method 

 Improved chemical stability  

 Enhanced cell proliferation and 

differentiation to neural cells 

Neural tissue 

Engineering 

[173] 

 

18. 

TCP/Gel/CH/rGO Purchased 3D printing 

 Improved calcium deposition  

 Enhanced alkaline phosphatase (ALP) 

activity 

Bone Tissue 

Engineering 

[174] 
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According to the reviewed literature, graphene derivatives demonstrate unique physical, 

chemical, mechanical and electrical properties which can promote stem cell behaviour and 

enhance tissue repair in a wide range of applications including cardiac, bone and neural tissue 

engineering. Particularly, key properties of graphene-based biomaterials in NTE can be listed 

as their morphological structure, electrical conductivity, biocompatibility, biodegradability, 

and ability to induce neural differentiation [175]. Among graphene-based materials, GO has 

attracted attention in tissue engineering field due to its hydrophilic nature, excellent water 

dispersibility, suitable biocompatibility, and bioactivity owing to multiple oxygen functional 

groups on its surface to absorb protein, growth factors and biomolecules [176]. As a result, 

studies have shown that GO can prominently enhance the proliferation and differentiation rate 

of cultured neuron cells as well as bioactivity and biocompatibility of the scaffold biomaterials 

[177]. Furthermore, they have demonstrated that graphene and rGO are considered as 

permissive materials play an effective role in astrocyte growth, neurogenesis and axonal growth 

in case of implantation for the nervous system disease [178, 179]. 

Overall, engineering of functional scaffolds for regeneration of tissues highly depends on 

different design parameters such as selection of materials, synthesis techniques, etc. Although 

there has been great research conducted in fabricating novel biomaterials for tissue engineering 

scaffolds, there is a huge need for research and development of biomaterials that mimic the 

mechanical properties of host tissue and retain the integrity of the scaffolds during treatment 

in neural tissue engineering applications. Moreover, directing the cell behaviour and 

regeneration process by scaffold materials is of prime importance.  

2.8 Chapter Summary 

The developments in tissue engineering have attracted researchers’ attention and have 

employed materials science and bioengineering fields. In this chapter, some existing 

developments in scaffold materials and fabrication technologies in tissue engineering 

applications have been outlined. These developments have resulted in a deep understanding of 

the mechanism of how tissue engineering outcomes can be influenced by selected materials. 

The utilization of graphene in designing 3D scaffolds creates a revolutionary impact on 

providing a favourable microenvironment for tissue regeneration. This chapter highlighted that 

blending different materials can improve the properties of the scaffold. Moreover, it is critical 

to meet the specific tissue engineering scaffold requirements to achieve functional 3D tissues 

and incorporation into the host. Before in vitro culture of cells on the scaffolds, it is important 

to develop certain physiochemical characteristics of the scaffold biomaterials in accordance 

with the targeted tissue characteristics. The current research in the field is highly focused on 

improving the properties of graphene family materials to create composite or functional 

bioscaffolds for further utilization in clinical research. The impacts and mechanism of graphene 

in inducing cells in neural tissue engineering still need to be deeply investigated. In addition, 

further studies need to be conducted to illustrate the cytotoxic effects of graphene-based 

materials on tissue regeneration prior to clinical applications. The significant amount of 

research in the literature emphasizes the role of synthetic and fabrication conditions of 

biomaterials in the ultimate performance of tissue engineering scaffold. 

The development of a new class of scaffold materials based on graphene to facilitate culturing 

cells with matched microenvironment for cell growth and interconnected pores for penetration 

and migration of cells is the next important subject which is discussed extensively in Chapter 
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3 utilizing a broad range of characterization techniques. Furthermore, optimizing the properties 

of the prepared scaffolds for neural tissue engineering applications are investigated in the next 

chapter.  
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CHAPTER 3: FABRICATION AND CHARACTERIZATIONS 

OF 3D GRAPHENE-BASED COMPOSITE SCAFFOLDS 

3.1 Abstract 

Neural tissue engineering provides enormous potential for restoring and improving the function 

of diseased/ damaged tissues and promising opportunities in regenerative medicine, stem cell 

technology, and drug discovery. The conventional 2D cell cultures have many limitations to 

provide informative and realistic neural interactions and network formation. Hence, there is a 

need to develop 3D bioscaffolds to facilitate culturing cells with matched microenvironment 

for cell growth and interconnected pores for penetration and migration of cells. Herein, the 

synthesis and characterization of 3D composite bioscaffolds based on graphene-biopolymer 

with porous structure and improved performance for tissue engineering are presented. A simple 

and eco-friendly synthetic method is introduced and optimized for synthesis of this hybrid 

fibrous scaffold by combining Graphene Oxide (GO) and Sodium Alginate (Na-ALG) which 

are specifically designed to match the mechanical strength of the central nervous system (CNS) 

tissue and provide porous structure for connective tissue engineering. Properties of the initially 

developed scaffold in terms of the structure, porosity, thermal stability, mechanical properties, 

and electrical conductivity are characterized and presented. In the next step, scaffold’s 

properties were fine-tuned using key synthesis conditions including GO concentrations, 

reduction process and crosslinking time. This developed material will be used in the following 

chapters as a scaffold to explore the enhancement of neuron cell interactions and act as nerve 

conduits for neurological diseases. 

3.2 Introduction 

The most critical step in NTE is the assembly of bioscaffolds loaded with nerve cell sources to 

produce a 3D tissue substitute for transplantation [180]. These approaches intend to develop 

treatments for nerve disorders through the help of biomaterials and cell transplantation 

methodologies [53]. An appropriate regenerated nerve requires appropriate scaffold materials 

with suitable structural, mechanical, biological, and physical features that give rise to neurite 

and axonal growth, prevention of scar formation, and axonal alignment to the lesion area [181]. 

Therefore, materials development of these scaffolds is a topical and pivotal area of research 

that has attracted significant research interests in recent years. Thus, there is a need for the 

development of a new class of materials to provide enhanced features for neural tissue 

engineering [96]. To address these requirements, 3D composite scaffolds have attracted great 

attention due to their versatile properties to overcome limitations of those prepared by a single 

material. The most noteworthy advantage of composite materials for tissue engineering is that 

their properties can be easily adapted by modifying the composition and structure of 

biomaterials according to characteristics of specific tissue [182]. A number of different 

methods have been employed to construct porous 3D structures including solvent casting, 3D 

printing, gas foaming, freeze-drying, and phase separation. The freeze-drying approach is 

considered as one of the most common well-established methods for fabricating porous 

materials with controllable architecture for medical applications [67]. This fabrication process 

does not involve toxic solvents and rinsing steps which is certainly safe for biomedical uses. 

One of the common scaffold biomaterials with a similar structure to ECM is alginate which is 
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considered as a very promising natural polysaccharide polymer that can be isolated from 

renewable sources such as brown algae or microorganisms with applications in bioengineering 

[123]. It has many advantages since it is non-toxic, biocompatible, biodegradable, relatively 

low-cost in comparison with other polymeric materials, easy gelation using calcium chloride 

and appropriate as biomaterials to help the recovery of the malfunction tissues [183]. The 

properties of crosslinked alginate can be tailored by various concentrations of crosslinker as 

well as the crosslinking time. Although alginate-based scaffolds suffer from some limitations 

such as lack of mammalian cell receptors, poor ability to have control over the internal 

architecture, low protein adsorption capability and excessive hydrophilicity, they hold the 

potentials for being applied in tissue engineering due to the ease of processability and delivery 

of growth factors and cells [184]. To address these limitations, alginate is combined with other 

materials to form biocomposites that offer biological benefits of alginate together with good 

mechanical strength and bioactivity of the reinforcing material. One of the main challenges in 

designing a 3D composite scaffold for excitable tissues is to mimic the electrical 

microenvironment in order to improve cellular response and create an electrical coupling with 

the host tissue. As a result, conductive scaffolds have been studied extensively in the form of 

hydrogels, microporous materials, nanofibers, and hybrid materials to enhance the transmission 

of electrical signals [139]. Among many materials, graphene and its derivatives have emerged 

to be extensively explored in tissue engineering, regenerative medicine and other biomedical 

fields owing to their exceptional electrical and mechanical properties [140]. Particularly, 

graphene derivatives demonstrate unique physical, chemical, and electrical properties which 

can promote stem cell behaviour and enhance tissue repair. Critical characteristics of graphene-

based biomaterials in NTE can be listed as their morphological structure, electrical 

conductivity, biocompatibility, biodegradability, and ability to induce neural differentiation 

[175]. Among graphene-based materials, GO has attracted attention in tissue engineering field 

due to its hydrophilic nature, excellent water dispersibility, better biocompatibility, and 

bioactivity owing to multiple oxygen functional groups on its surface to absorb growth factors 

and biomolecules [176]. Studies have shown that GO can prominently enhance the proliferation 

and differentiation rate of cultured neuron cells as well as bioactivity and biocompatibility of 

the scaffold biomaterials [177]. Furthermore, they have demonstrated that graphene and rGO 

are considered as permissive materials playing an effective role in astrocyte growth, 

neurogenesis and axonal growth in case of implantation for the nervous system disease [178, 

179]. In the pioneering study by Wan et al., a 3D GO–alginate composite hydrogel was 

prepared via the direct mixing method showing improved mechanical strength and Young's 

modulus compared to pure alginate scaffold [185]. However, the structure suffers from poor 

stability in aqueous media which is a fundamental property for cell culture purposes. The 

addition of crosslinker in the blend solution made the structure instantly dissociated in water 

within several minutes which has a high probability of quick-dissolving in vivo. Hence, unable 

to guarantee good healing of tissue damage. On top of that, Sinha et al. recently reported the 

synthesis of the 3D rGO-embedded alginate scaffold by reducing GO using reducing agents 

such as hydrazine [186]. However, due to the toxicity of hydrazine and its traces left in the 

prepared scaffold, this method is not acceptable for biomedical and tissue engineering 

applications [174]. Besides, the addition of rGO in the mixing solution usually causes a poor 

water solubility and undesired aggregation which can adversely affect cellular behaviour and 

fate [187]. To address these problems, the aim of the present study is twofold. Firstly, it 

attempts to improve the fabrication method of the 3D graphene–alginate composite scaffolds 
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that uses a simple, scalable and environmentally sustainable fabrication technique involving 

solution mixing, freeze-drying, crosslinking, and bio-reduction. This method could enhance 

the stability of the 3D matrix in culture media. Secondly, it is to optimize the properties of the 

prepared 3D scaffold in terms of morphological, mechanical, and electrical characteristics to 

meet challenging requirements in neural tissue engineering. To accomplish the first aim, the 

synthetic procedure was improved which enables the production of conductive scaffolds based 

on the in-situ reduction of GO/Na-ALG aerogels with gelatin (a biodegradable collagen-based 

biomaterial) which makes the structure more favourable for cell culture. The advantage of the 

proposed bio-reduction process with gelatin is to eliminate the use of toxic reducing agents, 

which eliminated the need for using dangerous reducing agents such as hydrazine resulting in 

no harmful residue for neuron cells. Besides, strong reducing agents make the structure 

hydrophobic. The reduction of GO with gelatin is a relatively mild reduction method which 

does not cause severe damage to the edge morphology of GO and highly stable 3D composite 

structures can be prepared.To achieve the second goal, the influence of GO concentration, 

reduction process, and crosslinking time of the 3D structure was explored to establish the 

optimised GO content and synthetic conditions in order to achieve proper physicochemical, 

mechanical and electrical properties of Graphene Oxide–Sodium Alginate (GO/ Na-ALG) 

nanocomposite scaffolds. The fabricated 3D scaffolds are characterized by a broad range of 

characterization methods such as Scanning Electron Microscopy (SEM), micro-CT scanning, 

Dynamic Mechanical Analysis (DMA), Thermogravimetric Analysis (TGA), Cyclic 

Voltammetry (CV), and Electrochemical Impedance Spectroscopy (EIS). 

3.3 Experimental Section 

3.3.1 Materials and Chemicals 

Sodium alginate (Na-ALG) was purchased from AJAX Chemicals (Sydney, Australia). Type 

B gelatin powder, extracted from bovine skin was purchased from Sigma-Aldrich. Calcium 

chloride dried (molecular weight of 110.99 g mol-1, Chem-Supply) was used as the crosslinking 

agent. Natural graphite flakes were purchased from a local mine (Uley, Eyre Peninsula, South 

Australia, Australia). Potassium permanganate (KMnO4, Sigma-Aldrich), 98% sulphuric acid 

(H2SO4, Chem-Supply), 85% w/w phosphoric acid (H3PO4, Chem-Supply), and 30% hydrogen 

peroxide (H2O2, Chem-Supply) were used during GO synthesis. High purity Milli-Q water 

(18.2 MU cm-1, pH of 5.6) was used throughout the study 

3.3.2 Synthesis of Graphene Oxide (GO) 

Graphene oxide (GO) was prepared via the modified Hummers' method from graphite flakes 

[188]. Briefly, concentrated acids including sulphuric acid (H2SO4) and phosphoric acid 

(H3PO4) with a ratio of 9:1 were mixed with 2 g of graphite and 18 g of potassium 

permanganate (KMnO4). The mixture was stirred and heated to 50 C for 16 hours. The 

obtained solution was cooled with 400 mL of ice cubes and hydrogen peroxide was added to it 

subsequently. The brownish-colour solution was then centrifuged for two hours and washed 

with 30% HCl and water in order. After discarding the supernatants, the resultant GO paste 

was kept in the fridge for further use. 

3.3.3 Preparation of graphene oxide/sodium alginate composite 
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The GO/Na-ALG aerogel was fabricated through incorporating GO into alginate matrix by 

combining freeze-drying and ionic cross-linking process, as reported earlier [189] with slight 

modifications. Briefly, as summarized in Figure 3.1, the GO suspension was ultrasonic-

dispersed for 15 min to obtain a homogeneous dispersion. Meanwhile, sodium alginate (4 

wt.%) was dissolved in deionized water and was constantly stirred to form a transparent 

solution. Then, GO suspension was added into the solution to get the final ratios of 0, 0.5, 1, 3 

and 5 mg mL-1, with continuous magnetic stirring, until a homogeneous dispersion was 

obtained. The GO/Na-ALG mixture was poured into moulds, frozen, and freeze-dried. After 

that, the aerogel was immerged in 1 M CaCl2 solution for two different time intervals (1 h and 

3 h) to achieve the calcium ion-induced cross-linking process. After cross-linked by calcium 

ions, the aerogel was washed with deionized water several times to remove the unbound 

calcium ions and was freeze-dried again to obtain the cross-linked GO/Na-ALG aerogel. The 

obtained GO/Na-ALG scaffolds with 0, 0.5, 1, 3 and 5 mg mL-1 of GO are named as Na-ALG, 

GO/Na-ALG0.5, GO/Na-ALG1, GO/Na-ALG3 and GO/Na-ALG5, respectively. The 

dimension of each sample is almost 14 × 12 mm. Three samples per each condition were 

synthesized to obtain the average value along with their standard deviation [190]. 

 

Figure 3.1. Schematic diagram of the fabrication process of GO/Na-ALG scaffolds. 

3.3.4 Preparation of reduced graphene oxide/sodium alginate composite 

As shown in Figure 3.2, the obtained GO/Na-ALG scaffolds with various concentrations of 

GO including 0.5, 1, 3, and 5 mg mL-1 were incubated in 1 mg mL-1 of gelatin at 95 C. After 

24 h, the samples are washed with deionized water and sent for freeze-drying in order to get 

reduced GO/Na-ALG (rGO/Na-ALG) samples named as rGO/Na-ALG0.5, rGO/Na-ALG1, 

rGO/NaALG3, and rGO/Na-ALG5. 
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Figure 3.2. Schematic diagram of the fabrication process of rGO/Na-ALG scaffolds. 

3.3.5 Materials Characterisation Techniques 

Raman Spectroscopy: The Raman analysis was done by LabRAM Evolution, Horiba Jvon 

(Japan) with a laser excitation wavelength of 532 nm. 

Fourier Transform Infrared spectroscopy (FTIR, Nicolet 6700): FTIR was used with a 

record between 4000 and 500 cm-1.  

X-ray diffraction (XRD): it was achieved by Rigaku MiniFlex 600 X-Ray Diffractometer 

(XRD) at the pipe voltage of 40 kV and the scan rate of 10 min-1 to confirm the oxidation of 

GO. The measurement was performed in the 2 range from 5 to 60. The cross-sectional area 

of scaffolds was cut using a blade and mounted on carbon tapes.  

Scanning Electron Microscopy (SEM): SEM images were obtained (Hitachi, SU1510 high 

technologies) at an acceleration voltage of 30 kV to observe the porosity of samples. ImageJ 

software was utilized to analyse SEM images to measure pore sizes. The mean pore size and 

the standard deviations were calculated for at least 5 pores in each of the collected images 

(N=3) per scaffold type. These pores were selected randomly for both long and short pore axes.  

-CT Scan Images: X-ray microtomography scans were carried out using a micro-CT scanner 

(SkyScan 1276, Bruker micro-CT, Belgium) operated at a source voltage of 55 kV and source 

current of 200 A with 0.25 mm aluminium filter. The samples were rotated to 360 with a 

rotation step of 0.3 and a frame averaging of two. Then, the obtained images were 

reconstructed by NRecon software. The volume of interest was selected in the centre of the 

scaffold to measure scaffold structures only. 3D images and qualitative data of scaffold 

formation were achieved by CTAn and CTVol software, respectively.  

Thermogravimetric Analysis (TGA, Q500 TA instruments): TGA in a nitrogeneous 

atmosphere was performed to study the thermal stability of the composite structure. During 

this test, samples (approximately 2.3 to 5 mg) were placed in platinum crucibles and heated 

from room temperature to 900 C at the rate of 10 C min-1.  

Dynamic Mechanical Analysis (DMA): The mechanical properties of porous scaffolds were 

tested with the TA Q800 DMA machine in the compression mode. The test was performed at 

ambient temperature with a controlled force rate of 1 N min-1. All samples were kept hydrated 
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by storing them in distilled water 24 hours prior to the test. The height of the scaffolds was 

measured automatically at 0.1 N tare load.  

Contact Angle Measurements: Wettability measurements were conducted at room 

temperature with Milli-Q water by the sessile drop method using a tensiometer (Attension 

Theta optical tensiometer). The mean contact angle was reported according to measurements 

of three different spots on each sample.  

Shear Rate Ramp Test: The rheological properties of the cross-linked and uncross-linked 

samples before freeze-drying have been determined using an automated rheometer (MCR 301, 

Anton Paar) with a 49 m cone and plate fixture. 

Porosity Measurements: The density and porosity of the obtained scaffolds were calculated 

using the following equations [191]: 

ɛ = (1 −
𝜌

𝜌0
) × 100%        (2.1) 

𝜌0 =  𝜌0,𝑁𝐴−𝐴𝐿𝐺 × 𝑤𝑁𝐴−𝐴𝐿𝐺 +  𝜌0,𝐺𝑂 × 𝑤𝐺𝑂      (2.2) 

where ɛ is the percentage of porosity, ρ is the mass density of aerogel samples, ρ0 is the 

theoretical mass density, and w is the weight fraction of each component of the material. The 

densities for graphite and sodium alginate were taken as 2.2 gcm-3 and 1.6 g cm-3, respectively.  

Swelling Ratio Measurements: The swelling ratio of the scaffolds was determined by using 

the equation given below [192]. Briefly, the dried samples were weighed and noted as W0. The 

scaffolds were then immersed in phosphate-buffered saline (PBS) and were incubated at 37 C. 

At different time intervals, the weight of the scaffolds was measured and noted as Wt. The 

experiment was carried out in triplicates. 

Swelling index= (
𝑊𝑡−𝑊0

𝑊0
)       (2.3) 

Electrochemical Characterizations: Both electrochemical measurements including cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were taken using an 

electrochemical working station (HCH 850) with a three-electrode system in PBS. CV 

measurements were performed at a voltage range between 0 and 1.0 V with a scan rate of 100 

mV s-1. Regarding impedance measurements, compressed layers of conductive, rGO/Na-ALG, 

scaffolds were moistened in PBS and pressed between two gold electrodes. EIS was measured 

in the frequency range of 0.1 Hz to 0.1 MHz with a disturbance amplitude of 1 mV. 

3.4 Results and Discussion 

3.4.1 Characterizations of synthesized GO 

Prepared GO was characterised by a series of characterization methods to confirm their 

properties which are summarised below. Figure 3.3 (a) shows FTIR spectrum of GO with its 

corresponding functional groups. A broad peak at 3309 cm−1 and another peak at 1625 

cm−1 correspond to stretching and bending vibrations of OH groups in GO. The peaks at 1706 

cm−1 (C=O) and 1005 cm−1 (C–O) are caused by carbonyl, carboxylic and epoxy groups. These 

oxygen-containing groups on GO spectra confirm the successful oxidation of graphite [193]. 

https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
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Figure 3.3. (a) FT-IR plot, (b) Raman spectra, (c) TGA curve and (d) XRD pattern of the synthesized graphene 

oxide (GO). 

Figure 3.3 (b) shows the Raman spectrum of GO which defines its crystalline structure by 

considering the conjugated and carbon–carbon double bonds and structural defects. The high-

intensity peaks can be observed at 1590 cm−1 and 1346 cm−1 which correspond to G-band and 

D-band, respectively. These typical peaks are indicative of significant structural disorders 

during the oxidation process. Also, the absence of the 2D (∼2600 cm−1) band points out that 

GO is dominated by the fully-disordered sp2 bonding network [194]. The thermal stability of 

GO under nitrogen atmosphere up to 900 °C was investigated using TGA as shown in Figure 

3.3 (c). The figure highlights the weight loss around 100 °C is related to the removal of water 

molecules trapped inside the GO structure. The major weight loss between 200 to 400 °C can 

be ascribed to the thermal decomposition and complete removal of residual oxygen functional 

groups [195]. The XRD measurement shown in Figure 3.3 (d) indicates the crystalline 

properties of prepared GO. The absence of the characteristic peak of graphite at ∼26° and the 

existence of the GO peak at 9.88° validates the oxidation of graphite [196]. 

3.4.2 Morphology and structure of fabricated composite scaffolds 

Figure 3.4 (a–c) displays the sponge-like feature of fabricated graphene composite aerogels 

with low density. This is attributed to the optimum concentration of both GO and Na-ALG 

which made the composite scaffold with a proper elastic property. This sponge-like property 

is beneficial for tissue engineering scaffolds to get squeezed and absorb water in culture media. 

So, in our experiment, the sponge was compressed a few times, in each case the structure 

remained almost the same with no change in structure, indicating a repeatable and reversible 

compressive deformability. Besides, no agglomeration or precipitation were observed, and 

colour of samples were homogenous. These tests are not meant to show any stiffness properties 

https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig2
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig3
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig3
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as this has been discussed further in the mechanical properties of the Results and discussion 

section. 

 
Figure 3.4. Sponge-like property of GO/Na-ALG sample in a series of events; (a) normal, (b) under compressive 

stress and (c) relaxed. 

The proposed fabrication method which combines freeze-drying and crosslinking approaches 

suitable for tissue engineering applications improved the absorption capacities as displayed 

in Figure 3.5. The colour of GO/Na-ALG scaffolds turned to dark brown as the concentration 

of GO increases, as shown in Figure 3.6. Besides, the black colour of reduced samples is an 

indication of the GO reduction. There was no significant physical difference observed in 

rGO/Na-ALG samples with varying concentrations of GO except changing colours. Also, the 

excellent stability of scaffolds has noticeably improved with physical crosslinking which is 

ascribed to the reaction between alginate and calcium ions to harden the scaffold and make a 

robust 3D interconnected-network structure [197, 198]. 

 
Figure 3.5. (a) Initial, (b) transition, and (c) final stage of the quick absorption and percolation of water droplet 

by the prepared GO/Na-ALG scaffold. 

The microstructure of fabricated GO/Na-ALG and rGO/Na-ALG scaffolds was tested using 

SEM technique and summarized in Figure 3.6 (a–j). These images revealed homogeneous 3D 

structures with interconnected porosity of all samples regardless of GO concentration and 

reduction process. The average pore size decreased from 162.5 ± 37.2 to 85 ± 16.9 μm as the 

GO concentration increased from 0.5 to 5 mg mL−1 in the GO/Na-ALG scaffolds (as tabulated 

in Table 3.1), showing the dependency of GO/Na-ALG composite on GO content. This is 

explained by the fact that the hydrogen bonding interaction between GO sheets and alginate 

resulted in increasing the resistance of forming larger ice particles in the freeze-drying method 

[55].  

https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig4
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig4
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig5
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig5
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig5
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig5
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#tab1
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#tab1
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Figure 3.6. Digital photographs of fabricated graphene-based composite scaffolds with their corresponding SEM 

images: (a) Na-ALG, (b) GO/Na-ALG0.5, (c) GO/Na-ALG1, (d) GO/Na-ALG3, (e) GO/Na-ALG5, (f) rGO/Na-

ALG0.5, (g) rGO/Na-ALG1, (h) rGO/Na-ALG3, and (i) rGO/Na-ALG5 porous scaffolds (scale bar of all images 

is 500 μm). 

It should be noted that, at 5 mg mL−1 of GO concentration, a non-homogeneous dispersion and 

pore-clogging were observed and resulted in a non-spherical pore network. Unlike GO/Na-

ALG composites, the average pore size remains constant for different rGO/Na-ALG scaffolds. 

However, a well-established porous structure, as well as pore thickness, were observed in the 

rGO/Na-ALG scaffolds after the reduction process. 

Table 3.1. Pore diameter and porosity of the fabricated graphene-based composite scaffolds at different GO 

concentrations 

Sample GO (mg mL−1)  Pore size (μm) Mean pore size (μm) Porosity (%) 

Na-ALG 0 132–228 162.5 ± 37.2 97.2 ± 2.3 

GO/Na-ALG 0.5 112–158 147.4 ± 17.5 97.5 ± 3.5 

GO/Na-ALG 1 102–183 142.5 ± 28.5 98.0 ± 2.7 

GO/Na-ALG 3 89–150 122.6 ± 14.3 99.0 ± 3.1 

GO/Na-ALG 5 47–103 85.0 ± 16.9 99.3 ± 3.2 

rGO/Na-ALG 0.5 93–184 116 ± 8.1 99.05 ± 3.5 

rGO/Na-ALG 1 89–220 114.7 ± 16.1 99.18 ± 2.3 

rGO/Na-ALG 3 82–183 98.5 ± 5.5 99.15 ± 3.4 

rGO/Na-ALG 5 80–205 112.4 ± 24.1 99.71 ± 2.1 

Overall, in order to provide a general insight about the morphological properties of the prepared 

freeze-dried scaffolds comprising of alginate and graphene, the morphology of all prepared 

graphene-based scaffolds is regular with an average pore size of 120 ± 24 μm and high porosity 

≈ 99% (±0.3%). The effective porous structure in all fabricated graphene-based scaffolds 

reported to be beneficial in the proliferation and migration of neuron cells, considering the fact 

that desirable pore size for neuron culture is greater than 50 μm [56]. It could be concluded that 

the porous structure has been improved by the addition of GO which has also been illustrated 

previously [199]. Therefore, this facile preparation method renders the spongy graphene-based 
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scaffold a more attractive cell culture platform due to cell penetration ability. The suggested 

method produces lyophilized porous scaffolds that provide stable 3D structure for cell culture 

and biological characterization purposes. 

The micro-CT cross-sectional images were obtained to quantify the pore's interconnectivity 

and distribution of the prepared graphene-based scaffolds for cell migration and growth, as 

indicated in Figure 3.7. Not only no skin layer was observed on both scaffolds' surface, but also 

uniform pores were existent from the surface through to the centre which is favourable for 

cellular activity by facilitating the exchange of nutrients and oxygen during tissue development. 

There was no significant difference observed between GO/Na-ALG and rGO/Na-ALG 

scaffolds in terms of μ-CT images. Therefore, the established sphere-shaped macropores allow 

cell colonization inside the scaffold [200].  

 
Figure 3.7. Micro-CT scan 3D models of composite (a) GO/Na-ALG0.5 and (b) rGO/Na-ALG0.5 scaffolds. 

3.4.3 Chemical composition, rheological, thermal and interfacial properties of 

fabricated composite scaffolds 

Figure 3.8 presents the EDAX analysis and mapping of elements of GO/Na-ALG and rGO/Na-

ALG scaffolds to have clear insights about chemical composition and homogeneous 

distribution of elements throughout the composite. The main elemental peaks (C, O, and Na) 

corresponding to graphene and Na-ALG can be undoubtedly observed from the spectra 

in Figure 3.8 (a, b). Besides, calcium and chloride peaks presented in EDAX spectra indicate 

the diffusion of these ions in the 3D network. In addition, the elemental peaks corresponding 

to oxygen drops after reduction in gelatin solution, confirming the successful reduction of GO 

in the Na-ALG matrix [201].  

https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig6
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig6
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig7
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig7
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig7
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig7
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Figure 3.8. EDAX spectrum showing the elemental compositions of cross-linked (a) GO/Na-ALG and (b) rGO/Na-

ALG scaffolds and mapping analysis of (c) GO/Na-ALG and (d) rGO/Na-ALG composites. 

Zeta potential is another important method to estimate the performance of scaffold's material 

in cell culture as negative-charged surfaces are apposite for cell adhesion. The zeta potentials 

of prepared GO and commercial Na-ALG were about −45 mV and −17 mV, respectively. 

Therefore, the synthesized GO can be incorporated into Na-ALG chains in order to develop its 

characteristics for tissue engineering applications [202]. 

FTIR analysis was specifically performed to determine the interactions between GO and Na-

ALG. The spectrum basically compares the characteristic absorption peaks related to the Na-

ALG, GO/Na-ALG and rGO/Na-ALG materials. As shown in Figure 3.9, the asymmetric 

stretching vibration of –OH and –COO– in Na-ALG caused the formation of bands at 3442 and 

1597 cm−1. For the GO/Na-ALG sample, the peak at 1005 cm−1 which is attributed to C–O–C 

stretching is considerably stronger. Besides, the presence of particular bands at 3316 and 1607 

cm−1 confirms the interaction mechanism between GO and Na-ALG chains via intermolecular 

hydrogen bonds. The physical bonding between GO and alginate matrix provided a 

homogeneous dispersion of GO in the composite structure. Furthermore, FTIR spectrum is 

used to study the evolution of functional groups during the self-assembly and reduction 

process. The most prominent and broad peak of rGO/Na-ALG was observed at 3245 cm−1, 

which corresponded to the stretching vibration of –OH bond. Meanwhile, it could be realized 

that Na-ALG matrix and the rGO filler had interactions through hydrogen binding as the 

vibration peak became broader in the composite samples. In addition, oxygen-functioning 

groups were less prominent after the reduction process. From the spectra, the peaks at 1593 

cm−1, 1413 cm−1, and 1023 cm−1 which are presented in all samples can be attributed to the 

vibration absorption peak of the C=O, C=C and C–O bonds, respectively [191]. 

https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig8
https://pubs.rsc.org/no/content/articlehtml/2019/ra/c9ra07481c#imgfig8
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Figure 3.9. (a) FTIR spectra of composite and control samples, (b) Raman spectra of prepared composite 

scaffolds, TGA curves of (c) GO/Na-ALG and (d) rGO/Na-ALG scaffolds compared with control group. 

Figure 3.9 (b) shows the Raman spectra of composite samples before and after the reduction 

process. It can be seen that, both samples exhibit a prominent D-band (1340 cm−1) and G-band 

(1595 cm−1) in the spectrum which used to characterize carbon structure and defects. The ID/IG 

intensity ratio usually indicates the GO reduction. Increased value of ID/IG from 0.71 of GO to 

1.12 of rGO confirms the removal of oxygen-containing groups [203]. The spectrum clearly 

confirms the reduction of the GO embedded in the composite by gelatin treatment. 

Figure 3.9 (c) compares the thermal properties of GO/Na-ALG with various concentrations of 

GO at two different crosslinking times. Theoretically, the amount of water in the composite 

scaffold increases with a higher concentration of GO. It is expressed that the cause for all 

samples experienced the first weight loss of around 100 °C is due to the loss of absorbed 

moisture and trapped water. This could be due to the superior thermal conductivity of GO 

aiding bond cleavage [204]. Based on analysing TGA curves, Na-ALG started to thermally 

degrade between 200 and 300 °C which is attributed to fracture of glycosidic bonds and 

removal of carboxyl and carbonyl groups of the alginate. Hence, the TGA graph confirms that 

GO/Na-ALG scaffolds have lower mass loss in comparison with the control group. Overall, 

with the addition of GO, the thermal performance of the prepared samples has improved due 

to hydrogen-bonding interactions between oxygen functional groups of GO and Na-ALG. As 

seen in Figure 3.9 (c), samples crosslinked for a longer time period possessed higher thermal 

stability, which could be due to the presence of covalent bonds, as reported previously [205]. 



Page 42 
 

As indicated in Figure 3.9 (d), the curve of all the composite samples containing rGO ran above 

the Na-ALG aerogel since heating, which is an indication of better thermal stability of 

composites. All samples experienced a major mass loss at about 150 °C due to the evaporation 

of water molecules trapped in the nanofiber. Additionally, all scaffolds with rGO demonstrated 

a rapid weight loss in a similar temperature range. Overall, increasing the rGO content in the 

composite structure could result in a decrease in weight loss. This could be due to the better 

thermal stability of graphene-based materials which makes the rGO-containing scaffolds to 

degrade at higher temperature [206]. It should be emphasised that the major weight loss took 

place at temperatures above the biological system temperature, which implies that all these 

structures will be very stable under human body conditions. 

The flow curves over a range of shear rates before and after the addition of GO and calcium 

chloride to alginate are illustrated in Figure 3.10. The pure Na-ALG shows a shear-thinning 

behaviour. Moreover, the addition of GO apparently enhanced the viscosity of the control 

sample. After crosslinking, it can be admitted that the viscosity of the cross-linked solution 

significantly improved by two orders as a result of a strong physical crosslinking between Na-

ALG and calcium chloride, which was also reported previously [207]. It should be highlighted 

that immersion of various samples in the crosslinking solution could not be further analysed in 

terms of rheological properties. Instead, a comprehensive analysis of samples regarding 

mechanical properties had to be performed by means of a mechanical test machine which will 

be covered in the following section. 

 
Figure 3.10. Viscosity as a function of the shear rate before/after the addition of GO and crosslinker. 

As previously reported [206], an appropriate hydrophilic surface of the scaffold could give rise 

to the improvement of cellular affinity and adhesion. The apparent water contact angle on 

prepared scaffolds with different contents of GO is given in Figure 3.11(a, b). According to 

Figure 3.11 (a), the water contact angle on the surface of composite GO/Na-ALG scaffolds 

decreases with the increase of GO concentration, which corresponds to the hydroxyl groups 

and carboxylic groups on the GO surface. For instance, the contact angle reached its minimum 

value of 30.9 ± 5.7° in GO/Na-ALG5 scaffold which has the highest GO content. As a result, 

the control samples with no GO have been improved in terms of surface morphology and 

wettability for better cell adhesion and proliferation. Thus, in agreement with previous works, 
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the addition of GO could enable the interactions with biological molecules owing to its proper 

hydrophilicity [84]. In the case of rGO/Na-ALG scaffolds, as indicated in Figure 3.11 (b), 

reduction of samples impacted the wettability of the composite scaffolds where the 

hydrophilicity decreases with the increment of rGO concentration (from 91.07 ± 2.6° to 110.24 

± 18.4°). This effect could be attributed to the surface nanostructure of rGO layers [139]. 

Hence, the hydrophilicity of the prepared rGO-based composite is still in a safe range for cell 

culture purposes. Comparing the hydrophilicity of scaffolds before and after reduction, it can 

be seen that scaffolds had a significant increase in contact angle after reduction of GO due to 

the removal of some oxygenated groups during the reduction process. 

 
Figure 3.11. Water contact angle measurements of (a) GO and (b) rGO-based scaffolds, swelling behaviour of 

(c) GO/Na-ALG and (d) rGO/Na-ALG scaffolds against time. 

As an efficient biomaterial in tissue engineering, once the scaffolds are placed in culture media, 

they should swell and maintain the body fluid in their 3D network. Figure 3.11 (c, d) indicate 

the water absorption capability of 3D GO/Na-ALG and rGO/Na-ALG scaffolds at 37 °C at 

various time intervals. In the case of GO/Na-ALG scaffolds, incorporation of GO considerably 

increase the water uptake ability of Na-ALG from 5 up to 42 when mixed with 5 mg mL−1 of 

GO. This could be due to the hydrophilicity of GO nanosheets. On the other hand, reduction of 

GO/Na-ALG caused the swelling ratio of rGO/Na-ALG scaffolds to decline when GO 

concentration increases, which is ascribed to removing some of the oxygen-containing groups 

during gelatin and thermal treatment. The swelling index of the rGO composites found to be 

varied from 15 to 44, depending on the GO content. Also, crosslinking time is inversely 

associated with a swelling ratio of fabricated scaffolds, as expected. Moreover, all fabricated 
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composite scaffolds could clearly swell to equilibrium without dissolving, which is a critical 

feature for cell culture purposes. To sum up, the swelling behaviour of the prepared scaffolds 

could be controlled by the incorporation of graphene and reduction process. 

3.4.4 Electrical and mechanical properties of fabricated composite scaffolds 

The characterization for electrical properties presented in a recent study by Shin et al. is adopted 

in the following electrical impedance measurement [208]. Figure 3.12 (a), in which the EIS 

curve is illustrated, compares the conductivity of prepared samples over a frequency range. The 

control sample containing Na-ALG showed the highest electrical impedance value over the 

frequency range with a maximum value of ∼18 kΩ. Meanwhile, the addition of 0.5 mg mL−1 

of GO could significantly decrease the impedance by half. Also, there is a significant drop in 

impedance value from 17.6 kΩ of pure Na-ALG to 6.2 kΩ of rGO/Na-ALG3. The impedance 

measurements were noticeably lower for samples after the reduction process due to the 

excellent conductivity of graphene sheets. Moreover, as the concentration of GO increased in 

the composite scaffolds, the conductivity is further increased which is expected and consistent 

with previous studies [208]. However, there is a certain limit for the addition of GO sheets 

depending on their dispersion in the alginate matrix to develop the electrical conductivity. This 

fact has been similarly revealed in previous research works, stating that there exists a crucial 

concentration of GO, known as percolation threshold, which is a deciding factor in maintaining 

the balance between GO nanosheets and GO-matrix interactions to improve the electrical 

conductivity [209]. 

 
Figure 3.12. (a) A comparison of the impedance magnitudes of conductive rGO/Na-ALG scaffolds, (b) impedance 

vs. GO concentration of scaffolds at the frequency of 10 Hz, and (c) the CV curves obtained for rGO-based 

scaffolds containing 0 to 5 mg mL−1 of GO. 
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In order to explore the effect of GO concentration on electrochemical properties of scaffolds, 

the impedance values were plotted at a constant frequency of 10 Hz and presented in Figure 

3.12 (b). This figure illustrates that the increment of GO content from 0.5 to 3 mg mL−1 in the 

nanocomposite scaffolds led to a major increase in conductivity, which could be helpful in 

signal propagation and electrical coupling between neural cells and the scaffold within injured 

nerve tissue. On the other hand, the addition of more GO content abruptly decreased the 

impedance value to 3.14×10−4 kΩ for GO/Na-ALG5 scaffold. At this condition, the 

agglomeration and formation of resistant path in the structure can probably result in an 

overestimated impedance value [210]. 

The electrochemical properties of fabricated conductive scaffolds in PBS buffer are indicated 

in Figure 3.12 (c) by cyclic voltammetry curves. It can be seen that the current is delivered 

mainly through charging/discharging the interfacial double layer. Additionally, the current 

densities associated with the rGO scaffolds are evidently higher than that of the control scaffold 

which is indicative of higher double-layer capacitance due to a larger specific surface area. 

Therefore, the incorporation of graphene in the matrix could cause a stronger charge injection 

ability which is an effectual factor for neural stimulation [142]. 

From the mechanical point of view, every scaffold in tissue engineering must have proper 

mechanical characteristics, according to biomechanical properties of the targeted tissue, not 

only to support tissue regeneration but also, to maintain satisfactory integrity at the site of 

implantation during cell growth. The mechanical properties of the samples were investigated 

to first study the influence of the reduction process and different biomaterials used on the 

compressive modulus of the microfabricated scaffolds and secondly assess the exact match 

with the mechanical strength of the spinal cord. The typical compressive stress–strain curves 

of the prepared scaffolds with different GO weight ratios are displayed in Figure 3.13 (a, c) 

and the compressive modulus was determined as the slope of the linear region of the curve. 

From the stress–strain curves, it can be observed that the stress of all prepared scaffolds has a 

sharp increase which is due to the solidification of hydrated porous samples exposed to a strong 

compressive force [211]. Thus, the calculated compressive modulus values at 10% strain before 

the porous structure is damaged are plotted in Figure 3.13 (b, d). It can be concluded that the 

addition of GO and increased crosslinking time enhance the mechanical performance of the 

scaffold. It is worth noting that, the compressive modulus of scaffold crosslinked for 3 h (0.873 

kPa) had a negligible improvement compared to that of crosslinked for 1 h (0.850 kPa). The 

composites containing 1 mg mL−1 of GO, both before and after reduction, showed the highest 

mechanical improvement compared to other samples. This result is consistent with other 

studies utilizing graphene-based nanocomposites with optimum GO content of 1 mg mL−1 

[212]. Also, the measurements confirmed that compressive strength decline to increase for GO 

at higher concentrations because of agglomeration. This deterioration of compressive modulus 

could be attributed to the defects or aggregation of GO during the fabrication procedure. This 

has been similarly reported in a recent study by Abzan et al., which concluded that enhanced 

elastic modulus of graphene-based scaffolds is greatly depended on the dispersion of GO 

nanosheets in the composite matrix [213].  

Our results reveal that the mechanical characteristics of GO/Na-ALG and rGO/Na-ALG 

scaffolds can be adjusted by controlling the GO concentration or graphene/alginate ratio. In 

addition, the nervous system tissue has a unique mechanical characteristic that meaningfully 

affects neural cell behaviour and tissue regeneration. It has been reported that the elastic 
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modulus of the spinal cord varies from approximately 3–300 kPa [214, 215]. This indicates 

that the mechanical property of fabricated scaffolds matches up with the native tissue which is 

needed to support neuron growth. Although the mechanical stiffness of high molecular weight 

pure Na-ALG-based porous scaffold is adequate to match the neuron microenvironment, the 

incorporation of GO has brought excellent biological, chemical and physical features to the 

composite scaffold while keeping the elasticity in the proper range for neural tissue 

engineering. Furthermore, the scaffold strength could be significantly reduced due to the 

hydrated condition of measurements as a large amount of water deteriorates the structure's 

resistance to external force [216].  

 
Figure 3.13. Stress–strain curves of (a) GO/Na-ALG and (c) rGO/Na-ALG scaffolds, and the corresponding 

compressive modulus of (b) GO/Na-ALG and (d) rGO/Na-ALG scaffolds prepared from different blending ratio. 

Overall, aggregation was observed in higher concentrations of GO, more than 3 mg mL−1, for 

GO/Na-ALG and rGO/Na-ALG composites in which the graphene sheets were not able to fully 

exfoliate in the matrix. It has been observed from previous studies that the extent of 

improvement upon addition of GO mainly depends on the level of dispersion of graphene 

sheets in the matrix. Thus, the concentration of GO in the plating solution can play a significant 

role in generating homogeneous distribution of graphene sheets in the composite. Also, a 

certain concentration of GO leads to a stable dispersion owing to the van der Waals interaction 

of monolayers. On the other hand, an excessive amount of GO could undesirably affect the 

composite properties because of graphene sheets agglomeration causes a dramatic reduction in 

the suitable ratio of the reinforcement. A proper concentration of GO in the composite material 

is expected to decrease the tendency of flakes to restack and develop the permeability [217, 

218]. 
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Table 3.2. Comparing the previous relevant composite scaffolds for neural tissue engineering with the fabricated 

scaffolds in the current study. 

Material Interconnected 

porous structure 

Conductive Matched 

mechanical 

properties with 

the targeted 

tissue 

Ref 

Chitosan/gelatin/hyaluronic 

acid/heparan sulfate 
  N/A [219] 

Collagen/chondroitin 

sulphate 
  N/A [220] 

Polypyrrole (PPy) doped by 

butane sulfonic acid 
  N/A [221] 

PVV/PANi    [222] 

PLGA/PEG   N/A [223] 

PANi/PEGDA   N/A [224] 

PPY and PDLLA   N/A [225] 

PCL/PANI and PLGA/PANI   N/A [226] 

GO/Na-ALG and rGO/Na-

ALG 
   

Current 

Study 

In general, interconnected porous structure, matched mechanical strength with neural tissue 

and electrical conductivity of bioscaffolds make them more suitable for neural tissue 

engineering applications [227]. Table 3.2 summarizes properties of the most relevant 

composite scaffolds in neural tissue engineering as well as the graphene-based hybrid scaffold 

presented in this study. There are a number of studies that uses conductive polymers for the 

fabrication of neural constructs. However, poor interaction with cells and biodegradability are 

some of the key challenges associated with using conductive polymer-based scaffolds [228]. In 

addition, the mechanical strength of the fabricated scaffold should match the nervous system 

tissue that is going to be engineered. This can greatly impact cell fate, nerve regeneration, and 

transplantation outcome. Therefore, the prepared graphene-based scaffold reported here, which 

can be rendered to a conductive platform for electrical stimulation purposes, with integrated 

porous structure and matched mechanical strength to the spinal cord opens possibilities for 

further biological experiments. 

3.5 Chapter Summary 

In chapter 3, the fabrication and characterization of composite sponge scaffolds composed of 

Na-ALG and GO are described. The fabrication process uses solution mixing, freeze-drying 

and crosslinking which results in an improved, simple, eco-friendly, high yield strength and 

integrity 3D scaffold structure with desirable pore sizes greater than 50 μm needed for neuron 

cell culture. The experimental results showed that although the composite scaffold has water 

uptake ability, the integral composite scaffold can float on the liquid surface. Results showed 

that prepared scaffold properties depend on several key parameters such as scaffold materials, 

concentration of composite ratio, crosslinking condition, and GO concentration which can be 

tuned to achieve the best characteristics needed from an application point of view. In addition, 

the incorporation of GO improved the hydrophilicity of 3D composite scaffolds in which the 
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water contact angle was decreased from 64.8° to 30.9° when the concentration of GO was 

increased from 0 to 5 mg mL-1, respectively. 

Furthermore, electrical measurements have shown that when GO content in the composite 

structure increased, the conductivity of the prepared rGO/Na-ALG scaffolds significantly 

increased during the reduction process, which can be helpful in signal propagation for electrical 

stimulation purposes. Also, the compressive modulus of the scaffolds has improved to more 

than 100 kPa after the addition of 1 mg mL-1 of GO. This reported value of compressive 

modulus is in the reported range of mechanical strength of human neural tissue. Further, the 

crosslinking time can be used to tune the mechanical strength and water adsorption capacity of 

scaffolds according to the engineered tissue requirements. Overall, the introduction of 

graphene, apart from physical, electrical and chemical properties improvements, provides 

favourable properties for neural tissue engineering. These results suggest that the obtained 

porous scaffold could serve as a suitable matrix to support cellular responses for the three-

dimensional culture of neural cell types. Investigation of the detailed study of biological 

reactions of the fabricated scaffolds is the next important subject which will be covered in the 

next chapter to confirm the effective capability of the scaffolds in neural induction. 
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CHAPTER 4: IN VITRO BIOLOGICAL EVALUATION OF 

FABRICATED GRAPHENE-BASED SCAFFOLDS 

4.1 Abstract 

The primary goal of neural tissue engineering is to produce CNS/PNS tissue substitutes using 

a biocompatible matrix for the development of neural cells. Scaffolds should have suitable 

biocompatibility with minimum toxic effects on seeding cells and ultimately forming tissue. It 

is believed that minor changes in biomaterials composition, internal porous structure, and 

mechanical strength of 3D scaffolds can impact cellular behaviour such as migration, growth, 

and adhesion. 3D GO/Na-ALG scaffolds have been found to have the capability of neural cell 

infiltration and culture. Besides, in vitro biodegradation study reveals that the addition of GO 

enhanced degradation rate of the composite GO/Na-ALG and RGO/Na-ALG scaffolds, 

suggesting that as GO concertation increases weight loss increases as a result of the increase in 

hydrophilicity. The aim is to investigate in vitro biological effects of graphene-based 3D 

scaffolds on dental pulp stem cells (DPSCs) in terms of proliferation, cell viability, and 

cytotoxicity. The AB assay showed that DPSCs viability cultured onto Na-ALG and GO/Na-

ALG scaffolds was higher than that of 2D controls. This can clearly express the desirable initial 

cell adhesion to the scaffolds’ surface followed by cell spreading through pores. Besides, the 

LDH release measurements confirmed that DPSCs toxicity on the GO/Na-ALG and RGO/Na-

ALG scaffolds was comparable to that obtained on the 2D surface in the absence of the 

biomaterial. Regarding coating materials, PLL was the most robust reagent that improved cell-

matrix adherence and affected metabolism activity of DPSCs, being superior to combined 

PLL+LAM coating. The incorporation of graphene into the composite scaffold did not elicit 

significant cytotoxic effects after 2 days of DPSCs culture and supported higher DPSCs 

viability and function. In particular, the GO-enriched scaffolds exhibited cytotoxicity of 15–

27% during 48h of culture, suggesting that these materials are biocompatible with DPSCs 

which is ascribed to unique surface chemistry, good mechanical properties, high surface area, 

and excellent physicochemical properties of graphene-based nanomaterials. The cytotoxicity 

of GO/Na-ALG and RGO/Na-ALG scaffolds in serum-rich media is increased comparing to 

the serum-free condition which can be explained by the good capability of graphene-based 

materials to adsorb serum proteins. The findings from the current study suggest that proposed 

composite 3D graphene-based scaffolds had a favourable effect on the biological responses of 

DPSCs. 

4.2 Introduction 

In general, biocompatibility can be widely defined as the appropriate biological response of 

material without the likelihood of introducing toxic contaminants to the living system. This 

appropriateness may differ from the specifications of one application to another. Therefore, 

one material can be biocompatible in general or for a particular application but may cause 

adverse effects or systematic toxicity if not designed in accordance with the characteristics of 

the targeted application [229]. Hence, the assessment of biological effects of a material in terms 

of in vitro cytotoxicity and bioactivity is crucial to identify suitable candidates for biomedical 

applications and clinical trials [230, 231]. Ideal biocompatible materials require a functional 

integration with the host tissue with no inflammatory reaction to trigger a number of biological 
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responses. For instance, a failure to match the elastic moduli between biomaterials and the 

targeted tissue has created a barrier in full integration to create functional tissues [229]. In 

particular to neurology demands, the safety of designed biomaterial to expose brain cells and 

neuronal circuits is the primary consideration for diverse neurological therapeutic approaches. 

Another important consideration of designing tissue engineering scaffold is the 

biodegradability of scaffold biomaterials which highly influences the structural stability,  

cellular behaviour and tissue formation [232]. Besides, the biomaterials degradability should 

match the tissue regeneration and be in line with the mechanical properties of the scaffold. 

Controlled and gradual biodegradability of scaffold ensures proper regeneration of the tissue.  

The degradation and resorption kinetics of the scaffold depend on scaffold composition, 

structure of materials, porosity geometry, and hydrophilicity [233-235]. Since the initial 

discovery of graphene, a question that needs significant attention is the biodegradability and 

biodistribution of graphene-based materials. While graphene attracted researchers’ attention as 

a novel biomaterial for tissue engineering applications, it is highly important to elucidate 

graphene-based scaffold biodegradation behaviour [175]. 

4.3 Biocompatibility/Toxicology of Graphene-based Materials 

Owing to the unique surface chemistry of graphene-based nanomaterials, it has been 

demonstrated that graphene-based surfaces can encourage protein adhesion, cell anchorage, 

migration and proliferation which resulted in the development of tissue engineering scaffolds 

[152, 236, 237]. While graphene derivatives seem to offer numerous advantages with potential 

use in commercial biomedical applications, thorough analysis to evaluate their interactions 

with biological systems should not be neglected. Besides, the assessment of in vitro 

cytotoxicity is the fundamental stage towards in vivo studies. In transition of cell culture system 

from 2D to 3D cultures, cellular responses including cell toxicity, cell-type specific function 

and gene expression are more challenging than traditional cell culture. The success of tissue 

engineering products highly depends on the biological response of the scaffold which is 

impressed by cell adhesion, cell viability and material biocompatibility. Suitable 

biocompatibility of graphene-based scaffolds encourages their further utilization for 3D tissue 

engineering [132, 238, 239].  Consequently, various studies have reported the toxicity of 

graphene family nanomaterials on various cell lines and animal models including stem cells 

[240, 241], HeLa cells [242, 243], HepG2 cells [244, 245], rats [246], mice [247] and etc. 

Contradictions in the biocompatibility profile of graphene-based nanomaterials can be mainly 

attributed to the different physicochemical properties of the material used. Accordingly, two 

materials with the same name of “graphene” might be completely different in terms of lateral 

dimensions, thickness, degree of oxidation, and formulations which significantly results in 

different toxicity responses [248, 249]. Thus, the importance of the extent of biodistribution 

and safety of prepared graphene-based materials should be highlighted for their utilizations in 

tissue engineering applications. The studies on biocompatibility assessment of graphene family 

nanomaterials revealed that the toxicological profile, accumulation and biodegradation highly 

depends on several parameters including physiochemical properties (shape, size, concentration, 

oxidative state, surface chemistry, degree of dispersion), routes of administration, purity, 

synthesis technique, exposure dose, and cell type [250-253]. These complex factors may cause 

different cellular responses which are key determinant factors in the fate of biomaterials. 

However, these properties could be altered by further functionalization or adsorption of 

https://onlinelibrary.wiley.com/doi/10.1002/adhm.201901358#adhm201901358-sec-0020-title
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proteins/biomolecules which ultimately influence the biological performance of the material 

[254]. Moreover, Yuan et al. studied the potential cytocompatibility of graphene oxide in vitro 

[255]. Human hepatoma cells treated with 1 µg/mL of GO expressed 6% mitochondrial 

damage, 8% increase in generation of Reactive Oxygen Species (ROS) and no significant cell 

apoptosis. The moderate protein level variations for cells cultured with GO suggested that GO 

could be promisingly utilized in biomedical applications. Another study investigated the neural 

cell behaviour of 3D bioscaffold based on rGO and porcine acellular dermal matrix (PADM). 

Addition of graphene has improved the mechanical strength and conductivity of the scaffold 

which can be highly beneficial in neural tissue engineering. In addition, excellent electrical 

properties of rGO can promote the charge transport and maturation of neural cells. The 

prepared scaffold exhibited excellent biocompatibility and enhanced neurite sprouting and 

outgrowth [256]. In this regard, recent studies have been compiled to discuss and compare 

toxicological aspects of different graphene-based materials using various viability assays in 

tissue engineering applications. 
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Table 4.1 summarises the toxicity assessment of graphene-based materials at various 

experimental conditions.  

In a study by Zhang et al., cytotoxic impacts of graphene with various concentration and 

SWCNTs was evaluated on PC12 cells. LDH and MTT assays showed no cell death for 

graphene with concentration of 0.01–10 µg/mL and almost 15–20% cell death was measured 

at 100 µg/mL [257]. However, SWCNTs at 100 µg/mL caused more than 70% cell death. The 

resultant cytotoxic effects and apoptosis of graphene at higher concentrations was ascribed to 

agglomeration and generation of reactive oxygen species. Besides, Vallabani et al. examined 

the interactions of graphene oxide at a concentration range of 10–100 µg/mL with human lung 

cells [258]. After 24 and 48 hours of cell culture, a significant concentration-dependent increase 

in cell toxicity was observed. In another study, Mbeh et al. investigated the cytotoxicity of 

graphene oxide nanoribbons functionalized by albumin [259]. Although more than 85% cell 

viability was observed for the functionalized graphene oxide nanoribbons with concentrations 

less than 50 μg/mL, the higher concentration (100 µg/mL) inhibited cell proliferation which 

resulted in cell apoptosis. In another similar study by Akhavan et al., cell cytotoxicity was 

measured for reduced graphene oxide nanoribbons (rGONRs) and reduced graphene oxide 

sheets (rGOSs) [260]. Accordingly, significant cell toxicity upon human MSCs was noticed for 

10 µg/mL of rGONRs after only one hour of cell culture, whereas the same toxicity was 

observed for 100 µg/mL of rGOSs after 96 hours exposure. The toxicity of rGONRs was 

induced by cell membrane damage and DNA fragmentation, even after short culturing time of 

1 h. Moreover, the generation of oxidative stress was considered as the main reason for the 

cytotoxic effects of the rGOSs. Therefore, it was demonstrated that the shape of graphene-

based materials as well as the concentration are playing an extremely critical role in their 

interaction fate with stem cells and biological systems. Talukdar et al. has also studied the 

MSCs cytocompatibility and differentiation upon exposure to different morphologies of 

graphene nanomaterials including GONRs, graphene oxide nanoplatelets (GONPs) and 

graphene nanoonions (GNOs) [261]. Cytotoxicity effects for different concentrations from 5 

to 300 μg/mL were assessed up to 72 hours using Alamar Blue and Calcein AM viability 

assays. The results confirmed that various 2D graphene materials at concentrations of more 

than 50 µg/mL could not be potentially safe doses for labelling of MSCs.
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Table 4.1. Cytocompatibility of graphene-based materials. 

Material Synthesis 

method 

Concentration Assay Cell line Remarks Ref 

3D rGO-collagen Modified 

Hummers’ 

method followed 

by reduction 

with ascorbic 

acid 

1mg LIVE/DEAD Rat BMSCs 

 Up-regulation of Nestin, Tuj1 

and MAP2 protein and gene 

expression 

 Promoted neurite sprouting and 

outgrowth 

[256] 

Graphene, 

SWCNT 

Radio 

Frequency 

catalytic CVD 

0.01–100 

µg/mL 

MTT, LDH, 

ROS, Caspase3/7 
PC-12 

 Dose- and shape-dependent 

cytotoxicity for graphene and 

SWCNT 

[257] 

GO Modified 

Hummers’ 

method 
10-100 µg/mL MTT, caspase-3 H-SY5Y cell 

 No obvious cytotoxicity at low 

concentration (<80 μg mL−1) 

 Dose- and time-dependent cell 

viability at higher 

concentrations 

[262] 

GO Purchased from 

China 0.02 and 0.1 

mg/mL 
CCK‐8 MSCs 

 Proliferation and osteogenic 

differentiation showed 

concentration‐dependent 

behaviour 

[263] 

GO Hummers’ 

method 1, 5, and 

10 µg/mL 
MTT, LIVE/DEAD NSCs 

 GO-NPs at concentrations 

below 5 µg mL−1 are generally 

biocompatible with hfNSCs 

[264] 

rGO Modified 

Hummers’ 

method, 

Reduction by 

hydrazine 

100, 10, 1.0, 

0.1 or 0.01 

μg/mL 

Fluorescein 

diacetate (FDA) 
MSCs 

 The interaction of graphene 

sheets with stem cells depends 

on the lateral size of the sheets. 

[265] 



Page 54 
 

PEG-GO Modified 

Hummers 

method 
10–100 μg/mL CCK-8 

human lymphoma 

cells 

 Excellent dispersion in 

biological solutions and the low 

toxicity with lymphoma cells 

[266] 

GO Modified 

Hummer method 10, 25, 50, 100 

and 200 μg/mL 
CCK-8 A549 cell line 

 GO can cause dose-dependent 

oxidative stress in cell and 

induce a slight loss of cell 

viability at high concentration. 

[267] 

Graphene 

incorporated 

Polycaprolactone 

Purchased from 

Sigma Aldrich 

(powder, 15-20 

sheets, 4-10% 

edge-oxidized) 

0.1% and 0.5% 

(w/w) GO 

Live/dead, WST-1 

assay 

Murine 

preosteoblast cell 

line (OB6) 

 Scaffolds possessed good 

bioactivity, and graphene oxide 

increased the cell attachment 

and differentiation 

[268] 

GO/alginate Purchased from 

Graphene 

Supermarket 

NY, USA 

(solution, 6 mg 

mL−1)  

0, 0.05, 0.25, 

0.5, and 1.0 

mg mL−1 

LIVE/DEAD, 

Alkaline 

phosphatase (ALP) 

hMSCs 

 High cell viability of MSCs 

printed with alginate/GO 

scaffolds 

[269] 

3DG Foam CVD 

N/A MTT assay Mouse NSCs 

 Enhanced NSC attachment and 

proliferation  

 Enhanced differentiation to 

astrocytes 

[270] 

3DGONR Unzipping of 

CNTs 

N/A 
LDH Assay, 

LIVE/DEAD 

Human adipose-

derived stem cells 

(ADSCs) And 

murine MC3T3 

preosteoblast cells 

 Good cell viability 

(comparable to PLGA controls) 

[144] 
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Another study by Wojtoniszak et al. reported the effects of GO and rGO dispersions (at 3.12–

100 µg/mL) with various surfactants (such as PEG, Pluronic P123 and DOC) on the 

cytocompatibility of fibroblast cells [271]. The results from WST-1 assay proved that toxicity 

level highly depends on the surfactant and treatment concentrations in which GO and rGO at 

concentrations between 3.125–12.5 µg/mL showed suitable cell viability. In addition, Lv et al. 

acknowledged that GO showed no significant cytotoxicity or cell apoptosis at concentrations 

of 80 μg/mL or below for 96 h [262]. However, cell viability of human neuroblastoma cell 

lines decreased at higher concentrations. Remarkably, GO increased the differentiation rate of 

SH-SY5Y cells as well as neurite length which can be applied for the treatment of 

neurodegenerative diseases. Overall, all of these studies indicated a dose-dependent cell 

viability trend that highly depends on the morphology of the graphene-based nanomaterial. 

Another important parameter which could decisively affect the cytotoxicity of graphene 

nanoparticles is lateral size dimensions. For instance, Akhavan et al. have studied human 

mesenchymal stem cells viability on rGO nanoplatelets in different sizes including 114 nm, 

9137 nm and 41856 nm [265]. The cytotoxic effects of rGO nanoplatelets were measured 

with FDA, ROS and Comet assays. It was found that rGONPs with a concentration of 100 

µg/mL and size of 114 nm had the lowest cell viability (<5%). While almost 20% cell death 

was observed for the GO sample with the largest lateral size dimensions of 3.80.4 µm. In 

another study, Chang et al. analysed cytotoxic effects of GO in three different sizes including 

160±90 nm, 430300 nm and 780410 nm on human lung cells (A549) using CCK-8 assay 

[267]. After 3 days of cell culture, it was observed that GO sheets with the lowest size had 

higher cytotoxicity compared with GO sheets with size of 780410 nm. On the other hand, the 

highest amount of ROS generation was recorded for GO sheets of size 780410 nm compared 

to other dimensions. Thus, it was concluded that cell viability, as well as ROS generation, are 

potentially dependent of graphene sheet size. In addition, graphene oxide nanoribbons 

(GONRs) were examined in a study by Dasgupta et al. in terms of cytotoxicity of breast cancer 

cells (MCF-7) as well as human lung cells (A549) [272]. Various sonication times have been 

performed on the GONRs to modify the nanoparticles size. It was indicated that probe 

sonication disrupted nanoribbons structure following the creation of carbonaceous debris, 

which could be the reason for the cytotoxic effect. Thus, it was reported size‐dependent effects 

on cytocompatibility. In another similar study by Yue et al., the cell viability of six different 

cell lines on 350nm and 2 µm GO sheets were analysed after 2 days of incubation [273]. It was 

shown that cellular behaviour and inflammatory response is highly dependent on lateral 

dimensions of GO, in which the micron-sized GO caused a stronger inflammatory response 

and cytokines release. Additionally, the authors claimed that the removal of manganese, which 

was used during synthesis of GO, directly affected cell viability. Thus, purification steps and 

chemicals used during GO synthesis can significantly impact cellular responses. Another 

example of contamination from processing and synthesis methods is the reduction routes for 

producing rGO-based samples. For instance, hydrazine has been utilized for the reduction of 

GO by many researchers, but it was found that hydrazine and its residues are highly toxic to 

cells and carcinogenic [274, 275]. Therefore, alternative reducing agents must be employed in 

biomedical applications without introducing toxic contaminants to biological components. 

Generally, highly toxic chemical compounds involved in the production of graphene-based 

materials should be replaced with benign alternatives to prevent their highly negative impacts 

on the biological response. If substitution is not possible, a complete washing and purification 
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process of the final graphene-based materials is required to guarantee the removal of the toxic 

trace of residues [249, 276]. 

Cytocompatibility of graphene nanomaterials could be dependent on cell type. For instance, 

Mullick-Chowdhury et al. measured the level of toxicity of graphene oxide nanoribbons 

(GONRs), synthesized from CNTs, on four different cell lines (including mouse fibroblast cells 

(NIH-3T3), Henrietta Lacks cells (HeLa) derived from cervical cancer tissue, Michigan cancer 

foundation-7 breast cancer cells (MCF7), and Sloan Kettering breast cancer cells (SKBR3)) 

within 24–72 h using various assays [277]. It was shown that all cells showed dose-dependent 

cell toxicity. However, the degree of cell viability differed significantly across different cell 

lines in which higher cell viability was observed in MCF7 or SKBR3 cells (78–100%) 

compared to HeLa cells (5-25%). HeLa cells exposed to a low concentration of GONRs 

(10 μg/mL) showed a significant cell death. However, these results indicated a totally different 

cytotoxicity profile compared to GONRs produced by the modified Hummer's method.  

The cell viability assay protocol is another significant factor in producing accurate and reliable 

results about the cytotoxic effects of the studied materials. In addition, the viability assessment 

protocol is crucial in obtaining relevant predictions about in vivo adverse effects of materials 

[278-280]. The common cytotoxic assays as listed in 
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Table 4.1 include MTT, WST and LDH assays. It is reported that measuring the toxicity of 

graphene-based nanomaterials using colourimetric assays is challenging. For instance, several 

studies have shown that GO and carbon nanotubes have possible interference with MTT 

reagent which make it not a good assay for graphene-based materials. The reactivity of GO 

may cause inconsistent optical density, untrue cytotoxic effects and large errors in final 

outcomes [281-283]. 

Overall, before employing graphene-based products in any biomedical application, the 

potential mechanism of cytotoxicity induced by the proposed graphene-based materials should 

be investigated comprehensively to develop desirable scaffolds for clinical studies. More 

importantly, feasible toxicity assays must be selected concerning the 3D culture system and 

biomaterials specifications. 

4.4 Materials and Methods 

4.4.1 Materials 

Sodium alginate (Na-ALG) and Calcium chloride dried was purchased from Chem-Supply. 

Alpha-MEM (Gibco, Life Technologies, Australia, Cat. No. 12561056) was supplemented 

with fetal bovine serum (FBS, USA origin, Life Technologies, Australia), penicillin 

/streptomycin (Gibco), L-ascorbic acid-2-phosphate (Sigma-Aldrich), and 100X L-Glutamine 

(Life Technologies, Australia). Natural mouse Laminin (Gibco-Life Technologies) and 0.01% 

Poly-l-lysine (PLL) solution (Sigma) were used as coating reagents. Trypsin-EDTA was 

supplied by Gibco Life Technologies, Australia. Clear-bottom 24-well and 96-well 

plates (Costar®, Corning, NY, USA) used throughout the study. The cytotoxicity assay was 

performed following the manufacturer’s protocol using LDH kit from Promega Corporation 

(WI, USA). The AlamarBlueTM cell viability reagent was supplied by Invitrogen–

ThermoFisher Scientific, USA. 

4.4.2 In vitro Biodegradation Study  

The In vitro biodegradation study aims to investigate the biodegradation rate of prepared 

scaffolds [284]. Briefly, each scaffold (n=3) with known weight (W0) was incubated at 37°C 

in alpha-MEM culture media containing 1% (v/v) penicillin/streptomycin to prevent bacterial 

growth. At specific time points, scaffolds were rinsed with ddH2O. Then, samples were dried 

under vacuum and weighed (W1). The extent of biodegradation was calculated using the 

following formula.  

In vitro Biodegradation (%) =
𝑊0−𝑊1

𝑊0
× 100 

4.4.3 Cell Culture 

Before cell seeding, the scaffolds were sterilized with 80% ethanol for 24 hours, then allowed 

to dry overnight and washed two times with DPBS. One ECM protein named as laminin (LAM) 

and one poly-amino acid named as poly-l-lysine (PLL) were used to coat the wells and 

scaffolds before cell seeding. In brief, scaffolds were incubated at room temperature in PLL 

(10 g/mL) overnight followed by incubation at 37 C in LAM solution (10 g/mL) overnight. 
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Non-coated (NC) scaffolds, which were wetted but not incubated with any coating material, 

served as control. 

The donor DPSCs were cultured in Alpha modification of Eagle's medium (α-MEM) 

supplemented with 10% fetal bovine serum (FBS), 0.5% penicillin/streptomycin, 100 μM L-

ascorbic acid 2-phosphate, and 2 mM L-glutamine at 37 °C in 5% CO2 humidified atmosphere. 

The cells reaching 80–90% confluency was harvested using 0.05% (w/v) 

trypsin/ethylenediaminetetraacetic acid solution and seeded onto scaffolds in 24-well culture 

plates. Five cell densities were analysed in triplicate: 1, 2, 4, 8, and 16 × 104 cells per 

scaffold/well. The scaffolds were incubated for 3 hours to allow diffusion of cells through the 

network of pores before adding culture media (550 L/well). Wells with no scaffolds were 

used as 2D control samples.  

4.4.4 Flow Cytometry 

After 24 hours of cell seeding, cells were detached from the scaffolds using 0.05% w/v trypsin-

EDTA solution for 10min. During this time, scaffolds were shaking gently at 37 C to get 

complete cell detachment from pores. Then, the suspended cells were centrifuged (300 rpm, 5 

min) and the supernatant was discarded followed by addition of 300 L of DPBS per reaction 

tube. Next, 5 μL of 7-aminoactinomycin D (7-AAD) per 100 μL of cells was added and mixed 

well and the test was conducted via a flow cytometer. 

In order to perform H191 staining, after cells were detached from scaffolds and centrifuged 

(300 rpm, 5 min), the supernatant was discarded followed by adding 300 L of blocking 

solution and incubating in the ice for 20 min. After 20mins, centrifugation was repeated for 

another 5 min at 300 rpm followed by discarding the supernatant. Then, 50 L of primary 

antibody was added and incubated in ice for 45 min. Afterwards, in order to remove antibodies, 

the cells were mixed well with 500 L of 5% FBS solution (in DPBS), and precipitated by 

centrifugation (300 rpm, 5 min), and the supernatant was discarded. 400 L of DPBS and FBS 

was again added to reaction tubes, followed by addition of 1 L of secondary antibody (1:400), 

and incubated in the ice. After 15 min, the cells were centrifuged (300 rpm, 5 min), and the 

supernatant was removed, and 300 L of DPBS was added to each tube. In order to perform 

the test, 15 μL of 7-AAD was added to each tube. After the fluorescent dye was incubated for 

five minutes on ice, the cells in each sample were measured using a flow cytometer. Then, 

FlowJo software was used for further data analysis. 

4.4.5 Alamar Blue (AB) Assay 

The Alamar Blue (AB) assay was used to quantitively measure the metabolic activity of living 

cells on the scaffolds by detecting the oxidation-reduction rate of AB reagent [285]. The effects 

of cell seeding density, coating condition and utilization of 3D porous scaffolds on the viability 

of DPSCs were evaluated. Briefly, after 24 and 48 hours of cell seeding on scaffolds, 1 mL of 

10% Alamar Blue (AB) solution was added to each well. The plates were shaken gently (200 

rpm) for 5 min and incubated for 4h at 37 C with 5% CO2. After incubation, 100 μL of each 

sample was transferred to a 96-well plate and the fluorescence intensity was recorded at the 

excitation wavelength of 540 nm and emission wavelength of 600 nm using a 

spectrophotometer. Scaffolds without cells were used as negative control and the fluorescence 
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intensity values were subtracted as blank. The experiment was performed two times in 

triplicates. 

4.4.6 Lactate Dehydrogenase (LDH) Assay 

To evaluate the cytotoxic effects of the scaffolds, DPSCs were cultured on the scaffolds for up 

to two days under proliferation conditions, and the level of toxicity was measured by lactate 

dehydrogenase (LDH) kit according to manufacturer’s instructions in which the number of 

viable cells is investigated by quantitatively measuring cytosolic lactate dehydrogenase 

enzyme leakage into the culture medium as a result of cell membrane damage [144]. Briefly, 

50 L of cell culture media was collected from 24-well plates after 24 and 48h and transferred 

into a fresh 96-well plate. After that, 50 L of LDH assay mixture was added to each well and 

incubated at room temperature in dark. After 30 min, the reaction was stopped with HCl (1 N, 

10 vol %) and the absorbance values were obtained at 490 nm (GloMax® Discover Microplate 

Reader) using a 96-well plate reader. DPSCs grown without scaffolds were incubated with lysis 

solution for 45 min and used as positive controls (100% dead). The cytocompatibility 

performance of the scaffolds was analysed by comparing the absorbance of the experimental 

group and the control group. Cytotoxicity data are presented as the average of three replicates.  

4.4.7 Statistical Analysis 

Data are graphically reported as mean value and the standard error mean of at least three 

independent samples. Statistical analysis was performed by two-way analysis of variance 

(ANOVA) with a significance level of 0.05 followed by post hoc Dunnett test. The analysis 

was carried out on GraphPad Prism software. The correlation between cell viability and mean 

pore size was determined by the Spearman Rank Order Correlation test. 

4.5 Results 

4.5.1 Biodegradation Study 

The percentage of scaffolds’ weight losses was measured as the biodegradation and the results 

are presented in Figure 4.1. To evaluate the effect of GO addition on the degradation rate of 

composite scaffolds, the GO/Na-ALG and RGO/Na-ALG scaffolds containing different 

percentage of GO were analysed in a period of 3 weeks. After 3 days of the study, all graphene-

based scaffolds degraded gradually up to about 20% of their initial weight whereas Na-ALG 

scaffolds showed degradation percentage of about 31%. However, from 7th day onwards, the 

difference in the degradation rate of the composite scaffolds is clearly visible. The difference 

between all GO-based scaffolds and the Na-ALG scaffold (No-graphene control) was 

statistically significant (p < 0.0001) in 2nd, 3rd, 7th and 21st days. From in 

vitro biodegradation pattern (Figure 4.1), the mean weight loss was approximately 24.86%, 

32.42%, 23.19%, and 31.42% for GO/Na-ALG0.5, GO/Na-ALG1, RGO/Na-ALG0.5, and 

RGO/Na-ALG1 scaffolds at the end of the period, respectively. The Na-ALG scaffold 

containing no graphene showed the highest weight loss of ≈ 44.02% after 21 days. All hybrid 

scaffolds displayed a stable weight loss trend after 7 days. 
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Figure 4.1. The biodegradation rate of the Na-ALG, GO/Na-ALG0.5, GO/Na-ALG1, RGO/Na-ALG0.5 and 

RGO/Na-ALG1 scaffolds as a function of time within 3 weeks. Na-ALG scaffolds showed the quickest 

biodegradation rate comparing to all composite scaffolds. 

4.5.2 Cell Viability using Flow Cytometry 

Cell viability was assessed using flow cytometry by labelling cells with 7-AAD staining to 

determine the effects of 3D scaffolds in DPSCs viability and apoptosis. The primary challenge 

was to acquire reliable data from adherent DPSCs detached from 3D bioscaffolds. Figure 4.2 

(a-c) shows flow cytometry dot plots of cell population on the 2D surface at density 1, 3 and 5. 

The ungated cells were analysed based on their forward scatter and side scatter populations. It 

can be seen from Figure 4.2 (c) that more than 80% of DPSCs are viable when cultured on 

control 2D surface.  

Furthermore, regarding flow cytometry analysis of 3D scaffolds, the percentage of viable cells 

cultured on Na-ALG scaffolds were found as 48.84%, 51.43%, and 49.04% for cell density 1, 

3 and 5, respectively (as shown in Figure 4.3 (a-c)). However, cell viability was measured as 

48.67%, 58.15%, 29.40% for GO/Na-ALG1 scaffolds with a seeding density of 1, 3 and 5, 

respectively (Figure 4.4 (a-c)). 

 

0 1 2 3 7 21

0

10

20

30

40

50

Time (Days)

B
io

d
e

g
ra

d
a

ti
o

n
 (

%
)

Na-ALG

GO/Na-ALG0.5

GO/Na-ALG1

RGO/Na-ALG0.5

RGO/Na-ALG1



Page 61 
 

 

Figure 4.2. Representative flow cytometry plots, 7-AAD staining, of DPSCs viability on the 2D surface (No 

Scaffold) at different cell seeding densities showing forward scatter (FSC) and side scatter (SSC) profiles: 

(a)Ungated, (b) Viable cells, and (c) Single cells are shown. Percentage of viable cells are shown for each 

condition. 
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Figure 4.3. Representative flow cytometry plots, 7-AAD staining, of DPSCs viability on 3D Na-ALG Scaffolds at 

different cell seeding densities showing forward scatter (FSC) and side scatter (SSC) profiles: (a)Ungated, (b) 

Viable cells, and (c) Single cells are shown. Percentage of viable cells are shown for each condition. 

 

Figure 4.4. Representative flow cytometry plots, 7-AAD staining, of DPSCs viability on 3D GO/Na-ALG1 

Scaffolds at different cell seeding densities showing forward scatter (FSC) and side scatter (SSC) profiles: 

(a)Ungated, (b) Viable cells, and (c) Single cells are shown. 
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Regarding staining of DPSCs with H191, flow cytometry data in Figure 4.5 shows more than 

98% of cell viability for cells cultured on the 2D environment (No scaffold) at all experimented 

densities.  

 

Figure 4.5. Representative flow cytometry plots, 7-AAD and H191 staining, of DPSCs viability on the 2D surface 

(No Scaffold) at different cell seeding densities showing forward scatter (FSC) and side scatter (SSC) profiles: 

(a)Ungated, (b) Viable cells, (c) Single cells, and (d) DPSCs are shown. Percentage of viable cells are shown for 

each condition. 

Cell viability of DPSCs seeded on 3D Na-ALG and GO/Na-ALG1 scaffolds decreased 

dramatically following H191 staining as illustrated in Figure 4.6 and Figure 4.7, respectively. 

The highest percentage of viable cells was recorded at density 5 for both scaffolds. Over 86% 

of cultured cells on Na-ALG scaffolds were dead, as shown in Figure 4.6 (d). Besides, DPSCs 

on GO/Na-ALG1 scaffolds showed maximum 15.39% viability, showing a drastic reduction in 

cell viability in comparison to Figure 4.4. 
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Figure 4.6. Representative flow cytometry plots, 7-AAD and H191 staining, of DPSCs viability on 3D Na-ALG 

Scaffolds at different cell seeding densities showing forward scatter (FSC) and side scatter (SSC) profiles: 

(a)Ungated, (b) Viable cells, (c) Single cells, and (d) DPSCs are shown. Percentage of viable cells are shown for 

each condition. 

 

Figure 4.7. Representative flow cytometry plots, 7-AAD and H191 staining, of DPSCs viability on 3D GO/Na-

ALG1 Scaffolds at different cell seeding densities showing forward scatter (FSC) and side scatter (SSC) profiles: 

(a)Ungated, (b) Viable cells, (c) Single cells, and (d) DPSCs are shown. Percentage of viable cells are shown for 

each condition. 
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4.5.3 Cell Viability using AB Assay 

4.5.3.1 Comparison based on 2D vs 3D Culture System  

The viability of DPSCs grown in 2D or 3D scaffold was assessed using the AB assay. After 24 

h of cell culture (Figure 4.8), there was a significant increase in the cellular activity of Na-ALG 

and GO/Na-ALG scaffolds seeded with DPSCs comparing to DPSCs grown in the 2D 

environment at all cell densities (P <0.0001). Cells seeded directly on the surface have an 

average degree of AB reduction of 53.71.00% across all five seeding densities. It is also 

shown that cells on 3D scaffolds were more viable compared to no scaffold (2D) condition 

which implies good cell adhesion on 3D scaffolds.  

4.5.3.2 Comparison based on Cell densities 

After 24h of cell culture, both scaffolds (Na-ALG and GO/Na-ALG) supported cell viability 

across various cell densities with no negative effect on seeding efficiency (Figure 4.8). It is 

shown that AB reduction increased significantly, as an indication of metabolic activity, in Na-

ALG and GO/Na-ALG1 scaffolds at all five cell densities.  

 

Figure 4.8. 24-hour Alamar Blue reduction (%) of 2D surface (No Scaffold), Na-ALG and GO/Na-ALG1 scaffolds 

at five cell seeding densities; * indicates statistical significance (***p <0.001, ****p <0.0001). 

4.5.3.3 Comparison based on Coatings 

As DPSCs viability was not affected by seeding density conditions, density 1, 3 and 5 were 

selected to conduct 24- and 48-hour AB assay. In order to determine the effects of coating 

conditions on seeded DPSCs, three different coating conditions including NC, PLL, and 

PLL+LAM were used. The effect of cell seeding densities was impacted by various coating 

conditions within the first day of DPSCs culture. Significantly higher AB reduction percentage 

was observed for Na-ALG and GO/Na-ALG scaffolds at all three densities comparing to the 

2D control condition (Figure 4.9 (a-c)). After 48 h of DPSCs culture, statistically significant 

differences were determined in the proliferation profile of cells growing in 2D and 3D in 

various coating conditions (Figure 4.9 (d-f)). In addition, PLL coating significantly increases 

the cellular activity of GO/Na-ALG scaffolds at all three cell densities within two days of 

DPSCs culture (Figure 4.9). 
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Figure 4.9. (a-c) 24- and (d-f) 48-hour change in Alamar Blue reduction percentage of No scaffold, Na-ALG and 

GO/Na-ALG1 scaffolds across (a, d) Density 1 (1×104cells/scaffold), (b, e) Density 2 (4×104cells/scaffold), and 

(c, f) Density 5 (16×104cells/scaffold); * indicates statistical significance (**p <0.01, ***p <0.001, ****p 

<0.0001). 

4.5.3.4 Comparison based on Scaffold Compositions 

The metabolic activity of cultured DPSCs on various scaffolds was measured using the AB 

assay to explore the effects of scaffold biomaterials on cellular functions. Cellular activity in 

Na-ALG scaffolds showed no significant change in comparison with 2D cell culture (Figure 

4.10). Moreover, the cell viability was significantly increased on GO/Na-ALG1, RGO/Na-

ALG0.5 and RGO/Na-ALG1 scaffolds compared to SA only scaffolds across all coating 

conditions. A significantly higher degree of reduction of the AB dye by the DPSCs grown on 

PLL-coated graphene-based scaffolds was observed than those cultured on the 2D surface, 

which implies the importance of PLL coating (as previously proved in coating conditions). The 

highest AB reduction percentage was recorded for PLL-coated RGO/Na-ALG1 as 

93.665.88%. 

 

Figure 4.10. 48-hour Alamar Blue assay of DPSCs seeded on 2D surface (No scaffold), Na-ALG, GO/Na-ALG0.5, 

GO/Na-ALG1, RGO/Na-ALG0.5 and RGO/Na-ALG1 scaffolds; * indicates statistical significance (*p <0.05, **p 

<0.01, ****p <0.0001). 
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4.5.4 Cell Toxicity using LDH Assay 

The cytotoxicity of fabricated scaffolds was studied using analysis of lactate dehydrogenase 

(LDH) release in culture media induced by DPSCs with damaged membrane. At 24 hours of 

DPSCs culture, all biomaterials have a relatively low level of released LDH (Figure 4.11 (a)). 

However, significant increased LDH levels of DPSCs have been observed for uncoated Na-

ALG (41.657.35%) and PLL-coated GO/Na-ALG0.5 (34.315.31%) scaffolds after one day 

of cell culture. It is interesting to note that, after 48 hours of culture, DPSCs toxicity on 

graphene-based scaffolds were not significantly higher than the 2D surface (Figure 4.11 (b)). 

However, DPSCs cultivated onto pure Na-ALG scaffolds displayed the highest levels of 

cytotoxicity as compared to 2D control (no scaffold) (p<0.0001). 

 

Figure 4.11. The cell cytotoxicity of the scaffolds measured by LDH assay in no coating, PLL and PLL+LAM 

coating conditions after (a) 24 and (b) 48 hours of DPSCs culture; * indicates statistical significance (*p <0.05, 

****p <0.0001). 

4.5.4.1 Effects of mean pore size on cellular behaviour in scaffolds 

The results of AB and LDH assays were utilized to observe the effects of scaffolds’ pore size 

on cellular behaviour. As mean pore size increases on PLL-coated scaffolds, cellular activity 

decreases (Figure 4.12 (a)). The lowest AB reduction percentages were measured for 

PLL+LAM coated Na-ALG and GO/Na-ALG0.5 scaffolds with the largest mean pore sizes as 

36.12% and 38.33%, respectively. Accordingly, the relatively lowest cytotoxicity was 

observed for RGO/Na-ALG0.5 (116.0 m) and RGO/Na-ALG1 (114.7 m) scaffolds with 

smaller mean pore sizes comparing to Na-ALG and other composite scaffolds (Figure 4.12 

(b)). Overall, a negative correlation (Spearman R = −0.83) between the mean pore size of 

scaffolds and cellular activity (obtained by AB assay) and a positive correlation (Spearman R 

= 0.06) between the mean pore size of scaffolds and cell cytotoxicity (obtained by LDH assay) 

was observed, showing that increasing mean pore size induces a decrease in DPSCs activity 

and an increase in DPSCs toxicity. 
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Figure 4.12. Effect of mean pore sizes on (a) cell activity and (b) cell toxicity within various scaffolds (n=3) 48h 

after incubation (mean pore sizes: Na-ALG=162.5 m, GO/Na-ALG0.5=147.4 m, GO/Na-ALG1=142.5 m, 

RGO/Na-ALG0.5=116.0 m and RGO/Na-ALG1=114.7 m). There is a strong negative correlation between 

cellular activity and mean pore size (Spearman R = −0.83) as well as a positive correlation between the cell 

toxicity and mean pore size (Spearman R = 0.06), that is, the enlargement of mean pore size leads to increase in 

cellular activity and decrease in cell toxicity. 

4.5.4.2 Effects of serum-supplemented scaffolds on cytotoxicity 

Figure 4.13 (a) shows that after 24 h of DPSCs culture in serum-free media, all graphene-based 

scaffolds had significantly lower cytotoxicity levels comparing to cell only (2D) control, 

irrespective of coating conditions. The figure also highlights higher cell toxicity of Na-ALG 

scaffolds, across all coatings, comparing to both GO/Na-ALG1 and RGO/Na-ALG1 scaffolds. 

The highest LDH released (70%) under expose of DPSCs with PLL+LAM-coated Na-ALG 

scaffolds. 

Besides, Figure 4.13 (b) indicates that DPSCs seeded in serum-supplemented media on 

PLL+LAM-coated 3D scaffolds showed significantly higher toxicity values than those cultured 

on a 2D surface. In PLL coatings, Na-ALG scaffolds (26.553.28%) showed significantly 

higher cell toxicity whereas GO/Na-ALG1 and RGO/Na-ALG1 scaffolds had no higher 

significant toxicity comparing to 2D culture system (13.402.19%). No-coated scaffolds 

showed no significant difference with no-scaffold control. After 24h of cell culture, serum-

containing medium groups showed higher levels of cell toxicity in all experimental conditions 

(Figure 4.13 (a, b)).  
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Figure 4.13. Comparative evaluation of LDH assay by DPSCs (derived from Donor 1) grown on Na-ALG, GO/ 

Na-ALG1 and RGO/Na-ALG1 scaffolds at (a, b) 24- and (c, d) 48-hours post-seeding in (a, c) serum-free and (b, 

d) serum-containing media; * indicates statistical significance (*p <0.05, **p <0.01, ***p <0.001, ****p 

<0.0001). 

There are no significant increases in the percentage of cell toxicity of DPSCs exposed to coated 

and uncoated GO/Na-ALG1 and RGO/Na-ALG1 scaffolds comparing to 2D control (Figure 

4.13 (c)). However, a significant elevation of LDH release was detected when DPSCs cultured 

on PLL+LAM-coated Na-ALG scaffolds with serum deprivation. After 48 h of cell culture 

with no serum, the cell toxicity percentage of almost all evaluated samples have been increased 

compared to 24 h time point. 

When DPSCs in serum-rich media are seeded onto fabricated 3D scaffolds, cell toxicity of 

scaffolds increases significantly in comparison with no scaffold culture system, regardless of 

coating conditions (as indicated in Figure 4.13 (d)). Besides, after 48 h of cell culture with 

serum, the cell toxicity percentage of all evaluated samples have been reduced compared to 24 

h time point. 

Quantitative LDH activity measurements in Figure 4.14 (a) and (b) show that no significant 

differences were found, after 24 hours, between all 3D scaffolds seeded with DPSCs using 

serum-free or serum-containing media comparing to 2D control. These cytotoxic effects were 

not influenced by coating conditions. However, after 48h of cell culture with no serum (as 

shown in Figure 4.14 (c)), the percentage of viable cells on Na-ALG scaffolds was the highest 

among other analysed scaffolds across all coating conditions. Meanwhile, DPSCs cultured on 

GO/Na-ALG1 and RGO/Na-ALG1 scaffolds with no serum had not have any significantly 

higher cell toxicity values than those grown on the 2D surface, showing that GO is able to 

influence cell responses and release low LDH levels. The cell viability for all graphene-based 

scaffolds without serum was higher than 80%. However, the lowest cell viability was revealed 

for PLL+LAM-coated Na-ALG scaffolds 35.6 %. 
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Figure 4.14. Comparative evaluation of LDH assay by DPSCs (derived from Donor 2) grown on Na-ALG, GO/ 

Na-ALG1 and RGO/Na-ALG1 scaffolds at (a, b) 24- and (c, d) 48-hours post-seeding in (a, c) serum-free and (b, 

d) serum-containing media; * indicates statistical significance (*p <0.05, **p <0.01, ****p <0.0001). 

After 48 h of culturing DPSCs in serum-containing media, comparison with the 2D control 

disclosed no significant cell toxicity for 3D scaffolds under no coating and PLL+LAM 

conditions (Figure 4.14 (d)). However, significantly higher toxic effects were observed for SA 

(25.274.41%) and RGO/Na-ALG1 (21.514.52%) scaffolds when coated with PLL.  

4.6 Discussions 

The interaction between cells and engineered scaffolds is a complex process affected by several 

aspects including cell type, biomaterial properties, scaffold characteristics and experimental 

factors. Therefore, the objective of this study was to evaluate the capability of GO/Na-ALG 

and RGO/Na-ALG scaffolds to support DPSCs culture. 

The biodegradation of scaffolds should take place in accordance with the growing tissue. The 

results of in vitro biodegradation study reveal that the composite GO/Na-ALG scaffolds with 

a higher concentration of the GO relatively lost more weight through easier accessibility of 

water molecules to the network. As discussed in the water contact angle measurements in our 

previous paper [286], the incorporation of GO increased the interaction of composite scaffolds 

with water. Therefore, as hydrophilicity accelerates with higher GO concentration, the water-

mediated degradation of the scaffold increases, which is also indicated in another study [287]. 

After the reduction of GO/Na-ALG scaffolds, no significant changes observed in terms of 

weight loss. The reduced degradation rate of the nanocomposite scaffolds is assumed to be 

beneficial for the tissue regrowth [288]. Overall, incorporation of GO could control the quick 

degradation rate of Na-ALG scaffolds, and these results confirmed that the composite 3D 

scaffolds have adjustable degradability that can be controlled by the graphene content. 
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As determined by flow cytometry, there is a huge difference in apoptosis rates between 2D and 

3D cultures. Lower cell viability on 3D scaffolds was observed comparing to 2D control which 

could be due to difficulties in detachment of cells from scaffold biomaterial during the flow 

cytometry procedures. Therefore, the primary challenge is to assess the cell viability of DPSCs 

detached from 3D scaffolds while minimizing the scaffold debris. To discern between scaffold 

debris and actual cell events, the H191 staining was performed. Less than 15.39% of total 

events were detected as DPSCs on 3D scaffolds as measured by flow cytometry plots. The 

presence of autofluorescent scaffold debris had caused complications in flow cytometric 

analysis of cells after seeding onto scaffolds. The debris particles clogged the fluidics system 

and obscured cellular events, causing non-realistic events detected by flow cytometry resulted 

from the generation of debris through enzymatic digestion of scaffolds and entrapment of some 

cells deep inside the network of pores. As a result, the most efficient methodology to measure 

cell viability of 3D scaffolds is to use the supernatant after cells are incorporated onto fabricated 

scaffolds which eliminate difficulties of cell detachment and generation of scaffold debris. 

Thus, AB and LDH assays which are based on cell culture supernatant were utilized to analyse 

DPSCs viability. 

The AB analysis showed the importance of using a 3D matrix seeded with DPSCs which acts 

as a delivery system and also facilitates cellular functions in comparison to the 2D environment. 

In particular, the DPSCs viability cultured onto Na-ALG and GO/Na-ALG scaffolds was 

higher than that of culture plates in the absence of the biomaterial. This clearly signifies the 

desirable initial cell adhesion to the scaffold surface and further cell spreading. The increase in 

total metabolic activity of cell-seeded scaffolds provides good support for cell growth and 

proliferation. Thus, the use of artificial 3D scaffold is a good way to mimic the natural 

architecture of DPSCs. It is known that cellular behaviour is highly affected by the dimension 

of the culture model [289]. As a result, the proliferation rate increases in 3D matrices when 

cells infiltrate through a network of pores and colonize pores. This can clearly highlight the 

importance of 3D DPSCs culture in the outcome of cell viability studies. Thus, if DPSCs are 

cultured on 3D scaffolds, they can regain their actual biological properties which result in better 

proliferative ability. In contrast to 2D culture, the interaction of cells with each other and with 

the matrix in 3D cell culture systems extremely influence cellular functions including viability, 

migration and proliferation [290]. For instance, a study showed that 3D polymer-based 

scaffolds seeded with liver cells had less cytotoxic effects than those cultured in 2D [291]. In 

another relevant study, it is reported that the 3D culture of dental stem cells supported their 

neuronal characteristics and maintained the cell phenotypes [292]. Thus, the superior 

proliferative ability of DPSCs can be obtained when cultured on 3D porous scaffolds. 

Regarding cell seeding density, it is shown that when cells are seeded on scaffolds at all 

densities, the cell proliferation significantly increases in comparison with cells seeded on the 

2D surface.  Moreover, increasing seeding density in 3D scaffolds did not exert cytotoxic 

effects. In this study, it was shown that the addition of graphene in 3D composite scaffolds 

improved cellular behaviour across all seeding densities of DPSCs. The cellular activity did 

not differ significantly between different cell densities, which implies no negative effects of 

3D scaffolds on the distribution of cells and seeding efficiency even at high cell densities. High 

seeding densities might have different effects when increasing the length of culturing days. 

Regarding coating reagents, it is revealed that PLL+LAM coating did not affect the cell 

viability of all tested samples and displayed similar AB reduction percentage trend with 
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uncoated samples. After 48 hours of DPSCs culture, laminin and no coating conditions 

decreased the cell viability on both Na-ALG and GO/Na-ALG scaffolds, which could be due 

to low adherence of DPSCs. It was reported in another study that laminin coating caused cell 

aggregation which led to decreased cell proliferation [293]. However, PLL was the coating 

reagent that improved robust cell-matrix adherence. This enhancement can be due to the 

increased number of cationic sites offered by PLL coating on the surfaces of our samples. Our 

results showed that coating reagents could affect metabolism activity of DPSCs, with PLL 

being superior to laminin coating which is in agreement with another study [293]. The effect 

of all three coating conditions on DPSCs was not impacted by alterations in the cell seeding 

density.  

The AB assessments show that DPSCs responses on the fabricated scaffolds can be regulated 

by scaffold biomaterial composition. Na-ALG, GO/Na-ALG and RGO/Na-ALG scaffolds 

exhibited higher AB reductions as compared to the no scaffold control suggesting that these 

materials are not toxic with DPSCs. Also, it can be concluded that the composition of scaffold 

materials has a direct effect on the factors that influence the fate determination of these cells. 

The results suggest that different scaffolds with varying material properties (such as blend ratio, 

swelling index, microstructure) induce various effects on DPSCs behaviour. The observed 

increase in cell viability upon the incorporation of graphene in composite scaffolds is consistent 

with some other studies [285, 294]. The outstanding surface properties and adsorption capacity 

of graphene-based nanomaterials are the main factors which contributed to promoting DPSCs 

responses. However, excellent electrical properties of graphene in RGO/Na-ALG scaffolds can 

be further exploited for electrical stimulation and stem cell differentiation. 

The AB reduction percentage decreased by the increment of mean pore size in fabricated 

scaffolds. Lower level of AB reductions in Na-ALG (97.2%) scaffolds were observed 

comparing to graphene-based scaffolds including GO/Na-ALG0.5 (97.5%), GO/Na-ALG1 

(98.0%), RGO/Na-ALG0.5 (99.05%), and RGO/Na-ALG1 (99.18%). The differences in AB 

reduction across various graphene-based scaffolds could be explained by variations in the 

porosity of scaffolds. Scaffolds with higher porosity (RGO/Na-ALG ≈ 99%) are able to 

accommodate a higher number of viable cells when compared to scaffolds with low porosity 

(GO/Na-ALG ≈ 97%). Besides, it was shown that the scaffolds with smaller mean pores induce 

relatively less toxicity. This can be explained by the available surface area of scaffolds for 

cultured cells. The mean pore size and specific surface area are inversely proportional. The 

specific surface area and mean pore size of a scaffold affect initial cell adhesion and ensuring 

cell proliferation and migration [295]. It is well-known that the lowest levels of cell adhesion 

are observed on the scaffolds with larger pore size and less specific surface area [296, 297]. As 

a result, the available specific surface area per unit volume for cell adhesion of each fabricated 

scaffolds can be calculated using mean pore sizes [54]. Accordingly, the normalized specific 

surface area of GO/Na-ALG and RGO/Na-ALG scaffolds, as shown in Table 1, can be obtained 

by dividing the mean pore size of each scaffold by mean pore size of Na-ALG scaffold (3D 

control). As a result, higher AB reduction of RGO/Na-ALG1 scaffolds can be explained by the 

higher specific surface area comparing to GO/Na-ALG1 and Na-ALG scaffolds. Therefore, a 

larger surface area is available for cells to adhere and proliferate on RGO/Na-ALG scaffolds 

which resulted in enhanced cellular activity. These data show that higher pore size better 

facilitates DPSCs migration and proliferation, which is consistent with another study on 

culturing DPSCs into 3D scaffolds [298]. Also, the mechanical properties of the scaffolds with 
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too large pores are compromised. Higher cellular proliferation within large pore sizes can have 

effective implications for differentiation [299].  

Table 4.2. The estimate of the specific surface area of scaffolds relative to Na-ALG scaffold. 

Sample Mean pore size (m) Normalized Specific Surface 

Area 

Na-ALG 162.5 1 

GO/Na-ALG0.5 147.4 0.907 

GO/Na-ALG1 142.5 0.876 

RGO/Na-ALG0.5 116.0 0.713 

RGO/Na-ALG1 114.7 0.705 

Thus, these results showed a strong influence of pore size, material composition and substrate 

dimensionality on cell viability which are also shown by Domingos et al. [300].  

LDH measurements showed a significantly higher level of DPSCs toxicity of uncoated Na-

ALG scaffolds which can be attributed to poor ability and lack of efficient sites of alginate 

scaffolds to support cell adhesion and proliferation. This has been shown in another study and 

that is the reason why other materials are mixed with alginate to create biocomposites [301]. 

However, the incorporation of GO in GO/Na-ALG scaffolds did not elicit significant cytotoxic 

effects after 2 days of DPSCs culture. Not only GO in the composition of scaffold materials 

did not lead to higher cell toxicity, but also has positive effects on cell functions in long term 

DPSCs culture, which is also revealed in other studies on GO layer cultured with mesenchymal 

stromal cells and GO/chitosan scaffolds seeded with human adipose-derived stem cells [302, 

303]. Overall, the GO-enriched scaffolds exhibited cytotoxicity of 15–27% after 48h of culture, 

suggesting that these materials are biocompatible with DPSCs. 

The variability in using serum-free or serum-rich culture media for biological assays is still a 

matter of debate [304]. The associated clinical problematic issues with the use of fetal bovine 

serum (FBS) include immune rejection, batch to batch variations, unidentified growth factors 

and proteins, and viral contamination [305]. For example, there is clear evidence about the 

positive effects of serum-free neuronal media on retaining stemness of DPSCs [306, 307]. In 

another study, serum-free cultured DPSCs within chitosan scaffolds expressed stem cell 

markers (nestin and Sox2) and were survived successfully after transplantation into SCI models 

which could have neural therapeutic capability [308]. Therefore, it has been demonstrated 

whether serum depletion can facilitate attachment of DPSCs onto the scaffolds. Hence, the 

adhesion of DPSCs onto the fabricated scaffolds was facilitated by coating conditions. It is 

showed that cytotoxicity of DPSCs cultured in serum-rich media onto 3D scaffolds increased 

significantly in comparison with 2D control. This could be due to the formation of protein 

corona on the GO surface which influences the toxicity level of GO-based materials [309, 310]. 

Furthermore, studies have been pointed that the amount of serum proteins can highly interfere 

with the way nanoparticles interact with cells and biological molecules [311-313]. 

Accordingly, Lesniak et al. [312] demonstrated that various protein corona on silica 

nanoparticles have modified cell adhesion, cellular uptake, and toxicity, which is determined 

by the serum concentration. It was shown that serum-containing media resulted in lower cell 

adhesion and internalization efficiency of silica nanoparticles. Besides, our results showed that 

DPSCs can be seeded in serum-free media onto GO/Na-ALG and RGO/Na-ALG scaffolds with 

no cytotoxic effects, showing promising potential for human translation as cellular transplants 

are typically serum-free. 
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The available specific surface area by the microstructure of scaffolds lead to more protein 

adsorption and therefore increase scaffold-cells interactions. Meanwhile, surface properties of 

graphene have a considerable effect on protein adsorption ability of scaffolds [314]. In 

particular, RGO and GO, with their unique surface chemistry, have impressive surface 

interactions with serum proteins due to their oxygenated functional groups, hexagonal structure 

and hydrogen bonding [315]. Thus, the effects of serum on cytotoxicity of DPSCs have been 

tested using 2D and 3D culture systems across three different coating conditions at a cell 

density of 4 × 104 cells/sample. It is shown that there is a correlation between the serum 

starvation of cell culture medium and the LDH release. The increased level of cytotoxicity of 

graphene-based scaffolds in the serum-containing medium could be due to the capability of 

GO and RGO to adsorb FBS owing to their surface oxygen content compared to Na-ALG 

scaffolds and well-plate surface. Besides, the presence of serum significantly caused higher 

cytotoxic behaviour of PLL-coated scaffolds which could be due to lack of cell attachment on 

the scaffold surface. These findings are in agreement with results from another study [316]. 

The combination of PLL and LAM coatings (in the presence of serum) on the 3D structures 

have led to lower available surface area of scaffold biomaterials for cell receptors to be 

attached, which subsequently caused poor cell adhesion. In contrast, PLL+LAM-coated 2D 

surface was found to result in better attachment of DPSCs which is due to the unfavourable 

bare tissue culture surface. Regardless of coating conditions, results show that while in both 

donors GO/Na-ALG and RGO/Na-ALG scaffolds have comparable cytotoxic levels in the 

absence of serum, scaffolds did not exhibit significantly higher LDH release to control cell 

only condition. Taken together, these results showed that the deprivation of serum decreased 

cell toxicity of DPSCs cells on the fabricated scaffolds. 

There are significant differences observed between the percentage of LDH released in two 

different donor types, for all scaffold types under all coating conditions. However, these cell 

viability and toxicity results are demonstrating a behaviour in accordance with intrinsic 

characteristic and variability of donors. Similarly, Miyagi et al. showed that DPSCs obtained 

from different donors have variations in ECM proteins which could cause various cell adhesion 

behaviour [317].  

4.7 Chapter Summary 

The implantable scaffolds should have in-line biodegradability with mechanical integrity and 

new tissue formation. The results of in vitro biodegradation study showed that the composite 

GO/Na-ALG scaffolds with a higher concentration of the GO relatively lost more weight 

according to the wettability of composite scaffolds. Besides, no significant changes observed 

in degradation rates of RGO/Na-ALG in comparison to GO/Na-ALG. The fabricated porous 

3D scaffolds have controlled biodegradability which is effective in therapeutic tissue 

engineering. 

The biocompatibility of designed scaffolds is a pre-requisite for generating functional tissue 

engineering constructs. This chapter started with an extensive review of toxicology studies of 

graphene-based materials with the focus of the synthesis method and viability assays. In this 

chapter, it is shown that the biocompatibility of graphene-based nanomaterials is highly 

dependent on their concentration, size, shape, synthesis method and cell type. It is significant 

to evaluate the potential cytotoxic effects of graphene-based products to develop the desired 

clinical outcomes. Moreover, the feasibility of selected toxicity assays is a crucial step in 
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acute toxicity prediction of the analysed materials. While it has been shown that the proposed 

graphene-based scaffolds in Chapter 3 are able to serve as appropriate platforms to support 

stem cell fate for neural tissue engineering applications, this chapter explored the bioactivity 

and in vitro cytotoxicity of the fabricated scaffolds for neural induction. In order to achieve 

this, DPSCs were cultured in the prepared 3D scaffolds as well as 2D control environment. 

Then, AB colourimetric and LDH assays were used to analyse cell activity and viability after 

24 and 48 h of culture across three different coating conditions. The AB assay confirmed the 

important role 3D matrices loaded with DPSCs in supporting cellular functions. Particularly, 

the DPSCs viability cultured onto Na-ALG and GO/Na-ALG scaffolds was higher than that of 

on 2D controls thus signifying the desirable initial cell adhesion to the scaffolds’ surface 

followed by cell spreading through pores. Besides, the DPSCs toxicity, as a result of LDH 

release, on the GO/Na-ALG and RGO/Na-ALG scaffolds was comparable to that obtained on 

the 2D surface in the absence of the biomaterial. 

Regarding coating materials, PLL was the most robust reagent that improved cell-matrix 

adherence and affected metabolism activity of DPSCs, being superior to laminin coating. 

However, the effects of all coating conditions on DPSCs were not impacted by changes in the 

cell seeding densities. The incorporation of graphene into the composite scaffold did not elicit 

significant cytotoxic effects after 2 days of DPSCs culture. As a result, GO supported higher 

DPSCs viability and function. In particular, the GO-enriched scaffolds exhibited cytotoxicity 

of 15–27% during 48h of culture, suggesting that these materials are biocompatible with 

DPSCs. This favourable effect is mainly due to unique surface chemistry, good mechanical 

properties, high surface area, and excellent physicochemical properties of graphene-based 

nanomaterials. The cytotoxicity of GO/Na-ALG and RGO/Na-ALG scaffolds in the presence 

of serum are increased in comparison to serum-free condition. This was explained by the 

capability of graphene-based materials to adsorb serum proteins owing to their surface oxygen 

content compared to the control groups. In addition, there were some differences observed in 

cell viability and toxicity levels of analysed samples between two different DPSCs donors. 

These discrepancies could be due to variations in ECM proteins and/or donor intrinsic 

characteristics such as age and gender. The findings from the current study suggest that 

proposed composite 3D graphene-based scaffolds had a favourable effect on the biological 

responses of DPSCs. In the next chapter, a summary of all tasks, contributions, and conclusion 

are presented. Moreover, recommendations for future continuation of this work are presented.  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Introduction 

Treatment of SCI using cell transplantation imposes a number of limitations on the 

effectiveness in providing regenerative therapy at the spinal lesion cavity due to a number of 

factors, these include poor axonal regeneration and extension, low cell adhesion due to the 

existence of cerebrospinal fluid, and poor survival rate of cells because of inhibitory post-SCI 

environment. Tissue engineering has emerged as a promising alternative therapeutic strategy 

to conventional treatments based on guiding tissue regeneration using engineered scaffolds. 

Despite the multidisciplinary nature and vast challenges of the tissue engineering field, the 

opportunities for improving the quality of human life are enormous. In the field of NTE, the 

role of scaffolds (as shown in Figure 5.1) involves the delivery of stem cells, promoting nerve 

repair, supporting aligned axonal regrowth, and bridging of the lesion site [318, 319]. Graphene 

with excellent electrical conductivity, suitable biocompatibility, good mechanical properties, 

and high surface area has significantly contributed to the fabrication and design of NTE 

scaffolds. In recent years, an increasing number of researches has combined graphene-based 

materials with other polymers to fabricate nanocomposites as promising candidates for 

stimulating neural behaviour. However, the current challenge in the treatment of SCI is to 

develop biomaterial scaffolds that can fulfil multiple requirements including mimicking in vivo 

microenvironment, modulating cellular behaviour and functions, supporting regenerative 

growth and functional recovery of damaged neural tissues, and providing axonal regeneration 

and network connection. Thus, the aim of this current work is to engineer graphene-based 

composite scaffolds that interact with neural cells and induce nerve regeneration in the spinal 

cord. Furthermore, it introduces a new 3D graphene-based scaffold loaded with dental pulp 

stem cells (DPSCs) in order to promote stem cell fate.  

 

Figure 5.1. Application of scaffolds in treatment of SCI [319]. 



Page 77 
 

5.2 Summary of Research Contributions and Significance 

The following points summarise the contributions of the current research.  

 A detailed review of the different approaches to SCI repair using biomaterials and 

stem cells: In Chapter 1, after an introduction to the CNS diseases focusing on SCI, the 

conventional treatment options and NTE as a promising therapeutic strategy are 

described in details. It is believed that a combination of stem cell technology and tissue 

engineering strategies excellently fulfil the expectations of treatment of nervous system 

disorders. However, the success of this combinational approach highly depends on the 

utilization of a 3D scaffold to mimic the natural environment of neural tissues and 

provide synergistic cell guidance cues to assist tissue recovery. Besides, the important 

design elements in the fabrication of nerve conduits are given in Section 1.4. In this 

section, the major studies on the repair of the injured spinal cord using biomaterial 

scaffolds and stem cells are discussed and compared in detail. As a result, despite the 

numerous attempts and proven improvements over the recent years, a new class of 

multi-functional scaffold biomaterials to enhance the functional recovery of patients 

suffering from SCI after transplantation is necessitated.  

 A thorough review of previously developed graphene-based scaffolds and their 

outcomes: In Chapter 2, after highlighting several commonly-used materials for 

designing scaffolds, pros and cons of common fabrication methods are discussed. 

Among current scaffold materials, graphene is identified as a highly attractive scaffold 

material for a various range of organs including cartilage, bone, skin, and brain owing 

to its porous morphology, great surface area, excellent mechanical strength, and good 

electrical conductivity. In Section 2.7, the potential of graphene-based nanomaterials in 

tissue engineering is discussed providing a review of previously developed graphene-

based scaffolds and their outcomes. Iterating the advantages and shortcomings of tissue 

engineering scaffolds, the research gap is recognized, and the scope of the proposed 

research is outlined. It is reported that the utilization of graphene in designing 3D 

scaffolds creates a revolutionary impact on providing a favourable microenvironment 

for tissue regeneration. However, further studies need to be conducted to illustrate the 

cytotoxic effects of graphene-based materials on tissue regeneration outcomes. Then, 

this chapter concluded that fabrication of graphene-based composite scaffolds with 

tuneable properties could meet the specific tissue engineering requirements to achieve 

functional 3D tissues and their potential incorporation into the host. Besides, one of the 

most critical steps in the development of scaffold materials is to match the 

physiochemical characteristics of the scaffold biomaterials with the targeted tissue 

characteristics. Therefore, there is a need for the development of 3D graphene-based 

composite scaffolds to mediate culturing cells with matched microenvironment for cell 

growth and interconnected pores for penetration and migration of cells. 

 Development of the 3D scaffold using graphene oxide and sodium alginate: In 

Chapter 3, the development of the proposed 3D scaffold, called GO/Na-ALG, is carried 

out through combining GO and Na-ALG. A simple and eco-friendly synthetic method 

is introduced and optimized to match the mechanical strength of the CNS tissue and 

provide a porous structure for connective tissue engineering. The fabrication process 

used solution mixing, freeze-drying and crosslinking which resulted in an improved, 

high yield strength and integrity 3D scaffold structure with desirable pore size greater 
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than 50 μm needed for neuron cell culture. Besides, the key synthetic conditions 

including GO concentrations, bioreduction process and crosslinking time are 

considered. The bioreduction procedure has developed conductive RGO/Na-ALG 

scaffolds which are effective for neural regrowth. 

 Development of scaffolds with favourable physical, chemical mechanical and 

electrical properties of the developed sponge scaffolds: The proposed GO/Na-ALG 

scaffolds presented in Chapter 3 aim to regulate neural cell behaviour and tissue 

progression. Following the successful fabrication of highly integrated 3D graphene-

based scaffolds, optimizing their properties for NTE applications are investigated and 

reported in this chapter. Physical, chemical, mechanical and electrical properties of the 

developed sponge scaffolds in terms of the structure, porosity, thermal stability, 

mechanical stiffness, and electrical conductivity are characterized and presented. The 

experimental results showed that although the composite scaffold has water uptake 

ability, the integral composite scaffold could float in water, which clearly confirms that 

scaffold can hold its structure during cell culture. The introduction of graphene, apart 

from physical, electrical and chemical properties improvements, provides favourable 

properties for the formation of neural pathways. For instance, the incorporation of GO 

improved the hydrophilicity of 3D composite scaffolds in which the water contact angle 

was decreased by increasing the concentration of GO. In addition, electrochemical 

characterizations have shown that when GO content in the composite structure 

increased, the conductivity of the prepared scaffolds significantly increased, which can 

be employed later for electrical stimulation purposes. Regarding meeting the 

mechanical strength requirements, the compressive modulus of the proposed scaffolds 

has improved to more than 100 kPa after the addition of 1 mg mL-1 of GO. The 

fabrication and characterization results suggested that the obtained porous scaffolds 

could serve as suitable platforms to support cellular responses for the 3D structure when 

combined with stem cells culture. However, there is a need to explore cell-matrix and 

cell-cell interactions on the GO/Na-ALG scaffolds, allowing greater understating of 

biological reactions of scaffold biomaterials. 

 Development of scaffolds with favourable biodegradability: Once the 

physicochemical properties of the fabricated scaffolds have been characterized in 

Chapter 3, further in vitro biological evaluation is required. Hence, Chapter 4 examined 

the biodegradability of prepared graphene-based scaffolds to confirm their suitability 

for tissue engineering applications. The addition of GO in the composite scaffolds 

ameliorated the quick degradation rate of Na-ALG scaffolds which is beneficial for new 

tissue formation. Besides, the results of biodegradation study are in line with 

hydrophilicity measurements of the prepared scaffolds (in Chapter 3).  

 Evaluation of scaffolds biocompatibility with DPSCs: The first step of scaffolds 

validation for NTE is the investigation of cytotoxicity and biocompatibility of the 

developed biomaterials. Therefore, the in vitro biological effects of the scaffold 

materials with DPSCs are also analysed in this chapter. Assessing cell interactions with 

scaffolds requires identification and selection of important experimental parameters 

such as sterilization, seeding and viability evaluation methods which are also covered 

in Chapter 4. Toxicity tests showed that the graphene-based composite scaffolds did 

not induce any cytotoxicity and are biocompatible with DPSCs, while the results of 

LDH assay exhibited cytotoxicity of 15–27% during 48h of culture on different GO-

based 3D scaffolds. This favourable biocompatibility is attributable to unique surface 
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chemistry, good mechanical properties, high surface area, and excellent 

physicochemical properties of graphene-based nanomaterials. 

 Experimental validation of the proposed 3D scaffold with 2D scaffold as control: 
DPSCs cultured on tissue culture surfaces were used as 2D controls to find out the 

effects of using 3D matrices on cellular behaviour. In order to achieve these, AB 

colorimetric and LDH assays were employed to estimate cell activity and viability 

within 48h of DPSCs culture across three different coating conditions and five different 

cell densities. The AB results showed that 3D scaffolds seeded with DPSCs effectively 

supported cellular functions and attachment. The DPSCs viability on Na-ALG and 

GO/Na-ALG scaffolds are significantly higher than that of on the 2D surface, which 

indicates desirable cell adhesion and infiltration through scaffold network. In addition, 

the measured LDH releases on 3D GO/Na-ALG and RGO/Na-ALG scaffolds are 

comparable to that obtained on 2D control.  

 Demonstrated the effectiveness of the proposed 3D structure robustness as 

bioscaffold using PLL coating: Regarding coating reagent, PLL is recorded as the 

most robust coating material which enhanced cell adhesion and resulted in higher 

DPSCs activity. In particular, significantly higher degree AB reductions is observed by 

the DPSCs grown on PLL-coated graphene-based scaffolds than those cultured on 2D 

surface. This is due to the increased number of cationic sites offered by PLL coating on 

the surfaces of our samples. Therefore, our results show that coating reagents could 

affect metabolism activity of DPSCs. However, the effects of coating conditions on 

DPSCs are not impacted by changes in the cell seeding densities. 

 Demonstrated the effects of serum-containing media on the toxicity of DPSCs-

seeded scaffolds: The LDH assay findings indicated that the toxicity of DPSCs 

cultured on GO/Na-ALG and RGO/Na-ALG scaffolds in serum-containing media is 

increased in comparison to serum-free condition, which can be due to good protein 

adsorption capability of graphene owing to its surface oxygen content compared to Na-

ALG and 2D surface. Besides, the combined PLL and LAM coatings (in the presence 

of serum) on the 3D scaffolds have caused a lower available surface area of scaffolds 

for cell receptors to be attached, which subsequently caused poor cell adhesion. Overall, 

the findings from this chapter suggest that the proposed composite porous 3D graphene-

based scaffolds can potentially be utilized for the construction of neural networks and 

nerve regeneration. The fabricated scaffolds can provide 3D DPSCs culture for neural 

growth and promote the formation of tissue function.  

5.3 Recommendations for Future Work 

The current research work established the scientific and engineering foundation for the 

development of neural bioscaffolds. The scaffold composition and fabrication technique were 

developed to be highly simple, eco-friendly, mechanically robust, and reproducible. Graphene 

with its unique topographical, chemical, and electrical characteristics incorporated to bridge 

nerve defects and promote neural regeneration. The 3D composite scaffolds containing SA and 

GO are fabricated with high integrity in liquid by optimizing synthetic conditions. Besides, 

microporous structure, good hydrophilicity, and suitable mechanical strength have been 

achieved. The potential of combining stem cells and biomaterial scaffolds for NTE applications 

is demonstrated by utilizing DPSCs in 3D culture systems. 

 Electrical stimulation strategies using conductive RGO/Na-ALG scaffolds: Most 

importantly, graphene-based scaffolds as conductive platforms can provide cues to 

affect cellular mechanisms through electrically stimulating cells, thus opening a new 

scenario for therapeutic neural regeneration applications. External electrical stimulation 
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can take a significant part in the development and enhancement of nerve tissue 

reconstruction. Regarding the cellular level, a wide range of cellular responses, 

particularly in excitable cells, are highly affected by internal electrical signals as well 

as external stimuli. Therefore, electroactive scaffolds could mediate electrical 

stimulation of membrane potential to improve cell alignment, proliferation, migration, 

and differentiation [320, 321]. With increasing research, the combined application of 

electrical stimulation with suitable conductive scaffolds is attracting researchers’ 

attention in tissue engineering and regenerative medicine. However, the consequences 

of different stimulation models have to be considered carefully before these signals will 

be incorporated into cell-loaded scaffolds for enhanced in vivo performance. Hence, the 

future direction can be directed toward further application of electrical stimulation 

strategies using conductive RGO/Na-ALG scaffolds to evaluate their potential in 

enhancing neural and axonal regeneration. 

 In vivo investigation of the engineered scaffolds: Another area of importance in tissue 

engineering is to conduct an entirely in vivo investigation after biocompatibility of the 

scaffold materials has been analysed (Chapter 4). This could involve employing the 

composite scaffold within SCI contusion to direct neurite extension and compensate 

neuronal loss along the scaffolds. The in vivo study of engineered scaffolds is a critical 

step toward the development of cell-based therapies and clinical applications. As a 

result, future studies concentrating on the efficacy of long-term usage of DPSCs-seeded 

GO/Na-ALG scaffolds in SCI animal models are highly necessary. Besides, in order to 

facilitate clinical treatments, the potential in vivo distribution and degradation 

behaviour of scaffold materials must be evaluated with a focus on their organ 

accumulation and excretion through the body [322]. Hence, the enzymatic 

biodegradation kinetics of the fabricated graphene-based scaffolds should be accurately 

obtained through in vivo experiments and match with the growth rate of the neural 

tissue. 

 Incorporation of therapeutic drugs with the engineered scaffolds: One of the main 

goals in the field of NTE is to reduce the inhibitory environment at the site of injury in 

a controlled, and localized manner. To achieve this goal, scaffolds could be engineered 

to incorporate therapeutic drugs or ECM proteins for functional recovery after SCI. In 

addition, preventing infection and host immune response upon scaffold implantation by 

incorporating antibiotic drugs is a desirable tissue engineering requirement [323]. 

Therefore, novel approaches using targeted drug delivery through fabricated scaffolds 

with high efficiency and controlled drug release provide hints for future perspectives.  
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