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Abstract 

Glaucoma, a characteristic type of optic nerve degeneration in the posterior pole of the eye, is a 

common cause of irreversible vision loss and the second leading cause of blindness worldwide. 

As an optic neuropathy, glaucoma is identified by increasing degeneration of retinal ganglion 

cells (RGCs), with consequential vision loss. Current treatments only postpone the development 

of retinal degeneration, and there are as yet no treatments available for this disability. Recent 

findings in ocular regeneration have opened promising avenues to apply stem cell-based 

modalities to restore vision in progressive optic neuropathies. As such, the stem cell-based RGC 

replacement therapy, as a promising treatment of glaucoma, could be facilitated by using tissue-

engineered scaffolds that provide a supportive structure. An appropriate selection of materials is 

a fundamental consideration in fabricating these scaffolds.  

My study investigates the structure, composition and properties of three most commonly used 

biopolymer materials blended with poly(ε-caprolactone) (PCL) at 2:1 (wt.%) ratio, namely, 

poly(glycerol sebacate) (PGS)/PCL, polylactic-co-glycolic acid (PLGA)/PCL, poly-l-lactide 

(PLLA)/PCL and pure PCL as carrier vehicles for human embryonic stem cell derived retinal 

progenitor cell (hESC-RPC) attachment and proliferation. The physicochemical properties of 

PGS/PCL, PLLA/PCL, PLGA/PCL and pure PCL fibrous scaffolds, fabricated under the identical 

electrospinning conditions, were analysed employing scanning electron microscopy, contact 

angle analysis, Raman spectroscopy, electrical and ionic conductivity measurements, and 

supplemented by an in-vitro hESC-RPC adhesion and proliferation studies. My findings have 

shown that PGS/PCL scaffolds promote hESC-RPC  attachment and growth more favourably 

compared to other polymeric blends and pure PCL, owing to a combination of advantageous 

surface and bulk properties, overall demonstrating a potential for PGS/PCL blend to become a 

suitable vehicle for hESC-RPC delivery in a possible future clinical therapy for the treatment of 

retinal degenerative disorders.  

Also, the study investigated a mean to differentiate hESC-RPCs into RGCs and developed a novel 

and a straightforward approach for hESC-RPC-to-RGC differentiation on PCL/PGS fibrous 

scaffolds, which displayed the most advantageous properties for hESC-RPC attachment and 

proliferation. My results revealed that PCL/PGS scaffolds have indeed effectively promoted the 

differentiation of hESC-RPCs into RGCs and supported the orientated elongation of RGCs’ 

neurites, further validating the PGS/PCL scaffold as an appropriate supportive vehicle for RGC 

proliferation. 
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We trust that my study aids to the knowledge on the selection of biomaterials according to their 

physicochemical properties and structural characteristics for hESC-RPC cultivation and also 

provides valuable practical knowledge on the application of the tissue-engineered biomaterial 

structures for RGC cultivation as a part of clinical therapy in possible future successful treatments 

of glaucoma.   
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Thesis Structure 

This Thesis is composed of six Chapters (1-6): a general introduction to the research topic is given 

in Chapter 1, which briefly introduces the research topic and research objectives. The background 

of the research, including the visual system, the anatomy of the eyeball and retina structure and 

its function is given in Chapter 2. Chapter 3 offers a review of the current research status and 

challenges in the field. Chapters 4 and 5 present the experimental work addressing research 

questions posed in Chapter 1. Materials selection, synthesis, characterisation and validation for 

hESC-RPC growth and proliferation studies are given in Chapter 4, whereas RPC-to-RGC 

differentiation and materials selection for this differentiation are given in Chapter 5. Chapter 6 

provides an evaluation and reflection on the work performed and contains the Thesis summary 

and conclusions. References are given at the end of the Thesis.
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Chapter 1 Introduction  

In this Thesis, first, an extensive literature review is conducted to gain knowledge of available 

treatments of optic neuropathies, including glaucoma, as well as strategies on the application of 

stem-cells based therapies for these diseases. The stem cell-based retina ganglion cell (RGC) 

replacement therapies have been found as one of the final resort solutions for the treatment of 

advanced stage of optic neuropathies. As such, generating bonā fidē RGCs and developing an 

appropriately supportive tissue-engineered scaffold biomaterials to enhance the efficiency of 

RGC delivery and differentiation process were found as significant research gaps in the field. 

Also, we found that the successful direction of retinal progenitor cell (RPC) toward RGC fate is 

a promising concept in achieving a rapid differentiation process. Therefore, firstly, this Thesis 

presents a study on investigating the selection, structure, composition and physicochemical 

properties of PLLA, PLGA and PGS polymer blends with PCL and pure PCL evaluating their 

suitability as carrier vehicles for hESC-RPC attachment and hESC-RPC proliferation. Secondly, 

the effects of the most advantageous polymer blend on the differentiation RPC into RGC and 

supporting the growth of RGCs neurites are evaluated. 

1.1 Research aim 

1.1.1 Research questions and objectives 

The main aim of this Thesis is to identify and verify modalities suitable for the repair of damaged 

RGCs in glaucoma by application of stem cells and tissue-engineered biopolymer scaffolds. In 

accordance with the aforementioned goal, the following research questions (RQ) have been 

formulated. 

RQ1: What are the suitable biopolymer materials that are able to provide appropriate structural 

support and physical environment to promote hESC-RPC attachment and proliferation? 

RQ2: How to develop an efficient differentiation protocol to derive RGCs from hESC-RPCs? 

RQ3: How does the selected biopolymer material facilitates and supports RGCs growth and 

neurite outgrowth? 
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The objectives of this Thesis are summarised as follows: 

1- To identify suitable biopolymer host material(s) from common polymers used in the field 

retinal tissue engineering, including PCL, PLLA, PLGA, and PGS. 

2- To study physiochemical properties of the selected biopolymers, in the form of polymeric 

fibrous scaffolds, with respect to their hESC-RPC support function in-vitro. 

3- Understand how polymeric scaffolds support hESC-RPC growth and metabolic activities. 

4- To develop an efficient differentiation protocol for generating RGC. 

5- To explore the role of the selected biomaterial polymer in RGC differentiation. 

1.2 Significance of this research 

Glaucoma, a frequent cause of irreversible vision loss and the second leading cause of blindness 

among people 50 years of age and older (11% of all blindness cases), is affected over 76 million 

people worldwide, is expected to increase to around 111.8 million people by 2040 [1, 2]. It is 

becoming a global health concern. Clinically, glaucoma is the result of RGC axonal degeneration 

and characteristic optic nerve head cupping. As a part of CNS, RGCs display little regenerative 

capacity and cannot regenerate independently, degeneration of neurons surrounding RGCs 

followed by RGC apoptosis generally results in reduced visual acuity and permanent visual loss 

[1, 2]. Stem cell RGC replacement therapy is a new domain for the treatment of glaucoma, which 

includes the challenges that are required to be addressed prior to the implementation of stem cell-

based therapies in clinical practice [3]. 

The significant contribution of this study to the current knowledge in the field is the generation 

of RGCs supported by an appropriate vehicle, an RGC tissue-engineered biomaterial scaffold. 

This scaffold can be promising for RGC regeneration, where the ultimate goal is establishing 

neurites within the hosts’ retina and directing consequent axons towards the relevant regions in 

the brain. 

1.3 Thesis outline 

This Thesis has been organised in six Chapters, and the following paragraphs provide an overview 

of the content of each Chapter. 
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Chapter 1: This Chapter presents a brief introduction to this PhD study. It is followed by 

describing the research aim, questions, objectives, and Thesis outline.  

Chapter 2: This Chapter presents a brief introduction on the visual system, eyeball and retina 

anatomy, function and structure. 

Chapter 3: This Chapter presents a summary on glaucoma, its pathogenesis and clinical types, 

as well as glaucoma pathophysiology and diagnosis. In this Chapter, available treatment of this 

disease is also explained, with a focus on the application of stem-cells based therapies in the 

treatment of glaucoma. Cell supporting bio-material substrates and their roles in cell replacement 

therapy is demonstrated. The main challenges associated with stem cell-based RGC replacement 

therapy that is required to be addressed prior to the implementation of these therapies in clinical 

practice are outlined, with particular attention paid to the potential solutions to overcome the 

current limitations. 

Chapter 4: This Chapter aims to address RQ1: “What is suitable biopolymers that provide 

appropriate structural support and physical environment to promote hESC-RPC attachment and 

proliferation?”. This Chapter, named work experiment 1, investigates to cross-compare and 

identify the most common biomaterials according to their physicochemical properties and 

structural characteristics for hESC-RPC cultivation in-vitro (see Figure 1.1). 

Chapter 5: This Chapter aims to respond RQ2: “How to develop an efficient differentiation 

protocol to derive RGCs from hESC-RPCs?” and RQ3: “How does the selected biopolymer 

support RGCs growth and neurite outgrowth?”. This Chapter, named work experiment 2, 

introduces and examines a simple differentiation hESC-RPCs into RGCs protocol. Also, the role 

of the selected PE-based polymer scaffold in the neural differentiation of hESC-RPCs toward 

RGC is considered in this Chapter (see Figure 1.1). 

Chapter 6: This Chapter summarises the significant results and outcomes of this Thesis to a 

possible future clinical therapy for the treatment of RDD, including glaucoma, which followed 

by the recommendations for the future research in this area. 
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Figure 1-1 Research workflow of this Thesis 
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Chapter 2 Background 

2.1 Visual System 

The visual pathway is the route by which visual information from the environment reaches the 

brain for interpretation and evaluation to have an accurate view of the surroundings. The visual 

system possesses complex structures, including the retina, optic nerve, optic chiasm, optic tract, 

lateral geniculate nucleus (LGN), optic radiations, and striate cortex  which receives information 

from the environment in the form of light, and analyses and interprets it [4, 5]. The sensory cells, 

the photoreceptors, change light energy into a neural signal, which received by other retina 

elements, including the bipolar cell and the amacrine cell, and deliver to the ganglion cells. The 

ganglion cell axons transmit the signals via the optic nerve. The nasal fibres cross in the optic 

chiasm and terminating in the brain. Figure 2.1 shows a neural pathway in which visual 

information received by the brain [4, 5].  

 

 

 

Figure 2-1 The schematics of sensory (visual) input into the brain showing RGCs receiving visual 
information from photoreceptors via bi-polar and retina amacrine cells to collectively transmit 
visual information via the visual pathway to the brain. 
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2.2 Eyeball anatomy 

The eyes are positioned within the bony orbits and associated tissue. The eyelids provide a 

covering over the globe conserving against excessive light or external injury [8]. The anterior 

surface of the eye is lubricated by the tear film, which is a mixture of ocular surface secretions, 

including the meibomian glands in the eyelids, the lacrimal glands in the sockets, and the goblet 

cells in the conjunctival epithelium [8, 9].  

The globe’s movement of the eye is operated by muscles, joined to the outer coat of the eye. This 

outer connective tissue coat of the eye contains two joined spheres: anterior transparent sphere 

(the cornea) and posterior opaque sphere (the sclera)[9]. The distribution of nerves provides 

sensory and motor innervation to the eye and surrounding tissues and structures. [4]. 

The structure of the human eye looks approximately like a ball and performs an essential role in 

vision [9]. It includes two major parts: (1) transparent objects of the eyeball such as the cornea 

and lens which transmit and refract the light, and (2) regular layers located around the surrounding 

eyeball [9]. These regular layers are composed of several biological elements located in three 

coats as follows: (1) the external fibrous surface is constructed by the cornea and sclera, (2) the 

iris, ciliary body, and choroid, which form the central vascular layer, and, finally, (3) the retina 

constitutes the internal neural layer [9]. 

 

2.3 Retina anatomy, function and structure 

The retina is the internal membrane of the eye, a neural layer, located between the choroid and 

the vitreous [10, 11]. The posterior pole is located in the retina and contains the macula whose 

function is the colour vision, as well as, acute vision [10]. Despite including a large number of 

cell bodies and their processes, the neural retina has the appearance of a thin, translucent coat. 

The retina consists of two layers: an outer pigmented layer and the neural retina. The pigmented 

layer, derived from the outer layer of the optic cup, is attached to the choroid. The neural retina 

is obtained from the inner layer of the optic cup. Converting light energy into a neural signal is 

the function of the retina cells, including photoreceptor, bipolar and ganglion. Photoreceptors as 

the light-sensing cells of the neuroretina convert light energy into action potentials. Bipolar cells 

receive the action potentials as an input from photoreceptors, and then conduct the visual signal 

to the inner retina such as retinal ganglion cells [11]. Ganglion cells, the output neurons of the 

retina, receive input from bipolar cells and relay this information to the lateral geniculate nucleus 
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through their long axons, which unite to form the optic nerve [11].  Modifying and integrating the 

signal before exiting the eye is the function of other retinal neurons, horizontal cells, amacrine 

cells, and inner plexiform neurons [10]. 

2.3.1 Retina structure 

2.3.1.1 Retinal pigment epithelium  

A single cuboidal layer of 4-6 million hexagonally shaped epithelial pigmented cells is situated 

between the retinal photoreceptors and the vascular choroid, overlying a basement membrane 

called Bruch's Membrane [8-11]. The RPE has important roles in retina functions such as 

participating in vision, phagocytizing of photoreceptors outer segments and regenerating 

photopigment, to name but a few. In addition, the RPE expends the heat of the light and the 

phototransduction process in the retina by its pigmented cells [12-15]. 

In fact, regular photoreceptor (PR) action is connected to the RPE [12-15]. Each RPE cell supplies 

nutrients and oxygen to almost 30 to 40 photoreceptors. Photoreceptors are categorised into rod 

and cone based on their ability to be more active in bright or dim light. Rod photoreceptors (rods) 

provide light vision, whereas cones are responsible for colour and daylight vision. 

The outer and inner segments of rods and cones are located in a layer known as the photoreceptor 

layer [10, 16]. Furthermore, projections from the upper surface of Müller cells expand into this 

layer and separate the inner segments [10, 16]. 

2.3.1.2 External limiting membrane 

The external limiting membrane (ELM, outer limiting membrane) is not a real layer but contains 

zonula adherens, which form junctions between photoreceptor cells and between photoreceptors 

and Müller cells at the level of the inner segments. This layer possesses a network-like structure, 

which provides mechanical strength, resulting in maintaining the structure of the retina [10, 11].  

2.3.1.3 Outer nuclear layer 

The outer nuclear layer (ONL) includes the rod and cone cell bodies [10, 11]. The number of rods 

is far more than cones [10, 11]. Therefore, the greatest part of the ONL is allocated to rods, except 

in the fovea. The fovea is the thickest section of ONL, which is the peak cone density of roughly 

ten layers of cone nuclei. The cone cell bodies and nucleus are larger than those of the rod, found 

in the top row of the ONL. Moreover, the cone nuclei are situated in a single layer near to the 
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external limiting membrane, whereas cell bodies of the rods are located in several rows inner to 

the cone cell bodies [10, 11]. 

2.3.1.4 Outer plexiform layer  

The outer plexiform layer (OPL; also outer synaptic layer) is an area where the neurons make 

their interconnections. As such, photoreceptors (inner fibres of rods and cones) form synapses 

with cells from the inner nuclear layer (horizontal cells and bipolar cells). In addition, horizontal 

cells make synaptic contact with bipolar dendrites from the inner nuclear layer and also contact 

other horizontal cells in OPL [10, 11].  

2.3.1.5  Inner nuclear layer  

The inner nuclear layer (INL) contains the cell bodies of horizontal cells, bipolar cells, amacrine 

cells, inner plexiform neurons, Müller cells. The displaced ganglion cells are also observed in this 

layer. In INL, the visual signals are relayed from the photoreceptors to the ganglion cells. Also, 

INL encompasses the retinal vasculature of the capillary network [10, 11].  

2.3.1.6 Inner plexiform layer  

The inner plexiform layer (IPL; also, inner synaptic layer) is an area of a dense reticulum of 

minute fibrils formed by the interlacement of the dendrites of the ganglion cells with cells of INL 

[10, 11]. The synaptic connections between neuron in the visual pathway occur in IPL, including 

direct or indirect synaptic connections between bipolar cells and ganglion cells via amacrine  [10, 

11]. 

2.3.1.7 Ganglion cell layer 

The ganglion cell contains ganglion cells, the final output neurons of the retina,  and displaced 

amacrine cells (half of the cells in the GC layer) [10, 11]. The thickness of the ganglion cell layer 

is generally a single cell, but it is thicker at the temporal side of the optic disc and near the macula, 

which can be 7-10 cells thick. Although extending next to each other, ganglion cells are separated 

from each other by glial processes of Müller cells [10, 11]. 

2.3.1.8 Nerve fibre layer 

The nerve fibre layer (NFL; also, stratum opticum) consists of ganglion cell axons and the 

majority of the retinal vessels, which extended toward the optic disk  [10, 11]. This layer is formed 

by the expansion of the fibres extend parallel to the retinal surface, and they pass through the 

optic disc and cross the lamina cribrosa at the optic nerve head (ONH) carrying the visual 
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information. Due to gathering all the fibres, NFL is thickest in the vicinity of the optic disc [10, 

11]. 

 

2.3.2 Retina cells 

2.3.2.1 Retinal pigment epithelium  

The retinal pigment epithelium (RPE), forms a monolayer of pigmented hexadic cells, the outer 

retinal layer with the same embryologic germ cell layer as the retina [10, 13]. The RPE cells are 

of various density and size in different locations of the eye [10, 13]. To illustrate, they have a 

column-like shape in the area of the posterior pole. However, macular RPE cells are taller and 

more densely pigmented. In the Ora Serrata, the area of transition of the ciliary body, these cells 

become bigger and more cuboidal. The Bruch’s membrane creates a firm attachment between the 

basal aspect of the RPE cell and the choroid [10, 13]. 

2.3.2.2 Photoreceptor cells  

The rod and cone photoreceptors are specialized sensory neurons, which receive light rays 

through their photopigments and convert these into interpretable signals for the nervous system 

[16]. Although the photoreceptors are basically defined based on their shapes, there is not always 

a direct link between names and forms [16]. Light photons affect visual pigments in the 

photoreceptors resulting in visual experience. However, rods and cones have different 

illuminating levels, rods are more active in dim illumination, and cones have less light sensitivity 

and also have more adaption capacity resulting in being active on the brightest of days [16]. 

2.3.2.3 Bipolar cells 

The second group of cells in the visual pathway, with a large nucleus and minimal cell body 

cytoplasm, are known as the bipolar cells [11]. These cells consist of various classifications based 

on their morphology, physiology, and dendritic interaction with photoreceptors [11]. 

The bipolar cells have a vertical connection with photoreceptors and horizontal cells from the 

dendrite section and with ganglion and amacrine cells in the axon section. The role of the bipolar 

cells is to transmit information to horizontal, amacrine and ganglion cells. As such, they receive 

synaptic feedback from amacrine cells, as well [11]. 
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2.3.2.4 Horizontal cells 

The horizontal cells are interneurons which synapse with photoreceptors, bipolar cells, and other 

horizontal cells in a lateral direction to the retinal surface [11]. Horizontal cells are extensive 

parallel interneurons which transfer information in the outer retina. Inhibitory feedback to 

photoreceptors or inhibitory feed-forward to bipolar cells is provided by horizontal cells [11]. 

2.3.2.5 Amacrine cells 

The amacrine cells are interneurons of different morphological and physiological types [10, 11]. 

Amacrine cells synapse with axons of bipolar cells, dendrites and the soma of ganglion cells in a 

complicated manner and carry information horizontally [10]. Because of the broad spread of its 

process, the amacrine cells are a critical factor in modulating the information received by the 

ganglion cells [10, 11].  

2.3.2.6 Müller cells 

Radial glial (or Müller) cells are large neural cells that stretch out most of the retina (from 

photoreceptor layer to inner retinal surface) [10]. They have a supportive role in providing the 

structure of the retina [10]. 

2.3.2.7 Ganglion cells 

RGCs are neuron cells located near the inner surface (the ganglion cell layer) of the retina of the 

eye [4]. There are different classifications for these cells, both physiologically and 

morphologically [4]. However, in the typical category, these cells are categorized into bipolar and 

multipolar ganglion cells based on the number of dendrites. RGCs receive visual information 

from photoreceptors via bipolar and retina amacrine cells to collectively transmit image-forming 

and non-image-forming visual information via the visual pathway to several regions in the 

thalamus, hypothalamus, and mesencephalon, or midbrain, as shown in Figure 2.1 [4]. Each RGC 

contains a number of dendrites and a single long axon, which receives input from light-sensing 

photoreceptors via retinal interneurons, bipolar and amacrine cells, in the inner plexiform layer 

that integrate, process and transmit information in the form of action potential via RGC axons to 

the brain, as shown in Figure 2.1 [17, 18]. The RGC axons constitute the retinal nerve fibre layer 

(RNFL) [10]. In humans, 1.2 million RGC axons are joined together to form the optic nerve at 

the optic disc where they also exit the eye via the optic nerve head (ONH) [19-21]. Clinically, 

glaucoma is the result of RGC axonal degeneration and characteristic optic nerve head cupping 

[22-24]. It has been decisively established that the deterioration of ONH plays an important role 

in initial axonal damage in the onset of glaucoma [23]. 
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Chapter 3 Literature Review 

This Chapter reports the findings of a literature review of retinal tissue bioengineering, materials 

and methods for the treatment of glaucoma. Section 3.1 is the abstract of the Chapter, and section 

3.2 – 3.4 presents a brief explanation on glaucoma, its pathogenesis and clinical types, along with 

pathophysiology and diagnosis. Section 3.5 introduces the current treatments for glaucoma with 

particular focus on stem cell-based therapies, followed by RGC replacement therapy in section 

3.6. Section 3.7 explains the most common cell supporting bio-material substrates and clarifies 

the role of material substrates and their properties in developing a tissue-engineered scaffold. The 

major challenges to RGC replacement and future trends in this field have been illustrated in 

Section 3.8 and 3.9, followed by the Summary and Conclusions given in Section 3.10. This 

Chapter includes the full published version of a co-authored journal paper and the version of an 

accepted co-authored journal paper. The bibliographic details of the co-authored papers, 

including all authors, are: 

 

[1] Behtaj, S., Öchsner, A., Anissimov, Y. G., & Rybachuk, M., “Retinal Tissue Bioengineering, 

Materials and Methods for the Treatment of Glaucoma”, Tissue Engineering and Regenerative 

Medicine 17, 253 – 269 (2020). 

Author contributions:  BS designed and conceptualised the study, carried out the search and 

collection of review data, carried out data analysis, drafted the manuscript; O¨A and AYG 

critically revised the manuscript; RM designed, conceptualised and coordinated the study, drafted 

and critically revised the manuscript.  

 

[2] Behtaj, S., Rybachuk, M. “Strategies on The Application of Stem Cells Based Therapies for 

The Treatment of Optic Neuropathies”, accepted for publication (August, 2020), Neural 

Regeneration Research. 

Author contributions:  SB carried out the analysis of recent research, development in the field, 

collection of perspective data and drafted the manuscript; MR critically revised the manuscript. 
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3.2 Abstract 

Glaucoma, a characteristic type of optic nerve degeneration in the posterior pole of the eye, is a 

common cause of irreversible vision loss and the second leading cause of blindness worldwide. 

As an optic neuropathy, glaucoma is identified by increasing degeneration of retinal ganglion 

cells (RGCs), with consequential vision loss. Current treatments only postpone the development 

of retinal degeneration, and there are as yet no treatments available for this disability. Recent 

studies have shown that replacing lost or damaged RGCs with healthy RGCs or RGC precursors, 

supported by appropriately designed bio-material scaffolds, could facilitate the development and 

enhancement of connections to ganglion cells and optic nerve axons. The consequence may be an 

improved retinal regeneration. This technique could also offer the possibility for retinal 

regeneration in treating other forms of optic nerve ailments through RGC replacement. In this 

brief review, we describe the innovations and recent developments in retinal regenerative 

medicine such as retinal organoids and gene therapy which are specific to glaucoma treatment 

and focus on the selection of appropriate bio-engineering principles, biomaterials and cell 

therapies that are presently employed in this growing research area. Identification of optimal 

sources of cells, improving cell survival, functional integration upon transplantation, and 

developing techniques to deliver cells into the retinal space without provoking immune responses 

are the main challenges in retinal cell replacement therapies. The restoration of visual function in 

glaucoma patients by the RGC replacement therapies requires appropriate protocols and 

biotechnology methods. Tissue-engineered scaffolds, the generation of retinal organoids, and 

gene therapy may help to overcome some of the challenges in the generation of clinically safe 

RGCs. 

3.3 Glaucoma 

Retinal degenerative disorders are broadly categorised as diseases that can cause blindness [18]. 

Apoptosis of retinal neurons is the most common outcome of diseases leading to retinal 

degeneration, examples of which include the loss of photoreceptors in the retinitis pigmentosa, 

age-related macular degeneration, and the loss of retinal ganglion cells (RGCs) in glaucoma [25]. 

This study focuses on the latter as one of the most common of these diseases. Glaucoma, a 

frequent cause of irreversible vision loss and the second leading cause of blindness (11% of all 

blindness cases), is affected over 76 million people worldwide in 2020, is expected to increase to 

over 111.8 million people by 2040 [1, 2]. Therefore, if left unresolved, the disease will continue 
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to be a serious public health problem. Glaucoma occurs mainly in the over-50 age group as the 

incidence (and burden) of glaucoma is increased significantly with age [26]. 

This disease is broadly subdivided into open-angle glaucoma (OAG) and angle-closure glaucoma 

(ACG), which is also known as acute or narrow-angle glaucoma, based on the status of the internal 

drainage and the anatomy of the anterior chamber, both of which result in characteristic optic 

nerve degeneration in the posterior eye [27, 28]. OAG and ACG can be further sub-divided into 

primary and secondary glaucomas; primary glaucoma develops due to an unknown cause, 

whereas secondary glaucoma develops from a known cause such as an eye injury, cataract, 

tumour, or diabetes. OAG accounts for the majority of glaucoma cases (approximately 80% in 

the United States) although, ACG is also responsible for an excessive number of patients with 

blindness [1]. Primary and secondary OAGs and ACGs can be further characterised based on 

their inciting factors [26] using two theories of development, the mechanical and the ischemic 

theory [19]. Ischemic optic neuropathy is identified by the growing degeneration of RGC through 

oxidative damage, uncontrolled immune activity and/or dysfunction of glial cells [29]. Glial cells 

support neurons that extend from the inner retina to the optic nerve and form a part of the central 

nervous system (CNS), and these also maintain their environment. As RGCs display little 

regenerative capacity and cannot regenerate independently, degeneration of RGCs followed by 

RGC apoptosis generally results in reduced visual acuity and/or permanent visual loss [27]. The 

exact biological basis of glaucoma and its contributing factors are yet to be decisively established, 

however, as the disease is multi-factorial, chronic and progressive, it is believed that both 

environmental and genetic causes play key roles in its development [30]. Vision loss in patients 

with OAG can be a severe and chronic, or an insidious process. In both instances, it occurs mainly 

due to the loss of ganglion cells and is related to a combination of several concomitant factors, 

such as the increased intraocular pressure, advanced aging (>50), increased cup-to-disc ratio, 

thinner central corneas, family history, and often attributed to the presence of certain systemic 

diseases, such as diabetes and hypertension [31]. On the other hand, hyperopia (i.e., smaller eye), 

advanced age, female gender and Asian ethnicity are known to be the major risk factors for ACG 

[32, 33]. Both OAG and ACG are typically devoid of symptoms until patients report advanced 

visual field loss, and for this reason, glaucoma is colloquially known as the ‘sneaky thief of sight’, 

and thus identification, diagnosis and treatments are frequently delayed. Notably, the quality of 

life is significantly reduced in patients with glaucoma, even in those displaying early stages of 

the disease [34, 35]. Despite the fact that much research into the causes and treatment of glaucoma 

is being carried out, the exact causes of glaucoma are still yet to be fully understood, with some 

experts seeing the disease as more of a neurological condition [36-38] than an eye disorder, it is 

clear that further studies into the causes and the possible treatments of the disease are justified. 
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3.4 Glaucoma: pathogenesis and clinical types 

3.4.1 Primary open-angle glaucoma 

Primary OAG is a growing optic neuropathy in adults in which there is a degeneration of the optic 

nerve and a loss of RGCs and their axons [39]. It is associated with the damage of the optic nerve 

and RNFL, with adult onset and open anterior chamber angles [40]. The important risk factors 

for primary OAG include: age, race/ethnicity, level of intraocular pressure (IOP), family history 

of glaucoma, low ocular perfusion pressure, type II diabetes mellitus, myopia, and a thin central 

cornea (see Table 3.1)[39]. Although many patients who suffer from primary OAG endure high 

IOP, almost 40 % of those with otherwise characteristic primary OAG, may not have elevated 

IOP measurements [41]. Based on clinical trials, appropriate initial treatment of a primary OAG 

patient should aim to decrease the level of IOP and thereby prevent and/or slow down the 

progression of the disease. This could be obtained by effective pharmaceutical, non-invasive and 

invasive photo-optical (i.e., laser therapy), and incisional surgical approaches [39].  

3.4.2 Angle-closure glaucoma 

Primary ACG is potentially a disease resulting from appositional approximation or contact 

between the iris and trabecular meshwork. Shallow anterior chambers anteriorly positioned or 

pushed lenses, and angle crowding are the results of the development of this eye disease [42]. 

Primary ACG has an acute onset, normally in the elderly, and can lead to insurmountable pain 

and rapid loss of vision, sometimes within a few hours. It is considered an ocular emergency, and 

without prompt treatment, the patient may experience irreversible vision loss [43]. The 

development of primary ACG is the result of a combination of various risk factors, including 

advanced age, female gender, shallow anterior chamber, short axial length of the eye in hyperopia, 

small corneal diameter, steep corneal curvature, shallow limbal chamber depth, and thick, 

anteriorly positioned lenses (see Table 3.1). Treatment of primary ACG is based on controlling 

IOP while monitoring changes the angle and optic nerve head [42]. 
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Table 3.1 Risk factors for glaucoma 

Major Risk factors 

Primary open-angle glaucoma Primary angle-closure glaucoma 

(aka. acute, narrow-angle 

glaucoma) 

Elevated IOP Advanced age 

Advanced age Female gender 

Increased cup-to-disc ratio Asian ethnicity 

Thinner central cornea Hyperopia 

Race/ethnicity Shallow anterior chamber 

Family history Short axial length of the eye in 

hyperopia 

Diabetes Steep corneal curvature 

Low ocular perfusion pressure Shallow anterior chamber depth 

Myopia Anteriorly positioned lenses 

 

3.4.3 Pathophysiology 

Although the pathogenesis of glaucoma is not fully understood, histologic, biochemical, and 

genetic analysis supports the evidence that elevated IOP is related to the balance of aqueous 

humour production by the ciliary body and its drainage by the trabecular meshwork (conventional 

outflow) and uveoscleral pathway (secondary outflow) (see Figure 3.1 and 3.2)[43]. Although 

glaucoma occurrence is typically associated with elevated levels of IOPs, a remarkable number 

of patients with high IOP report no symptoms and are not aware that they have the disease [22, 

43, 44]. 
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Figure 3-1 The schematics of drainage pathways of aqueous humour production in healthy eye 
(Creative commons licence). Image info: ‘‘Cause of Glaucoma’’ by National Eye Institute is 

licensed under CC BY 2.0 

 

 

Figure 3-2 Increased intraocular pressure (IOP) causes damage and leads the death of RGCs in 
glaucoma 

 

3.4.4 Glaucoma diagnosis 

Diagnosis at an early stage of this disease is critical for preventing vision loss as retina 

degeneration is irreversible. However, clinical detection is difficult owing to the lack of 

symptoms, and in addition, the onset of aging and the rate of glaucoma pathogenesis varies for 

different types of the disease among patients [45]. As such, patients identified as having glaucoma 

risk factors should be referred to an ophthalmologist for an examination [26, 46]. 

Ophthalmologists are able to monitor changes in the optic nerve by conducting specific 

examinations that include (i) tonometry test to measure IOP, (ii) ophthalmoscopy (aka. 

fundoscopy), a dilated eye examination to examine the shape and colour of the optic nerve, (iii) 

perimetry, a visual field test, (iv) gonioscopy, an evaluation of the internal drainage system of the 

eye (aka. anterior chamber angle examination), and (v) pachymetry test to measure the thickness 

of the eye's cornea. These tests provide additional input towards establishing the extent of neural 
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(aka. neuroretinal) rim and sectoral RNFL thinning as evidence of glaucoma onset [28, 47]. 

However, IOP monitoring or examination of the variations in the visual field are able to provide 

an assertive diagnosis of glaucoma at an early stage [27]. 

3.5 Treatments for glaucoma 

As previously mentioned, the best characterised and most modifiable risk factor of glaucoma at 

this time is increased IOP, which can be reduced by topical and oral medications, laser treatment, 

and other forms of surgery [26, 48]. These treatments concentrate on the lowering of IOP through 

various strategies, often in tandem, and include minimizing the production of aqueous humour, 

and/or improving drainage through the trabecular meshwork (TM), and/or enhancing uveoscleral 

outflow [49]. The pharmacologically active agents that control IOP are most commonly 

administered in the form of eye drops, and consist of mainly five categories, namely, (a) β-

blockers, (b) carbonic anhydrase inhibitors, (c) prostaglandin analogues, (d) sympathomimetic 

drugs, and (e) parasympathomimetic drugs. Furthermore, in some cases a combination of these 

therapies is applied to effectively reduce IOP [28]. Although, these methods are efficient in 

gradually reducing the loss of visual field, the progress of the disease cannot be stopped solely by 

IOP reduction [27, 50]. Therefore, RGC and optic nerve damage can be observed and can also 

progress in patients, without increased IOP which known as the normal-tension glaucoma (NTG) 

with intraocular pressure of less than 22 mmHg [41]. Thus, apart from the reduction of IOP, there 

is a need to develop additional therapeutic strategies to treat glaucoma [48].  

3.5.1 Stem-cells based therapies 

Recent findings in ocular regeneration have opened promising avenues to apply stem cell-based 

modalities to restore vision in progressive glaucoma. Stem cell-based therapies can help to 

improve retinal regeneration by solving two major problems: (1) by preventing secondary 

degeneration of RGCs and preserving the remaining vision, and (2) by replacing degenerated 

RGCs and promoting RGC axon regeneration in the damaged area. The first approach, known as 

neuroprotective therapy, uses stem cells incorporated into the degenerating retina with an aim to 

offer a nourishing environment for damaged RGCs resulting in anatomic and functional 

improvement. The second approach, known as RGC replacement therapy, ultimately aims at 

replacing the damaged RGCs with healthy RGCs or RGC precursors [51, 52] in order to restore 

the visual function. Both approaches are graphically represented in Figure 3.3. The 

implementation of cell replacement therapeutic approaches requires the successful generation of 
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clinically safe and functional RGCs in an environment where the transplants survive, 

appropriately integrate and engraft, as well as establish neurites within the hosts’ retina and direct 

consequent axons towards the relevant regions in the brain [53]. In this work, we discuss the 

challenges that are required to be addressed prior to the implementation of stem cell-based 

therapies in clinical practice and, suggest potential solutions to overcome the current limitations. 

 

 

Figure 3-3 Optic neuropathy is damage to the optic nerve from any cause, including the loss of 
RGCs, and is commonly associated with a loss of vision. The damaged RGCs can be regenerated 
using RGC neuroprotection and RGC replacement treatment modalities, both of which employ 
stem cells. 

 

3.5.1.1 Stem cell-based RGC neuroprotection strategies 

Neuroprotection aims to prevent degeneration of neurons and slow down the progression of vision 

loss in neurodegenerative diseases such as glaucoma [28, 54]. Neuroprotection refers to the 

measures to salvage, recover, protect and re-generate the nervous system, its cells, structure, and 

physiologic function from apoptosis arising from insult or progressive neurodegenerative diseases 
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[47]. Applicable to glaucoma, neuroprotection treatments are (normally) independent of IOP 

reduction, and accelerate biochemical pathways that prevent neuronal injury and/or block others 

that lead to neuronal apoptosis [22]. Various earlier investigations provided evidence for 

successfully applying neuroprotective approaches in animal models; these interventions, 

however, were found to be treatments suitable for limited applications in the early stages of the 

disease in humans, whereas most recent clinical trials have failed to establish strong evidence on 

the effectiveness of neuroprotective approaches. [55-58].  

The application of neurotrophic factors (NTFs) such as brain-derived-, ciliary-, glial cell-derived- 

and nerve growth factor (NGF) has been a focus of recent investigations as a prominent mean of 

neuroprotective strategy for it is known that NTFs prevent uncontrolled RGCs loss and aid to the 

survivability of the cells. However, the effectiveness of the neuroprotective approach is limited 

by a relatively short half-life, insufficient permeability and poor concentrations of NTFs in target 

RGCs. Doozandeh et al. [22] reported that compounds such as glutamate antagonists, ginkgo 

biloba extract, neurotrophic factors, antioxidants, calcium channel blockers, brimonidine, 

glaucoma medications displaying blood regulatory effects, and nitric oxide synthase inhibitors 

(with potential neuroprotective effects) in pre-clinical studies. However, only a few agents (e.g., 

brimonidine, memantine) that displayed strong neuroprotective impacts in experimental studies 

have been promoted to clinical trials. However, recent research on the memantine concluded the 

negative outcome of the memantine in clinical trials with respect to neuroprotection in glaucoma 

in their patient population [59, 60]. 

The use of stem cells as an intraocular slow-release delivery vehicles with the ability of 

sustainable and multiple NTF-secreting is a known solution to enhance neurotrophic capacity, 

and consequently, improving the overall efficacy of neuroprotective strategies [61-63]. As a 

result, mesenchymal stem cells (MSCs) have been broadly investigated in animal models of 

neurodegeneration owing to their biological properties, cell expansion potential, 

immunomodulatory and anti-inflammatory properties, as well as their low propensity towards 

tumour formation. Additionally, the use of MSCs sidesteps the ethical and legal issues associated 

with the sourcing, use and application of stem cells from embryos and foetuses since the MSCs 

are harvested from adult tissues or perinatal derivatives. Both anti-inflammatory cytokines and 

NTFs secreted by MSCs have been shown to afford neuroprotective capability to enhance RGC 

survival [63, 64]. However, much uncertainty still exists about the relationship between the 

populations, sources and types of MSCs and their optimal neuroprotective impacts. Despite the 

positive results obtained from the application of MSC therapy in animal models by intravitreal 

MSC injection, this treatment, when applied to human subjects yielded limited success [65]. One 

of the most significant drawbacks of using MSCs is that these cells are not able to penetrate to 



20 
 

the ganglion cell layer thoroughly and, generally remain attached to the vitreous cavity and the 

inner limiting membrane [66]. The recently introduced cell-free stem cell therapy, which is 

focused on the application of microvesicles and exosomes released by MSCs, especially bone 

marrow-derived mesenchymal stem cells (BMSCs), as a novel optical neuropathic treatment 

modality, may be able to reduce the risks associated with the use of conventional stem cell 

therapies, specifically, the risk of retinal detachment [65]. Applications in which recipient neurons 

are able to receive genomic material, including messenger ribonucleic acids (mRNAs) and micro 

ribonucleic acids (miRNAs), transported by these small extracellular vesicles may lead to the 

activation of target signals and facilitate the re-establishment of intercellular communications. It 

is important to point out that, protecting RGCs in clinical applications using exosomes derived 

from BMSCs requires efficient delivery of miRNAs, which are responsible for the exosome-

mediated neuroprotection [67].  

At present, the cell-free stem cell therapy is still at an early stage of development and requires 

further extensive pre-clinical and clinical studies. Studies that focus on the secretome of BMSCs, 

monitor and compare the changes in mRNAs and miRNAs in healthy and damaged RGCs offer 

a potential to explore neuroprotective signalling pathways and can lead towards the therapeutic 

application of cell-free stem cell therapies in the nearest future [67]. In addition, there are 

currently no accurate methods to evaluate neuroprotection efficacy [27] and thus, beyond 

neuroprotection, there is a strong need to develop methods to assist individuals whose vision loss 

is due to considerable loss of RGCs [18, 58, 68]. 

3.6 Cell transplantation therapies for the treatment of 
glaucoma 

The cell transplantation strategies in the eye aim at both neuroprotection and cell replacement 

[58]. In some cases, neuroprotective therapies can protect cells before apoptosis occurs. However, 

applying neurotrophic factors for many patients with an advanced stage of a disease cannot be a 

viable solution as they have already lost their vision. Therefore, cell replacement therapy can be 

a promising treatment for advanced stages of the disease. Recent discoveries in ocular 

regeneration provide the possibility of applying cell-based approaches in future years to restore 

vision in glaucoma patients [18, 25, 68, 69]. Recently a group of studies focused on the 

development of transplantation of trabecular meshwork cells in an attempt to promote normal 

aqueous humour filtration, which leads to normal IOP levels and possibly halts the progression 

of the disease [70, 71]. Evidence supports that the RGC is the initial site for events leading to 
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glaucoma [44], and as such, RGC repair and replacement have been investigated to an extent to 

identify an essential target for visual function restoration for effective treatment of the disease 

[72]. Currently, a number of research groups are studying approaches to deliver RGCs to the 

surface of the retina in order to regenerate the damaged ganglion cell layer. Because the RGC is 

incapable of self-renewal, replacement of diseased RGC with healthy cells has always been an 

ultimate goal [73, 74]. Allogeneic transplantation of RGCs can contribute to the improvement of 

retinal function in irreversible forms of blindness (Figure 3.4). This has been considered in 

research studies that the isolation of RGCs from the retinas of recently diseased persons for 

transplantation into patients can be an approach in cell replacement therapies [69, 75]. However, 

RGC transplantation therapy requires a more abundant and possibly a more robust source of 

healthy RGCs to make it a feasible treatment option [13].  

In the developing mammalian eye, RGCs are the first cells to arise from retinal progenitor cells 

(RPCs), a multipotent cell type that differentiates to the six major neuronal cell types [76, 77]. 

Therefore, RGC differentiation from stem cells offers a promising area for research and, in this 

sense, the introduction of stem cell-derived RGCs constitutes a new approach where an abundant, 

under-control source of RGC can be accessible for replacement therapy [78]. In addition, it is 

likely that derivation of extensive numbers of RGCs from stem cells can result in a commercially 

viable supply of RGCs for transplantation therapy, thus preventing genetic defects inherent in the 

use of autologous RGC [13]. Furthermore, a promising modality in restoring vision is intraocular 

transplantation of stem cells, which have the ability of RGC-specific protein expression and the 

development of RGC morphology features [79]. 

 

 

Figure 3-4 Allogeneic RGCs transplantation from the healthy retinas into patients offers a 
possibility of improvement of retinal function in glaucoma [75]. 
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3.6.1 Stem cell-based RGC replacement therapy 

The progress of stem cell-derived RGCs can introduce stem cell-based therapies as a potential 

approach for the restoration of vision in patients who have already lost vision from glaucoma (see 

Figure 3.5) [48, 80]. Stem cells are commonly defined as undifferentiated cells with the ability of 

self-renewal, proliferating and reproducing the same multipotent stem cells indefinitely in their 

undifferentiated state [13, 81, 82], and are capable of producing one or more differentiated cell 

types [83]. Below, a brief summary of the most common uses of stem cells employed in retinal 

cell replacement therapy is provided. 

 

 

Figure 3-5 RGCs obtained, through an appropriate protocol, from stem cells, help regain lost 
vision and compensate for areas in the eye damaged by glaucoma. 

 

3.6.1.1 Types of Stem Cells 

Embryonic stem cells (ESCs), induced pluripotent stem cells (iPSC), and adult stem cells are 

three categories of stem cells, based on their origin [45]. Research has considered these stem cell 

types as potential sources for retinal transplantation to determine an appropriate donor cell type 

to rescue the degenerating retina (see Table 3.2)  [83-107].  
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Table 3.2 Most common use of stem cells in regenerative medicine 

Stem cells Advantages Disadvantages Selected 

References 

Examples of stem cells 

differentiation into 

RGCs 

Embryonic 
stem cells 

The immense 
potential of 
differentiation into 
any of the cell types 

Potential risk of 
tumour formation 
and ethical 
arguments 

[48, 88-91, 
96, 97, 
108-113] 

Driving ganglion and 
amacrine cells from 
hESCs  by using a 
combination of noggin, 
dkk1 and IGF-1 [114]; 
the differentiation 
mouse and hESCs into 
RGCs [115]; the 
differentiation of 
hESCs and iPSC cells 
into functional RGCs 
by applying a stepwise 
chemical protocol  
[116]; 

Induced 
pluripotent 
stem cells 

The immense 
potential of 
differentiation into  
any of the cell types,  
no risk of immune 
rejection;  can 
be directly 
generated from any 
adult tissue 

Tumorigenic 
contamination; 
possible 
immunogenicity; 
ethical issues 

[99, 100, 
102, 117-
120] 

The presence of retina 
ganglion precursor by 
a synthetic xeno-free 
culture substrate for 
iPSCs induction [121]; 
the development of 
RGCs  and 
photoreceptors  
precursors from mouse 
iPSCs [122]; 

Fetal and 
Adult 
Stem Cells 

ability to avoid 
tumorigenesis and 
immunosuppression 

Low yield of 
isolated cells from 
tissue sources; 
Low 
differentiation 
potentials 

[3, 123-
125] 

RGC differentiation 
from primary rodent 
retinal progenitor cells 
[126], the generation 
RGC from mouse 
retinal progenitor cell 
[127] 

 

3.6.1.2 Embryonic Stem Cells 

Being pluripotent, ESCs have the capability to proliferate indefinitely by following the natural 

developmental process cycle. Moreover, ESCs have the capacity to differentiate into any cell 

types of all three germ layers (ectoderm, mesoderm, and endoderm) [13, 128, 129]. Recent 

research findings have identified modified culture conditions for ESC differentiation to achieve 

a particular cell type [48, 99, 108, 111]. Successful production of human RGCs from human 

embryonic stem cells (hESCs) has been reported [74, 109, 110]. Despite the immense potential 
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of hESCs, the potential risk of tumour formation and existing ethical arguments surrounding the 

use of the human embryo are the common concerns that limit their use at present [18, 130]. 

However, the development of iPSCs has resulted in reduced use of hESCs [131]. 

3.6.1.3 Induced Pluripotent Stem Cells 

Similar to ESCs, iPSCs are able to differentiate into any other cell type in the body and even 

under the same differentiation conditions. In other words, iPSCs share the same self-renewal and 

pluripotency characteristics [13] as ESCs. The derivation of iPSCs from somatic cells has 

introduced them as a promising treatment in regenerative medicine with, notionally, no risk of 

immune rejection [117]. Since iPSCs can, theoretically, be directly generated from any adult 

tissue, each patient could have their own iPSCs, for example, through the collection of skin 

biopsies. [13, 120, 132, 133]. In developing glaucoma treatments, recent studies demonstrated 

that human iPSCs could be differentiated into RGCs [68]. For example, Li et al. [74], induced 

human iPSCs to form a three-dimensional (3D) retina [106]. Then, they generated RGCs from a 

human iPSC-neural retina. Moreover, Tanaka et al. [134] generated self-induced RGCs with 

functional axons from human iPSCs. Additionally, it was recently reported that there had been 

successful production of human RGCs from human pluripotent stem cells [110, 135-137] and 

human Tenon's capsule fibroblast-derived iPSCs [138]. In the future, regenerating the optic nerve 

and visual pathway may be possible via the utilization of various stem cells, consequently 

restoring sight in glaucoma patients [19].  

3.6.1.4 Fetal and Adult Stem Cells (or Progenitor Cells) 

Progenitor cells are considered a promising resource for transplant, with the ability to avoid 

tumorigenesis and immunosuppression [25, 94, 139]. An example of this is RPCs that are able to 

differentiate into retinal neurons such as RGCs in a complex pathway affected by numerous 

intrinsic and extrinsic factors  [140]. However, poor expansion, survival ability and functional 

(synaptic) integration of donor cells limit the clinical application of  RPCs, and appropriate cell 

delivery techniques are needed to overcome RPC limitations [119, 141]. 

Adult stem cells, originated from adult body, have been used as sources for renewing or repairing 

cells of the specific tissue with the same origin. Mesenchymal stem cells (MSCs) such as bone 

marrow (BM-MSC), umbilical cord blood-derived cells (UCBCs), dental stem cells (DSCs) and 

also the stem cells derived from another part of the eye and retinal stem cells (RSCs) are the 

example of adult stem cells [80, 123, 142]. 
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3.7 Cell Supporting Bio-Material Substrates 

It is known that the shape, adhesion, surface confirmation, migration functions and, ultimately, 

the fate of cells are governed by the properties of the cell-supporting substrates. The latter are 

normally limited to the surface topography of the substrate, its mechanical stiffness, and the 

substrate’s bioactive properties (i.e., the ability of the substrate to signal peptides and proteins in 

a cell). The earlier works by Harrison [143] in 1912 on the spider webs showed the importance 

of substrate organisation and topography, on successful cell migration and morphogenesis. 

Harrison’s findings were later complemented by the research of Weiss [144], which showed that 

cells move and migrate by contact guidance. Curtis and Varde [145] were among the first 

researchers who successfully employed topographical features of (bio-)material substrates to 

decisively guide the cell behaviour. Over the past two decades, much research has been performed 

indicating that cellular functions are greatly influenced and, in some cases, significantly improved 

by the substrates that are able to mimic the extra-cellular topographic features of the cells and, 

including the RGC cells and the RGC supporting bio-material substrates. 

3.7.1 Roles of Material Substrates 

Although cell transplants are able to restore some functional vision in rodent models, the (a) low 

cell survival and integration at the transplant site as well as, (b) difficulties in maintaining injected 

cells in a targeted area, are the main challenges in this new treatment approach [25]. The survival 

of transplanted cells and their functionality is key to the successful and efficient cell 

transplantation within the transplanted environment [146]. It has been documented that the use of 

2D or 3D tissue-engineered scaffolds can be an efficient strategy to overcome the limitations of 

cell transplantation as cell suspension has a lower immune benefit than substrates delivered as a 

whole structure. In addition, full differentiation and proper integrity of the underlying supporting 

material are the other advantages of the use of scaffolds. In other words, tissue-engineered 

scaffolds can provide physical support vehicles for cell delivery, survival and integration [25, 83, 

147-149]. Thus, the use of scaffolds as a cell delivery vehicle demonstrates a potential for 

compelling success in cell transplant therapies for the treatment of glaucoma and other retinal 

degenerative diseases [73]. This is due to the fact that these scaffolds are capable of tailoring to 

the natural micro-environment surrounding neural tissues, and as a result, they help to restore lost 

axonal connections and the replacement of RGCs (see Figure 3.6) [150, 151]. 
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Figure 3-6 The schematic diagram of an artificial scaffold, acting as a cell support/delivery 
vehicle designed to mimic the natural micro-environment, facilitating axonal repair and helping 
to restore lost axonal connections and replacing lost/damaged RGCs. 

3.7.2 Substrate Properties 

Both natural and synthetic polymeric biomaterials have been utilized as cell delivery substrates 

for various retinal cells [83]. Natural polymers maintain various positive features reflective of 

naturally occurring tissues and membranes, such as inherent bioactivity, and have been applied 

broadly as cell delivery scaffolds. However, the variability of mechanical properties, have 

relatively poor environmental stability, cell-mediated immune responses, and risk of infection are 

the main obstacles that currently limit the use of natural scaffold materials. Although synthetic 

polymer-based scaffolds allow controlling properties such as mechanical strength and stiffness, 

3D structure, fracture toughness, bio-degradability characteristics, and distribution of biological 

molecules across the scaffold by physicochemical means, they display several other drawbacks, 

among which the minimal cell attachment [146]. However, the ability to control the molecular 

composition of the polymers and with it, their physicochemical and, especially, surface properties 

result in wider use of synthetic polymers compared to their natural counterparts as tissue-

engineered scaffolds. Bio-compatibility is the major property of the scaffold material that should 

be met to avoid any toxic, injurious or immunological response [152]. In addition, tissue-

engineered scaffolds are required to be extremely thin (few micrometres) and, owing to the size 

of the retina, implantable and flexible in order to prevent the surrounding tissue damage and, in 

addition, are mechanically strong in order to endure the inevitable surgical handling. Moreover, 

the appropriate cell attachment onto the scaffold is the result of sufficient scaffold signals and, 

therefore, any engineered (bio)material scaffold must meet the specified attachment requirements 

[119, 153]. 
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A number of bio-polymer materials, mainly containing the ester functional group, have been 

investigated as templates for stem cells derived cell monolayers in current ongoing preclinical 

research and trials [25, 29, 154, 155] (see Table 3.3), namely poly(lactic acid) (PLA) [156, 157], 

poly(lactic-co-glycolic acid) (PLGA) [109, 150, 158, 159], poly(caprolactone) (PCL) [109, 110, 

150, 160-165] and poly(glycerol sebacate) (PGS) [166]. These biopolymers have the advantage 

of being able to maintain differentiated cells, feasible for controlling RGC cell morphology and 

function. PLA, PCL, PLGA and PGS are known to degrade through hydrolysis, a process that 

proceeds through chemical or enzymatic pathways, with the ester groups of the main polyester 

(PE) backbone cleaved (in the presence of water), thus leading to the reduction of molecular 

weight [108, 147, 153, 163]. In PLA and PLGA, chains terminated by hydroxyl (-OH) groups 

(i.e., PLA, PLGA) appear to be more stable compared to those terminating with carboxylic acids 

that display an autocatalytic action [157-160, 162, 167] as in PCL. Degradation through 

hydrolysis is widely utilised for biomedical applications that explore the role of the biopolymer 

molecular structure, their radical interactions, pH, temperature and enzymatic activity to support 

various types of cells. An appropriate cell-carrier scaffold for glaucoma treatment is required to 

display the following attributes: (i) the enhanced capability of improving RGC migration, (ii) 

sending local dendrites into the inner plexiform layer, (iii) elongating axons into the optic nerve 

head and, (iv) regenerating axons long distances in the injured optic nerve [73]. In addition, these 

biopolymer scaffolds for glaucoma treatment should be able to direct the radial growth of the 

ganglion cells towards the optic nerve head to the optic chiasm and finally the brain [25, 168]. As 

such, research is directed to the modification of tissue-engineered scaffolds to achieve appropriate 

growth of RGCs towards the optic nerve head. For example, Kador et al. [73], created an 

electrospun scaffold of PLA that mimics the radial axon paths of the nerve fibre layer of the rodent 

retina; the researchers explained how the fabricated scaffold retained electrophysiological 

properties of RGCs, and also increased RGC survival. Therefore, PLA-derived scaffolds which 

have shown an increase in the axon growth of RGCs, resulting in the regeneration of natural long-

distance arrangement of the CNS. Recently, Li et al. [74], produced PLGA-based scaffold as a 

substrate for human RGC and reported that the RGCs had the ability to integrate with the scaffolds 

and exhibiting their morphological character. This engineered PLGA/RGC-scaffold was found 

capable of mimicking the bundles of the RNFL. Also, the PLGA/RGC-scaffold presented 

dendritic arbours, extended axons, neurite networks and electrophysiological characteristics. 

In addition to the development of core supporting biomaterials, surface modification techniques 

are also vital in making cell transplantation a clinical success and moreover, the controlled cell 

differentiation is necessary to achieve functional retinal regeneration. An appropriate bio-polymer 

scaffold should also be able to promote cell differentiation among cells delivered to the retina; 
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however, it is only achievable at the upper-most surface area of the scaffold at the nodal points 

of cellular attachment. One of the approaches is to enhance cell attachment to the bio-polymer 

carrier scaffold by means of changing its uppermost physicochemical surface properties, namely, 

by modifying [83, 153, 155, 169] the hydrophilic/hydrophobic properties, surface topology 

(including surface roughness), pH level and surface adhesive properties via careful modification 

of surface energy by means of attachments of oxyl, carboxyl, hydroxyl and/or aromatic 

hydrocarbon groups [170-172]. Additionally, protein modification of the scaffold surface is 

currently one of the most accessible methods for controlled surface modification [83, 153, 155, 

169]. In addition to changing the surface chemistry of supporting material scaffolds, the surface 

topography plays an important role and can also be effectively modified to enhance cell 

differentiation, and as such, topographic changes at micro- and nano-scale have been found to 

induce strong cell re-orientation [173]. Finally, carefully selected surface topography in 

biomaterials scaffolds can effectively address cell morphologic adaptations and changes in 

protein expression levels [155]. Specific surface modifications to biomaterial scaffolds were also 

found to aid the survival of transplanted cells by mimicking their natural environment and, 

consequently, enhancing bio-compatibility and strengthening phenotype expression compared to 

pure (i.e., un-modified) scaffolds [13]. 

3.8 Major challenges to RGC replacement 

The major challenges for clinical application of cell-based therapies in glaucoma patients are: (a) 

finding low-cost, reliable, and robust sources of RGC cells such as increasing stem cell 

differentiation into RGC-like cells, (b) increasing integration, survival rates, synaptogenesis and 

function of the transplanted cells upon implantation (e.g., promotion of RGCs axon re-growth 

through the ONH), (c) establishing safe, highly reproducible and reliable methods to deliver stem 

cell tissue-engineered scaffolds into the retinal space,  (d) reducing the formation of abnormal 

cell architectures in vivo and, consequently, reducing the risk of immune rejection, and (e) 

developing approaches for evaluating the RGC replacement therapies [13, 19, 174, 175]. 



29 
 

Table 3.3 Most common synthetic polymers used in tissue-engineered scaffolds in cell 
transplant therapies for the treatment of glaucoma. 

 

Polymers Chemical structure Biodegradation Selected 
References 

PLA 
 

12–24 months 

(depending on 

crystallinity) 

[25, 73, 
156, 157, 
176] 

 
PE backbone containing unsubstituted, unreactive methyl groups; displays a 
variable degree of crystallinity; chemically stable; mechanically robust; highly 
permeable; a radical scavenger; degrades via bulk erosion 
 

PLGA 
 

1–6 months 

[25, 74, 
109, 150, 
158, 159, 
176] 

 
PE backbone similar to PLA containing extended co-polymer mixture (i.e., 
lactide and glycolide); degradation rate can be tailored depending on the 
molecular weight and copolymer ratio(s); degrades via bulk erosion 
 

PCL 

 

 

over 24 
months 

[109, 110, 
150, 160, 
162-165, 
167, 176] 

 
Simple unsubstituted PE backbone; a long 6-pentomethyline bridge offers an 
enhanced flexibility and an ability to be modified using various 
physicochemical processing steps; partially crystalline; chemically stable and 
mechanically robust; degrades via bulk erosion 
 

PGS 

 

 
 

1–2 months 

[25, 166] 
 
 
 

 
PE backbone, di-carbon acid and di-ethyl flexible chain offer similar to PCL 
processability, substituted glycerine moiety allows fine tuning of physical and 
chemical properties via -OR modification; highly customisable; degrades into 
glycerol and sebacic acid via surface erosion 
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3.8.1  Sources of cells 

Identification of optimal donor cell sources is one of the difficulties in cell replacement therapies 

and, as discussed earlier, it has been proven that stem cells are highly promising as donor cells 

[58]. However, this has been a subject of intense national and international controls as unregulated 

trade in them could potentially result in precarious biotechnological outcomes. Several research 

groups have been investigating approaches that would allow an efficient and high yield 

differentiation of stem cells into functional RGCs by simulating and mimicking the natural 

environment that the developing eye encounters in an embryonic state, such as by using three-

dimensional (3D) organoid cultures and a combination of planar and 3D cell growth techniques. 

Although significant research efforts have been expended towards generating bonā fidē retinal 

neurons from stem cells, majority of these differentiation protocols are not conclusive and yet to 

be defined towards a high yield production of pure RGCs [52, 80]. Stem cell differentiation is a 

complicated and gradual process, and as such, the differentiation of stem cells into RGC-like cells 

offers a real challenge in stem-cell based therapy for the treatment of glaucoma when the 

development of neurons in culture is considered [48].  

Until now, a number of cell isolation procedures, including immunopanning have been introduced 

as useful approaches for isolation and purification of RGCs from a heterogeneous population of 

retinal neurons. However, the majority of these purification methods are costly, time-consuming 

and are unable to identify and quantify the low yield of an in-vitro obtained RGCs [80]. 

Another limitation associated with RGCs detection is a lack of a unique fingerprint of these cells 

are able to display. Brn3, Isl1, Thy1, MAP2, RBPMS, and Tuj1 transcription factors, as well as 

other surface antigens such as CD184 and CD171, are expressed by RGCs and broadly used in 

research as potential markers for RGC or RGC precursors. However, RGCs with more than forty 

(40) different sub-types do not display a unique morphological appearance or any specific 

electrophysiological properties [177, 178]. 

Therefore, firstly, quality-control standards that can be applied towards the definitive 

classification of RGC sub-types need to be developed, and secondly, based on the known RGC 

sub-type characteristics, definitive markers, which can be applied to distinguish in-vitro generated 

RGCs from other neurons, have to be identified and developed as well. Another area of 

consideration is that the ratio of different RGC sub-types for specific RGC replacement therapies 

needs to be established in order to facilitate successful RGC transplantation [80]. Therefore, RGC 

formation is a process that requires strong and sustained effort in order to be understood fully to 

enable the delivery of efficient RGC differentiation protocols in the future [48, 132]. A promising 

concept in generating bonā fidē RGCs is currently offered by CRISPR (clustered regularly 
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interspaced short palindromic repeats), Cas9 (or ‘CRISPR-associated protein 9’) and TALEN® 

(transcription activator-like effector nucleases) specific genome editing tools, which are faster, 

less expensive and more accurate than conventional techniques of editing deoxyribonucleic acid 

(DNA) and have a wide range of potential applications. Several pioneering works have confirmed 

the effectiveness of CRISPR-Cas9 in the detection, sorting and monitoring of functional RGCs, 

altering DNA sequences and modifying gene function [80, 179]. 

3.8.2  Cell survival and functionality  

Cell transplantation therapies have been broadly applied in optic pathways such as photoreceptors 

replacement [13, 180, 181], and as the result of this work, a high level of integration and 

restoration can be observed in the functions of photoreceptors. However, cell transplantation for 

the ganglion cell layer is more challenging than photoreceptor replacement in the sub-retinal 

space, which is a virtual cavity easily separated from the underlying retinal pigmented epithelium. 

The inner retina has an anatomical barrier preventing access to the RNFL and RGC layer, which 

is the internal limiting membrane (ILM). The latter contains the innermost part of the Muller cells. 

In order for RGC implanted cells to integrate into the host retina, the ILM will have to be 

surgically removed, which is, as of today, a very challenging and risky surgical manoeuvre [58, 

68]. In addition to receiving visual information, the transplanted RGCs need to survive, integrate 

and grow neurites in the host environment. Ones neurites are established the axons of the 

transplanted RGCs need to be directed from the optic nerve head to the brain [58, 69, 73, 85]. It 

must be noted that a variety of proteins are also known to have inhibitory and/or suppressing 

effects on axon regeneration [75] and therefore, in order to guide RGCs axons to their targets, 

various neurotrophic factors and guidance cues should also be applied [75, 156]. For instance, 

Cordeiro et al. suggested that focusing on the development of specific axonal guidance molecules 

such as Ephrins can be an important area of future glaucoma research [182]. EphrinB1, EphrinB2, 

and EphB2 axon guidance molecules were investigated by Du et al. [183] in earlier glaucoma 

pathogenesis studies and have been identified as having important roles in axon guidance. Kador 

et al. [156], applied Netrin-1 as a guidance factor to guide RGC axons toward the optic nerve 

head in vivo claiming that Netrin-1 can be used in cell transplant therapies for the treatment of 

glaucoma.  

Another stream of research in the field of axonal guidance is focused on the analysis of computer-

generated models of vision. Carreras et al. created an algorithm to simulate optic pathways and 

also described the conditions that guide axons extending from the retina to the ONH [184].  
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The most recent approach to guide RGCs to the optic nerve combined electro-spun cell 

transplantation scaffolds capable of RGC neurite guidance with thermal inkjet 3D cell printing 

techniques demonstrated the ability to control RGCs position on the actual scaffold surface [157]. 

Evidently, research efforts in regeneration therapy towards the RGC regeneration require to 

improve current transplantation approaches in order to boost the number of RGCs, whose axons 

could be guided towards the ONH and, consequently, fill in the full distance back into the brain. 

3.8.3  The cells delivery methods  

Employing carefully designed and fabricated biomaterials scaffolds to support RGCs is a 

common solution that allows overcoming cell delivery challenges such as low cell survival, 

integration, growth and localisation of injected cells in a targeted area. However, the concept of 

applying biomaterials for RGC replacement therapies need to be further improved to include new 

tissue-engineering solutions which could offer enhanced RGC survival, improved RGC 

differentiation, and greatly improved synaptogenesis and axonogenesis functions of transplanted 

cells within host tissue environment  [119].  

3.8.4  Host tissue rejection 

Current stem cell-based cellular therapeutic treatments for glaucoma are mainly focused on 

improving survival and differentiation of transplanted cells within the host tissue environment. 

However, patients that have already extensive RGCs cell apoptosis also require specific 

treatments that offer some capacity for surviving RGC to function in the existing environment. 

The latter solution is yet to be developed, trialled and implemented [58]. 

3.8.5  Evaluation of cell replacement therapies  

In cell replacement therapies, it is important to visualize the transplanted cells and study their 

functional contributions. Aiming to assess the outcomes of RGC replacement therapies, strategies 

should be developed for monitoring RGC responses and connectivity at the cellular level. 

Assessing and quantifying the number of RGCs and estimating their functional distribution across 

the retina is an important research task that requires definitive solutions in the nearest future, as 

much as the development of reliable means to access, examine, quantify and qualify 

improvements following RGCs replacement therapy treatments [175]. 
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3.9 Future trends in retinal regenerative medicine for the 
treatment of glaucoma 

Generation of sufficient sources of cells, improving survival and functional integration of 

transplanted RGCs upon implantation and improving techniques to deliver cells into the retinal 

space without provoking immune responses are the significant challenges in the replacement of 

retinal cells. 

3.9.1 Gene therapy 

In order to obtain RGC-like cells in cell differentiation, gene therapy (GT), that introduces normal 

genes into cells in place of missing or defective cells in order to correct genetic disorders, has 

been considered a possible approach. With regards to the application of GT to the treatment of 

glaucoma, genes or factors introduced into the host retina for reprogramming can indeed offer a 

potential solution for optimized targeting of each of major sub-classes of RGCs during 

differentiation protocols. However, major challenges with the application of GT lies in the 

development of proper gene application vectors that do not provoke an immune response, and in 

the precise timing of such delivery factors [175].  

3.9.2 Organoids  

Recent progress in regenerative medicine resulted in the generation of 3D organic tissues 

(organoids) as a promising technical and biological solution [119]. Organoids, organ-like 

structures, can be developed to simulate various organs, presenting close proximity to the in vivo 

morphology owing to their 3D structure and, as such, are used broadly as valuable resources in 

application to disease modelling, drug testing and in cell transplantation therapies [185-189]. 

Consequently, development of retinal organoids signifies a great promise in regenerative 

medicine in the way of treating retinal degeneration as retinal organoids can be expanded and 

differentiated in vitro from a small number of donor cells [185]. Application of ESCs and iPSCs 

have demonstrated the ability to differentiate into 3D retinal organoids [190-192], and thus, 

application of retinal organoids could become a major pathway in transplantation approaches in 

the near future [119, 193] as recent research efforts have successfully shown [113, 194-197]. To 

define the contribution of specific signal pathways towards RGC differentiation, Dorgau et al. 

[113] considered the effect of Laminin γ3 in the differentiation of RGCs in human pluripotent 

stem cell (hPSC)-derived retinal organoids. Other researchers explored RGCs derived from 3D 

retinal organoids as RGC transplantation media [198, 199]. Overall, retinal organoids do hold a 
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promise and, one day could provide solutions that overcome existing technical and biological 

difficulties (such as a lack of donor tissue) in RGC replacement therapies, as well as in vision 

restoration efforts [80, 119]. However, comprehensive, safe and efficient protocols for the 

handling of organoids are yet to be developed for producing RGCs in large quantities in a human 

clinic [80]. 

3.9.3  Dendritic arbours 

Dendritic arbours are functional units for collecting information in all neurons [200]. Research 

has proven that RGC dendritic abnormalities are triggered by axonal injury in glaucoma, viz., 

damage to RGC axons results in structural alterations in RGC dendritic arbours [23]. Therefore, 

RGC dendritic arbour alterations should also be considered as a potential therapeutic target as 

well. 

3.10  Summary and conclusion  

Loss of RGCs resulting in retinal degeneration is a significant cause of permanent vision 

impairment, affecting millions of individuals worldwide. Glaucoma is a common retinal disease 

resulting in vision impairment or blindness. A limitation of current therapies is that available 

treatments can only postpone the development of retinal degeneration, and there are no treatments 

at present that are able to restore permanent vision loss. Recent research findings focused on the 

optic nerve neuroprotection have shown that solutions offered by stem cell-based neuroprotective 

therapies can be highly promising in preventing RGCs degeneration and in preserving the 

remaining vision. As a result, the use of MSCs owing to their unique properties has been shown 

to enhance neuroprotective capability and increase RGCs survival. However, the limited capacity 

of MSCs to effectively penetrate into the ganglion cell layer remains one of the main challenges 

in the successful application of these stem cells in RGC neuroprotection. The cell-free stem cell 

therapy has also shown a potential to become a highly efficient stem cell-based neuroprotective 

protocol in the near future. Before long, stem cell-based RGC transplantation therapies and other 

modalities could have a widespread clinical application after subsequent neuroprotection 

treatments when it has been decisively determined that full RGCs replacement is justified and 

approved. The evidence shows that stem cells hold the potential to overcome the limitation for 

RGC sources in RGC replacement therapies. Stem cell-based therapy has to involve homogenous 

stem cell-derived RGCs, firstly, integrating and building connections into host retina, then, 

transferring visual information into the optic nerve by their healthy axons. 
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In this Chapter, an overview of the challenging road ahead to bring the bench results of stem cell-

based therapies to the clinic has been provided, highlighting an absence of efficient differentiation 

protocols for producing clinically safe RGCs in large quantities, as well as the lack of a unique 

fingerprint that could help to distinguish RGCs from other types of neurons. The evidence shows 

that genome editing offered by CRISPR-Cas9 and TALEN® tools hold the potential in generating 

bonā fidē RGCs. 

Other main challenges of RGC replacement therapy include the delivery and integration of 

regenerative materials to the eye, reducing the risk of transplant rejection, reducing 

tumorigenicity of induced pluripotent stem cells in the long-term, ensuring that the guidance of 

axon regeneration forms robust connections, and monitoring the replaced RGC at the cellular 

level. The development of tissue-engineered scaffolds and the generation of retinal organoids may 

help to overcome some of these challenges by improving the delivery, integration and survival of 

transplanted cells [148]. Gene therapy is another modality that can be employed to develop highly 

efficient RGC differentiation protocols in the near future. To achieve efficient and reproducible 

generation of stable RGCs, these methods require appropriate protocols, biotechnology methods 

and therapies to derive and generate clinically safe RGCs with guidable axons and functional 

RGC dendritic arbours that will lead to full restoration of visual function. 

Although, while much of the work remains to overcome the aforementioned challenges, the 

limitations which we alluded to should not detract from recognising the importance of attained 

intermediate research outcomes, which pave the way to the future conclusive and comprehensive 

research solutions. 
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Chapter 4 Experimental 1: Identification of 
material substrates for hESC-RPC cultivation 

Based on the literature review in the previous Chapter, identification of optimal donor cell sources 

and an appropriate selection of materials have been identified as the significant gaps in developing 

a tissue-engineered scaffold for a successful RGC replacement therapy. Also, we found that the 

successful direction of hESC-RPC toward RGC fate is a promising concept in RGC generation. 

Therefore, hESC-RPC is selected as a promising donor source of cells. In this Chapter, a series 

of experiments are performed as the work experiment 1, shown in Figure 4.1, to evaluate 

biopolymers with the most advantageous properties for hESC-RPC cultivation. This evaluation 

is categorised into two main groups: (1) the physicochemical properties and structural 

characteristics, and (2) in-vitro hESC-RPC adhesion and proliferation on samples assessments. 

This Chapter also includes a co-authored, but yet to be published, journal paper and one co-

authored conference paper. The bibliographic details of the co-authored papers, including all 

authors, are: 

 

[3] Behtaj, S., Karamali, F., Masaeli, E., Anissimov, Y. G., & Rybachuk, M. “Electrospun 

PGS/PCL, PLLA/PCL, PLGA/PCL and Pure PCL Scaffolds for Retinal Progenitor Cell 

Cultivation”, under 1st revision (with Editor, as of 12 October 2020) Biochemical Engineering 

Journal 

Behtaj, S., Karamali, F., Masaeli, E., Anissimov, Y. G., & Rybachuk, M., "The Application of 

Stem Cell Tissue-Engineered Bio-Polymer Based Biomaterial Scaffolds for Retinal Progenitor 

Cells Cultivation", ISSCR 2018 Annual Meeting Melbourne, Australia, June 2018. 

 

Author contributions for the above-presented papers 

BS designed and conceptualised the study, developed research methodology, carried out the 

experiments, data collection, developed the theoretical formalism, analysed the data and drafted 

the manuscript. KF and ME supervised the study at the Royan Institute, AYG and RM coordinated 

and supervised the study at Griffith University. KF and ME analysed the data, drafted and 

critically revised the manuscript. RM managed the project, coordinated funding and resources for 

the study, analysed data and critically revised the manuscript.  
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Figure 4-1 The graphical abstract of work experiment 1 
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4.1 Abstract 

Recent advances in cell transplantation technologies have shown that polymeric fibrous tissue-

engineered scaffolds provide a suitable physical environment, including the structural support, 

for cell delivery and effectively mimic the transplanted cells’ extracellular matrix. My study 

investigates the structure, composition and properties of three most commonly used polyester-

based biopolymer materials blended with poly(ε-caprolactone) (PCL) at 2:1 (wt.%) ratio, namely, 

poly(glycerol sebacate) (PGS)/PCL, polylactic-co-glycolic acid (PLGA)/PCL, poly-l-lactide 

(PLLA)/PCL and pure PCL as carrier vehicles for hESC-RPC attachment and proliferation. The 

physicochemical properties of PGS/PCL, PLLA/PCL, PLGA/PCL and pure PCL fibrous 

scaffolds, fabricated under the identical electrospinning conditions, were analysed employing 

scanning electron microscopy, contact angle analysis, Raman spectroscopy, electrical and ionic 

conductivity measurements, and supplemented by an in-vitro hESC-RPC adhesion and 

proliferation studies. My findings have shown that PGS/PCL scaffolds promote hESC-RPC 

attachment and hESC-RPC proliferation more favourably compared to other polymeric blends 

and pure PCL, owing to a combination of advantageous surface and bulk properties, overall 

demonstrating a potential for PGS/PCL blend to become a suitable vehicle for hESC-RPC 

delivery in a possible future clinical therapy for the treatment of retinal degenerative disorders. 

4.2 Introduction 

Retinal degenerative diseases (RDDs) are the primary cause of irreversible vision loss [154]. Age-

related macular degeneration, retinitis pigmentosa, and glaucoma are the common RDDs that lead 

to blindness worldwide [13, 26, 201]. Currently, no effective therapy for reversing the 

degeneration process in advanced RDDs exists [13, 70, 94]. The use of cell-based therapies can 

be promising in retinal degeneration therapeutics as the treatments ultimately aim at replacing the 

damaged cells with healthy cells or with appropriate cell precursors [53, 82, 154, 202, 203]. For 

the latter, the retinal progenitor cell (RPCs) have been recognised to offer a significant therapeutic 

potential [25, 94, 139].  This is due to their ability to migrate and integrate with the host tissue 

and differentiate into retinal neurons, with minimal risk of contributing to the development of 

teratomas upon transplantation [204-206]. However, fundamental challenges associated with the 

direct implantation of RPCs, namely, the poor cellular survival and low integration rates, have so 

far limited broad acceptance and the prevalence of this method [94, 204, 207]. Recent advances 

in cell transplantation technologies have shown that bioresorbable tissue-engineered scaffolds are 

able to overcome the limitations of direct cell transplantation [25, 147, 201, 208] by means of 
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enhancing adhesion, survival, proliferation and differentiation of RPC directly prior and 

following the transplantation [201, 209]. Any successful advancement in the development of cell-

supporting scaffolds that mimic the retinal extracellular matrix (ECM) will require appropriate 

properties and structures of biomaterials. 

A number of biopolymers were trialled out for tissue-engineered scaffolds applications 

specifically targeting RPC attachment [94, 141], including the scaffolds constructed from 

aliphatic polyester (PE)-based polymers, such as polycaprolactone (PCL), polylactic acid (PLA), 

polylactic-co-glycolic acid (PLGA), and polyglycerol sebacate (PGS) [147, 163, 210-213] as well 

as several others [92, 169]. 

It is important to note that different functional groups on the surface of biomaterials can simulate 

different biochemical signalling pathways through their surface physicochemical properties 

including topography, functional groups, molecular moieties, ions and charges. Specifically, 

protein absorption, cell spreading and adhesion are known to depend on the presence of methyl 

strongly, -OH and -COOH groups [214]. Endothelial migration, for example, is highly dependent 

of the type of surface functional groups in the order of -CH3 > -NH2 > -OH > -COOH [215] and 

cell adhesive properties, however, their integration with the host tissue is yet to be fully explored 

for RDD treatments. Currently, the extent to which different surface functional groups influence 

RPC migration is not entirely understood [216]. 

The PCL is frequently employed as the base (host) polymer for tissue engineering applications 

owing to its’ relatively low cost and an ability to maintain its structural rigidity in the 

physiological environment [94, 201, 217, 218]. Also, this biopolymer possesses high 

processability, which means that it can be easily handled on the manufacturing process.  

The absence of functional moieties on the PCLs’ backbone including carboxyl and -OR groups, 

and the fact that PCL chain is composed of unsubstituted PE backbone terminated with carboxylic 

acids, slightly limits its application as a surface-ready polymer for unmediated cell attachment, 

while at the same time, positions PCL as an adaptable, robust and a highly flexible material that 

can be modified using various physicochemical steps [219]. The initial cellular interactions, 

including those of RPC, depend on the surface physicochemical properties such as the surface 

topography, roughness, wettability, heterogeneity and presence of functional groups [219]. It is 

well-known that a relatively hydrophobic PCL with limited surface functional groups adsorbs 

cellular proteins in a way by which the cells native bioactivity is reduced [220], whereas an 

increased hydrophilicity and surface OH content (e.g., COOH-) is often associated with an 

improved cell adhesive protein adsorption and an enhanced initial cell adhesion even when 

implanted in vivo [221]. Notably, the surface and physicochemical properties of pure PCL can be 
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modified over a somewhat moderate range owing to the type and mobility of PCLs’ surface and 

end functional groups, the properties of PCL can be improved by blending it other esters, (i.e., 

PLA, PLGA, PGS and others) to improve the bio-adhesive function  [217, 222-224]. It is 

generally believed that processability of pure PLA, PLGA and PGS polymers is lower, whereas 

their ability to direct biological responses is higher, compared to pure PCL [224-226].  

My study investigates the structure, composition and properties of PLLA, PLGA and PGS 

polymers blended with PCL and pure PCL to establish their suitability as carrier vehicles for 

hESC-RPC attachment and proliferation. It is currently recognised that pure PLLA, PLGA and 

PGS are capable as cellular support vehicles, which is often attributed to the abundance of methyl, 

carbonyl and carboxyl groups (i.e., PLA, PLGA) and carbonyl groups and an -OR potential (i.e., 

PGS). However, the reports are limited to these polymers’ ability to support attachment, adhesion 

and proliferation of hESC-RPC. Since PLLA, PLGA and PGS are not well processable; we aim 

to enhance the processability of these common biopolymers with the addition of PCL. Since the 

hESC-RPC seeding on PE-based biopolymers is still a developing field, we aim is establish the 

most hESC-RPC favourable biomaterial that is also easily processable.   

In my work, the PCL-blended scaffolds were prepared using the electrospinning (ES) technique, 

a well-known method for the fabrication of nano- and micro fibres[227]. The fibres are often 

organised into a three-dimensional (3D) networks with individual fibre diameters ranging from a 

few tens of nano- to a few tens of micrometres. ES method produces interconnected porous 

fibrous 3D networks (scaffolds) that mimic the natural features of the ECM [228]. A high-voltage 

power supply, a syringe pump, a spinneret, and a collector comprise a standard ES system (see 

Figure 4.2) [229]. 

 

 

Figure 4-2 Electrospinning set-up diagram 

 

Robust proliferation, adhesion, maintenance of multipotency, and differentiation of hESC-RPCs 

have also been shown by incorporating electrospun PCL scaffolds that support the 

cytocompatibility as well as the transport of nutrients and metabolic wastes to and from the cells 
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[169, 201]. The development of aligned patterns of scaffolds that can closely mimic the 

organisation of the ECM is the aim of some tissue engineering biopolymer constructs [230]. In 

application to RDD treatments, well-aligned electrospun 3D scaffolds were shown to play a 

critical role in neuron regeneration, including retinal ganglion cells [156]. The ability of 

PGS/PCL, PLLA/PCL and PLGA/PCL biopolymer blends to form the aligned patterns those of 

the ECM has also been investigated in my work. Firstly, the samples were studied using scanning 

electron microscopy (SEM), contact angle analysis, Raman spectroscopy, electrical and ionic 

conductivity measurements. Secondly, the degree of hESC-RPC affinity was studied when RPCs, 

differentiated from human embryonic stem cells, were seeded on PGS/PCL, PLLA/PCL, 

PLGA/PCL and pure PCL fibrous scaffolds. Finally, the effects of samples’ physicochemical 

composition and physical structure on the adhesion and proliferation of hESC-RPCs were further 

elucidated. Additionally, to uncover possible effects of sample processing on hESC-RPC 

cultivation, solid bulk biopolymer cast samples were fabricated and compared to their electrospun 

fibrous counterparts with additional hESC-RPC proliferation studies on these two distinct 

material systems conducted. 

My study helps to the knowledge of the selection of most common PE-based biomaterials 

according to their physicochemical properties and structural characteristics for hESC-RPC 

cultivation as a part of clinical therapy in possible future successful treatments of RDDs. 

4.3 Materials and methods 

4.3.1 Fabrication of solid biopolymer thin-film samples 

Pure PCL (Mn = 80,000, Sigma Aldrich, Australia), and PGS (Mn = 12,000, Sigma Aldrich, 

Australia); PLLA (Mn = 10,000, Sigma Aldrich, Australia); and PLGA (Mn = 25,000, Sigma 

Aldrich, Australia) blends with PCL at the weight ratio (wt.%) of 2:1 were used in this study. The 

electrospun and solid samples were fabricated at room temperature (RT). To prepare 5 ml of 15 

wt.% solution of each group of biopolymers, PGS/PCL, PLLA/PCL and PLGA/PCL blends and 

pure PCL were dissolved and stirred for 3 hours in chloroform (CF), chloroform/ethanol 

(CF/EtOH) (9:1), hexafluoroisopropanol (HFIP) and tetrahydrofuran/dimethylformamide 

(THF/DMF) (3:1), respectively. All solvents were sourced from Merck Co. (Germany). Solid film 

samples were prepared on 24-well plates by stirring on a plate-spinner centrifuge for 1 hour, 

followed by a 48-hour drying stage at RT. 
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4.3.2 Biopolymer solution preparation of electrospinning scaffolds  

Sample solutions for electrospinning were prepared, as noted in Section 4.3.1. Comparing to solid 

thin-film samples, the polymeric solutions for electrospinning were stirred for 3 hours, followed 

by a 2-hour resting time at RT. 

4.3.3 Fibrous scaffolds fabrication details 

A custom-made ES system described earlier [231] was used to fabricate all electrospinned 

samples. Biopolymer solutions were loaded into 5 ml syringes with the solution flow rate 

controlled using a syringe pump (220 V, 50 Hz). The ejection end of the syringe was connected 

to a 23-gauge needle (0.6 × 25 mm), with a feeding flow rate of 1 (ml/h). The 15 KV fixed high 

voltages (using 50 KV DC High Voltage Power Supply) were applied between the tip of the 

needle and a rotating drum collector lined with aluminium foil, on which the fibrous samples 

were deposited. The distance nozzle-to-collector in the ES system was 18 cm. To obtain the 

aligned fibres, the drum collector rotational speed was set at 6000 rpm at RT for all samples.  

4.3.4 Surface topography study  

Using SEM (FE-SEM: JSM 7100, JEOL), the morphological evaluation of the electrospun fibres 

was performed to assess the scaffold fibre diameter, porosity and the degree of fibre alignment. 

Immediately prior to SEM measurements, the samples were gold (Au) sputtered and were 

analysed employing ImageJ® (National Institutes of Health, USA) software package to determine 

the average diameter of the fibres, reported as an average value ± standard deviation (± SD) [232]. 

The assessment of fibre alignment was carried out using digital image processing algorithm, as 

described in Section 4.3.14, below. 

4.3.5 Wettability analysis 

The contact angle of the electrospun samples was measured using a contact angle goniometer 

(DSA25, KRÜSS GmbH). Distilled (milli-Q) water was used on three random locations on each 

sample, and four fitting modes were applied; an average value for the contact angle was calculated 

and reported with ± SD using KRÜSS Advance® 1.5.1.0 software package. 
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4.3.6 Chemical structure analysis using Raman spectroscopy 

Chemical composition of the samples was investigated using 785 nm Raman spectroscopy 

measurements (Renishaw InVia 785 nm, Renishaw, UK) at RT to determine chemical functional 

groups and their relative abundance in ‘as-fabricated’ samples. All Raman spectra were obtained 

in 100 – 3200 cm-1 range at 0.5 cm-1 resolution with the laser power kept at or below 1 mW to 

minimise any possible thermal damage to the samples during 10 s spectral acquisition time [233, 

234]. 

4.3.7 Electrical conductivity analysis 

To measure the electrical conductivity, electrical resistivities of samples were calculated by 

employing a 2-terminal resistor technique [235] using a nano-voltmeter (2182A model, Keithley 

Instruments, Cleveland, OH, USA), in 10 V voltage, V,  increments applied across 1 x 1 cm 

square samples. The current, I, was measured in an 1-hour interval at each voltage increment at 

RT, with the scaffold resistance, R, and resistivity, ρ, calculated using the Eq. 4.1, 

 

R = V/I = ρ (L/WT)     (4.1) 

 

Where, L, W and T variables corresponding to are the samples’ length, width and height and, L 

and W variables set to 1 cm. Since the actual thickness of the electrospun samples was in a range 

of few tens of microns, the WT variable in Eq. 4.1 was assumed to be equal to W, resulting in a 

L/W ratio equal to 1, giving the relationship ρ = V/I or 1/R. The measured data were analysed 

using KITE® software package to calculate the R values for each electrospun sample (Keithley 

Interactive 5.0 - SP1) [235, 236]. 

4.3.8 Ionic conductivity  

The ionic I-V measurements on the electrospun samples were performed employing a nano-

voltmeter (2182A model, Keithley Instruments, Cleveland, OH, USA) and a Franz diffusion cell 

(FDC), in which a sample was placed between the AuCl and Au electrodes. The FDC was filled 

with 0.9% NaCl solution (Sigma Aldrich, S8776). By applying voltages across the electrodes, the 

V value was recorded at 0.1 V increments until a constant I, current, the value was reached. The 

R value for each sample was calculated using the Ohm's Law, and the average value reported for 
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each period of testing time [237, 238].  The ionic conductivity was determined from the equation 

(1/R)/A, where A is the exposed area of the sample in the cell, A is equal to 1 cm2. 

4.3.9 Sterilisation of substrates  

All fabricated samples (solid thin-films and electrospun) were rinsed in milli-Q water and 

sterilised twice for 1 hour in filtered 95% EtOH. Following sterilisation, the samples were rinsed 

in phosphate-buffered saline (PBS) (2x) (Sigma Chemical Co, St. Louis, MO, USA) for 10 

minutes following the exposure to a UV light for 40 minutes (both sides of each sample). The 

samples were placed in PBS (2x) for 24 hours, extracted and placed in 10% fetal bovine serum 

(FBS) (Sigma Chemical Co, St. Louis, MO, USA) medium for 48 hours; samples that 

contaminated the medium were discarded. Additionally, the indigestible agar test was applied to 

detect and discard any other contaminated samples. Once the samples were sterilised and 

screened, the hESC-RPC seeding proceeded. 

4.3.10 Biopolymer scaffold toxicity screening protocol 

Toxicities of all fabricated samples (i.e., solid thin-film and electrospun samples) were evaluated 

using conditioned medium protocols and MTS assay (Promega, USA). For the former, groups of 

sterilised samples were placed in wells of a 24-well plate, covered in a medium containing 

DMEM (Sigma Chemical Co, St. Louis, MO, USA) and 10% FBS, and placed in a 5% CO2 

incubator at 37°C. After three days, the culture medium of each sample was collected and used 

as a conditioned medium for Vero cells. 

Vero cells were seeded in a culture dish in a defined medium containing 87% DMEM, 10% FBS, 

1% non-essential amino acids (NEAA), 1% penicillin/streptomycin and 1% L-glutamine (Sigma 

Chemical Co, St. Louis, MO, USA). After reaching confluency, the Vero cell lines were detached 

by Accutase® cell detachment solution (Sigma Chemical Co, St. Louis, MO, USA) and seeded 

in a 24-well plate with 24×103 cells per well population. The conditioned medium obtained from 

each scaffold was added to each sample (300 µl/well). The Vero cells were cultured for seven 

days. 

4.3.11 hESC-RPC culture and seeding protocol 

The hESCs derived RPCs were provided from Royan cell bank. These RPCs were obtained from 

the differentiation of human embryonic stem cells (hESCs) using a protocol described earlier 

[239]. The  hESC-RPCs were cultured in a defined medium containing DMEM/F12: Neurobasal 
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(1:1), supplemented with 5% KnockOut serum replacement (KSR), 1% L-glutamine, 1% B27, 

2% N2, 1% NEAA, basic fibroblast growth factor (bFGF) 20 ng/ml, epidermal growth factor 

(EGF) 20 ng/ml, ascorbic acid 200 µM, and 1% penicillin/streptomycin (Sigma Chemical Co, St. 

Louis, MO, USA). The hESC-RPCs were then incubated at 37 °C in a humidified atmosphere 

containing 5% CO2, and the cultured medium was changed by half the volume every day. After 

reaching confluency, the hESC-RPCs were detached by accutase solution and viable cells were 

counted on a hemocytometer by Trypan Blue exclusion assay. The dissociated hESC-RPCs were 

then seeded onto all sterilised solid thin-film and electrospun samples coated with Corning® 

Matrigel® (1:30) at 37 °C and 5% CO2, placed in a 24-well plate at a density of 100 × 103 

cells/well, and cultured with the hESC-RPCs medium for seven days. The number of primary 

cells was estimated based on serial dilution method. Tissue cultured polystyrene (TCP) was used 

as a control.  

4.3.12 Cell metabolism on the electrospun scaffolds 

The cell metabolic activity on solid thin-film and electrospun samples were determined using the 

colorimetric MTS assay. To process for MTS assay, after 3, 5 and 7 days of cell seeding on the 

samples, the cells were rinsed with PBS- to remove any unattached cells and incubated with 20% 

MTS solution. After three hours of incubation at 37 °C in 5% CO2, the supernatant was then 

pipetted into a 96-well plate, and the absorbance was read at 492 nm using a microplate 

spectrophotometer reader. The same procedure was performed for all cultured cells in the TCP as 

a control. 

4.3.13 Immunofluorescence staining assessment  

The immunofluorescence staining was performed after seven days of culture. The samples were 

rinsed twice with PBS- and fixed in 4% paraformaldehyde for 20 min at RT. The cells were 

permeabilised with 0.2% and 0.4% Triton X-100 for NESTIN (neuroectodermal stem cell) and 

retina and anterior neural fold homeobox (RAX) markers, respectively. The samples were then 

incubated overnight at 4°C with the following primary antibodies: NESTIN (Sigma Chemical Co, 

St. Louis, MO, USA; N5413, 1:100); RAX (Santa Cruz; sc-79028, 1:100); and phalloidin-TRITC 

(Sigma Chemical Co, St. Louis, MO, USA; P1951, 1:200); and DAPI (Sigma Chemical Co, St. 

Louis, MO, USA; D9564, 3ng/ml). Then, the samples were incubated with fluorescent secondary 

antibodies: FITC-conjugated anti-mouse (Sigma Chemical Co, St. Louis, MO, USA; AP124F, 

1:50) and TRITC-conjugated anti-rabbit (Sigma Chemical Co, St. Louis, MO, USA; T6778, 1:80) 

for 1 hour at RT. DAPI was used for nuclear counterstaining for 10 min. Finally, the samples 
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were mounted onto glass slides and examined under a fluorescent microscope (Olympus BX51, 

Olympus Corp., USA) equipped with Olympus DP70 camera.  

4.3.14 Feature extraction by SEM image processing 

The fibre alignment of electrospun samples and hESC-RPCs quantitative morphological analysis 

were performed by applying digital image processing algorithms to the SEM and the stained 

images (using a .jpg format), respectively.  

4.3.14.1 Binary SEM image processing 

Firstly, the colour (RGB) image was transformed into a greyscale. Each grey-scale image was 

processed to a binary by applying adaptive threshold segmentation to the image histogram [240]. 

The threshold was selected by a loop consisting of a threshold point, T, determined in the centre 

of the intensity histogram, followed by calculating the centre of gravity for the two sides of T. 

Consequently, the initial T value was replaced with the average of the two centres of gravity in a 

given intensity histogram. The loop image processing continued until the difference between the 

two following thresholds was found to be less than 1 x 10-6. 

4.3.14.2 Electrospun sample fibre alignment 

The fibre alignment in electrospun samples was assessed using the Radon transform of the binary 

image for a range of [0,180°] with a resolution of ∆θ = 1°. After obtaining Raman transform 

matrix, the maximum of Radon transforms matrix columns was found as a verification for a 

detectable dominant peak [241]. 

4.3.14.3 hESC-RPCs quantitative morphological analysis 

An algorithm was developed to quantify features extracted from the staining images, including 

the number of cells, the cell expansion rate and the expression rate of each biomarker. This 

algorithm was calculated the number of cells and the percentage of area occupied by positively 

stained cells of each biomarker.  

4.3.15 Statistical analysis 

Each specific experiment was examined independently and repeated three times. Statistical 

analyses were carried out using one-way analysis of variance (ANOVA). The differences were 

considered statistically significant for a p-value of less than 0.05. All error bars were presented 

as SD. 
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4.4 Results 

4.4.1 Morphological and physicochemical properties of electrospun 
samples 

4.4.1.1  Morphology of the electrospun samples 

SEM images representing the micromorphology of the electrospun samples are shown in Figure 

4.3. The average fibre diameters of fibres collected at high speed of 6000 rpm were 1.62 ± 0.19 

μm for pure PCL, 2.30 ± 0.25 μm for PGS/PCL, 3.17 ± 0.56 μm for PLLA/PCL, and 1.23 ± 0.09 

μm for PLGA/PCL. As shown in Figure 4.3, fibre diameters of PGS/PCL and PLLA/PCL were 

higher compared to pure PCL and PLGA/PCL. The samples showed interconnected pore 

structures with an average PCL pore area of 104.2 ± 9.4 μm2, PLGA/PCL: 79.9 ± 2.4 μm2, 

PGS/PCL: 73.2 ± 5.1 μm2, and PLLA/PCL: 68.7 ± 4.3 μm2. 

The image processing analysis of SEM images revealed dominant peaks with a cumulative 

intensity of 1 for Radon transform outputs of PGS/PCL and PLLA/PCL mixtures, whereas no 

dominant peak for PLGA/PCL and pure PCL was detected, implying that PGS/PCL and 

PLLA/PCL polymer blends displayed a higher degree of individual fibre alignment compared to 

the PLGA/PCL and pure PCL samples (the dashed red lines in Figure 4.3 ). 
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Figure 4-3 The average fibre diameter distribution histograms and SEM images of electrospun 
samples showing the representative sample morphologies of a) pure PCL, b) PGS/PCL, c) 
PLLA/PCL, and d) PLGA/PCL polymer blends. 

 

4.4.1.2 Wettability characteristics of the electrospun samples 

It is argued that wettability and the presence of specific functional groups in fibrous scaffolds are 

the two most important characteristics that have a lasting effect on cell proliferation, migration, 

differentiation and, especially, adhesion [221, 242]. A lack of hydroxyl, carbonyl and carboxyl 

groups, and ether and ester linkages make it impossible for cells and water molecules to attach to 

and effectively render any potential material surface unsuitable for tissue engineering applications 

[243]. PCL and PGS are devoid of many hydrophilic functional groups in their carbon backbones. 

However, the presence of a carboxyl group in PLLA and PLGA renders their hydrophilic 

properties higher compared to PCL, which only contains a single carbonyl group with its 

carboxyls becoming deprotonated in an aqueous environment, and PGS forms a conjugate base 

of sebacic acid [244]. 

The contact angle measurement results indicated that PLLA/PCL displayed the largest contact 

angle of 119 ± 3°, followed by PLGA/PCL with 109 ± 3 °, and pure PCL with 93 ± 5° (see Figure 
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4.4). The exact contact angle of  PGS/PCL was difficult to determine due to high instability of 

water droplets on the sample surface, resulting in (almost) immediate absorption rendering 

wettability measurements impracticable for this sample and indicating that the highest 

hydrophilicity of PGS/PCL displayed compared to other samples evaluated in the study. The p-

value (ANOVA) was found to be < 0.00001 for all measurement. The results for the PGS/PCL 

blend confirm the earlier findings by Sant et al., which showed that the addition of PGS to PCL 

decreases the hydrophobicity of pure PCL significantly  [244]. The wettability findings also 

suggest that PGS/PCL would likely provide the most affinity to hESC-RPCs, and PLLA/PCL 

blend the least. Notably, wettability characteristics of electrospun polymers are also known to be 

affected by other factors, including polymer crystallinity, molecular weight, solubility, the surface 

and bulk morphology (incl. porosity)[219].  

 

 

Figure 4-4 Contact angle measurements of electrospun samples 

 

4.4.1.3 Raman measurements results 

Figure 4.5 shows Raman spectra of electrospinned samples with Raman mode assignments made 

using primarily the works of G. Socrates [245, 246]. All spectra displayed minimal 

photoluminescence (PL). The PLLA/PCL and PLGA/PCL blends showed a marginally higher PL 

background compared to all other examined samples. 

The PLGA/PCL and PLLA/PCL displayed increased intensity in C-O-C, C-CH3 and vC-CO 

vibrational modes, at 302 - 315 cm-1 and 399 - 408 cm-1, respectively, owing to the abundance of 

carbonyl and methyl groups. The stretching intensity of C=O ligand 1710 - 1750 cm-1 region 

shows a reduced crystallinity of PLGA/PCL and, to a lesser extent, of PLLA/PCL blend compared 

to pure PCL and PGS/PCL samples. The PGS displays minimal cross-linking with PCL evidenced 

by reduced intensity of carbonyl ligands at ~1730 cm-1 and a marginal increase of vC-COO 

intensity in 850 - 911 cm-1 stretch region, indicating that high crystallinity is retained in PGC/PCL 
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sample blend. Strong primary skeletal stretching at ~1030 cm-1 and ~1110 cm-1 are observed for 

all samples, indicating an acceptable vibrational conformation of PLLA, PLGA and PGS and a 

low cross-linking degree with PCL. 

 

 

Figure 4-5 725nm Raman spectroscopy of the electrospun samples measured across the 250–
3000 cm-1 region 

 

4.4.1.4 Electrical conductivity of electrospun samples 

PCL, PGS, PLLA and PLGA polymers are dielectrics. However, it was hypothesised that 

electrical charge transit over the pi-conjugated backbone is able to affect the degree of RP hESC-

RPCs attachment on the scaffold surface and facilitate the electrical impulse transit in neurons. 

Figure 4.6 shows the magnitude of electrical current at various DC voltages for each sample 

measured at RT. The R values of PCL, PGS/PCL, PLLA/PCL and PLGA/PCL were found to be 

16.8, 12.5 2.7 and 24.7 GΩ, respectively. PLLA/PCL displayed significantly lower electrical 

resistance (at p-value < 0.05 (ANOVA)) compared to other samples studied and, thereby, a 

marginally higher electrical conductivity. No significant differences were not observed among 

PCL, PGS/PCL and PLGA/PCL at p-value > 0.05 (ANOVA)). Higher electrical conductivity 

often results in improved processability during the ES fabrication as the process involves dynamic 

stringing of fibres across a potentiated space [247]. Dielectrics polymers with lower electrical 

resistance are likely to form more aligned agglomerations during the ES process, as shown as the 

dashed red lines in Figure 4.3. Both electrical conductivity and the degree of fibre alignment were 

found to follow the order (from the highest to lowest): PLLA/PCL> PGS/PCL >PCL> 

PLGA/PCL, validating the hypothesis that samples with the highest electrical conductivity are 
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more electrospinnable and display an improved fibre alignment [247]. The latter is known to 

affect the growth and regeneration of neurons due to the contact guidance of the scaffold [231]. 

The fibres can also bind together and provide an oriented guidance network to guide axons along 

their lengths [248]. An improved electrical conductivity and increased fibre alignment could be 

the key factors in neural application and neuron regeneration therapies, where the enhanced 

neurite outgrowth and electrical impulse transfer via axons form, the main applied research 

objectives. 

 

 

Figure 4-6 Voltage–current characteristics of electrospun samples at RT. The electric currents 
were measured over 1 hour for each voltage between ±10 V. 

 

4.4.1.5 Ionic conductivity of electrospun samples 

It was hypothesised that the degree of samples’ ionic conductivity is related to permeability, in 

which a sample with larger pores would display higher ionic conductivity values. The I-V 

measurements were performed for each scaffold at 0.1, 0.2, 0.4 and 1.0 V over a time period 

required to reach a constant value of I; for each testing period, the value for electrical resistance, 

R, was equal to the average |R| calculated across the voltages. Figure 4.7 shows the variation of 

the measured ionic conductivity of each sample over the testing period. Pure PCL and PGS/PCL 

samples displayed relatively similar ionic conductivity, but higher (at p-value < 0.05 (ANOVA)) 

compared to PLGA/PCL. A denser PLLA/PCL sample resistant to solute transfer displayed the 

lowest ionic conductivity, whereas PCL and PGS/PCL with a lesser dense structure showed a 

slightly higher solute transport characteristic.  
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Figure 4-7 Ionic conductivity characteristics of electrospun samples. Measurements were 
performed for each scaffold at four different voltages (0.1, 0.2, 0.4 and 1 V) over a time period 
required to reach a constant value of currents showing the conductivity versus time. 

 

4.4.2 Selection of samples based on their efficiency in hESC-RPC 
proliferation 

4.4.2.1 Sample toxicity screening 

CF, CF/EtOH, HFIP or THF/DMF solvent residue may remain in the samples following the ES 

fabrication and post-ES drying processes resulting in cellular toxicity. Sample toxicity screening 

was performed on all samples (i.e., thin-film cast and electrospun) by culturing Vero cell line for 

seven days in the conditioned medium. The Vero cell line proliferation after 3, 5 and 7 days was 

assessed via the MTS assay, and the obtained results of cell proliferation are shown in Figure 

4.8a. An upward trend in cell proliferation is displayed for all samples validating their 

cytocompatibility for subsequent hESC-RPCs studies.  

4.4.2.2  Cell seeding efficacy on (solid) cast samples 

To identify and isolate the possible effect of bulk polymer material on cell growth samples of 

pure PCL, PGS/PCL, PLLA/PCL and PLGA/PCL blends were prepared by casting. The MTS 

assay study was carried out on the solid samples to evaluate the proliferation of hESC-RPCs with 

the results displayed in Figure 4.8b. hESC-RPC proliferation was found to be marginally higher 

on PGS/PCL compared to other samples studied; however, a follow-up ANOVA screening 

showed that the differences were insignificant, at p > 0.05. 
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4.4.2.3 Cell seeding efficacy on fibrous electrospun samples 

The study detailed in Section 4.4.2.2 was repeated on all electrospun samples to identify possible 

structure/property changes imparted by the ES process and their impact on hESC-RPCs metabolic 

activities. The findings shown in Figure 4.8c indicate that cell seeding efficiency is comparable 

to solid cast samples, which also displayed a low p > 0.05. 

4.4.2.4 hESC-RPC proliferation and expansion on the electrospun 
samples 

The consideration of fluorescent micrographs of hESC-RPCs on electrospun samples showed 

phalloidin positive staining after seven days of culture. To quantitatively assess the morphological 

parameters of cultured hESC-RPCs on the samples, such as the number of cells and the cell 

expansion rate, the fluorescence images of the DAPI nuclear and phalloidin (F-actin) staining 

were investigated. Table 4.1 shows the numbers of cells counted from 20 DAPI-stained images 

for each sample in three repeats. No significant differences were confirmed among the four groups 

from the test; however, PGS/PCL showed a slightly higher cell density. 

Subsequently, hESC-RPC attachment and expansion rates were calculated based on the stained 

actin cytoskeleton-phalloidin images. Figure 4.9 presents phalloidin staining of F-actin 

representing areas of cell-to-cell attachment and cell-scaffold; Figure 4.9 also shows outputs of 

digital image processing analysis of these images. Briefly, image enhancement and binary 

algorithms of image processing were applied to phalloidin stained images of the scaffolds. Then, 

the percentage of the area occupied by cells was calculated from three independent experiments 

(Table 4.1). The results indicate a spread of hESC-RPC morphological distribution on the 

PGS/PCL electrospun sample compared to that of the other groups (Figure 4.9). 

Next, the expression of hESC-RPC markers, including NESTIN and RAX, has been studied. All 

hESC-RPCs seeded on scaffolds were labelled for NESTIN, which is a marker for intermediate 

neural filaments found in immature or undifferentiated neuronal cells. The expression of NESTIN 

indicates that most of the neural stem cells and neural precursor cells are still undifferentiated 

[139, 169]. Overall, the NESTIN-positive cells on all the scaffolds can be an indication of an 

undifferentiated state of the RPCs, as shown in Figure 4.10.  The percentage of NESTIN 

expression was quantified using digital image processing analysis; for each group, the percentage 

of the area occupied by NESTIN positive cells was calculated in the binary image of NESTIN-

stained image. Except for the pure PCL group, NESTIN expression in the cultures grown in the 

other three scaffolds were comparable to that observed in the control group, indicating that the 

scaffolds could be suitable for RPC self-renewal (Figure 4.10). Subsequently, the samples were 
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stained by the eye field-specific marker, RAX as shown in Figure 4.11 and quantified in the binary 

image of RAX-stained image. The number of RAX-positive cells on samples obtained from the 

image processing analysis were not significantly different, at p < 0.05. The RAX-positive cells 

verified the presence of hESC-RPCs on all groups of scaffolds. Therefore, all electrospun samples 

were found to be suitable for successful hESC-RPC proliferation and transplantation [77, 133]. 

Overall, in immunostaining characterisation, hESC-RPCs showed a slightly higher cell density 

and a much higher expansion rate on PGS/PCL samples where F-actin stain compacted around 

nuclei. 

 

Table 4.1 The numbers of cells counted from DAPI-stained images and the percentage of the 
area occupied by cells from phalloidin-stained images 

Samples NUMBER OF CELLS CELL EXPANSION RATE 

Test 1 Test 2 Test 3 Average Test 1 Test 2 Test 3 Average 

PCL 180 173 189 181 ± 8 % 5.0 % 1.6 % 1.4 % 2.7 ± 0.3 

PGS/PCL 225 196 208 210 ± 15 % 32.2 % 16.5 % 12.8 % 21.0 ± 2.0 

PLLA/PCL 151 165 162 188 ± 7 % 4.7 % 1.4 % 3.5 % 3.0 ± 0.3 

PLGA/PCL 164 158 179 167 ± 11 % 3.7 % 7.2 % 6.9 % 6.0 ± 0.5 

TCP 206 198 221 215 ± 12 % 17.1 % 13.0 % 12.6 % 14.0 ± 2.0 
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Figure 4-8 Metabolic activity of a) Vero cell lines in the presence of polymer conditioned 
media, b) hESC-RPCs on (solid cast samples), and c) hESC-RPCs on electrospun samples. 
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Figure 4-9 The phalloidin staining and binary images of the hESC-RPCs on the samples after 7 
days of culture, a) pure PCL, b) PGS/PCL, c) PLLA/PCL and d) PLGA/PCL and e) control 
TCP. 
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Figure 4-10 Immunostaining identification of hESC-RPCs by NESTIN (left), counterstained by 
DAPI (middle), and the merged image obtained by ImageJ® (right). a) pure PCL, b) PGS/PCL, 
c) PLLA/PCL and d) PLGA/PCL and e) control TCP 
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Figure 4-11 Immunostaining of the samples for RAX expression (left), counterstained by DAPI 
(middle) and the merged image obtained by ImageJ® (right). a) pure PCL, b) PGS/PCL, c) 
PLLA/PCL and d) PLGA/PCL, and e) control TCP. 
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4.5 Discussion 

Developing an appropriate delivery vehicle not only to protect cells from transplantation-induced 

shearing stresses but also to support cell adhesion, survival,  proliferation and even differentiation 

in transplantation have been a challenge in tissue engineering [53]. Studies have shown that 

porous scaffolds offer an improved cell attachment during transplantation, accelerate cell 

migration into the host retinal layers and, though an appropriately selected porosity, volume, pore 

and fibre diameter and mesh density characteristics, regulate metabolic processes in cells. The ES 

process has been shown to produce the desired morphology and porosity characteristics [201, 

249] and, the desired length and individual fibre diameter in scaffolds [250]. Higher polymer 

concentrations in ES solute have been associated with larger fibre diameters owing to the higher 

viscosity and surface tension in polymer solutions during the ES fabrication process [231]. In my 

study, the biopolymer solute at 15 wt.% was used as at this concentration the smallest diameter 

fibres for each polymer group could be produced employing the fabrication protocol described in 

Section 4.3.2 and 4.3.3, and using identical ES feed flow rate, voltage, nozzle-to-collector 

distance and collector RPM values for all samples. Notably, the focus of my study was to evaluate 

electrospun samples produced under identical ES fabrication conditions. However, different 

molecular weights of the biopolymers were used. It is technologically challenging to use polymer 

solutes with the same molecular weight, Mn, to fabricate uniform and homogeneous electrospun 

samples, as Mn values are known to have a significant impact on viscosity, surface tension, 

conductivity and dielectric strength of the fibres during the ES fabrication process [227, 251]. 

Additionally, the consequent fibre features, including the mesh porosity and mesh density, are 

known to be influenced by the Mn of a polymer. The use of precursor polymer with a high Mn in 

the ES process is associated with the fabrication of electrospun samples with higher mesh porosity 

[252], which is confirmed in my study.   

The physicochemical properties of biomaterials strongly influence cell therapy outcomes. The 

results obtained in this study show that PGS/PCL polymer blend displays the most advantageous 

physicochemical characteristics compared to other samples, including the wettability 

characteristics and ionic permeability, potentially offering an improved diffusion of nutrients to 

transplanted hESC-RPCs [253].  

It has been reported that one of the significant drawbacks of using pure PGS in tissue engineering 

applications is an increased acidity in the surrounding tissue during its’ degradation, which causes 

cytotoxicity arising from the release of carboxylic groups during the hydrolysis of PGS’s ester 
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linkages and the remaining unreacted carboxylic acid groups on the PGS’s backbone [253]. The 

latter reactions could be minimised with the addition of PCL. 

Electrospinning of pure PGS is often a challenging task owing to its low glass transition 

temperature and solution viscosity, both of which are caused by low molecular weight and poor 

chain entanglements [254]. Developing PGS polymeric composites or blends with other synthetic 

or natural polymers, including PCL, could improve the processing of PGS and reduce its 

propensity towards thermal curing and photo-crosslinking [255]. Among the discussed polymers, 

PCL shows an acceptable level of biocompatibility, minimal cytotoxicity and, when used in 

combination with PGS, it improves PGS processability even when added in small amounts [244, 

256, 257]. Additionally, compared to PLGA and PLLA, PCL is also more permeable [258]. 

The PGS/PCL blend compared to pure PGS displays increased hydrophilicity contributing to the 

reported increase in hESC-RPCs expansion and proliferation rates [25, 244]. The work of Rai et 

al. [259] also showed that the addition of PCL into PGS reduces the acidification of the 

degradation environment [253]. 

A suitable vehicle for hESC-RPC transplantation in addition to having appropriate 

physicochemical properties must also be cytocompatible to maintain multipotency of hESC-RPC 

[169]. The toxicity evaluation of all electrospun samples used in my study indicated their 

cytocompatibility for clinical applications and NESTIN-positive cells showed the samples ability 

to maintain multipotency of RPCs. The cell expansion rate results indicated that hESC-RPCs 

show a positive morphological distribution spread on the PGS/PCL electrospun samples 

compared to other polymer blends and pure PCL, whereas the addition of PCL into PGS provided 

a suitable medium for RPCs self-renewal, as indicated by NESTIN expression with RAX-positive 

cells confirming the presence of hESC-RPCs on all studied samples, marginally favouring the 

PGS/PCL. 

No significant difference was detected between the hESC-RPCs metabolic activities, as evaluated 

by MTS assay, across the four groups of cast solid film samples and electrospun samples, used in 

this study. 

My in-vitro studies show that the PGS/PCL would be a preferred hESC-RPC substrate and a 

promising candidate as a cell transplantation substrate in the developing in RDD therapies and 

treatments. 

Notably, the evaluation of PGS, PLLA and PLGA polymers blended with PCL was limited to the 

identical ES fabrication conditions, adjusted to deliver smooth, homogenous, bead-free fibre 

formation for all scaffold samples. Admittedly, the changes to the reported ES fabrication 
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conditions may result in marginally different outcomes for the same electrospun sample types. 

While the current study identified PGS/PCL as the preferred material model for hESC-RPC 

cultivation, changes to the reported ES fabrication parameters, including varying solute 

concentration and molecular weights will likely generate other promising outcomes, including 

those that could ascertain the influence of scaffold’s individual diameter and bulk mesh density 

on hESC-RPC attachment and growth.  

4.6 Summary and conclusions  

In this study, electrospun samples of pure PCL and blends of PGS, PLLA and PLGA polymers 

with PCL (at 2:1 ratio) were investigated to cross-compare and identify the most appropriate 

material for hESC-RPC proliferation in-vitro. The results showed that the degree of fibre 

alignment was higher, for the given electrospinning fabrication conditions, in PGS/PCL and 

PLLA/PCL blends compared to other samples. The PLLA/PCL electrospun samples displayed 

the highest electrical conductivity values, the lowest wettability characteristics and the lowest 

ionic conductivity (permeability) compared to other samples evaluated. Additionally, PGS/PCL 

samples displayed an improved wettability, cell adhesion, spreading and proliferation compared 

to all other samples examined. Further investigations are encouraged to improve the 

interconnected porous structure of PGS/PCL to aid PRCs migration and extension in-vivo prior 

to possible clinical trials. 

Additionally, these findings encourage further studies of PGS/PCL, PLLA/PCL, PLGA/PCL 

blends that mimic the physicochemical, biochemical, and morphological micro-environments of 

various tissue ECMs.  
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Chapter 5 Experimental 2: Evaluation of the 
selected material for hESC-RPC into RGC 
differentiation  

Based on the achieved results in the previous chapter, PGS/PCL scaffold was identified as the 

most promising biopolymer material with an appropriate structure/property combination for 

hESC-RPC cultivation. In this Chapter, a differentiation approach, which is able to provide 

homogenous stem cell-derived RGCs, is introduced. Additionally, the roles of PGS/PCL scaffold 

in the aforementioned differentiation and RGC growth is explored. This Chapter includes the 

version of a submitted, but yet to be published, co-authored journal paper. The bibliographic 

details of the co-authored papers, including all authors, are: 

[4] Behtaj, S., Karamali, F., Najafian, S., Masaeli, E., Nasr Esfahani, M.H. & Rybachuk, M. “The 

Role of PGS/PCL Scaffold in Promoting Differentiation of Human Embryonic Stem Cells into 

Retinal Ganglion Cells”, under the first revision in Acta Biomaterialia 
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5.1 Abstract 

The stem cell-based retinal ganglion cells (RGCs) replacement therapy offers a potential to restore 

vision in progressive optic neuropathies including glaucomatous by replacing degenerated RGCs 

and by simulating axonal regeneration. Injured optic nerve axons do not regenerate owing to the 

limited intrinsic capacity of the neurons and the inhibitory environment at the injury site. 

Polymeric tissue scaffolds are able to modulate the physical environment while providing 

structural support for transplanted cells, however, their application specific to the RGC generation 

has been far from conclusive. Although the challenges associated with the successful generation 

of clinically safe and functional RGCs that can appropriately integrate into the hosts’ retinas still 

remain largely unresolved.  

My study reports on a process that enables generation of RGCs from human embryonic stem cells 

(hESCs) that is simple, straightforward and repeatable and, investigates the influence of the 

aligned poly(glycerol sebacate) (PGS)/poly(ε-caprolactone) (PCL) scaffold on this differentiation 

process. My findings demonstrate that PGS/PCL scaffold promotes differentiation of hESCs into 

RGCs possibly by the simulation of cell active environmental signalling and, facilitates the 

growth of RGCs neurites along their lengths. 

5.2 Introduction 

Glaucoma, Glaucoma, a leading cause of blindness worldwide, results from a growing 

degeneration of retinal ganglion cells (RGCs) and RGC axons in the optic nerve [260]. RGCs 

receive visual information from photoreceptors via retinal interneurons and transferring it to the 

brain via RGC axons [7]. RGCs display a low regenerative capacity and are unable to self-

regenerate often resulting in an irreversible loss of vision as a result of RGC damage [18, 261], 

however,  

recent studies in ocular regeneration have shown that RGC replacement therapies could facilitate 

an improved retinal regeneration [18, 262]. Currently, the host-derived cell sources for the RGC 

transplant therapies are less than adequate, and a more abundant and cost-effective supply of 

healthy RGC sources is required.  

Stem cells could offer a possibility for retinal regeneration through RGC replacement using stem 

cell-derived RGCs [18, 80, 110, 118, 134]. The use of stem cells as a source of donor cells requires 

a well-developed high-yield differentiation protocol to enable the production of robust and 

functional RGCs [80, 263]. Additionally, challenges associated with the survival and integration 

of the injected cells in the transplant site also need to be addressed [25, 181, 219]. Recent studies 
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have shown that tissue-engineered bio-polymer scaffolds can act as effective physical vehicles 

for cell support and transplantation, they simulate the natural environment in the transplant site 

and mediate the differentiation of the cells by generating active environmental signals [264].  

The use of stem cell-derived RGCs delivered into the transplantation site on appropriately 

designed biomaterial scaffolds could potentially result in an improved retinal regeneration [118, 

265].  

My recent study (explained in Chapter 4) [266] that evaluated poly(glycerol sebacate) (PGS), 

poly-l-lactide (PLLA) and polylactic-co-glycolic acid (PLGA) polymeric mixtures with poly(ε-

caprolactone) (PCL) as potential material models for retinal progenitor cell (RPC) growth and 

proliferation have shown that PGS/PCL polymer mixture displayed the most advantageous 

morphological and physicochemical characteristics.  

In this study, we aim to establish a role that PGS/PCL electrospun scaffold plays in (a) the neural 

differentiation of RPCs towards RGCs and, (b) in the support, survival and neurite outgrowth of 

RGCs. So far we have found that PGS/PCL scaffold is able to provide a supportive 

microenvironment for RGSs owing to its porous and highly permeable microstructure, 

cytocompatibility and cell affinity characteristics [266]. In this work, we will investigate of 

whether PGS/PCL scaffold is able to promote RGC neurite outgrowth based on the scaffolds’ 

fibre alignment and its physico-chemical characteristics. 

Firstly, we generated RGCs from human embryonic stem cells (hESCs)-RPCs and investigated 

the efficiency of this differentiation protocol by examining typical RGC marker expressions using 

flow cytometry analysis. Secondly, the PGS/PCL scaffold cell supporting capacity towards the 

neurite outgrowth and alignment, and cell viability was evaluated and compared to tissue-cultured 

polystyrene (TCP), with the latter used as control.  

5.3 Materials and methods 

5.3.1 Fabrication of electrospun PGS/PCL scaffolds  

The PGS/PCL fibrous scaffolds were fabricated according to a previously explained protocol in 

Chapter 4 using PCL with a molecular weight, Mn, of 80,000 (Sigma-Aldrich, Merck® KGaA, 

Darmstadt, Germany) and PGS with an Mn of 12,000 (Sigma-Aldrich, Merck® KGaA, 

Darmstadt, Germany) blended to a weight ratio (wt.%) of 2:1. The PGS/PCL samples were 

fabricated employing an electrospinning process using PGS/PCL 15 wt.% solute dissolved in 

chloroform/ethanol (CHCl3/C2H5OH) (9:1) ratio (Merck® KGaA, Darmstadt, Germany) and 

solution, stirred at room temperature (RT) for 4 hours. After 2 hours resting time at RT, a 
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horizontal custom-made electrospinning system was used to fabricate PGS/PCL samples from a 

23-gauge needle employing a constant feeding flow rate of 1 ml/h and 15 kV direct current (DC)  

applied between the tip of the needle and a drum collector running at 6000 revolutions per minute 

(RPM)  at RT. The PGS/PCL scaffolds were sterilised by rinsing twice in phosphate-buffered 

saline (PBS) and 95% C2H5OH solution (Sigma Chemical Co, USA), followed by a 40-minute 

ultraviolet (UV) light exposure. 

5.3.2 Culture and maintenance of hESCs-RPCs 

The hESCs derived RPCs were provided from Royan cell bank. The RPCs were generated from 

co-culture system of hESCs, and stem cells originated from apical papilla tissue (SCAP) in 28 

days [239].  The passage two of the provided hESC-RPCs were seeded on Corning® Matrigel 

matrix-coated dishes (BD Biosciences, USA) in a defined medium containing DMEM/F12: 

neurobasal (1:1) (Thermo Fisher Scientific, Inc., Leicestershire, UK), supplemented with 5% 

KnockOut® serum replacement (KSR) (Thermo Fisher Scientific, Inc.), 20 ng/ml basic fibroblast 

growth factor (bFGF), 20 ng/ml epidermal growth factor (EGF) (Sigma-Aldrich, St. Louis, MO, 

USA), 200 μM L-ascorbic acid and 10 μM Rho-associated coiled-coil forming protein kinase 

(ROCK) inhibitor (Y27632) (Sigma-Aldrich, St. Louis, MO, USA). The hESC-RPCs were 

incubated at 37 °C in a humidified atmosphere containing 5% CO2. The cultured medium was 

changed by half the volume every other day. 

5.3.3 Differentiation of RGCs from hESC-RPC on PGS/PCL 
scaffolds 

Once hESC-RPCs reached confluency, the cells were detached by Accutase® solution (Merck 

Millipore, Billerica, MA, USA). Trypan Blue dye exclusion test was used to determine the 

number of viable cells present in a cell suspension. The obtained hESC-RPCs were seeded onto 

sterilised PGS/PCL samples and TCP, both coated with poly-L-ornithine (PLO) 10 µg/ml and 

laminin (LA)  5 µg/ml shown as (PLO-LA) ( Sigma-Aldrich, St. Louis, MO, USA), placed in a 

48-well plate at a density of 120 × 103 cells/well and incubated for seven days at 37 °C and 5% 

CO2 in a differentiation medium containing DMEM/F12: neurobasal (1:1) (Thermo Fisher 

Scientific, Inc., Leicestershire, UK), supplemented with 1% sodium pyruvate, 1% insulin-

transferrin-selenium (ITS) (Gibco, MD, USA),  1% L-glutamine, 1% non-essential amino acid 

solution (NEAA) (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin/streptomycin (Gibco, 

Thermo Fisher, Glasgow, UK), 1% B-27TM suppliment (Gibco, MD, USA),  5 μm 3-isobutyl-1-

methylxanthine/IBMX inhibitor (ThermoFisher, Glasgow, UK), 50 ng/ml brain-derived 
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neurotrophic factor (BDNF), 20 ng/ml ciliary neurotrophic factor (CNTF),  10 μM ROCK 

inhibitor (Y27632) (Sigma-Aldrich, St. Louis, MO, USA).  

5.3.4 Immunofluorescence assay 

The immunofluorescence staining was carried out for both TCP and PGS/PCL electrospun 

samples after 7 days of hESC-RPC seeding. The samples were washed twice with PBS and fixed 

in 4% paraformaldehyde (PFA) for 20 mins at RT. The cells were permeabilised with 0.2 % Triton 

X-100TM surfactant for microtubule-associated protein 2 (MAP2), anti-thymocyte antigen 

(THY1), class III β-tubulin (βIII tubulin), and anti-synaptophysin (Synaptophysin) markers, and 

0.4% Triton X-100TM for brain-specific homeobox/POU domain protein 3a (BRN3a) markers. 

The samples were then incubated overnight at 4 °C with the following primary antibodies: MAP2 

(Sigma; MAB378, 1:200); THY1 (Millipore; CBL415, 1:200); BRN3a (Millipore; B9684, 

1:300); βIII tubulin (Abcam; Ab7751, 1:150); NCAM (Abcam; Ab5032; 1:100 ) and 

synaptophysin (Millipore; MAB5258, 1:150). Then, the samples were incubated with fluorescent 

secondary antibodies: Goat Anti-Mouse IgG antibody; fluorescein isothiocyanate (FITC) (Sigma; 

AP124F, 1:100) and Goat Anti-Rabbit IgG Antibody and dyed with tetramethylrhodamine 

(TRITC) (Sigma; T6778, 1:80) for 1 hour at 37 °C to make cells suited for screening using 532 

nm visible light. DAPI (4',6-diamidino-2-phenylindole) (Sigma; D9564, 3 ng/ml) was used for 

nuclear counterstaining of fixed cells for 10 min. Finally, the samples were mounted onto glass 

slides and analysed using a fluorescent microscope (Olympus BX-51, Olympus Corp., USA) 

equipped with Olympus DP70 camera. 

5.3.5 Flow cytometry 

The RGC derived from hESC-RPC was dissociation using Accutase® and fixed by 4% or 1 % 

paraformaldehyde for MAP2 and THY1, respectively, immediately prior to characterisation. 

After 15 min, to permeabilise cell membranes to MAP2 antibody, the cells were treated by 0.2% 

Triton X-100TM for 20 min. First antibodies were introduced overnight at 4 ºC, and following 

staining with secondary antibodies, the BRN3a antibody was added for one more overnight 

incubation, followed by the secondary antibody for 1 hr at 37 ºC. Finally, the results were assessed 

using fluorescence activated cell sorting (FACS) BD FACSCalibur™ flow cytometer (Becton 

Dickinson, USA). 
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5.3.6 Surface topography characteristics 

Surface morphological evaluation of PGS/PCL scaffold, the cells on the scaffold and TCP were 

carried out using a scanning electron microscope (SEM) (JSM 7100, JEOL Ltd., Japan). Prior to 

SEM measurements, the cells on PGS/PCL scaffolds were fixed in 2.5 % glutaraldehyde, 

dehydrated through a graded series of ethanol, vacuum dried, then mounted onto aluminum stubs, 

consequently, they were sputter coated with gold. The 20 samples of each group were analysed 

with SEM measurements. 

The obtained SEM micrographs were analysed using ImageJ® analytical package (National 

Institutes of Health, USA) in order to obtain to estimate the average fibre diameter, mesh pore 

area and degree of fibre and cell distribution and orientation in the samples [232]. 

 

5.3.7 Quantification analysis of the stained images 

Quantification analysis of the stained images (using a jpg format) was performed employing a 

custom algorithm, which utilises digital image processing capabilities of MATLAB® (version 

2019a) Image Processing ToolboxTM and ImageJ® [232]. A dataset of ~100 groups of the stained 

images for cells on both TCP and scaffolds was collected with each group including DAPI, 

BRN3a and MAP2 stained images. The RGB image was transformed to a grey scale, then the 

binary extracted image was obtained by applying adaptive threshold segmentation to the image 

histogram [240], and by applying the ‘Merge Channel’ and then, the ‘Split Channel’ ImageJ® 

plug-in functions, the absolute percentage of positive cells for each biomarker was calculated. 

 

5.3.8 Cells morphological analysis  

The RGC neurite length and branching patterns of the cell dendrites were investigated on 

PGS/PCL electrospun scaffold and coverslips. The average RGC neurite length of cells was 

measured in the βIII tubulin positive staining images using the ImageJ® software [232]; using 

the ‘Simple Neurite Tracer’ ImageJ® plug-in, the length of RGC neurite extensions was 

quantified [267]. Quantification of the branching patterns of RGC cell dendrites was carried out 

using the ‘Sholl Analysis’ ImageJ® plug-in by placing concentric circles of increasing diameter 

centred on the soma of each RGC and by estimating the number of intersections of cell dendrites 

within each circle [268]. Three areas, each area analysed consisted of three neurons, were 

randomly selected on each sample, and three images per test were taken.  
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5.3.9 Cell alignment analysis  

The RGC structure on the scaffold was evaluated by employing ImageJ® processing algorithm 

to analyse the SEM images and the fluorescence images of the DAPI nuclear in βIII Tubulin 

staining. For the former, a dataset of 30 RGCs on PGS/PCL SEM images of the same size, 

magnification, brightness and contrast were selected, transformed to a monochrome and then 

processed to binary images by applying adaptive threshold segmentation 

to the image histogram [240]. Radon transform of the binary image was obtained for a range of 

[0, 180°] with a resolution of ΔӨ = 1° and the Radon transform dominant peak localised [241]. 

ImageJ® package was used to identify and record the directional distribution of RGC orientation 

on PGS/PCL scaffolds immunostained with βIII Tubulin. 

5.3.10 RNA extraction and real-time reverse transcription 
polymerase chain reaction (real-time PCR) analysis 

Total cellular ribonucleic acid (RNA) was extracted by TRIzolTM Reagent (Gibco-Invitrogen, 

15596-018) from RGC cells on the PGS/PCL scaffolds (n = 3) according to the manufacturer's 

instruction. The RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) was applied, and 500 ng of 

total RNA was used to generated complementary deoxyribonucleic acid (cDNA) using the 

TAKARA cDNA synthesis kit (Takara Bio Corp., USA).  All quantitative reverse transcription 

PCR (RT-qPCR) reactions were carried out in triplicate. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) housekeeping gene was used as the endogenous control; the expression 

level of each target gene was normalised against GAPDH. The relative gene expression was 

calculated in comparison to the control groups based on the comparative CT method (2-ΔΔCT). The 

designed forward and reverse primer sequences are presented in Table 5.1. 

 

 

Table 2.1 Designed primers of genes for RT-qPCR 

Gene Primer sequence Length 
(bp) 

GAPDH F: 5՛-CCACTCCTCCACCTTTGACG-3՛ 
R: 5՛-CCACCACCCTGTTGCTGTAG-3՛ 

107 

βIII Tubulin  F: TGTGAAAACTGCGACTGCCT (20bp) 
R: GGGATACTCCTCACGCACCT (20bp) 

111 

BRN3a F: TTCCTGCTTTCTTTTGCGGTA (21bp) 
R: ACCCAACATTTATCCCCTG (19bp) 

199 

SNCG F: AGGGCTTCTCCATCGCCAA (19bp) 
R: TGGCTCCCACATACATGACC (20bp) 

111 
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5.3.11 Statistical analysis 

All experiments were conducted independently and duplicated three times. Comparisons between 

the groups were made using a one-way analysis of variance (ANOVA) followed by posthoc 

Tukey test. The differences were considered statistically significant for a p-value of less than 

0.05. All error bars were presented as standard deviations (SD). 

5.4 Results  

5.4.1 Differentiation of hESCs into RGCs 

The hESC-RPCs were exposed to the modified RGC differentiation medium developed according 

to the previous studies [118, 265]. The hESC-RPCs displayed morphological changes and 

exhibited neurites on the 2nd day of differentiation (Figure 5.1a); the presence of RGC-like cells 

was observed on the 7th day following the exposure to the RGC differentiation medium (Figure 

5.1b). By comparing the images on Figures 5.1a and 5.1b, it is evident that the RGC-like neurite 

lengths and densities were increased over the 7-day exposure, and more extended and thinner 

neurites are evident in Figure 5.1b. Also, a closer inspection of Figure 5.1b neurites shows that 

the soma of cells became smaller and brighter over this period, overall indicating the development 

of mature retinal neurons.  

 

 

Figure 5-1 Generation of RGCs from hESC-RPCs in RGC differentiation medium. a) 
Morphological changes  (red arrow) of hESC-RPCs as displayed on the 2nd day, b) Evidence of 
RGC-like cells on the 7th day, including the presence of smaller and brighter soma cells (blac 
black arrow) and extended and thinner neurites (red arrow and dashed line). 
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5.4.2 Expression of RGCs markers 

The immunofluorescence staining with specific markers, including MAP2, THY1 and BRN3a 

was used to analyse the expression of RGC markers on TCP. A MAP2, a cytoskeletal neuron-

specific protein, which is a marker for stabilising microtubules in the dendrites of postmitotic 

neurons, was found in the outgrowth of neuronal processes and synaptic plasticity [269, 270], 

indicating a positive expression of MAP2 (Figure 5.2a) of neuronal cells and neuronal dendrites. 

BRN3a, has been introduced as a reliable marker to identify and quantify dendritic stratification, 

maintenance, and projections of RGCs (Figure 5.2b) and THY1 (Figure 5.2c), a surface 

glycoprotein that is especially expressed in RGC [115, 118, 271, 272]. As shown in Figure 5.2 

(a-c), the expression of MAP2, THY1 as the classical neuron markers and BRN3a as the typical 

RGC marker, verified the presence of RGCs. 

Flow cytometry analysis revealed the percentages of expression of the specific RGC markers. 

Quantitative analysis confirmed that 96 ± 7% of cells co-expressed MAP2 and BRN3a (Figure 

5.2d), and over 70% of cells were both THY1 and BRN3a positive (76 ± 7%) (Figure 5.2e) 

demonstrating that a significant fraction of cells derived from hESC were differentiated into 

RGCs. The expression of these markers shows that the differentiation protocol yielded a 

homogeneous population of RGCs. 

The differentiation protocol was repeated on PGS/PCL scaffold. The obtained hESC-RPCs were 

seeded onto PLO-LA coated TCP substrates and PGS/PCL scaffolds with the RGC differentiation 

medium for 7 days, evaluated and compared to control as described in the sections below. 
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Figure 5-2 Immunostaining identification of hESC-RPCs derived cells by RGCs markers and 
counterstained by DAPI at day 7, and the percentages of expression of the specific RGC markers 
as revealed by flow cytometry analysis; the merged image obtained by ImageJ®. a) MAP2 (left) 
and MAP2/DAPI (right), b) THY1 (left) and THY1/DAPI (right), c) BRN3a (left) and 
BRN3a/DAPI (right). d) Over 95% of cells expressed both BRN3a and MAP2 and, e) Over 70% 
of cells were both BRN3a and THY1 positive. 
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5.4.3.2 Morphology of RGCs on PGS/PCL scaffold 

 Figure 5.4a shows RGC cell body and neurite interactions with PGS/PCL scaffold matrix. Figure 

5.4b shows RGC cell body and neurite extending along the scaffold fibres and aligning 

themselves along the PGS/PCL scaffolds’ fibrous network and using the fibres for physical 

guidance. Figure 5.4c shows RGCs ingrowth within the fibrous scaffold, and Figure 5.4d RGC 

crosslinking with the scaffold fibres. RGC cell bodies on TCP are shown in Figure 5.4e. 

 

5.4.3.3 RGC differentiation on PGS/PCL scaffolds 

Figure 5.4f shows the gene expression of the intracellular RGC-markers; βIII Tubulin, BRN3a and SNCG 

as studied using quantitative RT-qPCR technique. All three mRNA species examined showed a higher 

level of expression for RGCs on the scaffolds compared to TCP. In three independent experiments, the 

gene expression level of SNCG for cells on PGS/PCL scaffold was statistically significant at p-value ≤ 

0.05 (marked with asterisk in Figure 5.4f), and higher than RGCs on TCP.  

The expression of MAP2, THY1 and BRN3a were studied at protein level and their results shown in Figure 

5.5. Co-expression of both markers in each row indicate that RGCs presented a morphological distribution 

spread on the PGS/PCL fibrous scaffold, and the population of BRN3a-positive cells confirmed the actual 

presence of RGCs on this scaffold.  
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Figure 5-4 a-e SEM images of RGC a) on PGS/PCL scaffold, including the cell body and neurite; 
scale bar: 50 μm, b) aligned to PGS/PCL fibrous network; scale bar: 200 μm, c) engraftment on 
PGS/PCL; scale bar: 20 μm, d) crosslinking and growth within the pores of PGS/PCL; scale bar: 
20 μm, e) cell bodies on TCP; scale bar: 20 μm. Figure 5.4f) Gene expression profile of RGC 
markers on TCP and PGS/PCL; the results are averages of three independent experiments, p-
value ≤ 0.05. 
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Figure 5-5 Typical RGC markers including MAP2 (green), BRN3a (red), THY1(green) 
counterstained by DAPI (blue) on PGS/PCL electrospun scaffolds and TCP; the merged image is 
shown on the far right in each row. 

 

To compare the co-expression of MAP2 and BRN3a for RGCs on TCP and PGS/PCL, an image 

processing algorithm (shown in Figure 5.6) was employed to analyse a dataset of ~100 images of 

fluorescently labelled cells on these two substrates. This area-based measurement was conducted 

to quantify the capacity of TCP and PGS/PCL scaffold in promoting RGC differentiation that 

denoted as ‘% Promoting capacity’ (PC) and expressed in relative (%). To obtain the PC value, a 

number of RGCs (R) was divided by a number of all positive cells (A). Using a fluorescence 

image of the DAPI nuclear as a source input, the RGB image was obtained and converted to the 

grayscale and, then to a binary (Figure 5.6a - b); the white pixels area of binarized images was 

calculated by estimating the number of non-zero pixels (positive cells). The DAPI positive image 

was merged with BRN3a positive and, with RGB channels of the DAPI-BRN3a image extracted, 
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the DAPI positive cells, which did not show the BRN3a expression, were removed (Figure 5.6c 

– d). The final overall output included the cells, which were both DAPI and BRN3a positive, 

these were consequently merged with MAP2 positive cells (Figure 5.6e), splatted into the RGB 

channels with all MAP2 positive cells, and those cells which were not DAPI-BRN3a positive, 

removed (Figure 5.6f). The resultant image was DAPI-BRN3a-MAP2 positive RGCs. The 

algorithm was applied to analyse THY1 and BRN3a stained cells on TCP and the scaffold. The 

calculated PC value for TCP and PGS/PCL is shown as a graph insert below the algorithm flow 

structure; at p-value < 0.05 the PC value indicates a higher promotion capacity of PGS/PCL 

scaffold towards RGC differentiation compared to TCP (marked with asterisk in Figure 5.6). 

 

Figure 5-6 The image processing algorithm employed to analyse datasets of fluorescently 
labelled RGCs on TCP and PGS/PCL. 

5.4.4 Measurement of neurite outgrowth on PGS/PCL scaffolds 

To assess the neurite outgrowth of RGCs, the cell-seeded PSG/PCL scaffolds were 

immunostained for βIII Tubulin as shown in Figure 5.7a-c. The neurite length of cells grown on 

PSG/PCL scaffold and TCP were found to be 328 ± 73 μm and 381 ± 57 μm, respectively. The 

cells on TCP had slightly longer neurite lengths. However, no significant differences were 

observed between these two groups at p-value ≥ 0.05 (Figure 5.7c). 

The results from Sholl analysis (Figure 5.7d and 5.7e) revealed that for dendritic diameters from 

50 μm to 150 μm, the average number of intersections for cells on PSG/PCL scaffold (235) was 

higher than those on control group (55); the dendritic fields displayed a max intercept of 393 and 

122 for cells on the scaffold and TCP, respectively. Figure 5.7f and 5.7g show colour-coded 
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graphs obtained from the Sholl profile of cell dendrites for PGS/PCL scaffold and TCP, 

respectively; a higher number of intersections are illustrated by warmer hues. 

 

 

Figure 5-7 The stained image of βIII Tubulin on a) TCP and b) PGS/PCL, Scale bar: 100 µm, c) 
The neurite lengths of cells grown on PGS/PCL and TCP, in three independent experiments, p-
value ≥ 0.05 ; The variation of density of dendrites relative to the distance from the soma on d) 
TCP and e) PGS/PCL colour coded according to the Sholl profile of cells on f) TCP and g) 
PGS/PCL. 
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5.4.5 Cell alignment on PGS/PCL scaffolds 

Figure 5.8a and 5.8d shows an SEM image of RGCs on TCP and PGS/PCL, respectively. The 

cell neurites attached and ingrown along the scaffold fibre orientation. The image processing 

algorithm, described in Section 5.3.8, was applied to the SEM image to evaluate the morphology 

of the cells. Figure 5.8f shows a dominant peak around 92° for the Radon transform of the cells 

on the aligned electrospun scaffolds, whereas this dominant peak was not seen for the cells on 

TCP (Figure 5.8c). The neurite guidance capacity of the aligned PGS/PCL scaffold was further 

quantitatively assessed and compared to TCP using the fluorescence images of the DAPI nuclear 

in Figures 5.8g and 5.8j. The directional histograms of RGCs on TCP and PGS/PCL are shown 

in Figures 5.8i and 5.8l, respectively, revealing that neurons on PGS/PCL scaffolds developed the 

aligned neurites with a dominant peak at around 90°, in accordance with the Radon transfer results 

(Figure 5.8f). Neurons grown on TCP demonstrated a broad distribution in directional histograms 

indicating randomly oriented cells. 
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Figure 5-8 a) SEM image of RGCs on TCP, b) Binary image data, c) Cumulative intensity RGCs 
on TCP scaffold obtained by Radon transform, d) SEM image of RGCs on PGS/PCL, e) Binary 
image of image 8d, f) Cumulative intensity RGCs on PGS/PCL scaffold obtained by Radon 
transform, g and h) DAPI staining of cells and related binary image on TCP, respectively,  j) and 
k) DAPI staining of cells and related binary image on PGS/PCL, respectively. The orientation 
histograms obtained by ImageJ® shown for both i) TCP and l) PGS/PCL. 
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5.4.6 Expression of synaptophysin on PGS/PCL scaffolds 

The NCAM and synaptophysin-positive cells observed on both TCP and PGS/PCL are shown in 

Figure 5.9. The expression of synaptophysin in the NCAM positive area revealed that the derived 

RGCs are making synaptic connections on TCP and PGS/PCL scaffold. 

 

 

Figure 5-9 Expression of NCAM and synaptophysin of RGCs on TCP and PGS/PCL scaffolds 
and counterstained by DAPI at day 7; the merged image is shown on the bottom of each row. 
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5.5 Discussion 

RGCs are the first retinal neurons to arise from hESC-RPCs during retinogenesis [140], a 

phenomenon that could be explored to direct RPCs toward RGCs fate and to achieve a rapid 

differentiation process. The generation of homogenous population of RGCs requires a 

supplementation by appropriate neurotrophic factors to induce the RGC fate [80, 126]. In present 

study, the hESCs derived RPCs were exposed to the RGC differentiation medium, including the 

neurotrophic factors such as CNTF, BDNF, as well as, inhibitors such as IBMX and ROCK (refer 

to Section 5.3.3). The BDNF and CNTF were found to be suitable and appropriate intercellular 

molecular signalling couplings, capable of promoting axonal generation of adult RGCs [273, 

274]. The IBMX inhibitor, a neural differentiation inducer, triggers transdifferentiation of RPCs 

into neural lineage [275]. Inhibition of the G-protein in ROCK promotes RGC regeneration and 

neurite outgrowth in the presence of CNTF-stimulated retinal cultures [260, 276, 277]. The named 

neurotrophic factors and the ROCK inhibitor are believed to have a capability to promote and 

speed up RPC-to-RGC differentiation protocol. 

The obtained cells were characterised by flow cytometer and immunofluorescence double 

staining tests (discussed in Section 5.4.2). The results of both studies confirmed i) the derived 

cells expressed specific markers attributed to RGCs, with over 90% of the cells expressing both 

MAP2 and BRN3a antibodies, and over 70% of the cells found to be both THY1 and BRN3a 

positive and, ii) validated that the developed RGCs differentiation protocol is capable of 

generating a homogenous population of RGCs from hESC-RPCs in 7 days. Compared to the 

earlier studies [74, 110, 118] that reported on a much longer hESC-RPC differentiation time 

periods (i.e., from 42 to 72 days), this differentiation protocol offers an improved efficiency and 

a greatly reduced time that is required to generate RGCs. 

As evidenced by prior research, the bioresorbable tissue-engineered mechanical support 

structures, including those provided by fibrous scaffolds, are able to adapt to the natural micro-

environment of the host’s tissues and facilitate cell transplantation in a targeted area and promote 

differentiation of target stem cell within the host tissue environment [16]. A recent work by Evans 

et al. [278] found that that the structure, composition and properties of biopolymer scaffolds play 

an important role in encouraging the cells to develop a functional replacement tissue. Specific to 

RGC differentiation, Yang et al. [74] examined the impact of a nano-imprinted scaffold made of 

poly (ethylene-co-vinyl acetate) in human iPSC-derived RGC differentiation and reported on 

scaffold induced axial elongation of RGCs’ axon extension along the underlaying scaffold 

grooves. Chen et al. [265] showed that polybenzyl glutamate scaffold was capable of reducing 

the time it takes for the RGC cellular differentiation process complete. My recent work showed 
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that a polymeric scaffold produced from a 2:1 blend of PGS and PCL offers an appropriate 

substrate for hESC-derived RPC proliferation [266], compared to other biopolymer materials, 

such as PLA, PLGA and pure PCL.  

The expression of markers including MAP2, BRN3a, THY1 and βIII Tubulin analysed by 

immunofluorescent staining (see Section 5.4.3.3) have shown that RGCs were successfully 

differentiated from hESC-RPCs on PGS/PCL scaffolds. The RGCs gene expression profile 

confirmed to the scaffolds’ topographical features and showed well-developed mature genetic 

patterns on the scaffolds, but not on TCP [127]. Elasticity of the cell-supporting substrates plays 

an important role upregulating the expression of neuron markers of the cultured cells as evidenced 

by chosen PGS/PCL scaffold sample. 

The RGC synaptic connections in the cultures grown on PGS/PCL scaffolds were validated by 

synaptophysin expression studies (see Section 5.4.6 and Figure 5.9). The oriented guidance 

structure on a scaffolds is believed to be a key external parameter that mimics the in vivo 

organisation of the retina [156] and has a potential to guide the axons along their lengths and 

provides the contact guidance for axon extension along the fibres and across the scaffold network 

structure [241]. The SEM analysis showed that PGS/PCL scaffolds provided an appropriate 

substrate for RGC attachment and growth and displayed suitable topological features that for axon 

extension and neurite outgrowth (see Figure 5.8). A recent study by Sluch et al. [110] showed 

that RGCs attach and proliferate on PCL scaffolds with similar topological features. The dendritic 

fibre network on PGS/PCL scaffold (see Figure 5.4a-d, Figure 5.7 a-b) is believed to have 

facilitated the attachment of RGCs as the network closely resembles the natural extracellular 

matrix of the retina. Also, the results show that PGS/PCL scaffold is biocompatible with hESC-

derived RGCs and the cells are capable of proper attachment, integration, axonal formation and 

growth on this type of a biopolymer blend.  

For clinical applications, rapid and reproducible production of homogeneous population of RGCs 

with high yield and purity is needed [219]. However, both intrinsic and extrinsic factors should 

be considered to regulate RPCs differentiation given that over forty (40) different RGC subtypes 

are currently known and, some RGC subtypes are believed to be more susceptive to glaucoma 

damage than others [279]. Additionally, further research may be needed to distinguish specific 

RGC subclasses based on their cell morphology, central projection functions, molecular markers, 

transcription profiles and physiological properties [115, 280, 281]. This work focuses on the role 

of PGS/PCL scaffold as a support vehicle for differentiation of hESC into RGCs, however 

additional studies on developing RGC specific markers and on identifying RGC specific features 

(e.g., electrophysiological) are needed to distinguish RGCs from other neurons that display 

similar morphological characteristics [135, 219].  
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5.6 Summary and conclusions 

We report on a simple differentiation protocol capable of generating a homogenous population of robust 

RGCs from hESCs-RPCs in a 7-day period as evaluated by flow cytometry and immunohistochemistry 

studies. The developed process is highly repeatable, relatively quick, and a less complicated procedure 

compared to the currently known RGC differentiation protocols and can be a promising method for the 

generation of RGCs in clinical applications. We found that the aligned PGS/PCL scaffold provided an 

appropriate physical environment and structural support for RGCs as evidenced by positive cell 

attachment, growth and the formation of synaptic connections, including the expression of typical RGC 

markers. The PGS/PCL structure was found to be highly effective to support RGC axon extensions and 

neurite outgrowths along with the neurite alignment conforming to the individual scaffolds’ fibre network. 

We, however, need to point out that more extensive and advanced studies are necessary prior to the use of 

PGS/PCL scaffolds in animal models. These include the studies focused on the generation of a 

homogenous population of RGCs, studies distinguishing RGC sub-classes and developing RGC-specific 

markers and, studies that identify RGC-specific features, as well as studies that enable to enhance 

enhancing the activity of underlying cell supporting scaffolds. 
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Chapter 6 Conclusions and Recommendations for 
Future Work 

This Chapter illustrates the summary of this PhD study followed by dominant research 

conclusion, as well as some recommendations for further research and explorations in the 

becoming relevant study. 

6.1 Summary and conclusions 

Optic nerve neuropathies, including degenerative disorders, and injuries such as traumatic optic 

nerve crush, result in the loss of RGCs. As in most central nervous system pathways, the RGCs 

present low regenerative capacity. Therefore, the death of RGCs eventually leads to irreversible 

visual loss. Recent research findings in stem cell-based RGC replacement therapy have shown 

that solutions offered by regenerative medicine can be highly promising in this area, where 

maintaining and re-establishing connections of damaged neurons in the visual pathway is a 

significant goal. 

This PhD study was developed to address two significant gaps in the field of RGC replacement 

therapy: generating RGCs and developing an appropriately supportive tissue-engineered scaffold 

biomaterial to enhance the efficiency of RGC delivery and differentiation process. hESC-RPCs 

were selected as a promising source for RGC differentiation. The appropriate selection of 

materials found as a fundamental consideration, which had to be addressed at the early stage of 

this study. To achieve this goal, pure PCL and blends of PGS, PLLA and PLGA polymers with 

PCL (at 2:1 wt.% ratio) were investigated to cross-compared and identify the most appropriate 

material for hESC-RPC cultivation based on advantageous structure/properties combination. 

These results showed that PGS/PCL scaffolds promote hESC-RPC attachment and proliferation 

more favourably compared to pure PCL and PLLA/PCL and PLGA/PCL. In the next section of 

my study, an hESC-RPCs into RGCs differentiation protocol was developed and examined. Then, 

hESC-RPCs were seeded on the fibrous PCL/PGS scaffolds to evaluate its efficacy in the 

differentiation of hESC-RPC into RGC, the attachment, morphology, and neurite outgrowth of 

the cells grown on this scaffold. These findings, including the expression of typical RGC marker, 

confirm the promoting role of this scaffold in supporting the growth of RGCs neurites. 
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6.2 Recommendations for future work 

Based on the literature review fulfilled on each Chapter, and the research outcomes presented in 

this thesis, the following recommendations for further research on the application of stem cell-

based RGC replacement therapy are presented. We believe that future research would benefit 

from the studies that entirely or partially address the following items.  

- The present study introduced PGS/PCL as the supportive vehicle for hESC-RPC cultivation, 

changes to the presented ES fabrication parameters, such as solute concentration and polymer 

molecular weights will lead to other promising results. Therefore, the effect of different ES 

fabrication conditions can be investigated as well.  

- Regarding a generation of a homogenous population of RGCs, further studies on intrinsic and 

extrinsic factors in the generation of RGC can be taken into consideration. Distinguishing RGC 

subclasses based on morphology, central projections, molecular markers, transcription profile, 

and physiological properties can be another area of consideration. 

- To distinguish RGCs from other neurons with similar characteristics, RGC-specific markers and 

RGC-specific features such as electrophysiological properties will need to be explored. 

Although the above challenges must address before the translation of the stem cell-based RGC 

replacement therapies into clinical practice, this finding validates the capacity of the aligned 

PCL/PGS fibrous scaffolds in this field. The next step is to examine this scaffold in ex-vivo 

models of glaucoma, where an accurate control over experimental parameters is available. Ex-

vivo results can serve as a piece of evidence to validate of whether this tissue-engineered scaffold 

can support a suitable environment for axonal regrowth; also, ex-vivo tests can reduce the number 

of animals needed for potential in-vivo experimental validation. The ex-vivo tests have to be 

followed by in-vivo tests in order to consider the integration of the RGC seeded PGS-PCL scaffold 

in the hosts’ retina. These in-vivo tests need to focus on assessing and quantifying the number of 

RGCs and estimating their functional distribution across the retina. 

Although, while much of the work remains to perform to translate these kinds of outcomes to 

clinical practices, we believe that the attempts and pursuits of restoring the visual function in 

patients with progressive optic neuropathies can be fulfilled through a collaboration in which a 

combination of pharmacologic and bioengineering solutions have been combined in an attempt 

to offer a consolidated and precise solution of carefully-targeted therapies aided by the therapeutic 

features and functions of stem cells. 
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Appendix 4 

1. MATLAB codes for cell expansion rate: 

close all 
clear all 
[filename,pathname]=uigetfile('Y:\Asanaz\Asanaz1\whole RPC 
staining\*.*','select a file:'); 
Frgbmat=imread([pathname filename]); 
a=Frgbmat;a=im2double(a); 
figure(1);imshow(a);title('orginal image'); 
b=imhist(a); 
l=length(b);t=fix(l/2); 
e=1; 
while e>0.00001 
    w=0:t-1; 
    bp=b(1:t); 
    bp=bp/sum(bp);bs=b(t+1:l); 
    bs=bs/sum(bs); 
    w=length(bp); 
    W=0:w-1; 
    V=w:l-1; 
    x=W*bp; 
    y=V*bs; 
    t1=fix((x+y)/2); 
    e=abs(t-t1); 
    t=t1;end 
[M,N]=size(a); 
g=zeros(M,N); 
a=256*a; 
for m=1:M 
    for n=1:N 
        if a(m,n)>t,g(m,n)=1;end 
    end 
end 
 figure(2),imshow(g,[]); 
  
 [m,n]=size(g); 
 for x=1:m 
    for y=1:n 
        if g(x,y)>0,b(x,y)=1;end 
    end 
end 
  
[m1,n1]=size(b); 
A= m1*n1; 
B= sum (sum(b)); f=(B/A)*100; 
disp('expansion rate:');disp(f); 
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2- MATLAB codes for alignment: 
 
close all 
clear all 
[filename,pathname]=uigetfile('Y:\Asanaz\Asanaz1\RGC\RGC on PGS\image 
analysis\*.*','select a file:'); 
Frgbmat=imread([pathname filename]); 
a=Frgbmat;a=im2double(a); 
  
figure(1);imshow(a); 
  
b=imhist(a); 
l=length(b);t=fix(l/2); 
e=1; 
  
while e>0.00001 
    w=0:t-1; 
    bp=b(1:t); 
    bp=bp/sum(bp);bs=b(t+1:l); 
    bs=bs/sum(bs); 
    w=length(bp); 
    W=0:w-1; 
    V=w:l-1; 
    x=W*bp; 
    y=V*bs; 
    t1=fix((x+y)/2); 
    e=abs(t-t1); 
    t=t1;end 
[M,N]=size(a); 
g=zeros(M,N); 
a=256*a; 
for m=1:M 
    for n=1:N 
        if a(m,n)>t,g(m,n)=1;end 
    end 
end 
  figure(2),imshow(g,[]); oo=N-(N/3); 
 figure(3),imshow(g(:,oo:N),[]); 
  
   theta = 0:179; 
 [R,xp] = radon(g,theta); 
  figure(4);plot(xp,R);  
  [M1,N1]=size(R); 
g1=zeros(1,N1); 
  
for n1=1:N1 
    k1=find(R==max(R)); 
   k2=R(k1); 
end 
  
  
  figure(5);plot(theta,k2(1:180,:)); 
  xlabel('\theta (degrees)') 
  ylabel('Culmulative Intensity') 
  [p,q]=find(k2==max(k2)); 
 
 


