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APPLICATIONS 

By Andrew John Treharne 

Age-related macular degeneration (AMD) is the largest cause of 

blindness for those over 65 in the developed world.  There is 

currently no treatment for the retinal cellular loss associated with the 

disease.  One potential therapy is to implant retinal stem cells into 

the eye using a biodegradable polymer scaffold.  Blends of the 

biodegradable polymers, poly(L-lactic acid) (PLLA) and poly(D,L-lactic-

co-glycolic acid) (PLGA) have been formulated into microspheres.  The 

influence of changing processing parameters on the size and 

morphology of the microspheres has been studied.  A human retinal 

pigment epithelial (APRE-19) cell line was shown to adhere, survive 

and proliferate on the surface of the microspheres in vitro.  Assays 

have demonstrated that the nature of the blend influenced cell 

behaviour.
 

Transplantation of retinal pigment epithelial (RPE) cells on a 

supportive matrix has also been investigated as a therapy for AMD. In 

view of AMD related pathology of the native RPE support, Bruch’s 

membrane (BM), transplanted RPE cells require a scaffold to reside on.  

Copolymers based on methyl methacrylate (MMA) and poly(ethylene 

glycol) methacrylate (PEGM) have been synthesised and chemically 

modified at the PEG terminus.  These polymers were subsequently 

manufactured into a fibrous scaffold using an electrospinning 

technique and investigated as an artificial BM.  RPE cells were shown 

to attach and proliferate successfully on the surface of the fibrous 

scaffold in vitro.  Cell adhesion was significantly enhanced on 

scaffolds with the PEG chain terminus modification.  Significantly less 

apoptotic cell death was also observed on these surfaces.  The 

diffusion properties of these artificial membranes have also been 

investigated.  In addition, the novel gelation of the produced 

copolymers under certain conditions has been studied. 
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1  Introduction 

1.1 Introduction 

Sight is one of our most treasured senses.  As a consequence, loss of 

sight can have a profound effect on quality of life.  Degenerative 

retinal diseases such as Age-Related Macular Degeneration (AMD) and 

Retinitis Pigmentosa (RP) are the leading cause of irreversible 

blindness in the developed world
1

.  Despite differences in their 

pathogenesis, both diseases culminate in death of cells in the 

photoreceptor layer of the retina leading to blindness.  Disruption of 

the retinal pigment epithelium (RPE) is another common feature of 

these diseases.  There are currently no clinical therapies to reverse 

this loss of cells.  Regenerative medicine offers the potential for a 

cell-based therapy.  This PhD thesis explores the complex nature of 

creating such a therapy and reviews current attempts to make 

treatment of these diseases a reality.  It will describe experiments to 

better understand the nature of cell-surface interactions with a view 

to creating a system to deliver cells to the eye. 

1.2 Age-related macular degeneration 

It is estimated that 1.5 million people in the United Kingdom (UK) 

have the early signs of AMD
2

.  The cost of care for those affected in 

the UK is estimated at £1.6 billion per year
2

.  Due to increasing 

longevity of life, the number of sufferers is set to increase.  Despite 

the large prevalence of this disease, its pathogenesis and 

mechanisms of action have only recently started to be understood.  

The disease affects the macula, the area of the human retina 

responsible for central vision (Figure 1.1).  The macula contains a 

high percentage of “cone” photoreceptors which are the cells that 

provide colour vision and fine detail.   
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Figure 1.1 – A cross-section of the human eye showing key components 

including the macula area of the retina.  The macula is the area of the retina 

used for central vision and fine detail.  Image courtesy of Wikimedia Commons.  

There are two forms of AMD, wet (exudative) and dry (atrophic).  The 

majority of patients (over 90%) have the dry form of the disease (see 

Section 1.4 below) and for over half of patients with this form it is 

bilateral.  There is currently no treatment for this form of the disease 

and sufferers undergo a progressive loss of central vision (Figure 

1.2).  For those with the wet form of the disease, some treatments to 

halt the loss of vision are available (See Section 1.3 below).   

 

 

 

 

 

 

Figure 1.2 – Images showing the impact of AMD on vision.  As the disease 

progresses, there is an increasing loss of central vision.  Image courtesy of NIH 

National Eye Institute.  
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It is possible for one form of the disease to progress to the other 

form
3

.  AMD can also be classified as early (little loss of vision) or late 

(severe loss of vision).  In the macula, there are several layers of 

structure with different functions.  Patients with AMD have a 

dysfunction in one or more of these structures.  A simple cross 

section of the macula is show in Figure 1.3.   

 

Figure 1.3 – A simplified cross-section of the human macula showing key 

structures.  Bruch’s membrane is supportive matrix of the retinal pigment 

epithelium which in turn supports the function of the photoreceptors.  The 

choroid is one of structures that supplies blood to the retina.  

1.3  Wet AMD 

The hallmark of wet AMD is the development of new blood vessels 

growing from the choroid.  This process is known as choroidal 

neovascularisation (CNV).  CNV is a result of increased secretion of 

vascular endothelial growth factor (VEGF) from RPE cells.  The reasons 

for this increase are unclear however hypoxia and inflammation have 

both been implicated
4

.  These new vessels grow through Bruch’s 

membrane (BM) and lie underneath the RPE or grow through the RPE 

into the subretinal space.  Leakage of blood and fluid into and under 

the retina can also occur.  The new blood vessels disrupt the 
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architecture of the retina leading to RPE detachment and subsequent 

loss of photoreceptor cells. 

A number of therapies have been developed to stabilise CNV
4

.  A laser 

can be used to close or eliminate the leaking blood vessels that are 

causing the damage.  These therapies are thermal laser 

photocoagulation and transpupillary thermotherapy.  An alternative is 

to use photodynamic therapy (PDT) which utilises a photosensitiser 

activated by a low energy laser.  This results in the production of 

oxygen free radicals which damage the endothelial cells stabilising 

the new blood vessels and preventing leakage.  The drawbacks to 

these approaches are that they can cause retinal damage and only 

stabilise the CNV rather than preventing new vessels from growing.  

To address this, treatments to block angiogenesis in CNV have been 

developed.  These include anti-VEGF antibodies such as bevacizumab 

(Avastin)
5

 and ranibizumab (Lucentis)
6

.  By blocking the action of 

VEGF, these agents can arrest the growth of new blood vessels and 

stabilise the vision of the patient.  

1.4 Dry AMD or geographic atrophy 

The earliest changes associated with dry AMD are the appearance of 

basal lamina deposits.  These deposits later form drusen which are 

the clinical hallmark of AMD.  Drusen, from the German word for 

geodes (cavities in rock lined by crystals), appear as yellowy white 

dots on the retina.  As the disease progresses the drusen disappear 

to leave an area of RPE atrophy.  Photoreceptor and choroidal atrophy 

are also observed.  This results in a progressive loss of vision for the 

patient.  The processes that cause these deposits to form and atrophy 

in the retina are unclear.  However, it is likely to be a combination of 

factors which culminate in the RPE becoming compromised.  These 

factors are discussed below.   
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1.4.1 Drusen 

The deposits between Bruch’s membrane (BM) and the RPE known as 

drusen (Figure 1.4) are generally classified as being either hard (1-

63µm in diameter) or soft (63-125µm in diameter)
7

.  They are known 

to contain many different types of protein, lipid and carbohydrate.  

Cellular components, of RPE origin, are also found.  Despite 

increasing evidence for the role of the RPE in drusen biogenesis
7

, it is 

unclear whether drusen formation contributes to or is a consequence 

of RPE dysfunction.   

 

Figure 1.4 – A retinal photograph showing soft drusen accumulation.  The 

formation of drusen is one of the hallmarks of AMD.  Image courtesy of 

Wikimedia Commons.  

1.4.2 Inflammatory effects 

More recently, inflammatory events have been linked to the synthesis 

of drusen
8

.  It has been proposed that cellular debris from RPE cells 

may act as an inflammatory stimulus and a site for drusen formation
9

.  

In addition, amyloid β which is the pro-inflammatory component of 

Alzheimer’s disease plaques has been found to be present in 

drusen
10

.  Discoveries such as this suggest common pathogenic 

pathways in AMD and other neurodegenerative conditions.  Several 

components which are found to be present in drusen are part of the 
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complement cascade of the innate immune system.  Genetic studies 

have been able to establish a link between genes for complement 

proteins and AMD
11,12

.  This provides even stronger evidence that local 

inflammation plays a key role in the etiology of AMD.     

1.4.3 Oxidative stress 

The cells of the retina have a high oxygen tension and are exposed to 

light resulting in an increased vulnerability to protein oxidation
13

.  

Oxidative modifications to proteins such as crosslinking have been 

shown to be associated with drusen proteins and are more abundant 

in AMD than in normal BM
14

.  This implicates oxidative damage as 

being a possible cause for drusen formation.  The maculas of patients 

with AMD have been shown to have statistically higher levels of iron
15

.  

Amyloid β plaques found in drusen, which were discussed earlier, 

have a high affinity for iron.  This is a possible explanation of the 

increased iron concentration in AMD patients.  The presence of iron 

can increase oxidative stress by its ability to form free radicals by the 

Fenton reaction
15

. 

1.4.4 Bruch’s membrane 

BM, named after the German anatomist Karl Bruch, is the support 

structure for the RPE.  It is composed of five layers and lies between 

the RPE and the choroidal capallaries.  Its strategic position results in 

it being both an anchorage point for the RPE and a diffusion barrier, 

transporting macromolecules and water between the choroid and the 

RPE.  Of the 5 layers of BM (Figure 1.5), the one closest to the RPE is 

known as the RPE basal lamina and serves as the attachment point for 

RPE cells.  This attachment is mediated by the interaction between 

extracellular matrix proteins in Bruch’s membrane and cell membrane 

bound integrin receptors (See Section 1.6.1 for further details).  

Beneath this there is the inner collagenous layer.  This layer seems to 

be of particular importance in the pathogenesis of AMD as drusen 

and other deposits accumulate here in preference to other layers of 

BM
16

.  Below the inner collagenous layer there lies a layer of elastin 
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and then the outer collagenous layer.  The final layer is the basal 

lamina of the choriocapillaris serving to connect BM to the choroid.  

The mechanism for the formation and maintenance of BM is not fully 

understood.  However, it is likely to be secreted from both the RPE 

and choroidal sides
17

.  Disruptions to normal functioning of BM can 

lead to cells in the retina becoming compromised.  This has been 

found to occur in patients with advanced degenerative retinal 

disorders
18

.  As RPE cells are anchorage dependant, the integrity of 

BM is vital to prevent cell death resulting from lack of attachment 

(anoikis)
19

.  

 

 

Figure 1.5 – Transmission electron micrograph showing the five anatomical 

layers of BM.  The membrane is permeable to molecular transport but prevents 

migration of RPE and choroidal cells.  BLR: Basal lamina of the RPE, ICL: Inner 

collagenous layer, E: Elastin layer, OCL: Outer collagenous layer, BLC: Basal 

lamina of the choriocapillaris.  Reprinted from Booij et al., Prog.Retin.Eye Res., 

2010, 29, 1-18, Copyright (2009) with permission from Elsevier.  
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Regardless of disease state, a reduction in macromolecular diffusion 

across BM with age is observed
20

.  There are a number of reasons for 

this change in characteristics.  It is known that over the course of a 

lifetime, BM gradually increases in thickness
21

.  This creates an 

increased path length for diffusion leading to a decreased diffusion 

rate.  Also, an increase in collagen crosslinking could reduce the 

space between fibres in BM resulting in reduced diffusion
22

.  This 

crosslinking could also explain the reduction in the elasticity of BM 

with age which has been found to occur independently of AMD
23

.   

However, the largest factor affecting macromolecular diffusion is 

likely to be the accumulation of cellular waste products in BM.  It is 

known that there is an accumulation of lipids in the aging BM
17

.  

These lipids have been shown to be of RPE origin and be 

peroxidised
13

.  This again points towards the role of oxidative stress 

in AMD-related pathology.  Lipids are also known to be a component 

of drusen.  It is proposed that lipids inhibit the transport of 

hydrophilic components across BM.  It is not only the diffusion of 

macromolecules that is affected by the aging BM but also the 

transport of water (hydrolytic conductivity).  The inner collagenous 

layer of BM has been shown to be the site of major resistance to water 

transport
24

.  Both remodelling of the structure of BM and the 

accumulation of lipids have been put forward as reasons for this 

reduction in water transport
25

.  Any remodelling of the membrane 

would be controlled by serine proteases and matrix 

metalloproteinases.  Studies of these enzymes could therefore lead to 

information about how to reverse this process.  There is some 

evidence to show that activation of matrix metalloproteinases from 

cultured RPE can increase water transport in BM
26

.     

Besides changes in the transport functions of BM, there is evidence to 

show that adhesion of RPE cells is impaired on aged BM
27

.  As 

mentioned previously, if RPE cells are not attached to a substrate, 

they will undergo apoptosis.  The amount of apoptotic cells in the 
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macula is found to increase significantly with age
28

.  In a normal RPE-

BM complex, RPE cells attach via integrin receptors on their surface 

binding to extracellular matrix (ECM) proteins such as laminin and 

fibronectin which present integrin ligands.  Tezel and coworkers have 

shown that the morphology and fate of RPE cells can alter 

significantly dependant on the layer within BM to which they are 

attached
29,30

.  Further to this, it has been shown that debriding and 

coating of BM with ECM proteins can increase RPE cell survival
31,32

. 

1.4.5 Advanced glycation end products 

Advanced glycation end products (AGEs) are compounds which form 

from reactions between sugars and proteins or lipids.  They 

increasingly accumulate on ECM proteins in BM with age
33

.  Higher 

concentrations of AGEs have been found to occur in areas where there 

are drusen and basal deposits compared with normal areas of BM
34

.  

Furthermore, artificial introduction of AGEs to the RPE-choroid 

complex in a mouse model has been shown to promote RPE aging, 

inflammation and age-related changes to BM
35

.  AGEs have been 

shown to induce the activation of AGE receptors in RPE cells 

contributing to AMD progression
36

.  This creates a strong case for the 

implication of AGEs and their receptors in the pathogenesis of AMD 

and other age-related conditions.   
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1.5 Tissue engineering  

Tissue engineering (TE) offers a potential therapy to patients with 

degenerative retinal diseases.  TE “applies the principles of biology 

and engineering to the development of functional substitutes for 

damaged tissue”
37

.  It is a multidisciplinary field requiring the skills of 

chemists, biologists, clinicians and engineers in attempting to mimic 

nature’s ability to regenerate damaged tissues.  In this section, recent 

advances in the area of TE and how these developments have started 

to be applied to the treatment of retinal and other disorders will be 

reviewed.   

There are several key strategies involved in using cellular constructs 

generated by TE for the purpose of regenerative medicine.  The first 

is to implant cells with no support.  This involves implanting stem 

cells or more mature cells into the body with the hope of regenerating 

lost or damaged tissues.  The second involves implanting a synthetic 

support to encourage tissues to regenerate themselves.  The third 

strategy combines cells with a biodegradable or non-degradable 

scaffold to support growth and maintenance of regenerated tissues. 

1.5.1 Stem cells and their potential in regenerative medicine 

The ability of some animals to replace lost or damaged parts of their 

body has been a constant source of fascination.  The newt, for 

example, can regenerate the whole of its retina following removal
38

.  

This has led to some investigating whether the underlying cellular 

mechanisms involved in this regeneration could be applied to 

humans
39

.  Central to this strategy is the idea of utilising stem cells as 

a tool for regeneration.  Stem cells are cells which have the capacity 

for prolonged self-renewal and can become one of many types of 

cell
40

.  They can be broadly divided into two types, embryonic and 

adult.  Embryonic stem cells can be obtained from early-stage 

embryos whereas adult stem cells (also known as progenitor cells) are 

found in various tissues of the body.  Embryonic stem cells are 

defined as being pluripotent.  This means that given the correct 
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conditions, these cells have the potential to differentiate into any cell 

type in the human body
41

.  In contrast, most adult stem cells are 

multipotent (or lineage restricted) which means that these cells can 

only differentiate into cell types within the tissue from which the cells 

were obtained.  More recently, a third category, induced pluripotent 

stem cells have been gaining interest
42,43

.  These are adult human cells 

that have been ‘reprogrammed’ to induce pluripotency resulting in a 

cell that has the same abilities as an embryonic stem cell.  This 

method of obtaining pluripotent cells has the potential to overcome 

problems with obtaining embryonic cells.  However, the ability of 

both embryonic stem cells and induced pluripotent stem cells to 

readily form tumours together with potential rejection issues provides 

a significant obstacle to their safe use in regenerative medicine
44

.  

One of the most commonly used class of adult stem cells are 

mesenchymal stem cells (MSCs).  These cells, which can be harvested 

from bone marrow, can be grown in culture and differentiated into 

many different types of cell (Figure 1.6).  These include bone, muscle, 

ligament and cartilage
45

.  As a consequence, suspensions of MSCs 

have been utilised in investigating regeneration of the heart
46

.  They 

have also started to be used in several other areas of regenerative 

medicine such as for bone defects and non-healed skin wounds with 

some promising results from early clinical trials
47

.  In addition to 

transplantation, several studies have investigated the use of an “in 

vivo bioreactor” for generation of new bone
48,49

.  The idea of these 

bioreactors is that they are implanted into an area rich in MSCs that 

can then grow into the reactor to form new tissue.  This tissue can 

then be harvested and moved to the site where it is needed. 
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Figure 1.6 – Diagram to show the differentiation pathways of mesenchymal 

stem cells.  The wide variety of tissues that can be derived from these cells has 

led to extensive investigation of their use for regenerative medicine.  Reprinted 

from Caplan et al., Trends Mol.Med., 2001, 7, 259-264, Copyright (2001) with 

permission from Elsevier.  

1.5.2 Regenerating the retina without use of a scaffold 

In the area of retinal regeneration, efforts have focused on generating 

or harvesting RPE cells for use in RPE transplantation therapy.  It is 

thought that transplantation of RPE under the retina has the potential 

to support the recovery of photoreceptors and provide a treatment for 

degenerative retinal diseases
13

.  Embryonic stem cells can be 

differentiated to become RPE precursors.  These precursors were 

observed to form RPE monolayers in vivo
50

 providing a potential 

source of RPE cells.  Work in the area of induced pluripotent stem 

cells has shown that RPE cells can be derived and form highly 

differentiated RPE monolayers
51

.  Using this method of RPE production 

could overcome problems of immune rejection associated with 

embryonic stem cells as the cells could be derived from the patient’s 

own cells.  However, the problem of tumour formation when using 

these cells still remains
44

.  Binder et al.
52

 have investigated whether 
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transplantation of patches of autologous RPE from one site to another 

could prevent photoreceptor death (Figure 1.7).  It was found that 

such transplantation in a rabbit model decreased photoreceptor loss.  

Sheets of human foetal retina and RPE have also been transplanted 

into rat eyes
53

.  However, transplantation of RPE cell suspensions and 

RPE-choroid sheets in patients with AMD has so far had only limited 

success
54

.  A study of macula translocation in 64 wet AMD patients 

showed this technique to be more successful.  Significant 

improvements in visual function reported from patients in this trial
55

.  

However, the complex nature of the surgery involved in this type of 

therapy could limit its application.  In addition, it does not address 

the underlying neovascularisation. 

 

Figure 1.7 – Cartoon showing the implantation of a sheet of RPE and choroid.  

The sheet is first placed on subretinal forceps (A) before being folded (B).  It is 

then implanted into the subretinal space (C) before being unfolded and 

positioned (D).  Reprinted from Binder et al., Prog.Retin.Eye Res., 2007, 26, 516-

554, Copyright (2007) with permission from Elsevier.  

 



Chapter 1  Introduction 

14 

In addition to RPE transplantation, the area of photoreceptor 

replacement has been investigated.  It has been shown that retinal 

cells taken from early post natal mice have the potential to form rod 

photoreceptors when transplanted into an adult mouse
56

.  This study 

found that the cells needed to be harvested at the peak of 

photoreceptor genesis in order to achieve good integration into the 

retina.  Further, adult stem cells in the form of retinal progenitor cells 

(RPCs) have been isolated and found to give rise to different types of 

retinal cell
57

.  Experiments using such cells in mouse models have 

shown promising results
58

.  However, it has been noted that problems 

such as lack of organisation and poor cell survival can reduce the 

efficacy of using a cell suspension alone
59

.  It has also been shown 

that modifications to BM would be necessary to support cell 

transplantation
32,60

.  Such difficulties have led many researchers to use 

a scaffold-based approach to delivering cells to a target area. 
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1.6 Use of scaffolds in tissue engineering 

1.6.1 The extracellular matrix – nature’s scaffold 

The use of a cellular scaffold for applications in TE is a further 

attempt by researchers to mimic nature.  In the body, cells are 

supported by their own natural scaffolding, the extracellular matrix 

(ECM).  In some tissues such as bone and cartilage, the ECM is the 

main constituent of the tissue.  The ECM is not only a structural 

support but has a vital role in cell signalling
61

.  The mechanical 

stiffness of the ECM can influence cell fate.  For example, growth of 

MSCs on softer ECM induced neuronal growth whilst more rigid 

matrices induced bone growth
62

.   

The ECM also signals to cells biochemically via interactions with 

integrin receptors on the cell surface
63

.  The interaction between ECM 

proteins and integrin receptors forms the basis of cell adhesion.  

Integrins are hetrodimeric transmembrane proteins.  They interact 

with specific amino acid sequences in ECM proteins such as the 

Arginine-Glycine-Aspartic acid (RGD) sequence
64

 (Figure 1.8).  

Crystallographic studies have shown that the guanidinium group of 

arginine forms a salt bridge to aspartic acid residues in the receptor
65

.  

The carboxylate group of aspartic acid in the ligand coordinates to a 

divalent metal ion whilst the carbonyl oxygen forms hydrogen bonds 

with other amino acids in the receptor.  The glycine residue 

participates via hydrophobic interactions with carbonyl oxygens.  The 

interaction is very specific for certain amino acid sequences such as 

RGD.  Changing the aspartic acid (D) to glutamic acid (E) leads to a 

ligand that is 2000 times less active towards the receptor
66

.  The 

interaction between the ligand and the integrin causes conformation 

changes within the receptor protein leading to the clustering of 

integrins into focal adhesions
67

.  Focal adhesions are complexes of 

proteins and growth factors that join ECM proteins to actin filaments 

in the cell cytosol.  In epithelial cells, the binding of a substrate to the 

integrin receptor can also lead to the formation of 
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hemidesmosomes
68

.  These complexes join keratin filaments in the 

cell cytosol to the ECM. 

 

Figure 1.8 – The chemical structure of the Arginine-Glycine-Aspartic acid (RGD) 

peptide. 

The ECM is composed of various structural proteins (Figure 1.9) with 

the most abundant being collagen.  Collagen is known to self-

assemble into fibrils which can crosslink into collagen fibres
69

.  These 

fibres provide strength to tissues such as bone and skin.  The second 

most abundant protein in the ECM is fibronectin
70

.  This fibrillar 

protein is rich in the Arginine-Glycine-Aspartic acid (RGD) peptide 

sequence, an important mediator for cell attachment via integrin 

receptors.  Elastin is another major component of the ECM
71

.  It is 

formed by covalent crosslinking of its soluble precursor tropoelastin.  

As its name suggests, elastin is a mechanically elastic part of the 

ECM.  In addition to these three, laminin, fibrin, hyaluronan and 

glycosaminoglycans also contribute to different properties of the ECM 

including wound healing, water retention and cell migration
72

. 
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Figure 1.9 – Cartoon showing the distribution of proteins in the extracellular 

matrix. Reprinted from Kuraitis et al., Biomaterials, 2012, 33, 428-443, 

Copyright (2012) with permission from Elsevier.  GAGs: Glycosaminolycans 

1.6.2 Use of natural materials for tissue engineering 

The natural ability of the ECM to act as a cellular support has led to 

investigation of the potential for its protein components to be used as 

a scaffold for TE and regenerative medicine
72

.  The ECM is often 

harvested from cell lines.  For example, the ECM of a mouse sarcoma 

cell line is used for the commercial product Matrigel®.  This product 

is used in various TE applications.  In the area of regenerative 

medicine, a decellularised rat heart has been successfully seeded with 

neonatal heart cells and shown some level of function
73

.  ECM proteins 

have also been investigated for regeneration of skin
74

 and muscle
75

.  

Furthermore, examples of ECM being commercialised and used in the 

clinic are being seen for regeneration and repair of skin, bone, 

cartilage and blood vessels
76

.  These ECMs include decellularised skin 

The extracellular matrix 

Inside the cell 
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and demineralised bone.  However, the ECM is not the only natural 

material that has been used for TE.  Many researchers have sought to 

utilise silk as a biomaterial for a variety of TE applications
77

.  The 

problem with using any tissues based on animal components is the 

possibility of transmitted infection and immunogenicity.  In an 

attempt to overcome this, some researchers have started to develop 

biomaterials based on synthetic peptides
78,79

.   

In the area of ocular TE, natural materials are being used to aid 

regeneration of the cornea and the retina.  For example, silk has been 

investigated as a biomaterial for TE in the cornea
80

.  In addition, ECM 

materials such as collagen have been used to mimic the ECM 

environment of the cornea
81,82

.  Collagen films have also been trialled 

as a BM replacement to support RPE cell growth
83

.  It was found that 

these films were comparable in thickness to native BM and that there 

was sufficient nutrient flow through the membrane to support RPE 

survival.  The permeability of human lens cap has also been shown to 

be comparable to that of BM giving the potential for another RPE 

substrate
84

.  Hydrogels based on natural polymers have also been 

investigated as a delivery vehicle for RPCs
85

.  These delivery 

mechanisms were found to more evenly distribute cells within the 

subretinal space compared to an injection of cells as a suspension.  

There are, however, a number of significant drawbacks with these 

natural materials including the potential for immune rejection and a 

lack of control over the binding of cells to the scaffold surface.  In 

addition, the variability of natural tissues and a lack of availability 

present additional concerns. 

1.6.3 Use of synthetic scaffolds for tissue engineering 

Given the drawbacks associated with the use of naturally derived 

scaffolds, researchers have been synthesising scaffolds from various 

polymeric materials.  A successful synthetic scaffold will employ 

different techniques to emulate the properties of the ECM.  There are 

many factors to consider in designing such a scaffold centring on the 
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interaction between the scaffold and its cellular surroundings.  

Materials intended for use in biological systems are commonly termed 

biomaterials.  The use of biomaterials in medicine has its roots in 

ophthalmology.  Sir Harold Ridley, a British ophthalmologist, observed 

that some Spitfire pilots returning from World War 2 had shards of 

plastic imbedded in their eyes
86

.  The plastic was found to be 

poly(methyl methacrylate) (PMMA) and had originated from the 

cockpit canopy.  He found that eye had healed and that the presence 

of the plastic seemed to be tolerated by the body.  This observation 

led to his development of the intraocular lens made from PMMA for 

the treatment of patients with cataracts.  Since then, the development 

of polymers for medical purposes has yielded many different 

materials for use in TE. 

In the search for a biocompatible scaffolding polymer, much research 

has focused around biodegradable polyesters particularly poly(lactide) 

(PLA) and poly(glycolide) (PGA)-based materials
87

.  These biomaterials 

already have regulatory approval for human clinical use following 

their use as medical sutures.  PLA, PGA and their co-polymers are 

easily hydrolysed in vivo to give lactic and glycolic acid that can be 

metabolised by the body.  These polymers also have the advantage 

that their degradation and morphology can be tuned dependant on 

their intended application.  PGA is known for its mechanical 

properties, exhibiting a high stiffness due to its high degree of 

crystallinity.  It degrades over the course of several months.  PLA can 

be made as several different polymers, as lactide is optically active.  

The naturally occurring isomer, L-lactide, can be made into poly(L-

lactide) (PLLA).  This polymer degrades slower than PGA due to its 

increased hydrophobicity.  The higher molecular weight forms of this 

polymer can take several years to fully degrade in vivo.  The racemic 

form of PLA, poly(DL-lactide), has a lower strength due to its 

amorphous nature and a faster degradation time than PLLA and is 

therefore preferred for some applications.  A range of co-polymers 
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based on PGA and PLA have been developed.  The degradation rates 

of these poly(lactide-co-glycolide)s (PLGA)s can be tuned based on the 

ratio of different monomer units present.  Their cell adhesive 

properties have made them good candidates for TE applications.  PLA, 

PGA and their co-polymers have been made into many different types 

of structure for use as a cellular scaffolding material
88

.  Examples of 

their medical application as a cellular scaffold include bone
89

, 

cartilage
90

 and skin
91

.  Several other biodegradable polymers have 

been investigated for their properties as a cellular scaffold such as 

poly(urethane)s, these have been reviewed in depth elsewhere
92

. 

Various non-degradable materials have also been studied for use in 

biomedical applications. Poly(glycerol sebacate) has been used to 

create an elastomeric patch for delivery of stem cells to the heart
93

.  

Furthermore, poly(2-hydroxyethyl methacrylate) has been tested as 

artificial skin
94

.  It is a useful biopolymer due to its ability to form 

hydrogels.  Poly(2-hydroxyethyl methacrylate) and its co-polymers 

have also been used for regeneration of nerve conduits
95

. 

In the area of retinal regeneration, both degradable and non-

degradable polymers have been investigated for their use in cell 

delivery.  Young and co-workers have investigated use of porous 

scaffolds based on biodegradable polyesters for the delivery of retinal 

progenitor cells (RPCs)
96

.  The authors used a variety of techniques 

such as phase inversion and solid-liquid phase separation to produce 

an organised porous film based on PLLA and PLGA.  It was found that 

the films produced by solid-liquid phase separation were appropriate 

for TE applications.  Furthermore, when RPCs were seeded onto these 

polymer scaffolds, markers for photoreceptor specific differentiation 

were found to be upregulated.  When injected into a mouse model the 

RPCs on the biodegradable films were found to survive significantly 

better than cells injected alone
59

.  Building on this work, Thomson et 

al.
97

 were able to demonstrate that membranes produced using a 

solid-liquid phase separation technique from different blends of PLGA 
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and PLLA could give different surface morphologies.  These 

differences were found to affect adhesion and survival of a human 

immortalised RPE cell line (ARPE-19).  Beyond giving rise to 

morphological differences, blending the two polymers produces a 

material with more flexible mechanical properties.  Poly(caprolactone) 

is a polyester that degrades slower than PLLA and PLGA due to its 

increased hydrophobicity.  Nanowires based on this polymer have 

been manufactured using a spin-cast/solvent evaporation technique
98

.  

It was found that mouse RPCs could adhere and proliferate on this 

scaffold.  More recently, much attention has focused on scaffolds 

produced using an electrospinning technique.  This technique and its 

applications will be reviewed later in Chapter 3. 

Aside from traditional polyesters, poly(glycerol-sebacate) has been 

researched as a tool for retinal cell delivery
99

.  This polymer has 

shown superior elasticity compared to other scaffolds making it more 

suitable for transplantation.  Mouse RPCs were found to adhere to 

scaffolds of this polymer and survive when transplanted into a host 

retina
100

.  Poly(hydroxybutyrate)s have received some attention as a 

potential biomaterial due to their degradation products being a 

natural component of human blood.  This reduces the chance of toxic 

effects from this polymer.  Copolymerising with hydroxyvaleric acid 

reduces the overall crystallinity of the resulting polymer making it 

more easily processed.  Poly(hydroxybutyrate-co-hydroxyvalerate) 

(PHBV8) films have been trialled as a vehicle for RPE transplantation
101

.  

Films of PHBV8 were found to support the attachment and 

proliferation of an RPE cell line.  It was found that changing the 

properties of the surface by treatment with an oxygen plasma could 

change the way that cells interacted with the surface.  There has been 

a large focus on the treatment of biomaterials to control cell-surface 

interactions.  This will be reviewed in more depth in Section 1.7. 

Besides biodegradable polymers, non-degradable or biostable 

polymers have also been considered for retinal repair.  Films of 
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poly(methyl methacrylate) (PMMA) either smooth or with 

micromachined holes have been tested for the ability to transplant 

RPCs to the sub-retinal space
102

.  No adverse response was observed 

when these scaffolds were transplanted into mouse eyes.  Cell 

adhesion and integration into the host retina appeared to be 

improved when a porous substrate was used.  This again 

demonstrates the importance of the interaction between cells and the 

surface in the design of implantable materials.  Commercial 

poly(urethane)s
103

 and poly(dimethylsiloxane)s
104

 have also been 

assessed for compatibility with retinal cell types.  They were found to 

produce monolayers of RPE cells on the surface.  However, an air or 

oxygen plasma treatment was needed in some cases to modify the 

surface in order for the cells to attach. 
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1.7 Control of cells on surfaces 

In designing materials for regenerative medicine, one of the key 

considerations is how the material will interact with its biological 

surroundings.  The surface-cell interaction is of particular importance 

in all areas of TE including the retina
105

.  Much research has focused 

on discovering the factors that influence this interaction.  The 

response of cells to a surface is largely mediated by integrin 

receptors on the cell surface.  In a natural tissue, the receptors 

interact with structural proteins in the ECM such as collagen, lamanin 

and fibronectin.  When a biomaterial is inserted into the body, the 

reaction of surrounding tissues is determined by the interaction 

between the material and proteins which adsorb onto the material.  If 

proteins adsorb in a non-specific way, then an inflammatory reaction 

can result as the immune system recognises a foreign body.  The 

control of this interaction between the material and adsorbed 

proteins is therefore of key importance and is determined by the 

properties of the surface.  There are several strategies involved in 

mediating this adsorption.  One strategy is to prevent protein binding 

through introduction of hydrophilic groups.  However, a surface 

which is either too hydrophilic or hydrophobic may also resist cell 

adhesion
106

.  Therefore, in modifying a surface, the correct 

hydrophilic/hydrophobic balance must be sought.  If an increase in 

hydrophilicity is required the surface can be modified with polarised 

chemical groups such as alcohols, amines and carboxyls.  It has been 

shown that these different chemical groups can affect neural stem 

cell adhesion and differentiation
107

.  A change in surface chemistry 

can also be achieved through plasma treatment.  Nelea et al. were 

able to show that modification of nylon and poly(propylene) with an 

ammonia plasma could inhibit production of type X collagen in 

MSCs
108

.  This was found to differentiate the cells in the appropriate 

way for particular types of TE.  Carbon dioxide plasma treatments 

have been shown to improve cell attachment on PLLA surfaces
109

.  

PLGA has been plasma modified with both titanium oxide
110

 and 
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amine
111

 plasma for TE uses.  In the area of retinal TE, air plasmas 

were used to treat poly(urethane)
103

 and poly(dimethylsiloxane)
104

 

resulting in increased adhesion of RPE cells.  In addition, treatment of 

PHBV8 with an oxygen plasma was again found to increase adhesion 

of an RPE cell line
101

. 

Another strategy in controlling the material-cell interaction is to 

adsorb or chemically bind ECM proteins such as laminin, fibronectin 

and collagen to the surface.  For example, using plasma and chemical 

methods to attach the ECM protein laminin to the surface of PLGA was 

found to increase adhesion of Schwann cells for potential use in nerve 

TE
112

.  In another study, attachment of collagen to PLGA surfaces was 

found to increase chondrocyte cell adhesion for potential use in 

regenerating articular cartilage
113

.  Coating with laminin has been 

heavily used in retinal TE to promote the attachment of retinal 

progenitors
59,98,100,102

.  However, problems can be encountered with 

using whole proteins such as high cost and obtaining pure proteins.  

In addition, if proteins bind in an incorrect conformation, cell 

adhesion may be impeded due to inaccessibility of binding sites. 

To overcome the problems associated with whole proteins, 

researchers have turned their attention to synthetic alternatives.  In 

1984, Pierschbacher and Ruoslahti discovered that the simple peptide 

sequence Arginine-Glycine-Aspartic acid (RGD) in fibronectin (and 

subsequently found in other ECM proteins) was one of the essential 

recognition sequences for cell adhesion
114

.  It was later found that this 

was due to interactions between this peptide sequence and integrin 

receptors.  Integrins are heterodimeric proteins having an α and β 

subunit both containing binding sites for the RGD sequence as 

discussed previously in Section 1.6.1.  Besides RGD, other peptides 

sequences have been found to bind to integrin receptors thereby 

promoting cell adhesion
64

.  These sequences can be specific to certain 

ECM proteins and show specificity for certain types of integrin 

receptor.  There is some evidence to show that these other 
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sequences, such as Tyrosine-Isoleucine-Glycine-Serine-Arginine 

(YIGSR) found in laminin and Proline-Histidine-Serine-Arginine-

Asparagine (PHSRN) found in fibronectin, can act synergistically with 

the RGD sequence
115

.  Use of longer peptides with amino acids 

flanking the RGD sequence were found to be more active than RGD 

alone
116

. 

The introduction of these peptides, which can be produced 

synthetically, into in vitro tissue culture would inhibit cell adhesion by 

blocking integrin receptors.  Therefore, researchers have been 

developing techniques to chemically couple these peptides to 

surfaces
117

 (Figure 1.10).  One potential route is to react the peptide 

with an acid-functionalised surface using a peptide coupling reagent 

such as dicyclohexylcarbodiimide (DCC) or 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC).  However, this approach is 

undesirable as further purification is required which could lead to 

hydrolysis of the peptide.  This problem can be overcome by 

converting the acid to an N-hydroxysuccinimidyl (NHS) activated ester.  

This allows the peptide coupling to be carried out in phosphate-

buffered saline (PBS) immediately prior to cell seeding.  
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Figure 1.10 – Cartoon showing the effects of integrin ligands.  When attached 

to a surface, integrin ligands such as the RGD peptide sequence encourage cell 

adhesion and survival.  However, if not immobilised, these ligands can act as 

integrin antagonists and contribute to cell death.  Reprinted from Hersel et al., 

Biomaterials, 2003, 24, 4385-4415, Copyright (2003) with permission from 

Elsevier.  

The attachment of a cell adhesion peptide to the surface of an 

intended biomaterial must be done in a controlled manner to achieve 

the appropriate cellular effect.  In a protein, the cell adhesive peptide 

sequence will be presented as an exposed peptide sequence
114

.  

Therefore, in an artificial system, it has been shown that separating 

the peptide from the surface by use of a spacer can increase cell 

adhesion
118,119

.  Surface distribution of these peptides has also been 

shown to be important.  There is some evidence to suggest that the 

clustering of cell adhesive peptides can improve cell adhesion
120

.  In 

this study, poly(ethylene glycol) (PEG) was used as a spacer between 

the bulk polymer and the peptides.  Using PEG in this way has been 

shown to create a surface which resists undesired non-specific protein 
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adsorption
121

.  Peptides were then attached to the ends of the PEG 

chains to elicit the desired cellular adhesion.  This strategy has also 

been employed in other TE studies
122,123

.  Other alkyl-based spacers 

have also been used
124

.  The results of several studies have indicated 

that a distance between the bulk polymer and the integrin ligand of 

greater than 3.5nm is needed for effective integrin binding
118,124

.   

A greater understanding of the mechanism of interactions between 

specific peptide sequences and cells, has led to the development of 

stimuli responsive biomaterials
125

.  Materials that can respond 

thermally, enzymatically, optically and electrochemically to switch 

between a non-cell adhesive and cell adhesive states have been 

designed.  Furthermore, non-peptide synthetic analogues of the RGD 

sequence have been synthesised
126

.  It was shown that when coupled 

to a poly(ethylene terephthalate) surface via an triethylene glycol 

spacer, these peptidomimetics could significantly increase cell 

adhesion.  Additionally, some groups have designed hydrogels 

containing RGD peptides that can be patterned by light to guide 

cellular growth in three dimensions
127,128

. 

The deepening knowledge of biomaterial-cell interactions has been 

translated into improving cellular scaffolds for TE
129,130

.  For example, 

the presentation of ECM mimicking peptides on a gold surface has 

been shown to control the differentiation of neural progenitor cells 

for nerve TE
131

.  Modification of a poly(urethane urea) polymer with 

PEG and the cell adhesive peptide YIGSR was found to enhance 

endothelial cell adhesion whilst resisting platelet adhesion
132

.  

Achieving this balance is essential in the development of synthetic 

vascular grafts.  Modification of PLGA and PLLA surfaces with RGD 

peptides has been used to control the growth of osteoblasts creating 

an enhanced surface for growth of bone graft
133

.  In the area of ocular 

TE, poly(methyl methacrylate) (PMMA) surfaces were grafted with PEG 

before cell adhesive peptides were attached to the ends of the PEG 

chains
134

.  It was shown that the presence of PEG resulted in the 
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material resisting human corneal stromal cell adhesion but when the 

peptide was introduced, cell adhesion could be restored.  This 

allowed micropatterning of the cells on the PMMA surface.  This 

material has potential applications for generating artificial corneas.  

Whilst a major contributing factor, it is not only surface chemistry 

which controls the behaviour of cells.  The morphology of the surface 

also has an important role.  In human tissues, the morphology of the 

underlying basement membrane has been shown to provide 

appropriate cues for the cells growing on it
135,136

.  Recent studies 

demonstrate that cells grow preferentially on rough surfaces rather 

than smooth
97,137,138

.  It has also been shown that the texture and 

morphology of electrospun polymer fibres can affect the shape and 

proliferation of MSCs
139

.  There are several possible explanations as to 

why increases in surface roughness should increase cell adhesion and 

proliferation
137,140

.  One area to consider is that a rough surface may 

be able to bind cell adhesion proteins (either in the cell media or 

secreted by the cell) in different conformations compared to a smooth 

surface.  This may generate more favourable interactions between 

these proteins adhered to the surface and the cells
140

.  In addition, a 

rough surface will generate a higher surface free energy than a 

smooth one due to increased surface area.  When a cell attaches to a 

surface, binding will be driven by the reduction in free energy of the 

system.  Binding will be favoured when the reduction in surface free 

energy is greater than the increase in free energy caused by the 

formation of cell adhesion complexes.  This reduction in free energy 

will be greater on a rough surface than a smooth one
137

.  

Consideration of appropriate, tissue specific morphology is therefore 

another essential factor to be considered when designing substrates 

for cellular growth and TE
141,142

.  The mechanical properties of the 

scaffold are also an important factor in controlling cellular growth.  

The stiffness
143,144

 and elasticity
62,145

 of substrates have been shown to 
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influence differentiation of stem cells and control over cellular 

function. 
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1.8 Aims of research 

For the majority of patients suffering with AMD, there is currently no 

treatment.  AMD causes the death of photoreceptor and RPE cells 

which has been linked to a compromised BM.  This PhD thesis 

investigates the interactions between polymeric substrates and RPE 

cells towards development of a cell-based therapy for degenerative 

retinal diseases.  One aim was to develop a biodegradable scaffold 

suitable for the delivery of cells to the subretinal space.  A successful 

delivery system could be used to replace cells in the retina lost 

through disease.  The other aim was to create a material that could be 

used as an artificial BM.  This could be utilised as a replacement for 

the compromised native BM and to aid RPE transplantation.  In order 

to be successful, these materials must readily adhere to and be 

compatible with RPE cells as well as presenting minimal cytotoxicity.  

Subsequent chapters will describe the preparation and testing with 

RPE cells of both biodegradable microspheres and a fibrous 

methacrylate-based substrate in pursuit of these aims. 
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2 Developing biodegradable 

microspheres as a cell carrier 

2.1 Introduction 

As discussed in Chapter 1, one of the key problems associated with 

degenerative retinal disorders is loss of retinal pigment epithelial 

(RPE) and photoreceptor cells.  If appropriate stem cells could be 

successfully delivered to the retina and encouraged to integrate and 

form functional connections, this could provide a potential therapy.  

However, injection of stem cell suspension could lead to problems 

such as immune response, disorganisation of the cells and cell death.  

Studies by Young and co-workers
59,96

 have demonstrated that by 

delivering retinal progenitor cells (RPC’s) to the retina on a 

biodegradable scaffold, it is possible to overcome these problems.  

RPC’s are the adult stem cells of the retina and have the potential to 

differentiate into any retinal cell type
59

.  In addition, there is evidence 

that the presence of a scaffold could encourage RPC’s to differentiate 

into retinal cell types
146

.  An ideal scaffold for cell-based therapy 

should be easily injectable, suitable for the adherence of retinal cell 

types and non-toxic.   

The biodegradable cell scaffolds used by Young and co-workers were 

porous films based on poly(L-lactic acid) (PLLA) and poly(DL-lactic-co-

glycolic acid) (PLGA) (Figure 2.1).  These type of poly(ester)s have 

been approved for clinical use as they degrade into water soluble, 

non-toxic products
147

.  They are also easily processed and have been 

used previously for TE applications such as regeneration of bone
89

 

and cartilage
148

.  The degradation rates and mechanical properties of 

these polymers are determined by the degree of crystallinity.  Their 

properties can therefore be tuned by altering properties such as 

molecular weight and ratio of lactic to glycolic units
149

.  This chapter 
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describes the manufacture of microspheres based on biodegradable 

poly(ester)s and their development as a retinal cell carrier. 

2.2 Microspheres 

2.2.1 Manufacture 

Most microspheres manufactured for use in a biological setting use 

either synthetic or naturally occurring polymers
150

.  Although there are 

many techniques for producing spheres in the micro- and nano- size 

range, the most commonly used is an emulsion-based solvent 

evaporation/extraction system
150

.  The basic principle of this 

technique relies on solvent removal from polymer-containing droplets 

in a non-solvent.  Using this method, the chosen polymer is first 

dissolved in a volatile organic solvent.  This solution is then added to 

agitated water, often containing a stabiliser such as poly(vinyl alcohol) 

(PVA) (Figure 2.2).  As the solvent evaporates, solid microparticles are 

formed.  It is important for this process that the polymer solvent has 

a lower boiling point than water and is water-miscible.  These 

microparticles can then be harvested using either centrifugation or 

filtration.  It is also common to use a ‘double emulsion’ variation on 

this technique whereby an initial emulsion (often water in oil) is 

added to a large volume of non-solvent to produce microspheres.  

This technique is often employed to incorporate water soluble 

compounds into microspheres.  It can also be used to create porous 

microspheres by incorporation of a carbonate in the initial water in oil 

emulsion
151

. 

* O

C

C O

C

C *

O

O

H

CH
3

H

CH
3

n

 

* O

C

C O

C

C O

CH
3

O

O

CH
3

H

H

C

C O

C

C O *

O

O

HH

HH

n
 

x y

Figure 2.1 – Chemical structures of poly(L-lactic acid) (PLLA) and poly(DL-

lactic-co-glycolic acid) (PLGA). 
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Figure 2.2 – An illustration of a simple emulsion-based microsphere 

preparation technique.   

Using these emulsion-based techniques, several factors can affect the 

resulting microspheres.  Increasing the concentration of the stabiliser 

has been shown to lead to a decrease in the average diameter of the 

microspheres
152

.  However, an increase in polymer solution 

concentration has been shown to lead to an increase in the average 

diameter of microspheres
153,154

.  This is because solutions of higher 

concentration are more viscous and therefore require larger shear 

forces to generate smaller droplets.  In addition, Berkland et al.
155

 

demonstrated that utilisation of acoustic excitation at the needle tip 

can result in microspheres of a uniform size.  Stirring velocity is 

another factor that can affect droplet formation.  It has been shown 

that increased stirring velocity can decrease the average size of 

micropsheres
152

.  However, results from Gabler et al. suggest that 

stirring velocity was relatively insignificant when compared with the 

influence of polymer solution concentration
153

.  A drawback of this 

emulsion-based technique is that any water-soluble components 

incorporated into the polymer solution could leach out during solvent 

evaporation in the final step. 
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An alternative to using a simple emulsion-based approach is to use 

phase separation to produce microspheres
149

.  Using this method, the 

polymer is dissolved in an organic solvent and any water-soluble 

components are dissolved in water and added to this solution to 

create a water-in-oil emulsion.  The gradual addition of an organic 

non-solvent results in phase separation creating droplets of polymer 

which encapsulate the water soluble components.  These droplets are 

transferred to another non-solvent to harden the microspheres.  The 

drawback of this method is that the microspheres can aggregate due 

to a lack of emulsion stabiliser.  However, as this method does not 

require a solvent that is both water miscible and also has a higher 

boiling point than water, the solvent system can be more flexible.  

Spray drying
156

, salting out
157

 and spinning disk atomisation
158

 of 

polymer solutions have also been used as a technique for 

microsphere production.  The development of microsphere 

technology is currently increasing in complexity with ion and 

temperature responsive microspheres being developed
159

. 

2.2.2 Using microspheres for controlled release 

Biodegradable microspheres have been studied intensively for their 

ability to slowly release various agents in vivo.  Problems such as 

patient compliance or having to frequently administer a drug can be 

overcome using a microsphere-based slow release delivery system.  

Many of these devices are based on PLLA, PLGA or poly(caprolactone) 

although some use naturally occurring polymers such as chitosan
160

.  

Many researchers have investigated microsphere systems for drug 

delivery.  Degradation can occur in different ways dependant on the 

polymer.  PLGA is a bulk eroding polymer.  Water can penetrate 

throughout a PLGA microsphere allowing degradation throughout the 

sphere to occur
161

.  When a drug is loaded into a microsphere and the 

release is studied, there is often an initial ‘burst’ effect as drug at or 

near the surface is released.  The remaining drug is then slowly 

released as the microsphere degrades.  This is contrasted with 
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surface eroding polymers such as poly(anhydride)s in which 

degradation happens at the surface
162

.  As well as its chemical 

composition, the structure of the polymer can also impact on 

microsphere degradation.  For example, crystalline PLLA will degrade 

much more slowly than amorphous PLGA.  However, increasing the 

proportion of the L-lactide monomer in PLGA will increase 

degradation time.  The same effect is not observed in the case of the 

racemic D,L-lactide
161

.   

Microsphere size also has an impact on drug release, as smaller 

microspheres have an increased surface area to volume ratio.  This 

increases the rate of drug release from the sphere.  Several types of 

microsphere based on PLGA combined with various drugs are now 

commercially available to treat diseases such as prostate cancer
163

.  In 

addition, the benefits of using microspheres to provide site-specific 

treatment such as that for brain tumours have been investigated
164

.  

Such advances have led some to begin investigating the potential of 

microspheres for the delivery of drugs intraocularly
165,166

. 

Another major area of interest in microspheres has been in the 

delivery of proteins
167

.  This is difficult using standard oral and 

pulmonary methods as they have short half-lives in vivo.  Use of a 

biodegradable microsphere system provides some protection for the 

protein as well as ensuring slow release.  There are many examples in 

the literature of proteins being incorporated into microspheres which 

have been reviewed by Sinha et al.
167

.  A few illustrative examples are 

considered here.  Insulin is used by millions of people across the 

world in the treatment of diabetes.  Regular injections are required to 

maintain an appropriate level within the body.  A slow release system 

could prevent some of these injections.  Insulin has been 

incorporated into PEG/PLGA and PEG/PLLA microspheres to produce 

successful slow release delivery systems.  These systems were able to 

show high insulin stability and uniform release over 28 days
168

.  

Another protein integrated into PLGA microspheres has been β-



Chapter 2      Developing biodegradable microspheres as a cell carrier 

36 

lactoglobulin
169

.  This protein is responsible for causing milk 

intolerances in newborn babies.  Using a microsphere-based delivery 

system to introduce the protein orally to newborns can stimulate an 

anti-β-lactoglobulin response leading to milk tolerance.  Microspheres 

of biodegradable poly(ester)s have also been investigated as vaccine 

delivery systems for diseases such as tetanus
170

 and diphtheria
171

.  

Microspheres are now being developed for use in the rapidly 

advancing area of gene therapy.  This type of therapy is becoming an 

important tool in the development of new treatments
172

.  The therapy 

involves delivering DNA, which encodes for a functional protein, to 

cells to replace a mutated gene.  The proteins produced by the cells 

then treat the particular condition of the patient.  One of the most 

efficient ways of delivering plasmid DNA (pDNA) is by use of a viral 

vector.  However, safety concerns regarding these delivery vehicles 

remain a problem
173

.  Delivery of the pDNA with no protection results 

in rapid fragmentation and decomposition of the plasmid.  Therefore 

a slow release delivery mechanism is required.  The encapsulation of 

various pDNAs in biodegradable microspheres has been reported
173

.  

Despite the challenges of incorporating hydrophilic DNA into the 

hydrophobic poly(ester)s and maintaining pDNA integrity in the 

microsphere production process, microsphere delivery of pDNA has 

been shown to be superior to using bacteria
174

. 

2.2.3 Use of microspheres for cell delivery 

Following their successful employment as a delivery system in other 

areas, researchers have begun to use biodegradable microspheres for 

delivery of cells to specific sites
175

.  The presence of the microspheres 

can provide both anchorage and structural support for cells to grow.  

As the cells begin to form new structures, the microspheres can 

biodegrade so as not to hinder full regeneration.  An approach 

commonly used to achieve this involves allowing cells to attach to 

microspheres in vitro for subsequent injection
175

 (Figure 2.3).  

Alternatively, three dimensional aggregation of microspheres can be 
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used to create a scaffold on which cells can be grown.  This strategy 

has been successfully employed in the development of matrices for 

bone repair
176

.  An advantage of using a biodegradable system is that 

agents can be incorporated to be released slowly to encourage cell 

growth or, in the case of stem cells, direct cell fate.  Newman et al.
177

 

showed that incorporation of retinoic acid into PLGA microspheres 

could induce embryonic stem cells to differentiate into neurons.  

Tatard et al.
178

 tested various agents including cell adhesive peptides 

coated onto PLGA microspheres in response to a culture of nerve 

stem cells.  It was found that coating of the microspheres could 

improve cell proliferation and differentiation. 

 

Figure 2.3 – Cartoon showing the use of microspheres for cell delivery.  Cells 

are cultured on biodegradable microspheres and then implanted.  Coatings on 

the microsphere help cells to adhere and grow.  Following implantation, the 

microsphere degrades to leave new tissue.  PAM; pharmacologically active 

microcarrier.  Reprinted from Tatard et al., Biomaterials, 2005, 26, 3727-3737, 

Copyright (2004) with permission from Elsevier. 

As with other areas of tissue engineering, the surface morphology 

and chemistry of microspheres can influence cellular behaviour.  In 

developing systems for articular cartilage tissue engineering, Thissen 

et al.
148

 manufactured microparticles of different shapes and with 

different surface chemistries.  It was found that spherical particles 

gave increased proliferation of chondrocytes compared with other 

types of particle.  In addition, the attachment of an amine-terminated 

dendrimer to the microsphere surface gave a significant improvement 
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in the proliferation rate.  These modifications were not found to affect 

cell phenotype.  Other studies have investigated the effect of different 

types of PLGA microsphere on chondrocytes for cartilage tissue 

engineering
153

.  The potential for PLGA microcarriers to be efficient at 

treatment of cellular loss in stoke patients was demonstrated by Bible 

et al.
175

.  Neural stem cells were grown on the surface of microspheres 

in vitro.  These were then delivered via a needle into stroke-induced 

brain cavities in rats.  The cells were found to integrate successfully 

with the host tissue.  However, there has been no demonstration of 

functional recovery thus far.  In an alternative approach, Chan et al.
179

 

demonstrated a production method for self-assembled collagen 

microspheres incorporating mesenchymal stem cells.  The injectable 

constructs were found to maintain cell viability in vivo.  

Following the success of early development of the use of 

microspheres for other cell-based applications, their potential use in 

retinal tissue engineering has been investigated.  Commercially 

available microcarriers such as Superbeads have been used to culture 

RPE cells
180

.  It was found that culturing the cells on microspheres 

instead of using conventional (2D) techniques yielded greater cell 

numbers.  A limited amount of donor RPE tissue necessitates a high 

yielding culture system if the cells are to be used for 

transplantation
181

.  Aside from transplantation, the injection of PLGA 

microspheres containing glial cell-derived neurotrophic factor was 

found to slow the degeneration of photoreceptors in a mouse 

model
182

.  More recently, a system combining PLGA microspheres with 

matrix metalloproteinase 2 has been designed
183

.  This proteinase has 

been shown previously to enhance cellular integration between 

implanted retinal cells and host tissue
184

.  Cotransplantation of these 

microspheres with RPCs in a mouse model was found to provide some 

regeneration of retinal layers.  Away from designing therapies, 

microspheres derived from polystyrene have been used in 

combination with RPE cells to induce choroidal neovascularisation 
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(CNV) in a mouse model
185

.  This model will be used to develop a 

better understanding of the CNV process.  In addition to being 

investigated as a treatment for retinal conditions, RPE implantation on 

microspheres is also being studied as a potential treatment for 

Parkinson’s disease
186

.  Implantation of RPE cells in the brain on 

gelatin microcarriers has been shown to improve motor function in 

patients with Parkinson’s disease.    
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2.3 Optimising the production of PLLA/PLGA 

microspheres for use as an ocular cell delivery 

system 

2.3.1 Introduction 

Following previous work investigating the optimisation of RPE cell 

growth on porous polymer films
97

, the behaviour of these cells on 

biodegradable microspheres was investigated.  The microsphere 

synthesis work in this chapter was done collaboratively with project 

student Lucy Backholer.  The effect of microsphere surface 

morphology on interactions with RPE cells has not previously been 

investigated.  Microspheres were prepared from PLLA, PLGA or a 

blend of both to assess the interaction of RPE cells with the 

microsphere surface.  A simple emulsion-based technique was 

employed to produce the microspheres.  The technique involved 

pouring a solution of polymer in an organic solvent into a rapidly 

stirred solution of stabiliser (poly(vinyl alcohol) (PVA)).  This 

generated droplets of polymer solution in the stabiliser phase which 

became microspheres following solvent evaporation.  Variation of 

different production parameters and their effect on the resultant 

microspheres was studied.   

2.3.2 Preparation of microspheres using different concentrations 

of polymer solution 

PLGA microspheres were prepared using different concentrations of 

solution to investigate the effect of concentration on microsphere 

size.  The microspheres produced from a 0.05g/ml polymer solution 

were smooth, defined spheres varying from ~3µm to ~125µm in 

diameter (Figure 2.4).  The microspheres produced from a 0.1g/ml 

polymer solution had a larger average diameter with microsphere 

sizes ranging from ~10µm to ~300µm.  Those produced from a 

0.15g/ml solution showed a further increase in size with the majority 

of spheres over 200µm.  These results conform with those in the 
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literature showing an increase in sphere diameter as polymer solution 

concentration increases
153

.  The increased viscosity of the polymer 

solution droplet at higher concentrations can resist shear forces that 

cause droplets to break up resulting in formation of larger 

microspheres. 

 

Figure 2.4 – Scanning electron micrographs showing A) 0.05, B) 0.10 and  

C) 0.15g/ml PLGA microspheres. Scale bar 100µm, original magnification x100.  

2.3.3 Preparation of microspheres using different concentrations 

of stabiliser solution 

For the experiments in Section 2.3.2 above, a stabiliser concentration 

of 2% was used.  The stabiliser concentration was adjusted to assess 

the impact of this change on microsphere morphology and size. 

Scanning electron microscopy (SEM) analysis of the resultant 

microspheres showed that the 0.10g/ml PLGA microspheres produced 

using a 1% PVA solution were larger than those produced using 2% 

PVA (Section 2.3.2).  Microspheres up to 400µm in diameter were 

observed, with an average size of ~300µm (Figure 2.5B). No 

microspheres below 70µm were observed using this preparation 

(Table 2.1).  These microspheres were larger on average than those 

produced using a 0.5% PVA solution (Figure 2.5A).  It has been 

reported that increasing PVA concentration stabilised smaller droplets 

thereby decreasing the average microsphere diameter
187

.  In addition, 

this study found that a PVA concentration of at least 2% was required 

for the formation of smooth microspheres.  However, the 

experiments described in the literature used a much less 

concentrated solution of PLGA to prepare the microspheres than the 
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experiments described here. Increasing the PVA concentration will 

increase the viscosity of the aqueous phase leading to a decrease in 

mixing efficiency.  It is possible that this resulted in the formation of 

larger polymer droplets.  This effect would be more profound at 

higher polymer concentrations due to the increased shear forces 

required to produce smaller droplets.  An increase in microsphere 

size with increasing PVA concentration has been observed previously 

when using a high concentration of polymer solution to produce 

microspheres for delivery of insulin
157

.  In the present study, 

microspheres produced using a 2% PVA concentration were found to 

vary considerably in size ranging from 5µm to 150µm (Table 2.1).  

The surface of these spheres was found to be smooth as with the 1% 

PVA solution microspheres.  However there were many clusters of 

smaller microspheres amongst the larger ones using this stabiliser 

concentration. It is possible that smaller polymer droplets are being 

stabilised at this concentration of stabiliser resulting in some smaller 

microspheres.  Overall the results seem to show that increasing the 

stabiliser solution concentration increases both the average size of 

the microspheres and also the size distribution. 

 

Figure 2.5 – Scanning electron micrographs showing 0.1g/ml microspheres 

produced using A) 0.5%, B) 1% and C) 2% PVA concentration.  Original 

magnification x200(A and C) and x100(B), scale bar 100µm.  

      AAA                                                                                       BBB                                                                                       CCC   
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To more fully investigate the effect of changing the PVA solution 

concentration on the size of the microspheres, 0.05g/ml and 

0.01g/ml polymer solutions were produced into microspheres using 

0.1, 0.25 and 2% PVA concentrations (Table 2.1).  Figure 2.6 shows 

that 0.05g/ml PLGA microspheres in a 0.1% PVA solution gave 

microspheres under 100µm.  The 0.01g/ml PLGA microspheres in a 

0.1% PVA solution were much smaller in comparison to the higher 

concentration with an average size of ~30µm.  

 

Figure 2.6 – Scanning electron micrographs showing 0.05 (A) and 0.01 g/ml (B) 

PLGA microspheres in a 0.1% stabiliser solution concentration.  Original 

magnification x200, scale bar 100µm.  

Microspheres prepared using a 0.05g/ml PLGA solution and a 0.25% 

PVA solution (Figure 2.7) showed a varied size range with the biggest 

microspheres just over 100µm and the majority just below 100µm.  

The 0.01g/ml PLGA microspheres in a 0.25% PVA solution were much 

smaller when compared with the 0.05g/ml sample obtained at the 

same PVA concentration (Table 2.1). All the microspheres were under 

50µm with an average of ~30µm. These results showed that changes 

in PVA concentration were relatively insignificant compared with 
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changes to polymer solution concentration in accordance with the 

literature data
153

. 

 

Figure 2.7 – Scanning electron micrographs showing 0.05 (A) and 0.01 g/ml (B) 

PLGA microspheres in a 0.25% stabiliser solution concentration.  Original 

magnification x200, scale bar 100µm.  

The 0.05g/ml PLGA microspheres prepared with a 2% PVA solution 

had a size distribution ranging from ~15µm to ~150µm with the 

majority of the microspheres being formed at either end of this 

range. This again suggests stabilisation of smaller polymer droplets 

at this PVA concentration.  The 0.01g/ml microspheres with the same 

concentration of PVA had a size range from ~2µm to 50µm. Overall, 

increasing either the polymer concentration or the stabiliser 

concentration resulted in microspheres having a larger average 

diameter (Table 2.1).  However, polymer concentration appeared to be 

the dominating factor in determining the average size of the 

microspheres produced.  Comparing these results with those in the 

literature suggests that the effect of the stabiliser concentration can 

differ dependant on polymer solution concentration
187

.  
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Figure 2.8 – Scanning electron micrographs showing 0.01 (A) and 0.05 g/ml (B) 

PLGA microspheres produced using a 2% stabiliser solution concentration.  

Original magnification x1000 (A) and x100 (B).  

Polymer concentration 

(g/ml) 

Stabiliser Range of microsphere 

sizes 

0.01 0.1% 1-50µm 

0.05 0.1% 3-100µm 

0.01 0.25% 1-50µm 

0.05 0.25% 5-100µm 

0.1 0.5% 7-100µm 

0.1 1% 70-400µm 

0.01 2% 2-50µm 

0.05 2% 3-125µm 

0.1 2% 10-300µm 

0.15 2% All >200µm 

Table 2.1 – Table showing the range of microspheres sizes produced at 

different polymer and stabiliser concentrations. 

2.3.4 Experiments to introduce porosity into PLGA  

microspheres 

A previous study into RPE cell fate on biodegradable poly(ester) 

surfaces established that surface morphology influenced cell 

behaviour
97

.  Therefore, it was desirable to investigate the effects of 

microspheres with various surface morphologies on RPE cell 

behaviour.  A gas-forming method has been developed to generate 
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porous microspheres
151

.  This technique uses the incorporation of an 

effervescent salt (ammonium bicarbonate) to generate carbon dioxide 

during the solvent evaporation process.  The evolution of this gas 

gives the resultant microspheres a porous structure.  In an attempt to 

generate porous microspheres using this technique, sodium, 

potassium and ammonium hydrogen carbonate (1% w/v solution) 

were incorporated into the synthesis of microspheres (Chapter 5).  

The resultant microspheres were investigated by SEM (Figure 2.9).  

The porosity reported by Kim et al.
151

 was not observed in these 

microsphere preparations.  Apart from occasional pores observed in 

some deformed spheres, the smooth surface morphology of previous 

PLGA microsphere preparations was shown.  These microspheres 

were therefore not pursued as an RPE scaffold.  

       

Figure 2.9 – Scanning electron micrographs showing microspheres produced 

using a gas foaming technique.  An aqueous solution containing 1% w/v 

sodium (A), potassium (B) and ammonium (C) hydrogen carbonate was added 

to the polymer solution prior to the solvent evaporation process.  Original 

magnification x200.  
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2.3.5 Preparation of a range of microspheres using blends of 

PLGA and PLLA 

A range of PLLA/PLGA blends were used to produce microspheres.  

The effect of altering the quantities of PLLA and PLGA in the blend 

and subsequent attachment of an RPE cell line was then investigated.  

The ratios chosen had been used previously for the production of 

biodegradable porous films (10:90, 25:75, 50:50. 75:25 and 90:10)
97

.  

A standard procedure was followed using a polymer concentration of 

0.05g/ml, a 0.5% PVA solution as the stabiliser and dichloromethane 

as the polymer solvent (Chapter 5).  The 50:50 PLLA:PLGA blend was 

produced first (Figure 2.10) and showed a rougher surface 

morphology when compared with the microspheres produced using 

PLGA alone.  This initial result suggested that the addition of PLLA 

was causing the spheres to appear less smooth.  The accuracy of the 

blending ratios was confirmed using inverse-gated 
13

C NMR as with 

previous studies using blended PLLA and PLGA
97

. 

 

Figure 2.10 – Scanning electron micrograph showing microspheres produced 

using a 50:50 PLLA:PLGA polymer solution.  Original magnification x200, scale 

bar 100µm.  

Having investigated the 50:50 blend, a range of blends was prepared 

using a polymer concentration of 0.05g/ml.  The microspheres 

produced are summarised in Table 2.2.  It can be seen that 

microspheres produced from PLLA gave both the largest mean 

diameter and size distribution.  In contrast, the 25:75 blend gave the 
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lowest mean diameter and the smallest size distribution.  Table 2.2 

shows that the introduction of PLLA initially causes a decrease in 

mean diameter.  This is due to the interaction of the two polymers of 

containing different molecular weight distributions.  Based on studies 

using polyoxyethylene, the hydrodynamic radius of PLGA chains 

would be 6.6-12nm whereas that of PLLA chains would be 12-

23.4nm
188

.  The interaction between the PLGA chains (smaller 

hydrodynamic radius) and the PLLA chains (larger hydrodynamic 

radius) disrupts entanglements between the polymer chains.  This 

leads to a less viscous solution producing smaller polymer solution 

droplets resulting in smaller microspheres.  As the PLLA quantity in 

the blend is increased, the higher proportion of longer chains can 

overcome this effect resulting in larger microspheres.  This effect of 

molecular weight distributions on polymer solution dynamics has 

been previously observed for methacrylate-based systems
189

. 

Polymer Blend Minimum 

Diameter 

(µm) 

Maximum  

Diameter 

(µm) 

Mean  

Diameter 

(µm) 

a 

S.D. 

PLLA 32.74 120.4 72.07 19.94 

PLLA 90:10 PLGA 25.21 89.18 58.25 9.71 

PLLA 75:25 PLGA 30.32 70.07 49.18 7.54 

PLLA 50:50 PLGA 12.67 75.89 44.81 11.66 

PLLA 25:75 PLGA 6.17 41.92 24.20 8.79 

PLLA 10:90 PLGA 4.10 60.08 31.02 8.68 

PLGA 26.86 71.72 52.86 8.16 

Table 2.2 – The diameters and size distributions of the produced range of 

microspheres.  
a 

S.D. Standard deviation.  

SEM studies on these new blends confirmed the initial observation 

that inclusion of PLLA resulted in a more distorted surface 

morphology.  As the PLLA ratio was increased, the resulting 

microspheres had a less smooth appearance and a rougher surface 

morphology.  This is exemplified by comparing the 10:90 and 90:10 

(PLLA:PLGA) blends (Figure 2.11).   
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Figure 2.11 – Scanning electron micrographs comparing microspheres 

produced using a 10:90 (A) and 90:10 (B) PLLA:PLGA blend. Original 

magnification x200, scale bar 100µm.  

Microspheres from PLLA alone were also prepared using a polymer in 

a solvent concentration of 0.05g/ml.  The microspheres displayed a 

rough surface morphology (Figure 2.12).  SEM micrographs of the 

spheres show they were larger than previous preparations with a 

mean diameter of 72µm.  The size of the microspheres was also more 

widely spread around the average value (Figure 2.13). 

 

Figure 2.12 – Scanning electron micrograph showing microspheres produced 

using a 0.05g/ml PLLA solution.  Original magnification x200, scale bar 100µm.  

Across all the blends it was noted that an increased level of PLLA 

within a polymer blend increased the average diameter of 
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microspheres once there was more than 50% PLLA by weight (Figure 

2.13).  This was attributed to PLLA having a higher inherent viscosity 

than PLGA.  This increased viscosity resulted in higher shear forces 

being required to produce both smaller and smoother droplets of 

polymer to become microspheres upon solvent evaporation.  As all of 

the microspheres were prepared using the same stirring velocity, this 

explained why the solutions containing increased quantities of PLLA 

formed rougher and larger microspheres.    

 

2.3.6 RPE cell seeding on a range of PLLA/PLGA microspheres 

In order to assess the response of retinal cell types to the 

microspheres, immortalised human RPE cells were seeded onto 

prepared microspheres.  The cellular work described in this section 

was done collaboratively with Dr Heather Thomson.  The 5 blends of 

microspheres were used as well as preparations using PLGA alone and 

PLLA alone.  For each blend, two experiments were carried out, one 
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Figure 2.13 – Comparison of the influence of polymer blend on microsphere size 

distribution. 
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involving ‘blank’ microspheres and the other using microspheres with 

a coating of laminin.  Laminin is an extracellular matrix protein which 

has been used previously to increase retinal cell attachment to a 

substrate
59

.  Samples of unseeded microspheres with no cells were set 

up as a control experiment.  Cells from an immortalised human RPE 

cell line (ARPE-19) were seeded onto the microspheres and cultured 

for a period of 2 weeks.  Seeded and unseeded microspheres were 

incubated and maintained in the same culture environment.  When 

growing cells in culture it is important to check that cells are 

proliferating and retaining phenotype.  RPE cells have previously been 

observed to transdifferentiate into fibroblasts whilst in cell culture
190

.  

Immunocytochemical staining followed by fluorescence imaging was 

used to confirm that cells were proliferating and retaining phenotypic 

characteristics in culture.  In order to confirm retention of phenotype, 

a primary antibody specific to RPE cells (RPE65) was applied followed 

by a fluorescently tagged (green) secondary antibody (Figure 2.14B).  

The fluorescently tagged antibody binds to the primary antibody 

causing all cells with RPE phenotype to fluoresce green.  Cell nuclei 

were counterstained with DAPI (4’,6-diamino-2-phenylindole) which 

intercalates into DNA and causes all cells to fluoresce blue under UV 

light (Figure 2.14A, D and G).  By overlaying the image from the 

RPE65 marker with that of the DAPI stain (Figure 2.13C) the number 

of cells of the RPE phenotype can be determined.  The same process 

was used with another antibody, PCNA (Proliferating Cell Nuclear 

Antigen), to confirm that cells were proliferating (Figure 2.14E).  An 

experiment in which no primary antibody was applied was used as a 

control (Figure 2.13H).  The results of these assays showed the cells 

to be proliferating and retaining phenotype. 
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Figure 2.14 – Immunocytochemical characterisation of ARPE-19 cells cultured 

for 1 week on laminin-coated microspheres using antibodies directed against: 

(B) the retinal pigment epithelium marker-retinal pigment epithelium-specific 

protein-65 kDa (RPE 65) and (E) the cell cycle marker—proliferating cell nuclear 

antigen (PCNA). Control in the absence of primary antibodies (H). Cell nuclei 

are labelled in blue with 4’,6-diamidino-2-phenylindole (DAPI) (A, D, G). Merged 

images (C, F, I). Images A–C, G–I 75:25 PLLA: PLGA and images D–F 25:75 

PLLA:PLGA. Scale bar: 26 µm.  

To further investigate the presence of cells on the microsphere 

surface, the cell-seeded microspheres were fixed and dehydrated for 

SEM analysis.  Micrographs showed that the cells on the surface 

presented a hexagonal morphology and appeared to be adopting a 

monolayer conformation (Figure 2.15A).  As RPE are polarised cells 

with an apical and basal pole, it is important to ascertain that the 

cells are correctly polarised.  Apical microvilli (hair-like projections 

from the cell surface) were observed to be protruding from the cell 

indicative of correct cell polarisation (Figure 2.15B). 

A cell fluorescing blue  with a DAPI stain 

A microsphere with cells on the surface. 



Chapter 2      Developing biodegradable microspheres as a cell carrier 

53 

 

Figure 2.15 – Scanning electron micrographs of ARPE-19 seeded PLGA 

microspheres showing a cobblestone morphology (A) and apical microvilli (B).  

The dashed line in (A) shows the outline of a cell on the surface of a 

microsphere.  Original magnification x3000 (A) and x4000 (B), scale bar 20µm 

(A) and 10µm (B).  

Once it had been established that cells had successfully attached to 

the microspheres, and that cells were proliferative and had retained 

appropriate phenotype, it was important to quantify the influence that 

each polymer blend had on cell viability.  Three different assays were 

used to assess this.  Lactate dehydrogenase (LDH) is normally present 

in the cytosol of cells and is only released when cells die.  Thus, 

quantification of LDH content in tissue culture medium is an indirect 

measure of cell viability.  This can be measured using a colorimetric 

assay where more absorbance is indicative of more cell death.  

Samples of media were taken from all blends every two days over the 

two week culture period.  Figure 2.16 below shows the mean LDH 

assay result over the two week period for all the blends, PLLA alone 

and PLGA alone.   

         AAA                                                                                                                                          BBB                                                                                          
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Figure 2.16 – Bar chart representing LDH release from ARPE-19 cells cultured 

on coated and uncoated microspheres from each blend, PLLA alone and PLGA 

alone.  

Results from the LDH assay show a statistically significant (p=0.0154) 

increase in LDH release from cells cultured on uncoated microspheres 

compared to their coated counterparts (Table 2.3).  This implies that 

the presence of a laminin coating on some microsphere samples gave 

significantly less cell death.  It has been shown that RPE cells are 

anchorage-dependant and that a lack of cell attachment can result in 

cell death
19

.  Therefore, the laminin coating could be resulting in 

increased cell adhesion and therefore increased survival.  The LDH 

control was obtained from LDH activity from the tissue culture 

medium alone.  The positive control was a medium sample taken 

from cells incubated in the presence of 0.2% Triton which disrupts the 

cell membrane and produces maximal LDH release.  This was shown 

to give a significantly higher absorbance than any other sample 

(Figure 2.16).  The negative control was from cells cultured on tissue 

culture plastic in the absence of microspheres.  There were minimal 
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differences in absorbance noted between all the coated microspheres 

and the coated negative control.  However, on the uncoated samples, 

all samples produced significantly more LDH release than the 

negative control.  This could be a result of some RPE cells not 

attaching to the microsphere surface and therefore undergoing 

apoptosis.  The lowest absorbance of any uncoated microspheres was 

from those produced using PLLA, suggesting increased attachment on 

these microspheres. 

LDH ASSAY     

 Value 

(Absorbance) 

sem No. of 

Replicates 

Statistics 

Blank 0.10 0.03 21  

LDH Control 0.33 0.10 21  

Positive Control 5.01 0.10 21  

     

TCP Control (uncoated) 0.71 0.05 21  

TCP Control (coated) 1.33 0.15 21 p= 0.0003 * 

Polymer Blends 

(uncoated)  

1.83 0.08 21                 p< 0.0001 * 

Polymer Blends (coated) 1.57 0.07 21 p= 0.0154 ** 

Table 2.3 – Overall comparison of LDH absorbance from coated and uncoated 

microsphere blends and controls. A higher value indicates more cell death.  

*p<0.05 compared to cells cultured on uncoated tissue culture plastic (TCP).  

**p<0.01 compared to cells cultured on uncoated microspheres. sem: standard 

error of mean.  

The terminal deoxynucleotidyl transferase dUTP nick end labelling 

(TUNEL) assay is used to detect DNA fragmentation in damaged or 

dying cells.  Deoxynucleotidyl transferase attaches to fragmented 

DNA which, in turn, catalyses the addition of modified bases (dUTPs) 

which are labelled with a fluorescent marker.  Comparing those cells 

labelled with TUNEL against the total cell number gives a quantitative 

analysis of apoptosis.  Results from the TUNEL assay concurred with 

those from the LDH assay by showing that there was more cell death 

on uncoated microspheres compared to laminin-coated microspheres 
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(Figure 2.17).  However, this effect was not statistically significant.  In 

addition, the 75:25 and 25:75 blends showed least cell death by this 

assay.   

 

Figure 2.17 – Bar chart showing percentage ARPE-19 cell death on coated and 

uncoated microsphere blends by TUNEL assay. 

The negative control represents cells incubated with 0.2% Triton, to 

induce apoptosis, as with the LDH assay.  This negative control gave a 

mean cell death of 67% compared to 10% or less on all other samples 

(Table 2.4). The positive control was taken from cells cultured on 

tissue culture plastic in the absence of microspheres.  Minimal (less 

than 1%) cell death was observed with this control.  Whilst a higher 

percentage of cell death was observed when microspheres were used 

compared to tissue culture plastic, use of a laminin coating was 

observed to reduce cell death in most cases.  This increased cell 

death could be due to some cells not attaching to the microspheres 

causing apoptosis.  Further optimisation of microsphere formulation 

to increase cell adhesion may result in a lower level of cell death. 
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TUNEL ASSAY     

 Value (%) sem No. of 

Replicates 

Statistics 

Negative Control 0.53 0.20 24  

Positive Control 67.32 5.69 24  

     

TCP Control 

(uncoated) 

2.01 0.29 24 ns 

TCP Control 

(uncoated) 

1.92 0.45 24 ns 

Polymer Blends 

(uncoated)  

7.52 1.19 24 *p< 0.05  

Polymer Blends 

(coated) 

6.31 0.99 24 ns 

Table 2.4 – The overall comparison of apoptotic cell death on coated and 

uncoated microsphere blends and controls.  ns: no significant difference 

compared to cells cultured on tissue culture plastic (TCP) or uncoated polymer 

blend.  *p<0.05 compared to cells cultured on uncoated TCP.  sem: standard 

error of mean.  

The MTT (3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyltetrazolium 

bromide) assay is based on the reduction of MTT solution to 

formazan (giving a purple colour) in the presence of reductase 

enzymes present in live cells.  This can be used to indirectly test for 

any cytotoxic compounds being released by the microspheres.  

Culture media samples taken from microsphere cultures were applied 

to fresh cultures of RPE cells on tissue culture plastic.  The MTT assay 

is then performed on these cultures to assess if any compounds in 

the media are causing cell death.  A graph showing cell viability as a 

percentage of the control is shown below (Figure 2.18).  
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The positive control represents cells which have been cultured in the 

presence of 0.2% Triton solution.  Cell viability was reduced to less 

than 55% using this control (Table 2.5).  The negative control 

represents cells cultured in normal culture medium producing 100% 

cell viability.  Results from the MTT assay showed significantly 

(p<0.01) improved cell viability compared to the positive control on 

all blends.  Although there was a small reduction in cell viability on 

microsphere samples, cell viability remained between 88% and 93% 

for all samples.  The drop in cell viability compared to the negative 

control did not reach statistical significance. 
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Figure 2.18 – Bar chart showing ARPE-19 cell viability by MTT assay on coated 

and uncoated microsphere blends. 
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MTT ASSAY     

 Value 

(%) 

sem No. of 

Replicates 

Statistics 

Negative Control 102 2.00 32  

Positive Control 54.39  0.62  32  

     

     

TCP Control 

(uncoated) 

96.39 2.12 24 ns 

TCP Control (coated) 92.20 2.59 24 ns 

Polymer Blends 

(uncoated) 

88.98 0.94 24 ns 

Polymer Blends 

(coated) 

87.49 0.93 24 ns 

Table 2.5 – The overall comparison of cytotoxicity from coated and uncoated 

microsphere blends and controls.  All values were not significantly (ns) 

different when compared to cells cultured on tissue culture plastic (TCP) or 

respective polymer blend.  

Overall, these results show that RPE cells can successfully adhere to 

and survive on the surface of PLLA:PLGA microspheres.  Electron 

microscopy was used to visualise the cells on the microsphere surface 

and show that they were adopting an appropriate morphology in a 

monolayer and displaying some apical microvilli indicative of correct 

polarisation of the cells.  Furthermore, the cells were found to retain 

appropriate phenotype and there was no evidence of toxic products 

being released from the microspheres.  Coating the microspheres 

with the ECM protein laminin was shown to decrease cell death.  In 

addition, the TUNEL assay results suggest that microspheres with 

rougher surfaces led to better cell survival.  Whilst it has been 

observed in the literature that cells grow preferentially on a rougher 

surface
137

, this behaviour has not previously been observed using 

microspheres.  Investigation of the interaction between RPE cells and 

microspheres enables the development of the system further towards 

a stem cell delivery system for the eye
138

. 
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3 Towards an artificial Bruch’s 

membrane 

3.1 Introduction 

Chapter 1 introduced degenerative retinal diseases and reviewed the 

therapeutic strategies currently in development aimed at treating 

these diseases.  The key biological problems associated with these 

conditions are degeneration of the photoreceptor and retinal pigment 

epithelial (RPE) cells and a dysfunction of Bruch’s membrane (BM).  

Although there have been some investigations aimed towards 

generation of an artificial BM for use in a cell-based therapy
13

, few 

have focused on methacrylate-based polymers known for their 

biocompatibility with ocular tissues
102

.  No therapy currently exists to 

treat the cellular atrophy associated with diseases such as macular 

degeneration.  Development of an artificial BM would move research 

closer to clinical therapy.  In addition, an artificial BM would be useful 

in generating an in vitro retinal model.  This model could be used to 

better understand retinal physiology and for drug development.  In 

this chapter, progress towards an artificial BM using a methacrylate-

based copolymer system will be discussed.  A fibrous membrane 

produced by the technique of electrospinning has been investigated 

for its ability to mimic the native BM.  The development of this 

electrospun polymer substrate to increase its compatibility with RPE 

cells and achieve control over the cell-substrate interaction will be a 

key feature of the discussion. 

3.2 Key properties of an artificial Bruch’s membrane 

As was discussed in Chapter 1, there are many factors that control 

the interaction between cellular layers and their extracellular 

environments.  In the development of an artificial membrane, these 

factors must be optimised to produce a material which will interact 
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favourably with host tissue and encourage regeneration.  One 

important property to consider is the mechanical strength of the 

replacement membrane.  The artificial membrane should attempt to 

closely match the elasticity and strength of the native membrane.  

Whilst pure poly(methyl methacrylate) is brittle, its copolymers have 

been shown to be more pliable and therefore more compliant with 

biological systems
191

.  As any material implanted into the body will 

have to interact with a highly hydrated environment, it is also 

important that they have a degree of hydrophilicity.  Poly(ethylene 

glycol) (PEG) is often included in biomaterials to increase 

hydrophilicity.  PEG alone is water soluble if not crosslinked.  

Therefore, it is often incorporated into other polymer systems.  In 

designing a suitable copolymer for an artificial membrane, it was 

decided to focus on copolymers of methyl methacrylate (MMA) with 2-

hydroxyethyl methacrylate (HEMA) and poly(ethylene glycol) 

methacrylate (PEGM).  These hydrophilic comonomers help to improve 

the compatibility of the resulting copolymer with a water rich 

environment. 

Possibly the most important factor in designing a replacement BM is 

the interaction between the material and RPE cells.  Native BM 

supports a monolayer of RPE cells.  It has been shown that RPE cells 

do not adhere well to aged/diseased BM
29

.  This could be as a result 

of AMD-related pathology and therefore creates a good case for 

utilising a synthetic BM in the treatment of degenerative retinal 

disorders.  RPE cells are anchorage dependant, they must attach to a 

substrate to avoid anoikis (apoptosis caused by cells detaching from 

the surface)
19

.  Control over surface chemistry plays an important role 

in ensuring good cell-surface interactions.  Various surface 

modifications have been used in the literature to control cell 

behaviour
105

.  These include coating with extracellular matrix (ECM) 

proteins
59

, plasma treatment
103

 and attaching ligands for cell surface 

integrin receptors
117

.  In addition to binding cells in an appropriate 
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manner, any implanted material should resist non-specific protein 

adsorption which can lead to a lack of control over cell binding
120

.  

The inclusion of PEG in biomaterials is effective at resisting this 

adsorption due to its hydrophilic nature
192

.  Oxygen atoms in the PEG 

chain form hydrogen bonds with water molecules.  The water 

molecules become trapped between PEG chains creating a hydration 

shell and making the adsorption of proteins energetically 

unfavourable.  Steric repulsion has also been reported to contribute 

to the protein repellent properties of PEG
193

.  

RPE cells are polarised (having a basal and apical pole) and should 

display apical microvilli on the surface which is not attached to a 

substrate
194

.  An ideal replacement for BM would facilitate the 

formation of a correctly polarised RPE monolayer.  In addition, any 

material to be implanted into the body should be tested to ensure 

that it does not release cytotoxic compounds.  Any such effects would 

prevent clinical application of the device.   

Aside from matching the native membrane in mechanical and surface 

chemistry properties, any artificial cell substrate should also mimic its 

topology.  It has been shown that the morphology of a substrate can 

influence cell-material interactions
105,137

.  Investigations into the 

morphology of BM have revealed a fibrous structure of collagen and 

elastin (Figure 3.1).  This type of structure is also important as it 

allows diffusion of macromolecular substrates across the membrane.  

Lack of diffusion in aged BM has been implicated in RPE and 

photoreceptor atrophy associated with degenerative retinal diseases
22

.  

Any replacement membrane must therefore have diffusion properties 

which have been tuned to be similar to that of a young/healthy BM.  

In order to mimic native BM topology and facilitate correct diffusion, 

an artificial system should ideally be fibrous.  Researchers are 

increasingly turning to the technique of electrospinning to produce 

robust micro fibrous substrates for use in tissue engineering and 

regenerative medicine.  
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Figure 3.1 – Scanning electron microscope images showing the fibrous 

morphology of a porcine Bruch’s membrane.   BM consists of layers of collagen 

and elastin.  BM supports RPE cell function and acts as a diffusion barrier 

between the RPE and the choroid.  

3.3 Electrospinning 

3.3.1 Introduction 

The process of obtaining polymer fibres on the micro and nano scale 

by use of an electric field for tissue engineering (TE) dates back over 

30 years.  However, it is only within the last decade that this field has 

grown significantly
195

.  This conceptually simple technique is now 

known as electrospinning.  At the start of the process to create fibres, 

a polymer melt or solution in an organic solvent is loaded into a 

syringe and a needle is attached.  As the melt or solution is driven 

through the syringe, a high voltage is applied to the needle.  This 

results in electrostatic repulsion that counteracts surface tension 

causing the polymer solution or melt to ‘spin’ into fibres.  These 

fibres can then be collected on a grounded metal sheet (Figure 3.2).  

In the case of using a solution, the solvent is evaporated as the fibres 

move through the air before being deposited on the collector.  

Despite the simplicity of the idea, there are various parameters which 

need to be optimised in order to produce fibres.  
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Figure 3.2 – Diagram showing the equipment required for the electrospinning 

process.  A syringe driver (red) extrudes a polymer solution through a needle 

attached to a high voltage supply (green).  Electrostatic repulsion causes the 

solution to ‘spin’ into fibres which are then collected on a grounded plate.  

3.3.2 Mechanism and parameters for fibre production 

Fibre formation is a result of interactions between the electric field 

and the polymer solution.  Initially, the polymer drop emanating from 

the needle is deformed into a cone (the Taylor cone)
196

.  With 

increased voltage, surface tension forces are overcome and a jet 

emerges from the deformed drop.  The interaction between the 

electric field and surface charging on the polymer jet causes a 

bending instability which results in the formation of fibres
197,198

 (Figure 

3.3).  These fibres then elongate and solidify before being collected 

on a grounded sheet.  There are several key parameters that need to 

be optimised for the successful formation of smooth, uniform fibres.  

These include polymer concentration, viscosity, conductivity, solvent 

volatility and surface tension. 
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Figure 3.3 – Image of an electrospinning jet showing bending instabilities.  

Reprinted from Han et al., Polymer, 2007, 48, 6064-6076, Copyright (2007) with 

permission from Elsevier.  

The concentration of the polymer solution is critical to fibre 

formation.  The concentration must be high enough to ensure good 

entanglement of the polymer chains.  If the solution is too dilute then 

surface tension forces will overcome the chain entanglement and 

droplets will form as opposed to fibres.  This process is known as 

electrospraying.  However, if the concentration is too high then fibres 

will not form as the electric field will be unable to overcome the 

surface tension effects and a consistent flow at the needle tip will not 

be possible
199

.  Within the range of concentrations where fibre 

formation occurs, as polymer concentration increases, there is an 

increase in fibre diameter
200

.  At the lower end of the range, fibres 

tend to have an uneven diameter and ‘beading’ is often observed.  

When ‘beading’ occurs, caused by instabilities in the electrospinning 

jet, the result is a non-uniform fibre with varying diameter (Figure 

3.4).  At the higher end of the fibre-forming window, smooth fibres of 

regular diameter are observed.  Besides adjustments in polymer 
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concentration, changing the molecular weight or polydispersity of the 

polymer used will also have an impact on viscosity.  An increase in 

polymer molecular weight will increase fibre diameter due to stronger 

entanglement between polymer chains.  Whilst increased 

polydispersity will require a more concentrated solution to produce 

fibres due to the interactions of chains with varying hydrodynamic 

radii
189

. 

 

Figure 3.4 – Scanning electron microscope image showing ‘beaded’ polymer 

fibres produced by electrospinning.  This effect can occur when the solution 

being electrospun is too dilute to give sufficient polymer chain entanglement.  

Solvent volatility also has a role in determining the nature of the 

fibres produced.  A solvent that evaporates too readily will result in 

polymer accumulation at the needle tip blocking the flow of the 

polymer solution.  Occasionally, a mixed system containing solvents 

with high and low boiling points is used to overcome this problem.  

However, use of such a system can result in a porous fibre 

morphology
195

.  The solvent must also be able to carry an electric 

charge.  A salt or surfactant can be added to achieve this which can 

also reduce the ‘beading’ effect by distributing charges more evenly 

across the surface.  However, a polymer solution with a higher 
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conductivity will be influenced more by an electric field.  Highly 

conductive solutions can therefore form very unstable fibrous jets 

resulting in the production of a wide range of fibre diameters.  

Futhermore, Jiang et al.
201

 were able to demonstrate that the 

introduction of the protein bovine serum albumin to an 

electrospinning solution of dextran had a significant impact on the 

diameter of the fibres produced.  Given that there was no difference 

in solution viscosity, the change was attributed to a difference in 

charge within the solution resulting from the presence of the protein. 

Aside from solution-based properties, the applied voltage has a large 

impact on the fibres produced.  A voltage that is too low could result 

in poorly formed fibres or a lack of jet formation.  An increased 

voltage can change the nature of the Taylor cone and therefore the 

resulting jet.  Using a poly(ethylene oxide)/water electrospinning 

system, Deitzel et al. were able to show that increasing the voltage 

beyond a certain level resulted in increased beading
200

.  This is due to 

a decrease in droplet size at the end of the needle with increased 

voltage.  It is proposed that the increased electrostatic repulsion is 

repelling the solution faster than it can be delivered resulting in an 

unstable jet.  This leads to the discussion of solution flow rate as 

another parameter affecting fibre formation.  The flow rate has been 

found to affect fibre size, porosity and shape
202

.  A high flow rate can 

result in significant beading on the fibres.   

Whilst not as significant as other factors mentioned, the distance 

between the needle tip and collector can also have an impact on fibre 

size
199

.  Fibre diameter is found to decrease with increasing distance 

between the needle and collector.  This is most likely due to the 

fibrous jets having more time to elongate before reaching the 

collector.  There is also evidence of increased beading at shorter 

needle-collector distances attributed to insufficient drying of the fibre 

before reaching the collector
202

. The parameters affecting fibre 

morphology and their influence are summarised in Table 3.1. 
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Parameter Effect on fibre morphology 

Applied voltage Fibre diameter   initially, then  

Flow rate  Fibre diameter    (beaded morphologies 

occur if the flow rate is too high) 

Distance between capillary and 

collector  

Fibre diameter   (beaded morphologies 

occur if the distance between the 

capillary and collector is too short) 

Polymer concentration 

(viscosity)  

Fibre diameter    (within optimal range) 

Solution conductivity  Fibre diameter    (broad diameter 

distribution) 

Solvent volatility  Fibres exhibit microtexture (pores on 

their surfaces, which increase surface 

area) 

Table 3.1 – Table detailing the effect of changing different electrospinning 

parameters on fibre morphology.  Adapted from Table 1 in Sill et al., 

Biomaterials, 2008, 29, 1989-2006, Copyright (2008) with permission from 

Elsevier.   

In addition to smooth, cylindrical fibres it is possible to produce 

fibres of differing morphologies.  For example, flat ribbons can be 

formed when a polymer skin forms on the surface of a jet
203

.  Once 

this skin is formed, the solvent inside can evaporate leaving a hollow 

tube.  The tube then collapses into either a flat ribbon or one with 

two cylinders one on either side.  This process can also occur with 

beads in the fibres.  The beads can collapse as solvent evaporates to 

give a shrunken bead.  Branched fibres can also be produced as fibre 

elongation and solvent evaporation result in charge instabilities in the 

polymer jet causing branching.  Micro range polymer ‘cups’ of 

poly(methyl methacrylate) can also be produced by an electrospinning 

type process
204

.  Electrospinning can also be used to produce fibres of 

polystyrene using a polystyrene latex, a small amount of poly(vinyl 

alcohol) (PVA) and water as a solvent (Figure 3.5).  The fibres are 

templated by the presence of the PVA which is then removed yielding 

fibres composed of polystyrene particles
205

. 
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Figure 3.5 – Scanning electron microscope (A) and transmission electron 

microscope (B) images of an electrospun fibre of a polymer latex.  Reprinted 

from Stoiljkovic et al., Polymer, 2007, 48, 3974-3981, Copyright (2007) with 

permission from Elsevier.   

The electrospinning examples described so far have used a flat metal 

collector.  However, more intricate collectors can be used to create 

different fibrous matrices.  Use of a rotating cylinder collector can 

yield aligned fibres as opposed to a random network
206

.  This is 

achieved when the rate of deposition can be matched by the rotation 

speed of the cylinder.  As an adaptation of this, using a wheel with a 

sharp edge as a collector can also be used to produce linearly aligned 

fibres
207

.  The repulsion between fibres having the same charge 

combined with the rotation of the wheel causes deposition of fibres 

with regular spacing between them.  Different types of frame 

materials have also been utilised in producing linearly arranged 

fibres
196

.  In addition to changing the collector, the configuration of 

the needle and syringe can also be adjusted to produce different 

types of fibre.  Two needle and syringe assemblies can be placed side 

by side to combine two different polymers.  Alternatively, a coaxial 

configuration with one polymer flowing inside another can be used.  

The coaxial assembly can be used to create core-sheath fibres which 

can contain drugs or even living cells in the core
195

. 
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3.3.3 Using electropun matrices to mimic the extracellular matrix 

(ECM) 

 The capability to produce micro- and nano- scale fibres has inspired 

many researchers to design electrospun matrices for biomedical 

applications
208-210

.  Such matrices are often designed to mimic the 

ECM.  A natural starting point for such a mimic is to electrospin ECM 

proteins such as collagen.  Matthews et al.
209

 used collagens to create 

electrospun membranes.  Different types and sources of collagen 

were found to affect the resulting electrospun fibres.  In addition, a 

rotating drum was used to collect fibres.  It was found that rotating 

the drum at the correct speed could result in more linear fibres.  

Adhesion and proliferation of smooth muscle cells was observed on 

these membranes.  As with other types of polymer, altering the 

concentration of collagen in a solvent has been found to control the 

diameter of the fibres produced
211

.  These collagenous matrices have 

great potential for vascular and skin TE.  Similar studies have focused 

on the use of the ECM protein elastin to produce electrospun 

membranes.  In its native form, elastin is highly insoluble.  Therefore, 

in order to successfully electrospin this protein, it must either be 

solubilised or the elastin precursor tropoelastin must be used.  

Recent studies have shown that tropoelastin has greater elasticity 

than solubilised elastin
212

.  This greatly enhances the potential use of 

this form for TE applications.  The proteins gelatin
213

 and fibrinogen
214

 

have also been electrospun into fibres for TE applications.   

One of the drawbacks of using naturally derived polymers is the lack 

of control over mechanical and other properties
76

.  As a result, the 

blending of ECM proteins with synthetic polymers has been used to 

combine the cell-adhesive properties of the proteins with the level of 

control offered by synthetic polymers.  For example, collagen has 

been combined with PLLA to form a MSC scaffold for bone TE
215

.  

Blends of collagen with poly(caprolactone)
210

 and poly(dioxanone)
216

 

have also been successfully electrospun with their use targeted at 
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vascular TE.  Poly(dioxanone) has also been electrospun with elastin 

as a potential vascular graft
217

.  These composites were found to be 

mechanically similar to native arteries.  A layer by layer approach can 

also be utilised as an alternative to blending.  This has been achieved 

with polyurethanes and collagen
218

.  A layered structure more closely 

resembles the native structure of membranes in the body.  Another 

strategy is to co-electrospin different synthetic and natural polymers.  

For example, PLGA, elastin and gelatin were co-electrospun to 

produce a cellular scaffold.  These structures were shown to have 

potential uses for soft TE
219

.   

The inclusion of any protein component in a cellular scaffold restricts 

the level of control available to tissue engineers in designing 

regenerative systems.  If the proteins included adopt an incorrect 

conformation then cell binding may not occur.  Additionally, any 

injected proteins, especially from non-human sources, need to be 

carefully purified and often chemically modified before they can be 

electrospun.  This has led to some researchers pursuing a completely 

synthetic cell support for TE.  Electrospinning of biodegradable 

polymers already used in TE such as PLGA
208

, PLLA
220

 and PCL
221

 has 

been achieved.  Non-degradable polymers such as poly(methyl 

methacrylate) have also been electrospun
189

. 

3.3.4 Biomedical applications of electrospun matrices 

As has been discussed, there are many materials which can be 

electrospun into fibres
196

.  One of the main applications of these 

fibres is as a material for regenerating tissues within the human 

body
222

.  Many different tissues have been targeted for TE using 

electrospun scaffolds.  Electrospun cellulose acetate has been 

investigated as a replacement for the urinary bladder matrix
223

.  The 

production technique used for this investigation allowed for the 

creation of a multi-layered structure using only a single step process.  

This allowed for accurate replication of the natural ECM.  Electrospun 

fibres have also been put to use in regenerating cells of the nervous 
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system.  Ghasemi-Mobarakeh et al.
224

 used an electrospun 

poly(caprolactone)/gelatin scaffold to culture nerve stem cells.  These 

cells were found to elongate parallel to the fibre direction and to 

successfully proliferate on the fibrous matrix.  It was particularly 

noted that the blending of the poly(caprolactone) with gelatin gave an 

improved cellular response compared with poly(caprolactone) alone.  

Electrospun PLLA
220

 and PLGA
225

 have also been utilised in the search 

for TE scaffolds for nerve regeneration. 

Electrospun fibres are also being used to aid regeneration of 

structural tissues.  Many research groups are focusing on developing 

electrospun matrices to replace or repair bone tissue.  For example, 

poly(caprolactone) scaffolds seeded with mesenchymal stem cells 

cultured with osteogenic supplements were found to form bone-like 

cellular structures
226

.  In addition, electrospun silk fibroin seeded with 

preoesteoblast cells was found to repair bone defects in a rabbit 

model
227

.  Hydroxyapatite naturally strengthens bone in the body and 

is found amongst collagen in the ECM.  PLLA
228

 and gelatin
229

 have 

been blended with hydroxyapatite and then electrospun.  Studies of 

these materials with bone cells have shown that the inclusion of 

hydroxyapatite gave much improved cellular activity compared with 

PLLA or gelatin alone
228,229

.  This demonstrates that correct cellular 

control through appropriate chemical cues is essential in engineering 

a successful ECM mimic.  Various other materials have been 

investigated for bone TE including collagen, chitosan and bioactive 

glasses
230

.  Different types of electrospun polymer systems are also 

being developed for regeneration of cartilage
231

, skin
232

 and muscle
233

. 

3.3.5 Advances in electrospun matrices for use in retinal tissue 

engineering 

The use of electrospun matrices in an increasingly diverse range of 

applications in regenerative medicine has led some researchers to 

experiment with using these matrices for retinal TE.  Chen et al.
234

 

produced electrospun fibres of poly(caprolactone) blended with 
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chitosan-grafted poly(caprolactone).  Various blends of the polymers 

were tested with mouse RPCs.  It was found that cells grown on the 

blended polymer fibres were more encouraged to differentiate into 

the correct cell type when compared to fibres of poly(caprolactone) 

alone.  This again shows the importance of the polymer chemistry in 

the control of cell behaviour on a surface.  Following the early 

successes of using poly(glycerol-sebacate) to transplant retinal 

cells
100

, Pritchard et al. have designed a more complex system based 

on a poly(glycerol-sebacate) membrane together with electrospun 

poly(caprolactone) and laminin
235,236

. This membrane combined with 

photoreceptor layers was implanted into a pig model.  Despite 

successful implantation and degradation of the membrane, problems 

regarding integration between the implanted and host retina were still 

observed.  In an attempt to overcome problems with integration, 

Tucker et al. included matrix metalloproteinase 2 in a PLGA 

electrospun membrane
184

.  This proteinase has been shown to block 

the action of the CD44 glycoprotein and neurocan.  These ECM 

molecules provide a barrier to cellular migration and integration.  

When the membranes were combined with retinal explants and 

implanted into mice, improved integration and retinal repopulation 

was observed.  In the rest of this chapter, the development of an 

electrospun copolymer matrix as an artificial BM will be discussed.  

The compatibility of this substrate with RPE cells will be a key feature 

of the discussion.   

3.4 Initial steps in developing a methacrylate copolymer  

Following the use of methacrylate-based polymers in previous studies 

with RPE
134

 and RPCs
102

, it was decided to initially synthesise 

copolymers of methyl methacrylate (MMA) and 2-

hydroxyethylmethacrylate (HEMA) (Scheme 3.1).  Similar copolymers 

have been used to produce soft contact lenses
237

.  P(MMA-co-HEMA) 

with a variety of monomer feed ratios was produced (Chapter 5 – 

Section 5.2.1).  These copolymers were characterised and found to be 



Chapter 3                                Towards an artificial Bruch’s membrane 

75 

in good agreement with those reported in the literature
238

.  The 

different copolymers contained differing amounts of the MMA and 

HEMA monomers.  The polymer containing the highest amount of 

HEMA monomer was found to form an insoluble hydrogel (Polymer 

3.1).  The other 3 polymers were soluble in various organic solvents.  

These copolymers were used for initial calibration of electrospinning 

apparatus.   

 

Scheme 3.1 – Scheme to show the synthetic route to P(MMA-co-HEMA).  A pull 

out table of all polymer numbers and structures can be found in Appendix B.   

3.5 Creating a poly(methyl methacrylate-co-

poly(ethylene glycol) methacrylate) fibrous matrix 

3.5.1 Initial polymer synthesis 

For trials with retinal cells, a polymer was produced with a 

poly(ethylene glycol) (PEG) group in place of the HEMA group.  PEG is 

frequently incorporated into copolymer biomaterials to increase 

hydrophilicity
192

 and as a spacer between integrin ligands and the 

hydrophobic polymer backbone
120

.  This system enabled the 

incorporation of cell adhesive ligands such as peptides and ECM 

proteins via chemical attachment to the end of the PEG chain.  These 

ligands have been shown to interact with integrin receptors on the 

cell surface to improve adhesion which would improve the survival of 

anchorage-dependant RPE cells
117

.  The inclusion of PEG in the system 

would create a hydrophilic segment of the polymer to resist non-

specific protein absorption.  The PEG branches from the methacrylate 
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backbone also act as a spacer arm for the introduction of integrin 

ligands.  This use of a spacer has been shown in the literature to be 

useful for binding of integrin receptors to a ligand
118,119

.  The integrin 

ligands used were peptide fragments of ECM proteins such as the 

Glycine-Arginine-Glycine-Aspartic acid-Serine-Proline (GRGDSP) 

sequence from fibronectin
64

 and the Tyrosine-Isoleucine-Glycine-

Serine-Arginine (YIGSR) sequence from laminin
115

.  In addition, the 

protein laminin was used to assess if a whole protein could improve 

cell adhesion to a greater extent than using short chain peptides. 

To generate a PEG-containing copolymer, methyl methacrylate (MMA) 

was copolymerised with poly(ethylene glycol) methacrylate (PEGM) 

using free radical polymerisation initiated by azobisisobutyronitrile 

(AIBN) (Chapter 5 – Section 5.2.3).  A mechanism to facilitate peptide 

attachment to the end of the PEG chain was then sought.  Peptide 

coupling can be achieved by reaction of an acidic end group with the 

amino groups on a peptide using a coupling reagent such as 

dicyclohexylcarbodiimide (DCC).  However, it was desirable for the 

peptide coupling to be achieved under mild conditions immediately 

prior to cell seeding to minimise the opportunity of the peptide to 

hydrolyse.  As an alternative, the acid group can be converted to a 

succinimidyl ester (SE).  As the succinimidyl group is a stable leaving 

group, it can react with a free amine under mild conditions to give the 

required coupling
117

.  This advantage led to the pursuit of an SE 

functionality on the PEG chain terminus as shown in Scheme 3.2.  The 

SE groups could act as attachment points for cell adhesive ligands.  

The intention of the design was that using PEG to limit non-specific 

protein absorption
192

 would enhance the interaction between integrin 

receptors on the cell surface and peptides at the PEG chain terminus.   
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Scheme 3.2 – Scheme to show the synthetic route for creation of a succinimidyl 

ester on a PEG chain followed by peptide coupling.  A pull out table of all 

polymer numbers and structures can be found in Appendix B.   
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Initially, a P(MMA-co-PEGM) copolymer was produced with a monomer 

feed ratio of 75:25 (MMA:PEGM) by weight (Polymer 3.5).  A PEGM 

monomer with an average molecular weight of 360Da was used for 

these experiments.  This copolymer was analysed by nuclear 

magnetic resonance (NMR) (Figure 3.6) and infrared (IR) spectroscopy 

as well as gel permeation chromatography (GPC).  Signal overlap in 

NMR spectra made absolute determination of comonomer ratios 

challenging.  However, estimating the integral from 
1

H NMR of the  

–OMe group in the MMA comonomer and that of the protons adjacent 

to the ester group in the PEG chain indicated a ratio of 91:9 

(MMA:PEGM) monomer units.  NMR studies indicate that this ratio was 

consistent in all batches.  Using data from gel permeation 

chromatography (GPC) a Mw of 85,228Da and a polydispersity of 2.43 

for this copolymer were determined (Table 3.3).  As the molecular 

weight distribution was relatively broad, a higher viscosity 

electrospinning solution was necessary compared to if a narrower 

molecular weight distribution polymer were used
189

. 
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Figure 3.6 – NMR spectrum of P(MMA-co-PEGM). 
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Following synthesis, trials were conducted using various solvents and 

polymer concentrations to optimise parameters for electrospinning 

the polymer into a fibrous matrix.  Polymer solutions in chloroform 

and dichloromethane (DCM) produced some fibres.  However, these 

fibres formed a very sparse network and the rapidly evaporating 

solvent frequently blocked the needle tip.  Using a solvent with a 

higher boiling point (2-butanone) resulted in the formation of large 

quantities of the more desirable dense fibrous networks.  The 

optimum concentration for producing large amounts of fibrous 

material was found to be 0.45g of polymer per 1ml of solvent.  

Investigation of the fibrous substrate by scanning electron 

microscopy (SEM) revealed a smooth, ribbon-like morphology.  A high 

degree of homogeneity was observed with most fibres having a 

diameter of 4µm and a thickness of 1µm (Figure 3.7).  There was 

some evidence of fibres having broken.  This was attributed to the 

brittle nature of this copolymer due to its high proportion of MMA 

monomers.  
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Figure 3.7 – Scanning electron micrograph showing 75:25 P(MMA-co-PEGM) 

electrospun fibres (Polymer 3.5).  Taken at x1200 magnification with the SEM 

stub at a 60° angle to the electron beam.  

One of the factors that can influence fibre diameter is the voltage 

applied to the needle tip. Literature suggests that with increasing 

applied voltage, fibre diameter should initially decrease but then 

increase
195

.  A solution of polymer 3.5 in 2-butanone was used to 

investigate the effect of changing this parameter on the resulting 

fibres.  Electrospinning was conducted using the same polymer 

solution at different applied voltages (Table 3.2).  Variables such as 

flow rate, solution concentration and distance from needle tip to 

collector were kept constant.  The resulting fibrous networks were 

investigated by SEM to determine fibre diameters.  Fibres produced at 

20kV and 25kV had a larger diameter on average than those 

produced at 14kV.  It was noted that at these higher voltages, it was 
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more difficult to collect a dense network of fibres.  Both an increase 

in fibre diameter and a decrease in fibre density have been reported 

in the literature previously with other polymer systems
200

.  The initial 

decrease in fibre diameter can be attributed to a change in droplet 

shape with increased applied voltage.  The subsequent increase in 

fibre diameter has been attributed to an increase in mass flow rate 

due to increased electrostatic force
239

.  The decrease in fibre density is 

most likely the result of increased electrostatic repulsion between 

fibres at these voltages. 

 

Table 3.2 – Table showing the average fibre diameter of fibres electrospun 

from a solution of 75:25 P(MMA-co-PEGM) in 2-butanone.  sem: standard error 

of the mean.  

Following successful production of a P(MMA-co-PEGM) copolymer, the 

synthesis of a succinimidyl ester group on the PEG chain terminus 

was investigated by adapting the work of Irvine et al.
120

.    This was 

achieved by first converting the alcohol terminus on the PEG chain to 

an acid by ring opening of succinic anhydride followed by 

carbodiimide coupling with N-hydroxysuccinimide (NHS) (Scheme 3.2 

Steps (i) and (ii)).  In the succinic anhydride step, a new peak at 

δ4.25ppm for protons adjacent to the newly created ester group in 

the 
1

H NMR spectrum confirmed the addition (Figure 3.8).  A new 

signal observed at δ2.65ppm for protons from the ring-opened 

anhydride further confirmed the structure of the product.   

Voltage applied (kV) Average fibre diameter (µm)  

(n = 8) ± sem 

14 2.07 ± 0.18 

17 1.93 ± 0.12 

20 2.60 ± 0.10 

25 2.30 ± 0.19 
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Figure 3.8 – NMR spectrum of P(MMA-co-PEGM) following reaction with succinic 

anhydride. 

Overlapping signals made characterisation of the succinimidyl ester 

difficult.  However, new signals in the 
1

H NMR in the δ2.6-3ppm 

region indicated successful addition of the new group (Figure 3.9).   

This data combined with the appearance of a new signal for the cyclic 

imide carbonyl group in the infrared (IR) spectrum confirmed the 

formation of the product.  It was difficult to obtain pure samples of 

these polymers in high yield.  This was attributed to difficulties in 

removing N-hydroxysuccinimide and succinic anhydride starting 

materials from the final polymer products by precipitation.  To 

overcome problems using this route, a more efficient method for 

peptide coupling was sought. 
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Figure 3.9 – NMR spectrum of P(MMA-co-PEGM) with succinimidyl ester 

functionality. 

By adapting work by Morpurgo et al. 
240

, a synthetic route to a 

succinimidyl carbonate on the PEG chain terminus was devised 

(Scheme 3.3).  This route involved reaction of the deprotonated 

alcohol on the PEG chain terminus with disuccinimidyl carbonate and 

had the advantage of using only one step.  Polymer 3.5 was reacted in 

this way to give a succinimidyl carbonate product (Polymer 3.14) 

(Table 3.3).  This product was purified much more readily than the 

previously produced ester.   

 

Scheme 3.3 – Scheme showing the reaction of P(MMA-co-PEGM) with 

disuccinimidyl carbonate to give a succinimidyl carbonate substituted product. 
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Peaks at ca. δ2.8ppm in the NMR spectrum confirmed addition of 

protons from a succinimidyl group. (Figure 3.10).  This was further 

confirmed by the appearance of a new carbonyl peak in the IR 

spectrum indicative of the presence of a cyclic imide.  The appearance 

of a peak at ca. δ4.5ppm for protons adjacent to the new carbonate 

linkage was additional evidence of successful functionalisation.  By 

comparing the integrals of the protons adjacent to the ester linkage 

in the PEG chain (δ4.1ppm) with protons adjacent the new carbonate 

group (δ4.5ppm), an estimation of the proportion of PEG chains 

containing the new group can be obtained.  Initially, when 

dimethylformamide (DMF) was used as a solvent for this reaction, low 

conversion rates to the succinimidyl carbonate (less than 60%) were 

observed.  Changing the reaction solvent to dichloromethane (DCM) 

increased the conversion rates to over 80%.  This is due to better 

solvation of the starting materials.   
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Figure 3.10 – NMR spectrum of P(MMA-co-PEGM) with succinimidyl carbonate 

functionality.  The appearance of peaks at δ2.8ppm and δ4.5ppm confirmed 

successful addition of the succinimidyl carbonate group.  
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Polymer 

 

Parameter 

3.5 3.14 

Structure 

 

 

Amount of MMA 

(g) 

8.4 8.4 

Amount of PEGM 

(g) 

2.82 2.82 

PEGM Average 

Mw (Da) 

360 360 

Estimated 

monomer ratio 

from NMR 

91:9 91:9 

Mn 35053 22307 

Mw 85228 35327 

Polydispersity 

index 

2.43 1.58 

Table 3.3 – Summary of monomer feed ratios and data from polymers 3.5 and 

3.14. 

Following successful synthesis of this succinimidyl carbonate (SC) 

functionalised polymer (Polymer 3.14), it was necessary to optimise 

conditions for electrospinning.  A range of polymer concentrations 

(0.4, 0.5 and 0.6g/ml) were used to find the optimum concentration 

for fibre production.  Analysis by SEM showed that increasing polymer 

solution concentration increased the average fibre diameter in 

agreement with the literature
195

.  The 0.5g/ml solution was found to 

be most effective at creating large amounts of fibrous polymer (Figure 

3.11).  Following production, the networks of fibre were vacuum dried 
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to remove any residual 2-butanone.  Complete solvent removal was 

confirmed by 
1

H NMR. 

 

Figure 3.11 – Scanning micrograph of fibres electrospun from a solution of 

0.5g/ml succinimidyl carbonate functionalised 75:25 P(MMA-co-PEGM) (Polymer 

3.14) in 2-butanone. 

3.5.2 Testing the basic biocompatibility of 75:25 P(MMA-co-PEGM) 

polymers (Polymers 3.5 and 3.14) with RPE cells 

To further develop the system, it was necessary to investigate how 

retinal cells responded to this fibrous polymer substrate.  The cellular 

work in this section was done collaboratively with Dr Heather 

Thomson.  The compatibility of the copolymer fibres with human RPE 

cells was assessed by seeding an RPE cell line (ARPE-19) onto sections 

of the fibrous structures and subsequently assessing their attachment 

and viability.  Polymer fibres with and without the succinimidyl 

carbonate functionality were tested and some samples were modified 

with peptides or proteins known to increase cell adhesion.  The 

coupling of these ligands to polymer fibres was conducted in 

phosphate-buffered saline (PBS) (Scheme 3.2 Step (iii)).  The cell 

adhesion peptides used were GRGDSP and YIGSR, both shown in the 
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literature to be effective cell adhesive ligands
115,241

.  In addition, some 

samples contained a combination of GRGDSP and YIGSR to assess 

whether these peptides could act synergistically the improve cell 

adhesion as has been observed in the literature
115

.  The ECM protein 

laminin was also added to some samples as it had proved effective for 

encouraging RPE cell adhesion both in the literature
31

 and in previous 

microsphere experiments (Chapter 2).  The samples used are 

summarised in Table 3.4.  Cell-seeded fibre samples were grown in 

culture for a period of two weeks before assessment of the 

attachment, survival and proliferation of cells on the polymer surface.  

The culture medium was changed and samples of media were taken 

every two days for use in assays for the duration of the experiment.  

The main focus of these experiments was to assess the survival of 

cells on the polymer surface and if a cellular monolayer could be 

successfully formed.  
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Polymer 

number 

Structure Samples tested and 

conditions 

3.5 

 

1) Polymer alone  

2) with cells  

3.14 

 

1) Polymer alone   

2) with cells  

3) with YIGSR and GRGDSP 

peptides  

4) with GRGDSP peptide 

5) with YIGSR peptide 

6) with Laminin 

7) Condition 3 + cells 

8) Condition 4 + cells 

9) Condition 5 + cells 

10) Condition 6 + cells 

Table 3.4 – Summary of polymer samples tested with RPE cells.  Each condition 

was repeated three times using 0.5g/ml polymer fibres.  

Following two weeks in culture, a lactate dehydrogenase (LDH) and a 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay were used to assess cell survival and cytotoxicity.  Figure 3.12 

shows the results of LDH assays on media samples taken from the 

different substrates averaged over the time course of the experiment.  

Most samples were shown to not have a cytotoxicity that was 

significantly greater than standard tissue culture plastic alone.  The 

only samples giving a significantly higher absorbance were those of 

the SC functionalised polymer (Polymer 3.14) alone with no peptide 

attached.  However, this could be due to there being more cells on 

these surfaces as a limitation of the LDH assay is that is does not 

show cell death as a proportion of total cell number.  It is therefore 

possible that the same proportion of cells are dying on all of the 

different substrates but that those showing a higher absorbance 
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contained more cells.  The LDH assay is therefore only a qualitative 

assessment of cell death.  The positive control for this assay was 

taken from cells lysed with Triton solution to produce maximum LDH 

release (For data see Appendix C). 

 

Figure 3.12 – Bar graph showing absorbance at 492nm of LDH assay samples 

from polymer scaffolds with different combinations of peptides or protein.   

TCP: Tissue culture plastic.  For data see Appendix C    

An important characteristic of any material for implantation is that it 

does not release any cytotoxic compounds.  Release of cytotoxic 

compounds can be investigated by incubation of tissue culture media 

samples taken from cultures with fibres to fresh ARPE-19 cell 

cultures.  Media samples from these cultures can then be analysed by 

an MTT assay to investigate cell viability.  If any cytotoxic compounds 

were being released into the culture media by the fibres, cell death 

would be observed with this assay.  Figure 3.13 below shows the 

results of the MTT assay from this experiment averaged over time.  
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The positive control in this experiment was from cells lysed with 

Triton solution.  It can be seen that no significant cytotoxicity was 

observed with any of the fibrous polymer samples as all were 

significantly different (p<0.001) different from the positive control.   

 

Figure 3.13 – Bar graph showing absorbance at 492nm of MTT assay samples 

of polymer 3.14 alone and in combination with cell adhesive peptides and 

proteins.  Values represent mean ± sem (n = 16) +++p<0.001 compared to 

positive control.  For data see Appendix C    

To determine if cells had successfully adhered to the surface of the 

fibrous substrates, immunocytochemical staining and SEM were 

employed.  When 4',6-diamidino-2-phenylindole (DAPI) is applied to a 

cell culture, it intercalates in the DNA of the cell nuclei causing them 

to fluoresce blue under ultraviolet light.  As can be seen in Figure 

3.14, cells attached to and covered the fibrous surface.  The creation 

of a surface on which RPE cells can adhere and proliferate was an 

important step in the pursuit of creating an artificial BM. 
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Figure 3.14 – Light microscope image of a cell seeded polymer scaffold (A) and 

the same image under ultraviolet light following labelling of cell nuclei with 

DAPI (B).  Scale bar 52µm.  

Further cell seeded samples of fibres were dehydrated in ethanol, 

fixed using 3% glutaraldehyde with 4% formaldehyde and sputter 

coated with gold/palladium for SEM analysis.  The images showed a 

layer of cells sitting on the surface of the fibres (A sample image can 

be seen in Figure 3.15).  The cellular layer appears cracked in this 

image; this was attributed to the dehydration process.  Cells on the 

surface appeared to form a monolayer which is an essential quality 

for a replacement RPE layer.  When cells are grown on tissue culture 

plastic, trypsinisation is required to move cells from one location to 

another which disrupts the monolayer.  The ability to create an RPE 

monolayer on a fibrous, moveable substrate is therefore 

advantageous for tissue engineering as it facilitates transplantation.  

This type of substrate could also be useful in developing an in vitro 

retinal model as it could provide a basement membrane on which 

cellular structures could be formed and moved without disruptive 

trypsinisation. 

                                       A                                            B                             
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Figure 3.15 – Scanning electron micrograph showing cells seeded onto a 75:25 

P(MMA-co-PEGM) succinimidyl carbonate (Polymer 3.14) fibre surface. 

This series of initial experiments investigating the behaviour of RPE 

cells seeded onto synthetic fibrous scaffolds showed that retinal cells 

could attach to and survive successfully on these substrates.  

Furthermore, the fibres did not release any cytotoxic compounds and 

RPE cells appeared to be forming a monolayer across the scaffold 

surface.  No differences in LDH release or cytotoxicity were observed 

when cell adhesive peptides and proteins were used.  However, a 

limitation of the fibrous substrates was that they were observed to 

resist being immersed in tissue culture media.  This was attributed to 

the low PEG content in this polymer resulting in the fibres being more 

hydrophobic than desired.  In addition, the low amount of PEG 

resulted in only a small number of end groups being available for 

attachment of cell adhesive peptides.  This suggested that a polymer 

with a higher quantity of PEG chains was required.  Also, further data 

were required to complement the LDH and MTT assays to gain an 

accurate representation of cell attachment and survival on these 

surfaces. 
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3.5.3 Development of a P(MMA-co-PEGM) copolymer containing a 

higher PEG content 

To increase the hydrophilicity of fibres, a polymer containing more 

PEG methacrylate monomer was synthesised.  The monomer feed 

ratio was changed from 75:25 (MMA:PEGM) to 60:40 (MMA:PEGM) by 

weight.  
1

H NMR integrals were again used to estimate the 

comonomer ratio.  This copolymer (Polymer 3.6) was shown to 

contain approximately 20% PEGM comonomer units.  Polymer 3.6 was 

then converted to the succinimidyl carbonate (Polymer 3.15) using the 

same method as previously described in Section 3.5.2 (Table 3.5).   

Polymer 

 

Parameter 

3.6 3.15 

Structure 

 

 

Amount of MMA 

(g) 

6.72 6.72 

Amount of PEGM 

(g) 

4.51 4.51 

PEGM Average Mw 

(Da) 

360 360 

Estimated 

monomer ratio 

from NMR 

80:20 80:20 

Mn 23165 22536 

Mw 38789 39943 

Polydispersity 

index 

1.67 1.77 

Table 3.5 – Summary of monomer feed ratios, comonomer ratios and GPC data 

for Polymers 3.6 and 3.15. 
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This polymer was characterised by IR and NMR spectroscopy as well 

as GPC.  Solutions of both the unfunctionalised (Polymer 3.6) and SC 

functionalised (Polymer 3.15) polymer in 2-butanone were 

electrospun into fibres (0.55g/ml polymer solution in 2-butanone) 

and analysed by SEM (Figure 3.16).  The resultant fibres were less 

homogenous than those prepared using the previous copolymer.  

They were also less ribbon-like than previous preparations and more 

cylindrical in cross section.  These differences are likely to be due to 

altered solvent evaporation during the electrospinning process 

resulting from the increased PEG content.   

 

Figure 3.16 – Scanning electron micrograph showing 60:40 P(MMA-co-PEGM) 

succinimidyl carbonate (Polymer 3.15) electrospun into fibres. 

The morphology of electrospun fibres can be affected by various 

factors such as flow rate, applied voltage, distance from collector and 

solution viscosity
195

.  Having investigated the effect of changing 

applied voltage with previously produced copolymers, the effect of 

changing solution flow rate was determined.  A solution of polymer 

3.15 was electrospun at a flow rate of 9.5ml/hr and 1.5ml/hr with all 

other parameters remaining constant. Figure 3.17 below shows that 
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lowering the flow rate caused some beading in the fibres and reduced 

the average fibre diameter (Table 3.6).  The increase in beading is due 

to a decrease in the volume of the droplet on the end of the needle 

during the electrospinning process
200

.  If there is an insufficient flow 

of polymer solution to this droplet, instabilities in the electrospinning 

jet can result.  It is these instabilities that lead to beading.  A smaller 

volume of solution in this droplet will also cause the electrostatic 

force present to be concentrated.  This can result in a smaller 

electrospinning jet leading to fibres with a reduced diameter. 

    

Figure 3.17 – Scanning electron micrograph of electrospun fibres of 60:40 

P(MMA-co-PEGM) succinimidyl carbonate (Polymer 3.15) at a flow rate of 

9.5ml/hr (A) and 1.5ml/hr (B). 

The effect of changing solution concentration was also investigated 

for this polymer.  Solutions of polymer 3.15 were used for this 

experiment.  The results are summarised below (Table 3.6).  As would 

be expected based on the literature
195

, there was an increase in 

average fibre diameter associated with an increase in solution 

concentration.  Polymer solutions are less viscous at lower 

concentrations enabling smaller diameter fibres to be formed.  At 

higher concentrations, there is more entanglement of the polymer 

chains.  This increases the stability of the polymer jet resulting in 

larger diameter fibres.   

 

                                         A                                        B                             
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Solution concentration (g/ml) Average fibre diameter (µm) 

(n = 15) ± sem 

0.45 1.63 ± 0.07                       

0.5 1.80 (9.5ml/hr) ± 0.11                       

0.75 (1.5ml/hr) ± 0.10                       

0.55 2.54 ± 0.16                       

Table 3.6 – Table showing average diameters of electrospun fibres of 60:40 

P(MMA-co-PEGM) succinimidyl carbonate (Polymer 3.15) at different 

concentrations.  The effect of changing the solution flow rate is also shown.  

sem: standard error of the mean.  

Contact angle measurements were used to demonstrate the 

difference in hydrophilicity between polymers 3.5 and 3.6.  Both were 

spin coated onto glass along with a sample of poly(methyl 

methacrylate) (PMMA) as a control.  The contact angle of a water 

droplet to each of the surfaces was measured using a goniometer.  

Images from this analysis are shown below (Figure 3.18).  The 

increase in hydrophilicity with increasing PEG content can be clearly 

seen as the water contact angle decreases (Table 3.7).  

 

Figure 3.18 – Images taken from a water contact goniometer of a water droplet 

on polymer coated glass surfaces.  The different polymers used were PMMA 

(A), Polymer 3.5 (B) and Polymer 3.6 (C).  

Polymer Average contact angle (°) 

(n = 3) ± sem 

PMMA 101.2 ± 0.35                       

3.5  77.1 ± 0.65                       

3.6 59.7 ± 2.88                      

Table 3.7 – Table showing average contact angles for different polymers. sem: 

standard error of the mean. 

                       A                             B                            C 
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Characterising the presence of small quantities of peptides on the 

surface of functionalised polymer fibres had proved challenging.  To 

overcome this problem a fluorescein (Flu)-tagged peptide, Lysine(Flu)-

Arginine-Glycine-Aspartic acid (K(Flu)RGD), was dissolved in 

phosphate-buffered saline (PBS) at the same concentration (1mg/ml) 

used in cell seeding experiments.  Samples of SC functionalised 

(Polymer 3.15) and unfunctionalised (Polymer 3.6) fibres were then 

immersed in 1ml of this solution overnight before being washed in 

PBS and dried.  The samples were then imaged using a fluorescence 

microscope (Chapter 5 – Section 5.7.2).  The images shown in Figure 

3.19 indicate that the tagged peptide had bound successfully to the 

fibres with the SC functionality (Polymer 3.15) but not to the other 

fibres (Polymer 3.5).   

 

Figure 3.19 – Fluorescence microscope images showing fibre samples of 

Polymer 3.6 (B) and 3.15 (A) following immersion in a solution of K(Flu)RGD in 

PBS.  Scale bar: 52µm. 
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3.5.4 Testing the biocompatibility of 60:40 P(MMA-co-PEGM) 

polymers (Polymers 3.6 and 3.15) with RPE cells 

As with previous fibrous scaffolds, it was necessary to assess the 

compatibility of the fibres produced with RPE cells.  The peptides 

GRGDSP and YIGSR (Figure 3.17) along with the protein laminin were 

combined with the fibrous substrates to assess their impact on cell 

adhesion.  The peptide GRGESP (Figure 3.17) was also included and as 

this peptide should have reduced abilities to enhance cell adhesion 

compared with GRGDSP
64

.  Despite the difference between these 

sequences being only one amino acid, the change in the shape of the 

molecule is sufficient to disrupt the non-covalent interactions that 

govern molecular binding to the integrin receptor.  As the aspartic 

acid (D) carboxylate group coordinates to a metal ion when binding to 

an integrin receptor, changing the position of this group in glutamic 

acid (E) may result in reduced affinity for the receptor.  It has been 

reported that these peptides may adopt a folded conformation when 

in low surface concentration whereas when they are close together an 

extended conformation is favoured
242

. 
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Figure 3.20 – Chemical structures of the three peptide sequences used for cell 

adhesion assays. 

ARPE-19 cells were seeded onto a range of fibrous copolymer samples 

combined with peptides or proteins (Table 3.8).  These more 

hydrophilic polymer fibres were found to be easier to immerse in 

tissue culture media than those used in Section 3.5.2.  As native BM is 

GRGDSP 

GRGESP 

YIGSR 
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responsible for some conductance of water, this result suggests that 

this polymer would perform better in vivo than the previously 

produced polymer.  In addition to the assays used for the previous 

experiment, a terminal deoxynucleotidyl transferase dUTP nick end 

labelling (TUNEL) assay was used to obtain a quantitative measure of 

cell survival.  The cells were stained with propidium iodide (PI), a DNA 

intercalating agent that causes cell nuclei to fluoresce red under the 

correct wavelength of light.  This was used to quantify the density of 

cells attached to the fibrous substrates. 

Polymer 

number 

Structure Samples tested and 

conditions 

3.6 

 

1) Polymer alone  

2) with cells  

3.15 

 

1) Polymer alone  

2) with cells  

3) with GRGESP peptide 

4) with GRGDSP peptide  

5) with YIGSR peptide 

6) with YIGSR and GRGDSP 

peptides 

7) with Laminin 

8) Condition 3 + cells 

9) Condition 4 + cells 

10) Condition 5 + cells 

11) Condition 6 + cells 

12) Condition 7 + cells 

Table 3.8 – Summary of polymer samples tested with RPE cells.  Each condition 

was performed three times with 0.55g/ml electropun fibres.  

Samples of media for LDH and MTT assays were taken every two days 

during the culture period.  Figure 3.21 shows the results of the LDH 

assay averaged over time for each of the combinations of fibres with 
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peptides used in this experiment.  These results show that cell death 

on all the scaffolds was significantly (p<0.001) lower than the positive 

control.  There was a trend towards increased LDH release on the 

fibrous scaffolds compared with cells grown on tissue culture plastic.  

This could be either a result of increased cell death on the fibres or 

the same proportion of cells dying but there being a greater number 

on the fibrous samples due to an increase surface area for cell 

attachment.  In contrast to the previous study, there was no 

significant difference between LDH release on SC-functionalised fibres 

compared with those that were unfunctionalised.  The greatest LDH 

release was observed on fibres with a combination of the GRGDSP and 

YIGSR peptides attached.  However, these fibres were found to have 

the highest level of cell attachment by day 15 (Figure 3.24).   
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Figure 3.21 – Bar graph illustrating absorbance in LDH assay averaged over 

time for samples of fibrous scaffolds.  All values were significantly different 

(p<0.001) compared with positive control.  TCP: Tissue culture plastic.  For data 

see Appendix C.    

As with the previous study (Section 3.5.2), an MTT assay was used to 

assess the presence of any cytotoxic compounds being released from 

the fibrous samples.  The results of this assay averaged over the time 

course of the experiment can be seen in Figure 3.22.  There was no 

statistical difference between results obtained from media taken from 

fibrous samples and the negative control.  Cell viability for all the 

samples was significantly different to the positive control (taken from 

cells lysed with 0.2% Triton).  As with the previous experiments, the 

results show that no cytotoxic compounds are being released from 

the fibrous scaffolds. 
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Figure 3.22 – Bar graph showing absorbance in the MTT assay used as an 

indirect measure of cytotoxicity.  Results for each fibre sample are averaged 

over time.  A decrease in absorbance indicates cell death.  Values represent 

mean ± sem (n = 16) ***p<0.001 compared to all fibrous samples.  For data see 

Appendix C.    

The TUNEL assay detects DNA fragmentation resulting from cell 

apoptosis providing a quantitative assessment of cell survival.  ‘Nicks’ 

within the DNA are identified by the enzyme terminal 

deoxynucleotidyl transferase.  This enzyme can then incorporate 

modified nucleotides which can be fluorescently tagged to indicate 

the presence of an apoptotic cell.  Samples of fibres with cells seeded 

were taken at days 5, 10 and 15 in vitro for use in this assay.  The 

assay was performed in triplicate for each type of fibre.  It can be 

seen that on the fibres of polymer 3.6, the percentage cell apoptosis 

over the total cell area increased significantly from 8% to 20% 

between day 5 and day 15 of the experiment (Figure 3.23).  This is 

due to a lack of cell attachment on these fibres (Figure 3.24).  This 

trend is reversed for fibres of the SC functionalised polymer (Polymer 

3.15) for which cell apoptosis decreases from 8% to 2% between days 

5 and 15.  The addition of peptides, including the control GRGESP 

peptide, was observed to generally decrease cell apoptosis over time.  

In particular, fibres combined with either YIGSR or GRGDSP/YIGSR 

peptides gave significantly (p<0.01) improved cell viability compared 

with fibres of polymer 3.6.   
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Figure 3.23 – Graph showing cell apoptosis (as a percentage of total cells) by 

TUNEL assay on various fibre samples at days 5, 10 and 15 in vitro.  

***p<0.001, *p<0.05 compared to negative control.  
++

p<0.01 compared to 

polymer 3.6.  For data see Appendix C.    

To investigate the influence of cell attachment on RPE cell survival, 

samples from different time points during the experiment were 

stained with PI.  The results are shown below in Figure 3.24.  As 

might have been expected given the results of the TUNEL assay, cell 

attachment decreased over 15 days on the fibres produced from 

polymer not containing the SC functionality (Polymer 3.6).  This result 

concurs with previous experiments by Tezel et al.
19

 showing cell 

apoptosis increases when RPE cells are not attached to a surface.  At 

day 15, the highest cell densities were observed on the samples that 

showed lowest percentage of cell apoptosis.  These were fibres with 
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either YIGSR or a combination of GRGDSP and YIGSR peptides coupled 

to the surface.  This indicates that some synergy between these 

sequences as reported in the literature
115

 may be occurring.  It has 

been proposed
115

 that this synergy results from the ability of the 

YIGSR peptide combined with RGD to promote focal adhesion sites.  

These sites provide mechanical strength to attachment points 

between cells and the ECM
243

.  The peptide GRGESP produced the 

lowest cell attachment at day 15 of any of the peptides used. 

 

Figure 3.24 – Graph showing cell attachment (as a percentage of total fibre 

area) on various fibre samples at days 5, 10 and 15 in vitro.  *p<0.01 compared 

with polymer 3.6.  For data see Appendix C.    

As described previously in Section 3.5.2, SEM was used to investigate 

the morphology and polarisation of cells on the substrate surface.  

Micrographs (Figure 3.25) show RPE cells forming a monolayer on top 

of the fibres.  The cells also appeared to be adopting a hexagonal 

morphology and displaying microvilli on the surface.  This shows that 

the cells were adopting typical shape and indicates correct 

polarisation. 
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Figure 3.25 – Scanning electron micrographs of fibres from polymer 3.15 

without cells (A), a cross section of a fibrous mat (Polymer 3.15) with cells (B) 

and a view of cell morphology on scaffold surface (C).   

The results of this set of experiments showed that successful RPE cell 

adhesion and growth could be achieved using the SC-functionalised 

60:40 P(MMA-co-PEGM) copolymer (Polymer 3.15).  Whereas the 

polymer containing an alcohol-terminated PEG chain (Polymer 3.6) 

had the reverse effect on cell adhesion and survival.  The fibres 

produced showed improved handling qualities compared to those 

produced in Section 3.5.1 and quantitative data on cell adhesion and 

survival was obtained.  The use of basic chemistries to control the 

interactions between cells and surfaces is of great interest in the field 

of regenerative medicine.  Therefore, the discovery that addition of a 

succinimidyl group could give a significant difference in cell adhesion 

invited further investigation. 

3.5.5 Investigating the effect of hydrophilicity, PEG chain length 

and end group on RPE cell adhesion 

A new set of experiments were designed to more fully investigate the 

effect of changing aspects of the PEG component of the copolymer 

system with respect to cell adhesion.  These experiments did not 

include any peptide component and focused solely on the impact of 

polymer chemistry on cell adhesion.  A range of copolymers were 

synthesised and characterised (Chapter 5 – Section 5.2).  These 

included polymers 3.6 and 3.15 used in the previous study as well as 

a more hydrophilic version of the P(MMA-co-PEGM) polymer 

containing 40:60 MMA:PEGM by weight (Polymer 3.7).  The polymers 

                       A                             B                            C 
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produced are summarised in Table 3.8.  As with the copolymers 

described in Sections 3.5.2 and 3.5.3, it was necessary to estimate 
1

H 

NMR integrals due to signal overlap.  These estimated integrals 

revealed that polymer 3.7 had approximately 40% PEGM comonomer 

units.  As with previous polymers, polymer 3.7 was reacted to 

generate an SC functionality (Polymer 3.16).  Experiments 

investigating the impact of changing solution concentration on the 

diameter of fibres produced using polymer 3.15 (Section 3.5.4) 

concluded that an increase in solution concentration resulted in an 

increase in average fibre diameter.  This experiment was repeated 

using three concentrations of polymer 3.16 (Table 3.9) and shows 

that the same trend was observed with this polymer.  However, it was 

noted that a more concentrated solution of polymer 3.16 was 

required to produce the same diameter fibre achieved by polymer 

3.15.  GPC results showed that the polydispersity index of polymer 

3.16 was greater than that of polymer 3.15 (Chapter 5 – Section 

5.2.6).  The molecular weight distribution of methacrylate-based 

polymers has been shown in the literature to influence the 

electrospinning process
189

.  It has been proposed that the differences 

in hydrodynamic volume between shorter and longer chains can 

result in instabilities in chain entanglement.  The result is that a more 

concentrated solution of the more polydisperse polymer is needed to 

achieve the same entanglement.  The level of entanglement of 

polymer chains is key to the diameter of the electrospinning jet and 

therefore the resultant fibres.   

Solution concentration (g/ml) Average fibre diameter (µm) 

(n = 15) ± sem 

0.55 1.36 ± 0.10 

0.65 2.94 ± 0.20 

0.75 3.78 ± 0.19 

Table 3.9 – Table showing average diameters of electrospun fibres of 40:60 

P(MMA-co-PEGM) succinimidyl carbonate copolymer (Polymer 3.16) at different 

concentrations.  sem: standard error of the mean. 
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In addition to investigating the effect of the SC group, 60:40 and 

40:60 P(MMA-co-PEGM) copolymers with succinimidyl ester PEG end 

groups were also prepared (Polymers 3.12 and 3.13 respectively).  

However, attempts to produce fibres of polymer 3.13 were 

unsuccessful.  This polymer could therefore not be used in any cell 

testing.  Fibres of polymer 3.12 were successfully produced (Figure 

3.26) and used in biocompatibility tests.  The influence of the PEG 

chain was also researched in these experiments.  To achieve this, 

longer and shorter PEG chains than had been used for the 

experiments in Section 3.5.3 were incorporated.  A PEGM monomer 

with a higher average molecular weight was obtained (Average Mw 

526) and copolymerised with MMA to achieve a copolymer (Polymer 

3.17) that had longer PEG chains on average (Scheme 3.4).  The 

monomer feed ratio was set to give the same proportion of PEGM 

units as the 60:40(MMA:PEGM) copolymer.  NMR data showed that 

approximately 22% of the comonomer units were PEGM, comparable 

to the average 20% given with polymer 3.6 (using PEGM with average 

molecular weight 360Da).  This copolymer was also successfully 

functionalised with an SC group on the end of the PEG chain (Polymer 

3.18).  A P(MMA-co-HEMA) copolymer (Polymer 3.3) was synthesised 

to investigate the effect of a short alcohol-terminated chain on RPE 

cell culture.   

 

Scheme 3.4 – Scheme showing the reaction of P(MMA-co-PEGM) with 

discuccinimidyl carbonate. 
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The resulting copolymers were electrospun from a series of solutions 

in 2-butanone.  The polymers (apart from polymers 3.3 and 3.12) 

were electrospun from a 0.55g/ml solution.  As polymers 3.3 and 

3.12 did not give successful fibrous substrates at this concentration, 

an alternative concentration was used (Table 3.10). 

Compound Structure Concentration 

used 

60:40         

P(MMA-co-HEMA) 

(Polymer 3.3) 

 

0.45g/ml  

40:60        

P(MMA-co-PEGM) 

(Polymer 3.7) 

 

Very 

hydrophilic.  

Dissolved in 

water and 

therefore 

could not be 

used.  

40:60        

P(MMA-co-PEGM) 

SC functionalised 

(Polymer 3.16) 

 

0.55g/ml  
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60:40        

P(MMA-co-PEGM) 

(Polymer 3.6) 

 

0.55g/ml  

60:40        

P(MMA-co-PEGM) 

SC functionalised 

(Polymer 3.15) 

 

0.55g/ml  

60:40        

P(MMA-co-PEGM) 

succinimidyl 

ester 

functionalised 

(Polymer 3.12) 

 

0.65g/ml  

60:40        

P(MMA-co-

PEGM(526)) 

(Polymer 3.17) 

 

0.55g/ml  

60:40        

P(MMA-co-

PEGM(526))       

SC functionalised 

(Polymer 3.18) 

 

0.55g/ml  

Table 3.10 – Table showing the structures of copolymers produced and the 

concentration of electrospinning solution used to create fibres for 

biocompatibility testing with RPE cells.  SC: Succinimidyl carbonate  
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Following electrospinning, the fibrous networks were characterised by 

SEM to assess fibre morphology and size (Table 3.11).  All of the 

matrices produced had an average fibre diameter of less than 10µm.  

It was found that matrices of smaller fibres gave handling advantages 

for cell seeding compared with larger diameter fibres.  Material 

handling properties are an important factor when considering the 

future surgical applications of these matrices.  Polymers that did not 

contain a succinimidyl functionality (Polymers 3.6 and 3.17) had a 

slightly larger average fibre diameter than that of their functionalised 

counterparts (Polymer 3.15 and 3.18).  This is because the solutions 

of polymers 3.6 and 3.17 gave a more viscous solution at the same 

concentration as other polymers.  The porosity of the fibres was 

determined by evaluating areas covered by fibres in relation to the 

total area of the sample (Chapter 5 – Section 5.3.1).  The least porous 

matrix was produced using polymer 3.15, while the most porous 

matrix produced was manufactured using polymer 3.12. Scaffold 

porosity did not appear to correlate with fibre diameter (Table 3.11).  

Differences observed in scaffold porosity did not reach statistical 

significance.  As with previous copolymers, samples were spin coated 

onto glass to enable determination of water contact angles to assess 

the relative hydrophilicity of different copolymers.  These data are 

also summarised in Table 3.11 below.  Polymer 3.17 with longer PEG 

chains (PEG Av MW ~526) was shown to be more hydrophilic than 

Polymer 3.6 (PEG Av MW ~360) as might be expected.  Conversion of 

the PEG terminus alcohol group into either a SC or an ester resulted in 

an increase in hydrophobicity.  This effect was more pronounced in 

the copolymers containing longer PEG chains. 
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Polymer Fibre diameter 

(μm) (n = 15) 

Scaffold porosity 

(%) (n = 10) 

Contact 

angle (
o

)                   

(n = 3) 

3.3 9.82 ± 0.73                      

*** 

31.88 ± 3.30 58.6
 

± 0.4 

3.6 2.05 ± 0.27                           

+ 

34.82 ± 2.48 59.7 ± 2.9                      

3.12 1.34 ± 0.20 35.18 ± 3.13 67.1
 

± 0.8 

3.15 1.80 ± 0.11 22.54 ± 1.34 67.8
 

± 0.4 

3.16 1.36 ± 0.10 33.17 ± 1.93 74.6
 

± 0.6 

3.17 2.24 ± 0.22                         

++ 

30.98 ± 1.89 57.0
 

± 0.7 

3.18 1.44 ± 0.11 29.90 ± 4.47 77.5
 

± 1.2 

Table 3.11 – Table showing mean fibre diameter, scaffold porosity and contact 

angle for different copolymers.  Values expressed as mean ± sem.  Statistical 

analysis by Student’s t-test for fibre diameter and by ANOVA followed by post-

hoc comparison for scaffold porosity. Statistical difference ***p<0.001 

compared to all other fibres tested.  Fibres of polymer 3.6 (+ p<0.05) and 3.17 

(++ p<0.01) were statistically different compared to fibres of polymers 3.12, 

3.16 and 3.18.  

As with previously synthesised copolymers, the effect of changing 

solution concentration was investigated using polymer 3.12.  Figure 

3.26 below shows that reducing the solution concentration can cause 

significant beading in the fibres.  In lower viscosity solutions, the 

entanglement of polymer chains is reduced.  This can lower the 

stability of the electrospinning jet leading to beading. 

                                       A                                            B                             
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Figure 3.26 – Scanning electron micrograph of electrospun fibres of 60:40 

P(MMA-co-PEGM) succinimidyl ester (Polymer 3.12) at a solution concentration 

of 0.55g/ml (A) and 0.65g/ml (B). 

SEM was used to show cells on the surface of the fibrous scaffolds 

(Figure 3.27).  The cells appear to be forming a tight monolayer with 

typical cobblestone morphology.  The junctions between cells are 

clearly visible and apical microvilli are present.  These microvilli 

indicate correct polarity of the RPE cells which has shown to be 

important for growth factor secretion
194

. 

    

Figure 3.27 – Scanning electron micrographs showing fibres of a 40:60 P(MMA-

co-PEGM) succinimidyl carbonate (Polymer 3.16) both without cells (A) and 

seeded with cells (B).  Black arrows on the image indicate the junctions 

between cells.  

                                       A                                          B                             

                                      A                                            B                             
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An LDH assay was undertaken using the same parameters as for 

previous experiments.  It can be seen from Figure 3.28 that all of the 

fibrous samples caused less cell death than the positive control at all 

time points tested by day 15.  The positive control gave an 

absorbance of over 3 whereas no fibrous samples gave a value above 

2.5 (Appendix C).  The results of this assay indicate that the more 

hydrophilic copolymers gave reduced cell death.  Further to this, the 

results indicate more LDH release on polymer 3.6 fibres than on their 

SC functionalised counterparts (Polymer 3.15).  This result concurs 

with previous results showing that the unfunctionalised fibres cause 

more cell death. 

 

Figure 3.28 – Histogram showing the results of an LDH assay assessing cell 

survival on different copolymer scaffolds.  For data see Appendix C.    

Samples of cell culture media taken every two days during the two 

week culture period from scaffolds incubated without cells were used 

for an MTT assay.  It can be seen from Figure 3.29 that when the 

results of the assay are averaged over time, all of the fibre samples 

were statistically different from the positive control.  Cell viability was 

40% with the positive control which contrasts with over 80% for all 

fibrous samples indicating the low cytotoxicity of these samples.   
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Figure 3.29 – Bar graph showing results of MTT assay averaged over all time 

points for different fibrous scaffolds.  ***Statistical difference (p<0.001) to all 

fibrous samples.  For data see Appendix C.     

Further to the LDH and MTT assays, a TUNEL assay was undertaken to 

determine quantitative cell survival on fibrous polymer surfaces. The 

results of this assay are summarised in Figure 3.30.  It is clear from 

these results that there was significantly (p<0.001 by day 15) more 

cell death on fibres produced from copolymers containing hydroxyl-

terminated PEG chains (Polymers 3.6 and 3.17) compared with other 

types of fibre.  At day 15, there was over 70% cell death on polymers 

3.6 and 3.17 compared to less than 10% for all other samples.  

Polymers 3.6 and 3.17 had statistically higher cell death in 

comparison with the negative control.  The lowest percentage of cell 

death on any of the fibrous samples at day 15 was observed on the 

fibres of polymer 3.16.  As this polymer contained the highest 

percentage of SC groups, this suggests a key role for this group in 

cell survival.  Polymer 3.7 was found to dissolve at room temperature 

in water and therefore could not be used for cell testing.     
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Figure 3.30 – Bar graph depicting apoptotic cell death expressed as percentage 

of total cell number, assessed by TUNEL assay.  Results represent mean ± sem 

(n= 9).  Values are grouped according to polymer and by time in vitro.  

Statistical analysis by ANOVA followed by Tukey-Kramer multiple comparison 

test.  Significant difference *p<0.05, **p<0.01, ***p<0.001 compared to negative 

control.  There was statistically (p<0.001 at all time points) less cell death on 

fibres of polymers 3.3, 3.12, 3.15, 3.16 and 3.18 when compared to positive 

control and fibres of polymer 3.6.  For data see Appendix C.    

To quantify the density of cells adhered to the polymer surface; a PI 

stain was used to label cell nuclei.  The results of this cell attachment 

assay are presented in Figure 3.31.  The figure shows the area 

covered by cells as a percentage of the total fibre area.  It can be seen 

that there is a cell area of below 5% on fibres of polymer 3.6 and 3.17 

(those containing alcohol terminated PEG chains).  The cell area on 

these fibres was significantly lower than areas on all other types of 

fibre suggesting low cell attachment.  This explains the high rates of 

cell apoptosis on these fibres.  On the surface of all of the other 

fibrous scaffolds, cell area is seen to increase over time.  The largest 
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cell areas (65% and above) were observed on fibres of polymers 3.12, 

3.15 and 3.16.  This indicates that the best fibres for cell adhesion 

were those containing a shorter PEG chain and a succinimidyl 

functionality.  Of these three polymers, the highest rate of apoptosis 

was seen with polymer 3.12.  SEM images of this fibrous scaffold 

(Figure 3.26) showed a more beaded structure with less smooth 

fibres.  This could have contributed to increased cellular death on 

scaffolds of this polymer. 

 

 

Figure 3.31 – Bar graph depicting percentage ARPE-19 cell area, assessed by 

nuclear labelling. Results represent mean ± sem (n= 10).  Values are grouped 

according to polymer and by time in vitro.  Statistical analysis by ANOVA 

followed by Tukey-Kramer multiple comparison test.  At days 10 and 15 there 

was a significant difference (***p<0.001) in percentage cell area on polymers 

3.6 and 3.17 compared to polymers 3.3, 3.15, 3.16, 3.18 and 3.12.  For data see 

Appendix C.      
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3.5.6 Investigating the diffusion characteristics of fibrous 

polymer networks 

As Bruch’s membrane (BM) is primarily a diffusion barrier between the 

cells of the eye and the blood supply in the choroid, it is important to 

test diffusion across any possible artificial membrane.  Experiments 

were conducted by Hussain et al.
22

 to investigate the diffusion 

characteristics of human BM and how these characteristics change 

with age.  It was found that diffusion across BM decreases with age.  

The equipment used for these experiments included a modified 

Ussing chamber with two reservoirs one on either side of a cassette 

containing a sample of BM.  One reservoir was then filled with a 

solution of fluorescein isothiocyanate labelled dextran (FITC-dextran) 

in phosphate-buffered saline (PBS) and the other filled with PBS alone.  

Samples of the two reservoirs were then taken at regular intervals and 

the change in fluorescence was measured by a spectrophotometer.  A 

copy of this experimental equipment (Figure 3.32) was kindly donated 

to us by Dr Ali Hussain (University College, London) who designed the 

experiment for human BM’s.   
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Figure 3.32 – Diagram to show apparatus for diffusion experiments.  Diffusion 

was assessed by the movement of FITC-dextran across the membrane over 

time.  

The effect of varying copolymer components and fibre diameter on 

diffusion characteristics was investigated.  The results of diffusion 

experiments using copolymers with different ratios of MMA:PEGM 

(Polymers 3.14 and 3.15) are shown in Figure 3.33 below.  These 

results show that copolymers with a higher content of PEGM give a 

slower rate of diffusion (0.0367/min compared with 0.07/min).  It is 

postulated that the increased level of hydrophilic PEG in these 

polymers causes the fibres to swell in an aqueous environment.  This 

swelling could reduce the size of pores between the fibres causing 

reduced diffusion. 
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Figure 3.33 – Line graph showing the change in absorbance over time of a FITC-

dextran solution on one side of a diffusion chamber and of a PBS solution on 

the other side of the chamber.  Data for both 60:40 P(MMA-co-PEGM) (Polymer 

3.15) and 75:25 P(MMA-co-PEGM) (Polymer 3.14) succinimidyl carbonate 

polymers are shown.  Dextran sample: absorbance recorded from dextran 

containing chamber.  Diffusion sample: absorbance recorded from PBS 

containing chamber.  

The nature of the interaction between the polymer fibres and water 

also appeared to influence the diffusion rate.  To study this further, 

the diffusion across a ‘dry’ fibrous network was compared with that 

of one that had been previously immersed in PBS.  The membrane 

that had been immersed in PBS gave less diffusion over 20 minutes 

compared to the ‘dry’ membrane (Figure 3.34).  This was attributed to 

the polymer swelling in PBS resulting in smaller pores between fibres 

for the diffusion of dextran.  However, it was noted that after an 

initial ‘lag’ phase using pre-wetted fibres a rate of diffusion 

comparable with dry fibres was observed.  This is possibly due to 

channels within the polymer network being formed to allow more 

diffusion. 
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Figure 3.34 – Line graph showing the change in absorbance over time of a FITC-

dextran solution on one side of a diffusion chamber and of a PBS solution on 

the other side of the chamber.  Data for both ‘dry’ and pre-wetted 60:40 P(MMA-

co-PEGM) succinimidyl carbonate (Polymer 3.15) are shown.  Dextran sample: 

absorbance recorded from dextran containing chamber.  PBS sample: 

absorbance recorded from PBS containing chamber.   

To investigate varying fibre size on diffusion properties, fibres 

electrospun from two different concentrations of solution were used.  

Those fibres produced from the 0.45g/ml solution had a smaller 

diameter.  Fibres formed from this solution were expected to give a 

tighter interwoven network and slower diffusion than those produced 

using the 0.55g/ml solution.  Results show that this was the case with 

very little diffusion observed over 30 minutes when fibres from the 

0.45g/ml solution were used (Figure 3.35). 
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Figure 3.35 – Line graph showing the change in absorbance over time of a FITC-

dextran solution on one side of a diffusion chamber and of a PBS solution on 

the other side of the chamber.  Data for both 0.55g/ml and 0.45g/ml 60:40 

P(MMA-co-PEGM) succinimidyl carbonate (Polymer 3.15) are shown.  Dextran 

sample: absorbance recorded from dextran containing chamber.  Diffusion 

sample: absorbance recorded from PBS containing chamber.   
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3.6 Investigation of gelation characteristics observed in 

P(MMA-co-PEGM) succinimidyl carbonate copolymers 

During the initial development of the P(MMA-co-PEGM) succinimidyl 

carbonate copolymers, a gelation process was observed under certain 

conditions.  The gelation occurred both in vitro and if the 

disuccinimidyl carbonate reaction was left to react for too long (over 

one week with polymer 3.6 and overnight with polymer 3.7).  Instead 

of dissolving in organic solvents as with those reacted for shorter 

amounts of time, these compounds now swelled as a gel.  Gelation 

properties of these types of system had not been previously reported 

in the literature and therefore represented a novel gel synthesis.  The 

mechanism for this gel formation was not immediately apparent. 

To further investigate the mechanism of this gel formation, polymer 

3.7 was used.  As this compound contained more PEG groups and had 

exhibited a more rapid gelation time, it was proposed gel formation 

was linked to the functionalisation of PEG groups.  When the reaction 

between polymer 3.7 and disuccinimidyl carbonate (DSC) with 

triethylamine as base was conducted, initially no gel formation was 

observed.  However, when the reaction mixture was concentrated in 

vacuo a swollen gel was formed within 1 hour.  Additionally when the 

reaction was performed on polymer 3.6 using 4-

dimethylaminopyridine (DMAP) as a base instead of triethylamine, 

gelation was observed within 10 minutes.  Literature suggests that 

DMAP should increase the efficiency of this type of reaction
244

.  Gel 

formation was confirmed by inversion test (Figure 3.36).  These 

results suggested that gel formation was dependent on the efficiency 

of the reaction between DSC and the alcohol PEG end group.   
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Figure 3.36 – Inversion test of P(MMA-co-PEGM) gel formed by reaction with 

triethylamine and disuccinimidyl carbonate (DSC). 

To ascertain if the gelation could be achieved by simply adding base, 

a small scale reaction was performed.  Triethylamine was added to a 

small amount of polymer 3.7 in both dichloromethane (DCM) and 

tetrahydrofuran (THF).  The reaction mixture remained a solution and 

a gel was not formed.  Upon addition of the DSC, a gel formed over 

the course of 1 hour in DCM.  A gel was also observed using THF as 

solvent but this took longer to form (ca. 12 hours).  Therefore, the 

most likely reason for gel formation is the DSC acting as a 

crosslinking agent between PEG units.  In a further experiment, the 

reaction mixture was washed with hydrochloric acid (2M) following 

precipitation in diethyl ether prior to gelation.  The resulting polymer 

was stored dry at room temperature for several weeks without 

forming a gel.  NMR studies indicated the successful formation of the 

succinimidyl carbonate functionality in this compound.  When 

triethylamine was added to this polymer dissolved in DCM, a gel was 

formed in less than 1 hour suggesting that the polymer was a gel 

precursor.  When left for long periods (ca several weeks), crystals 

were observed to grow on the surface of the gel due to phase 

separation (Figure 3.37).  Investigations concluded that these were 

crystals of a triethylamine salt.  
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Figure 3.37 – Crystal formation on the surface of a P(MMA-co-PEGM) gel.  These 

crystals of triethylamine formed upon leaving the gel in storage for several 

weeks.  

It was hypothesised that if the reaction between the alcohol-

terminated PEG chains and disuccinimidyl carbonate had not gone to 

completion, there would be residual alcohol groups.  In the presence 

of base, these groups could react with succinimidyl carbonate 

functionalised PEG chains to give a product containing crosslinked 

PEG chains (Scheme 3.5).  Therefore, if these free alcohol groups 

could be blocked before the crosslinking reaction could occur, a gel 

would not form.   



Chapter 3                                Towards an artificial Bruch’s membrane 

126 

 

Scheme 3.5 – Reaction scheme to show the proposed crosslinked polymer 

product 

To investigate this process further, a reaction mixture from the 

succinimidyl carbonate reaction was mixed with acetic anhydride.  

The product was not observed to form a gel.  
1

H NMR indicated the 

presence of both succinimidyl carbonate and acetic carbonate groups 

(Figure 3.38).  If left for longer (overnight), acetic ester groups were 

observed to replace all of the succinimidyl carbonate groups resulting 

in a compound that did not gelate.  As this gelation seemed to be 

occurring slowly in vitro, this would change the mechanical properties 

of the fibres.  More investigation of this gelation phenomenon is 

necessary to elucidate a full mechanism.   
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Figure 3.38 – 
1

H NMR spectrum showing both succinimidyl (δ2.79ppm) and 

acetic (δ2.17ppm) carbonate groups present in a P(MMA-co-PEGM) polymer. 

To conclude, fibrous substrates based on P(MMA-co-PEGM) 

copolymers have been developed to adhere and support the growth 

of human RPE cells.  It has been found that the hydrophilicity and PEG 

chain end group of the polymer affect cell adhesion and survival.  RPE 

cells were found to adhere and survive more effectively to those 

polymer fibres containing a succinimidyl carbonate group than those 

containing an alcohol group.  The cells were found to produce a 

monolayer and showed apical microvilli indicative of correct 

polarisation.  Furthermore, the reaction to produce SC functionality 

yielded a gel given a longer reaction time or more effective base.  The 

parameters affecting production of fibres of this type of polymer by 

the electrospinning process have been investigated.  In addition, the 

diffusion characteristics of membranes produced from these 

copolymers have been studied.  The copolymer matrices can now be 

optimised towards in vivo studies as an artificial BM and as a 

supportive structure for RPE transplantation.  
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4  Discussion and conclusions 

4.1 Development of biodegradable microspheres as an 

ocular cell delivery system 

4.1.1 Discussion of progress achieved through results presented 

in this thesis  

There is currently no therapy for the cellular loss associated with 

degenerative retinal disorders such as age-related macular 

degeneration (AMD) and retinitis pigmentosa (RP).  Cell-based 

therapies such as retinal pigment epithelium (RPE) transplantation 

and stem cell delivery offer a potential solution
13,59,245

.  Use of a 

polymer scaffold has been shown to be an effective way of enhancing 

cell survival in vivo
59

.  In this work, the development of biodegradable 

microspheres based on poly(α-hydroxy ester)s has enabled the 

interactions between retinal cells and spherical substrates to be 

investigated.  For the first time, it has been shown that RPE cells can 

attach to these substrates and that cell adhesion and survival is 

dependent on the surface morphology of the microspheres.  In 

addition, it has been shown that the cells are proliferative and have 

retained appropriate phenotype.  These microspheres have the 

potential to be used as an intraocular cell delivery system. 

When poly(DL-lactic-co-glycolic acid) (PLGA) was used for the 

production of microspheres, increasing polymer solution 

concentration was found to increase average microsphere diameter.  

This is in agreement with other published studies
153,154

.  The increased 

viscosity of the polymer solution at higher concentrations results in a 

higher shear force being required to produce smaller solution 

droplets and therefore smaller microspheres.  The microspheres also 

had a smooth surface morphology.  When PLGA was blended with 

poly(L-lactic acid) (PLLA), increasing PLLA content was found to 

increase the average diameter of the microspheres.  This effect is as a 
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result of the PLLA used having a higher molecular weight than the 

PLGA.  The influence of polymer molecular weight on microsphere 

size has previously been reported in the literature
246

.  When PLLA and 

PLGA of the same molecular weight are used, no significant changes 

in average diameter are observed with changing PLLA/PLGA blend
247

.  

Increasing PLLA content in the microspheres was also found to 

produce a less uniform surface morphology.  This has previously 

been observed in the literature and could be due to increased 

inherent viscosity of PLLA compared to PLGA
246

.  Increasing the 

concentration of the aqueous phase containing the stabiliser 

poly(vinyl alcohol) (PVA) was shown to increase the average size of 

the microspheres.  This has been attributed to the increased amount 

of PVA in the solution causing a decrease in mixing efficiency.  The 

increased viscosity of the polymer-containing organic phase 

decreases mixing efficiency and results in larger spheres being 

produced.  However, polymer solution concentration was found to be 

the dominant effect in determination of microsphere size. 

In order to assess biocompatibility, a range of PLLA/PLGA blended 

microspheres were seeded with a human RPE cell line.  The overall 

trend was shown to be that increasing PLLA content in the polymer 

blend led to an increase in cell survival.  This is attributed to these 

blends producing rougher surfaced microspheres.  It has been 

reported in the literature that changing the morphology of a surface 

can have an impact of cell behaviour
105

.  In addition, it has been 

shown that cells grow preferentially on rough surfaces due to 

differences in surface energy
137

.  The process of cell adhesion is 

mediated by cell membrane-bound integrin receptors.  The substrates 

for these receptors have been shown to be specific peptide sequences 

found in extracellular matrix (ECM) proteins such as laminin and 

fibronectin
64

.  The addition of a laminin coating to microspheres prior 

to seeding with RPE cells resulted in increased cell adhesion and 

survival which reached significance when measured by lactate 
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dehydrogenase (LDH) assay.  This is attributed to the laminin 

interacting with the RPE cell integrin receptors to improve cell 

adhesion.  It has previously been shown that adhesion of RPE cells to 

a surface is essential for cell survival as interactions between the cells 

and the ECM regulate cell survival
19

.  Whilst beneficial for increasing 

cell adhesion for in vitro studies, use of whole proteins such as 

laminin may be counterproductive in an in vivo setting.  Problems 

surrounding purity, high cost and the animal-derived nature of these 

proteins has the potential to cause difficulties when seeking a cost-

effective clinical solution for the treatment of retinal degeneration
76

.  

Furthermore, use of these foreign proteins may illicit an immune 

response in vivo.  As inflammation caused by an innate immune 

system response has been implicated in exacerbating retinal 

degeneration
12

, any additional immune response would be particularly 

undesirable.  A potential solution could be to use short chain cell 

adhesion peptides containing sequences such as Arg-Gly-Asp (RGD) 

which have been shown to mimic the cell adhesion characteristics of 

whole proteins
64

.  These peptides would be less likely to undergo 

conformational changes that could occur with whole proteins and 

overcome some of the problems surrounding cost and purity.  

However, for a cost-effective clinical solution, the utilisation of simple 

chemical functionality to improve cell adhesion would be desirable
76

.  

The experiments performed demonstrate that these PLLA/PLGA 

microspheres show minimal cytotoxicity towards RPE cells.  

Increasing PLLA content in PLLA/PLGA blends was shown to increase 

cell viability by the MTT assay.  This effect reached significance with 

the blends containing 25% and 10% PLLA.  In addition, 

immunocytochemical staining using an antibody specific for RPE cells 

(RPE65) showed that RPE cells retained appropriate phenotype whilst 

growing in vitro on the microsphere surface.  Monitoring of 

phenotype retention is important as RPE cells have previously been 

observed to transdifferentiate into fibroblast-like cells following 
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prolonged periods of culture in vitro
190

.  RPE cells on the microspheres 

were shown to adopt a typical hexagonal cobblestone morphology 

when observed by scanning electron microscopy (SEM).  Apical 

microvilli were also shown to be present on the cells indicative of 

correct cell polarisation.  This polarisation is important for several 

functions of RPE cells including secretion of appropriate growth 

factors when transplanted
194

 and correct integration with 

photoreceptor cells. 

The results of the cell-based experiments have demonstrated the 

potential of blended PLLA/PLGA microspheres to act as a cell 

substrate for RPE transplantation.  Furthermore, these microspheres 

could also be used to deliver stem cells to the sub-retinal space for 

the regeneration of lost photoreceptor and RPE cells.  Although 

several different systems have been trialled for this purpose
59,98,100,102

, 

the work in this thesis further investigates the important area of how 

cells interact with a 3D culture system.   

In conclusion, the ability to grow RPE cells on the surface of 

microspheres has been demonstrated.  The impact of blending PLLA 

and PLGA on the size and morphology of these biodegradable 

microspheres has been achieved and the impact of these changes on 

RPE cell growth has been evaluated.  Cells were observed to retain 

their phenotypic and morphological characteristics whilst in culture.  

The feasibility of using biodegradable microspheres for human RPE 

cell growth and as a potential delivery system has been demonstrated 

for the first time. 

4.1.2 Future prospects 

Future challenges for this work will include refining the system to 

meet the practical requirements for implantation such as a narrower 

size distribution.  The importance of optimising these parameters for 

TE-based applications has been recognised in the literature
153

.  In vivo 

trials with animal models of AMD could be used to investigate the 
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efficacy of delivering cells to the retina and probe the integration 

between implanted cells and the existing tissues.  The response of 

implanted cells to the degradation of the microspheres and 

subsequent integration between tissues would also need to be 

investigated
184

.  In addition to being studied as a therapy, the 

development of microspheres on which cells can be successfully 

grown offers the possibility of development of a 3D retinal cell culture 

system.  Biodegradable microspheres are currently being developed 

as an intraocular drug delivery system
165

.  Incorporation of growth 

factors or drugs within the microspheres could be used to observe 

the effect of slow release of these agents on attached cells.  These 

microspheres could be used to construct 3D tissue in vitro to act as 

models for how in vivo systems might behave.  Microspheres have 

already been used in other areas of TE for the creation of in vitro 

models
248

.   

 

 

 

 

 

 

 

 

 

 



Chapter 4  Discussion and conclusions 

134 

4.2 Development of an artificial Bruch’s membrane 

4.2.1 Discussion of progress achieved through results presented 

in this thesis 

It has been recognised that the integrity of Bruch’s membrane (BM) is 

vital for survival and function of the RPE
30

.  This integrity is found to 

be compromised in those with advanced degenerative retinal 

diseases
16

.  Whilst progress has been made in transplantation of RPE 

cells
54

, problems related to their underlying substrate, the Bruch’s 

membrane, have yet to be addressed.  Several materials such as 

PLLA/PLGA
59

 and poly(hydroxybutyrate-co-hydroxyvalerate)
101

 have 

been investigated as potential artificial Bruch’s membranes.  However, 

a cohesive system for delivery and support of RPE cells in vivo has yet 

to be demonstrated
13

.  The potential of methacrylate-based fibrous 

polymer systems for this application has not previously been 

investigated.  Despite some investigation into the use of plasma 

treatments
103

 and protein coating
59

, there have been few studies into 

the response of RPE cells to changing surface chemistry.  

Understanding this interaction is of fundamental importance in 

creating an effective artificial Bruch’s membrane for the treatment of 

AMD. 

Fibrous substrates derived from methacrylate copolymers have been 

developed to act as an artificial substitute for Bruch’s membrane.  For 

the first time, the influence of surface chemistry using electrospun 

methacrylate copolymers on the adhesion and survival of RPE cells 

has been investigated.  This research has shown that changes in 

surface chemistry through addition of a succinimidyl group can have 

a significant impact on cell adhesion.  Experiments have sought to 

discover the diffusion characteristics of these artificial membranes 

and how changes in composition can affect diffusion properties.  In 

addition, the polymers synthesised have been observed to undergo a 

novel gel formation under certain reaction conditions.   
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In order to mimic the fibrous nature of natural BM, synthesis of a 

fibrous matrix was sought.  Following the use of methacrylate-based 

polymers in the development of intraocular lenses
86

, a methacrylate 

comb copolymer was chosen as a target.  The copolymer system had 

a methacrylate backbone with pendant poly(ethylene glycol) (PEG) 

chains.  The incorporation of PEG into a methacrylate-based 

copolymer has been shown to decrease non-specific protein 

accumulation
192

 which could lead to unwanted reactions in vivo.  In 

addition, the increase in hydrophilicity resulting from the inclusion of 

PEG chains increased the compatibility of the produced membranes 

with a hydrated environment.  A range of copolymers were produced 

containing different quantities of PEG and different lengths of PEG 

chain.  Relative hydrophilicities were determined using water contact 

angle measurements.  Evaluation by 
1

H NMR, whilst not able to give 

definitive comonomer ratios due to signal overlap, was used to 

provide an estimate of different groups present within the 

copolymers.  Electrospinning was chosen as the technique to obtain 

polymer fibres due to its robust ability to generate fibres on the 

micrometre scale
249

.   

The production of a copolymer with monomer feed ratios of 75% 

methyl methacrylate (MMA) to 25% poly(ethylene glycol) methacrylate 

(PEGM) allowed for electrospinning parameters to be refined.  

Peptides and proteins are frequently coupled to polymers in the 

literature in order to increase cell adhesion
117

.  To facilitate coupling 

to P(MMA-co-PEGM), it was necessary to modify the PEG chain end 

with a more stable leaving group.  The succinimidyl group was 

chosen following its previous use in the literature to facilitate peptide 

coupling
117

.  A successful reaction to produce a succinimidyl 

carbonate (SC) group on the PEG chain terminus was developed.  

Whilst this reaction has previously been used on PEG chains alone
244

, 

it has never been shown for these copolymers or been tested for its 

reaction to cell culture.  Reactions to generate a succinimidyl ester 
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PEG end group were also carried out but were found to be more 

complex and give a lower yield than producing a SC group.  When 

human RPE cells (ARPE-19) were seeded onto the surface of fibres 

derived from SC-functionalised P(MMA-co-PEGM), minimal cell death 

and cytotoxicity were observed when assessed by LDH and MTT 

assays.  However, it was noted that fibres of these polymers resisted 

immersion in tissue culture medium.  This was attributed to the large 

percentage of MMA groups giving the polymer a hydrophobic nature.   

To improve the biocompatibility of the fibrous substrate, a polymer 

with an increased number of PEG chains was developed and 

electrospun into fibres.  The increased hydrophilicity of this polymer 

was demonstrated using water contact angle measurements.  A 

fluorescently-tagged peptide was utilised to show that peptide 

coupling was being achieved on SC-functionalised polymer fibres but 

not on unfunctionalised surfaces.  Investigation by SEM revealed that 

the substrate had a surface of smooth fibres with an average 

diameter of 1.9µm.  In previous studies, the protein laminin has been 

used to enhance RPE adhesion to substrates
59,138

.  Problems 

surrounding purity and high cost have encouraged some use of short 

chain peptides to mimic the cell adhesive action of whole proteins
117

.  

To investigate the impact of various cell adhesive agents on ARPE-19 

cell behaviour, GRGDSP (a fibronectin derived peptide
64

), YIGSR (a 

laminin derived peptide
115

), GRGESP (a nonsense peptide
66

) and the 

whole protein laminin were coupled to the surface of SC 

functionalised fibres.  ARPE-19 cells were seeded onto the surface of 

these fibres and the results were compared with those for fibres of 

polymer without the SC functionality.  Increasing the PEG content of 

the polymer was observed to increase the compatibility of the fibrous 

substrate with cell culture media.  Results from these experiments 

showed an increase in cell apoptosis over time on fibrous substrates 

derived from polymers without SC functionality.  However, on those 

surfaces with SC functionality, cell apoptosis decreased over time.  
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This change in cell behaviour associated with the addition of a SC 

group has not previously been observed in the literature.  Although 

the addition of cell adhesive peptides was observed to further 

decrease apoptosis, this effect did not reach significance.  

In order to more fully assess the impact of surface chemistry on RPE 

cell adhesion and survival, a further study was conducted to assess 

changes in PEG chain length, quantity and end groups.  Contact angle 

studies were again used to probe changes in hydrophobicity.  It was 

found that conversion of the PEG chain end group to either a SC or 

ester caused an increase in hydrophobicity.  The effect was shown to 

be more pronounced on polymers containing longer PEG chains.  

Following seeding with RPE cells onto a range of different copolymers, 

apoptotic cell death was investigated by TUNEL assay.  On fibrous 

substrates derived from PEG-containing copolymers with no SC 

functionality, there was increasing and significant cell death over 15 

days.  Substrates derived from methacrylate-based copolymers that 

contained a HEMA group instead of a PEG group were found to have 

larger cell areas.  Those substrates derived from a PEG-containing 

polymer which had either SC or succinimidyl ester functionality were 

found to induce the lowest percentage of apoptotic cell death.  The 

surface which produced one of the highest cell areas and lowest cell 

death was the SC-functionalised PEG-containing polymer with the 

largest quantity of PEG chains.  This indicates that both the presence 

of PEG and SC functionality produces a surface that is highly 

compatible with cells. 

In the search for cost effective biomaterials, techniques such as 

plasma discharge to modify surfaces for increased biocompatibility 

have been examined
105

.  The objective of these is to change the 

surface chemistry of a substrate to increase cellular compatibility.  In 

this context, the discovery that chemical modification of a polymer 

with an SC group can significantly impact on cell behaviour is an 

important observation.  The mechanism by which this surface 
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chemistry change impacts on cell behaviour is not immediately 

apparent.  It is possible that the altered surface chemistry is causing a 

more favourable interaction with the cell surface.  It has been shown 

that a balance between a hydrophilic and hydrophobic surface is 

necessary for cell adhesion
106

.  Cell survival was shown to be 

increased on polymers that were observed to be more hydrophobic by 

contact angle measurements.  The more hydrophobic polymers could 

be binding components of the cell culture media such as foetal 

bovine serum thus leading to increased cell binding.  However, larger 

cell areas were observed on more hydrophilic HEMA-containing 

polymer surfaces than those containing PEG.  This suggests an 

influence on cell behaviour of the alcohol-terminated PEG chains 

beyond changes in hydrophilicity.  It has been shown in the literature 

that increasing PEG chain length and surface density can decrease 

protein binding by ‘shielding’ hydrophobic polymers
250

.  Futhermore, 

it has been shown that a minimum surface density of PEG is required 

for protein resistance to occur
251

.  This could explain the difference in 

cell adhesion between HEMA- and PEG-containing polymers with the 

same backbone.   

A further possibility is that changes in the mechanical properties of 

the polymer are impacting on cell behaviour.  Further studies on this 

polymer system have shown gel forming behaviour.  This gel forming 

process could be occurring in vitro causing a change in mechanical 

properties of the artificial membrane.  It has been shown in the 

literature that the mechanical properties of substrates can impact on 

cell growth
144

.  However, the change in cellular behaviour resulting 

from a change in the mechanical properties of a surface are often 

more focused around phenotype than adhesion
145

.  ARPE-19 cells on 

the surface of fibrous polymers were shown to adopt a hexagonal, 

cobblestone morphology with apical microvilli.  This shows retention 

of an epithelial cell phenotype with appropriate polarisation which is 
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of importance for interaction between the RPE and photoreceptor cells 

as well as growth factor secretion.    

The Bruch’s membrane is an important macromolecular diffusion 

membrane between the choroid and the cells of the retina
13

.  

Problems with diffusion across it have been implicated as a possible 

cause for the photoreceptor and RPE cell death associated with 

macular degeneration
22

.  The diffusion characteristics of the produced 

membranes have been investigated.  The experiments utilised the 

same apparatus used by Hussain et al.
22

 to study native BM.  To mimic 

macromolecular diffusion, fluorescently labelled dextran was used.  

Results showed that increasing the proportion of PEG within the 

copolymer decreased the rate of diffusion.  This was attributed to the 

increased hydrophilicity of this polymer.  The increase in the quantity 

of PEG chains appeared to result in fibres of the polymer swelling to 

create smaller pores for diffusion.  To study this effect further, the 

diffusion across a dry membrane was tested against a pre-wetted 

membrane.  Less diffusion was observed using pre-wetted fibres 

further implicating a swelling effect caused by the presence of water 

on diffusion rate.  Fibres produced from different concentrations of 

electrospinning solution were also tested.  Those fibres produced 

from a more dilute solution gave fibres of a smaller diameter and 

therefore a tighter woven network.  This was shown to reduce 

diffusion across the artificial membrane. 

Overall, a methacrylate-PEG copolymer has been developed into a 

fibrous substrate capable of supporting RPE cell growth.  A reaction 

to change to functionality of the PEG chain terminus was developed 

and found to induce gelation under certain reaction conditions.  This 

change in functionality was found to significantly improve cell 

adhesion.  Changing polymer concentration was found to influence 

both fibre diameter and the diffusion properties of the membrane.  

The PEG chain length, density and end group were found to 

significantly influence cell adhesion and survival.  An increase in PEG 
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chain density was additionally found to decrease diffusion across the 

fibrous substrate.  Polymers containing PEG chains with a SC terminus 

were found to support RPE cell growth with minimal cytotoxicity.  

Futhermore, RPE cells were observed to form a layer with typical 

cobblestone morphology and apical microvilli, important for correct 

integration with photoreceptor layers.  This ability demonstrates the 

feasibility of using this system to act as an artificial BM for the 

treatment of degenerative retinal diseases.   

4.2.2 Future prospects 

There are several future challenges to the use of this system. These 

include devising an appropriate system to deliver the membrane 

under the retina.  In addition, practical challenges associated with 

implantation such as thinning of the existing BM will need to be 

overcome.  The mechanical properties of the fibrous structure will 

need to be studied in depth to assess how the artificial membrane will 

interact in an intraocular environment.  These properties will need to 

be further refined to more closely match that of native BM.  This 

could involve production of smaller diameter fibres to give thin and 

high strength networks.  In addition, further in vitro studies with 

organotypic retinas could be used to research the potential of these 

electrospun membranes as an in vitro retinal model.  To study the 

interaction between this artificial membrane and the native tissue 

with a view to creating a therapy, in vivo experiments with animal 

models will be necessary.  The novel gelation observed resulting from 

reaction between P(MMA-co-PEGM) and disuccinimidyl carbonate 

invites further investigation to elucidate the mechanism of gelation 

and characterise these gels further. 
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5 Experimental 

General experimental details 

All laboratory solvents were obtained from Fisher Scientific, 

Loughbourgh, UK with the exception of 2-butanone which was 

obtained Rathburn, Walkerburn, UK and were used without further 

purification unless otherwise stated.  All other chemicals were 

obtained from Sigma-Aldrich, Dorset, UK and were used without 

further purification unless stated otherwise.  All equipment for cell-

based techniques was obtained from Sigma-Aldrich, Dorset, UK unless 

stated otherwise. 

All NMR spectra were collected using a Bruker AV300 spectrometer 

(operating at 300MHz for 
1

H and 75MHz for 
13

C spectra) or a Bruker 

DPX400 spectrometer (operating at 400MHz for 
1

H and 100MHz for 

13

C spectra) (Bruker, Coventry, UK). 

Scanning electron microscopy (SEM) was performed using either a 

JEOL JSM-5910 (JEOL U.K. Ltd., Herts, UK) or a Quanta 200 (FEI, 

Eindhoven, Netherlands) scanning electron microscope.  

All IR spectra were collected using a Thermo Scientific Nicolet 380 FT-

IR (Fisher Scientific, Loughbourgh, UK).  

Gel permeation chromatography (GPC) was performed using a Hewlett 

Packard 1090 liquid chromatograph with a Hewlett Packard 1037A 

refractive index detector (Hewlett Packard, Bracknell, UK).  Molecular 

weights were calculated based on poly(methyl methacrylate) 

standards.  

Differential scanning calorimetry (DSC) was performed using Perkin 

Elmer Pyris 1 with liquid nitrogen cooling using a 

CCA7 (cooling accessory) (Perkin Elmer, Seer Green, UK).  The 
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instrument was calibrated for temperature with indium and zinc and 

for heat flow with indium. 

Samples stained by immunocytochemistry and samples which 

underwent a TUNEL assay were imaged using a Leica DM IRB 

microscope (Leica Microsystems UK Ltd, Milton Keynes, UK) with 

analysis carried out using Volocity software (Improvision, Coventry, 

UK). 

Absorbances for LDH and MTT assays were measured at 490nm using 

a FLUOstar Optima microplate reader (BMG Labtech, Offenburg, 

Germany). 
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5.1 Microsphere synthesis 

5.1.1 Preparation of PLLA/PLGA microspheres using a constant 

polymer solution concentration 

General procedure: 

Poly(vinyl alcohol) (PVA) (Xg (Table 5.1), RMM 31,000-50,000) was 

added to deionised (DI) water (50 ml) and the mixture was rapidly 

stirred (900 rpm). Separately, poly(L-lactide) (PLLA) (Yg (Table 5.1), 

Resomer® L 207 S, i.v. 1.5-2.0dl/g, RMM obtained from Boehringer 

Ingelheim) was added to 5ml of dichloromethane (DCM) in a 

stoppered round bottom flask and the mixture was stirred until all of 

the polymer had dissolved. Poly(DL-lactide-co-glycolide) (PLGA) (Zg 

(Table 5.1), Resomer® RG 755 S, i.v. 0.5-0.7dl/g, lactic to glycolic 

ratio 75:25 obtained from Boehringer Ingelheim) was then dissolved 

in the PLLA/DCM solution. Once all PVA had dissolved (2 hrs) the 

PLLA/PLGA solution was added to the rapidly stirring PVA solution.  

This mixture was stirred overnight to allow the solvent to evaporate. 

The resulting microsphere suspension was then transferred to a 

centrifuge tube (50ml) and centrifuged for 5 min at 2000 rpm. The 

PVA solution was decanted off and the microspheres were washed 

three times in deionised water. The microspheres underwent a further 

washing step overnight in 70% ethanol solution followed by three 

washes (5 min each) with 0.1M pH 7.4 phosphate buffered saline 

(PBS). This was carried out to ensure there were no traces of DCM 

remaining in the preparation.   The microspheres were filtered and 

then dried in a vacuum desiccator.  The accuracy of the blends was 

confirmed by inverse-gated 
13

C NMR as described previously
97

.  

Following fabrication, samples of each microsphere blend were 

mounted on carbon stubs and sputter-coated with gold/palladium 

prior to imaging using a scanning electron microscope.  Micrographs 

at 4 random areas of each blend were taken.  
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Concentration 

PVA 

(Xg) 

Blend 

PLLA:PLGA 

PLLA (Yg) PLGA (Zg) 

0.05g/ml  0.25  0:100 (PLGA)   0.25  

0.05g/ml  0.25  10:90  0.025  0.225  

0.05g/ml  0.25  25:75  0.0625  0.1875  

0.05g/ml 0.25  50:50  0.125 0.125  

0.05g/ml  0.25  75:25  0.1875  0.0625  

0.05g/ml  0.25  90:10  0.225  0.025  

0.05g/ml  0.25  100:0 (PLLA) 0.25    

Table 5.1 – Polymer concentrations and blend ratios used. 

5.1.2 Preparation of PLGA microspheres with a varying polymer 

solution concentration 

PVA (1g, RMM 31,000-50,000) was added to deionised water (50 ml) 

and the mixture was rapidly stirred (900 rpm).  Separately, a solution 

(0.01g/ml, 0.05g/ml or 0.15g/ml) of PLGA (Resomer® RG 755 S, i.v. 

0.5-0.7dl/g, lactic to glycolic ratio 75:25 obtained from Boehringer 

Ingelheim) in DCM was then prepared.  Once all PVA had dissolved (2 

hrs) the PLGA solution was then added to the rapidly stirring PVA 

solution and the mixture was stirred overnight to allow the solvent to 

evaporate. The resulting microsphere suspension was then 

transferred to a centrifuge tube (50ml) and centrifuged for 5 min at 

2000 rpm. The PVA solution was then decanted off and the 

microspheres were washed three times in deionised water. The 

microspheres underwent a further washing step overnight in 70% 

ethanol solution followed by three 5 minute washes with 0.1M PBS 

(pH 7.4). This was carried out to ensure there were no traces of DCM 

remaining in the preparation. The microspheres were filtered followed 

by drying in a vacuum desiccator. 
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5.1.3 Preparation of PLGA microspheres with varying stabiliser 

(PVA) concentration 

PVA (0.25g, 0.5g or 1g, RMM 31,000-50,000) was added to deionised 

water (50 ml) and the mixture was rapidly stirred (900 rpm).  

Separately, a 5ml solution (0.1g/ml) of PLGA (Resomer® RG 755 S, i.v. 

0.5-0.7dl/g, lactic to glycolic ratio 75:25 obtained from Boehringer 

Ingelheim) in DCM was prepared.  Once all PVA had dissolved (2 hrs) 

the PLGA solution was added to the rapidly stirring PVA solution and 

the resulting mixture was stirred overnight to allow the solvent to 

evaporate. The resulting microsphere suspension was then 

transferred to a centrifuge tube (50ml) and centrifuged for 5 min at 

2000 rpm. The PVA solution was decanted off and the microspheres 

were washed three times in deionised water. The microspheres 

underwent a further washing step overnight in 70% ethanol solution 

followed by three 5 minute washes with 0.1M PBS (pH 7.4). This was 

carried out to ensure that there were no traces of DCM remaining in 

the preparation. The microspheres were filtered and then dried in a 

vacuum desiccator. 

5.1.4 Preparation of PLGA microspheres with varying polymer 

solution and stabiliser (PVA) concentration 

PVA (0.05g, 0.125g or 1g, RMM 31,000-50,000) was added to 

deionised water (50 ml) and the mixture was rapidly stirred (900 

rpm).  Separately, a 5ml solution (0.01g/ml or 0.05g/ml) of PLGA 

(Resomer® RG 755 S, i.v. 0.5-0.7dl/g, lactic to glycolic ratio 75:25 

obtained from Boehringer Ingelheim) in DCM was prepared.  Once all 

PVA had dissolved (2 hrs) the PLGA solution was added to the rapidly 

stirring PVA solution and the resulting mixture was stirred overnight 

to allow the solvent to evaporate. The resulting microsphere 

suspension was transferred to a centrifuge tube (50ml) and 

centrifuged for 5 min at 2000 rpm. The PVA solution was decanted 

off and the microspheres were washed three times in deionised water. 

The microspheres underwent a further washing step overnight in 70% 
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ethanol solution followed by three 5 minute washes with 0.1M PBS 

(pH 7.4). This was carried out to ensure that there were no traces of 

DCM remaining in the preparation. The microspheres were then 

filtered followed by drying in a vacuum desiccator. 

5.1.5 Preparation of PLGA microspheres with the introduction of 

an effervescent salt 

PVA (0.1g RMM 31,000-50,000) was added to deionised water (100 

ml) and rapidly stirred (900 rpm).  Separately, a solution of PLGA 

(Resomer® RG 755 S, i.v. 0.5-0.7dl/g, lactic to glycolic ratio 75:25 

obtained from Boehringer Ingelheim) (0.25g) in DCM (4ml) was 

prepared.  A 1% (w/v) solution of either sodium, potassium or 

ammonium hydrogen carbonate (1.25ml) was poured into the PLGA 

solution and rapidly stirred (900rpm) Once all PVA had dissolved (2 

hrs) the PLGA/salt solution was added to the rapidly stirring PVA 

solution and stirred overnight to allow solvent evaporation. The 

obtained microsphere suspension was transferred to a centrifuge 

tube (50ml) and centrifuged for 5 min at 2000 rpm. The PVA solution 

was decanted off and the microspheres washed three times in 

deionised water. The microspheres underwent a further washing step 

overnight in 70% ethanol solution followed by three 5 minute washes 

with 0.1M PBS (pH 7.4). This was carried out to ensure there were no 

traces of DCM remaining in the preparation. The microspheres were 

filtered followed by drying in a vacuum desiccator. 
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5.2 Synthesis of methacrylate-based copolymers 

5.2.1 Synthesis of P(MMA-co-HEMA) copolymers – Polymers 3.1, 

3.2 and 3.4 

 

Methyl methacrylate (MMA) (Xg, d:0.936g/ml) and 2-hydroxyethyl 

methacrylate (HEMA) (Yg, d:1.073g/ml) (Table 5.2) were dissolved in 

methanol (10ml). Nitrogen was bubbled through the stirred solution 

for 30 mins.  2,2’-Azobisisobutyronitrile (AIBN) (0.01g, 6.1x10
-6

mol 

obtained from Acros Organics) was then added.  The reaction mixture 

was heated under reflux under nitrogen for ca. 24 hrs.  The product 

was then precipitated in diethyl ether (50ml) and redissolved in 

methanol (50ml) before being repreciptated in diethyl ether (70ml).  

The diethyl ether was decanted off to give a white solid product that 

was subsequently dried in vacuo.   

1

H NMR (300MHz, MeOD) δ
H

 0.93 (3H, br s, --CH
2

CCH
3

CH
2

--), 1.10 (1H, 

br s, --CH
2

CCH
3

CH
2

--), 1.99 (3H, br s, --CH
2

CCH
3

CH
2

--) 3.64 (3H, br s, 

-OCH
3

), 3.8 (2H, br s, OCH
2

CH
2

OH), 4.07 (2H, br s, OCH
2

CH
2

OH) 

Spectra conformed to that reported previously in the literature
238

. 

Polymer 

number 

Feed 

ratio 

X (amount of MMA) Y (amount of HEMA) 

3.1 25:75 0.625g 2.44g 

3.2 50:50 0.7g 0.91g 

3.4 75:25 1.7g 0.72g 

Table 5.2 – Monomer feed ratios for P(MMA-co-HEMA) polymerisation reactions. 
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5.2.2 Preparation of 60:40 P(MMA-co-HEMA) – Polymer 3.3 

 

MMA (0.0677mol, 6.77g, 7.23ml) and HEMA (0.0451mol, 5.87g, 

5.47ml) were dissolved in tetrahydrofuran (THF) (150ml).  Nitrogen 

was bubbled through the stirred solution for 30 minutes. AIBN 

(0.096g, 5.85x10
-4

mol obtained from Acros Organics) was then 

added.  The reaction mixture was heated under reflux under nitrogen 

for ca. 24 hrs.  The product was then precipitated in diethyl ether 

(200ml), redissolved in THF (100ml) and then repreciptated in diethyl 

ether (150ml).  The diethyl ether was decanted off to give a white 

solid product that was subsequently dried in vacuo. 

1

H NMR (300MHz, MeOD) δ
H

 0.93 (3H, br s, --CH
2

CCH
3

CH
2

--), 1.10 (1H, 

br s, --CH
2

CCH
3

CH
2

--), 1.99 (3H, br s, --CH
2

CCH
3

CH
2

--) 3.64 (3H, br s,  

-OCH
3

), 3.8 (2H, br s, OCH
2

CH
2

OH), 4.07 (2H, br s, OCH
2

CH
2

OH) 

Spectra conformed to that reported previously in the literature
238

. 

GPC data 

Weight average molecular weight (Mw) – 35562 

Number average molecular weight (Mn) – 22401 

Polydispersity index – 1.59 
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5.2.3 Preparation of P(MMA-co-PEGM) – Polymers 3.5, 3.6, 3.7 and 

3.17 

 

To THF (150ml) was added MMA, poly(ethylene glycol) methacrylate 

(PEGM) (Average MW 360 or 526) (Feed ratios summarised in Table 

5.3) and AIBN (0.096g, 5.85x10
-4

mol) (Acros Organics).  The solution 

was degassed by bubbling nitrogen for 20 mins before being refluxed 

for ca. 20 hrs under nitrogen whilst being stirred.  The resulting 

polymer solution was purified by twice precipitating diethyl ether 

(200ml) yielding a transparent solid before being dried in vacuo.  

Characterisation data summarised in Table 5.4.   

FT-IR v
max

/cm
-1

 2991 and 2948 (CH), 1721s (CO)  

1

H NMR:δ
H

 (400MHz, CDCl
3

) 0.84 and 1.01 (br s, H2), 1.81 (br s, H1), 

1.86 (br s, H1), 3.59 (br s, H5), 3.66 (br s, H9), 4.11 (br s, H8) 

Due to overlapping signals, it was difficult to obtain accurate integrals 

from 
1

H NMR signals.  However, estimated integrals can be used to 

obtain an estimate of the ratio of MMA to PEGM units by comparing 

integrals of the –OMe group to that of the ester link to the PEG chain. 

13

C{
1

H} NMR:δ
C

 (100MHz, CDCl
3

) 16.5 and 18.8 (C2), 44.6 (C3), 44.9 

(C6), 51.8 (C5), 54.4 (C1), 61.7 (PEG chain), 63.0 (PEG chain), 67.9 

(PEG chain), 68.6 (PEG chain), 70.6 (PEG chain), 72.6 (PEG chain) 

177.0 (C7), 177.8 (C4) 
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Compound Amount of 

MMA/g 

Amount of 

PEGM/g 

PEGM Av Mw Estimated 

monomer 

ratio from 

NMR 

3.5 8.4 2.82 360 91:9 

3.6 6.72 4.51 360 80:20 

3.7 4.51 6.72 360 60:40 

3.17 6.72 6.59 526 78:22 

Table 5.3 – Summary of monomer feed ratios for P(MMA-co-PEGM) polymers 

and the estimated actual ratio based on NMR spectroscopy data. 

Compound Number 

average 

molecular 

weight (Mn) 

Weight 

average 

molecular 

weight (Mw) 

Polydispersity 

index 

Glass 

transition 

temperature 

3.5 35053 85228 2.43 - 

3.6 23165 38789 1.67 57°C 

3.7 25001 47789 1.91 Trace did not 

show 

evidence of a 

glass 

transition 

3.17 35760 118752 3.35 21.4°C 

Table 5.4 – Summary of data from P(MMA-co-PEGM) polymers produced. 
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5.2.4 Preparation of a carboxylated P(MMA-co-PEGM) copolymer – 

Polymers 3.8, 3.9 and 3.10 

 

To a 3-neck round-bottomed flask was added P(MMA-co-PEGM) 

(Polymer 3.5, 3.6 or 3.7) (8g) and succinic anhydride (0.03mol, 3g).  

Freshly distilled dichloroethane (100ml) was added and the solution 

was degassed with nitrogen for 20 mins.  Pyridine (2ml) was added 

dropwise to the stirring solution and the mixture was then refluxed 

for 2 hrs under nitrogen.  The reaction volume was then reduced in 

vacuo.  The polymer product was then precipitated in diethyl ether 

(200ml) before being redissolved in chloroform (30ml) and washed 

with HCl
(aq)

 (2M, 30ml).  The product was then precipitated in diethyl 

ether (100ml) and dissolved in THF (30ml) before being reprecipitated 

in diethyl ether (100ml).  The resulting solid was dissolved in 

chloroform and the solvent was removed in vacuo.   

FTIR v
max

/cm
-1

 3414br (H-bonded OH) 2993 and 2949 (CH), 1721s (CO)  

1

H NMR:δ
H

 (400MHz, CDCl
3

) 0.85 and 1.02 (br s, H2), 1.81 (br s, H1), 

1.90 (br s, H1), 2.66 (br s, H11 and 12, 4H), 3.60 (br s, H5), 3.65 (br 

s, H9 in PEG chain), 4.12 (br s, H8, 4H), 4.27 (br s, H9 adjacent to 

ester, 2H)  

Due to overlapping signals, it was difficult to obtain accurate integrals 

from 
1

H NMR signals.  However, estimated integrals can be used to 

obtain an estimate of the percentage of PEG chains that have an acid 

end group by comparing integral of the protons adjacent to the ester 

group in the PEG chain to that of the protons in the ring-opened 
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anhydride group.  This indicates that approximately half the PEG 

chains reacted to give the carboxylated PEG. 

13

C{
1

H} NMR:δ
C

 (100 MHz, CDCl
3

) 16.5 and 18.7 (C2), 44.5 (C3), 44.9 

(C6), 45.5 (C11), 51.8 (C5), 52.3 (C1), 54.4 (C1), 61.7 (PEG chain), 

63.8 (PEG chain), 68.5 (PEG chain), 69.0 (PEG chain), 70.5 (PEG chain), 

72.6 (PEG chain), 177.0 (C7), 177.8 (C4) 

GPC data for Polymer 3.10 

Weight average molecular weight  (Mw) – 46779 

Number average molecular weight (Mn) – 24970 

Polydispersity index – 1.87 
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5.2.5 Preparation of an N-hydroxysuccinimide activated ester of 

P(MMA-co-PEGM) – Polymers 3.11, 3.12 and 3.13 

 

To carboxylated P(MMA-co-PEGM) (Polymer 3.8, 3.9 or 3.10) (5g) and 

N-hydroxysuccinimide (0.01mol, 1.2g) was added DCM (100ml).  

Separately, dicyclohexylcarbodiimide (DCC) (0.006mol, 1.2g obtained 

from Acros Organics) was dissolved in DCM (50ml).  The DCC solution 

was then added dropwise to the polymer solution.  Following 

complete addition of the DCC solution, the reaction was stirred 

overnight.  The resultant turbid reaction mixture was filtered through 

cotton wool to remove the dicyclohexylurea.  The polymer product 

was then purified by precipitating twice in diethyl ether (200ml) 

before being dried in vacuo. 

FTIR v
max

/cm-1 2993 and 2949 (CH), 1784 (CO-N cyclic imide), 1722s 

(CO) 

1

H NMR:δ
 H

 (400MHz, CDCl
3

) 0.85 and 1.02 (br s, H2), 1.80 (br s, H1), 

1.89 (br s, H1) 2.82 (m, H11, 11 and 13), 3.59 (br s, H5), 3.64 (br s 

C9 in PEG chain), 4.11 (br s, C8), 4.29 (br s, C9 adjacent to ester) 

Due to overlapping signals, it was difficult to obtain accurate integrals 

from 
1

H NMR signals.   

13

C{
1

H} NMR:δ
C

 (100 MHz, CDCl
3

) 16.5 and 18.7 (C2), 25.6 (C13) 44.5 

(C3), 44.9 (C6), 51.8 (C5), 53.4 (C1), 54.4 (C1), 61.7 (PEG chain), 64.2 

(PEG chain), 68.5 (PEG chain), 69.1 (PEG chain), 70.5 (PEG chain), 72.6 

(PEG chain), 168.9 (C12), 177.0 (C7), 177.8 (C4) 
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GPC data for Polymer 3.12 

Weight average molecular weight (Mw) – 99613 

Number average molecular weight (Mn) – 30217 

Polydispersity index – 3.30 

Glass transition temperatire (T
g

) – 40.06°C 
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5.2.6 Preparation of a succinimidyl carbonate of P(MMA-co-PEGM) 

– Polymers 3.14, 3.15, 3.16 and 3.18 

 

To P(MMA-co-PEGM) (Polymer 3.5, 3.6, 3.7 or 3.17) (8g) dissolved in 

DCM (100ml) was added disuccinimidyl carbonate (DSC) (0.0078mol, 

2g) and triethylamine (0.014mol, 1.45g, 2ml).  This solution was 

stirred for 2 hrs.  The reaction mixture was then washed with HCl
(aq)

 

(2M, 100ml) before being precipitated in diethyl ether (100ml) 

yielding a white solid.  The product was twice dissolved in chloroform 

(30ml) and precipitated in diethyl ether (50ml).  The polymer was then 

dissolved in chloroform (30ml), the solvent was evaporated and the 

product was dried in vacuo.  Characterisation data is summarised in 

Table 5.5. 

FTIR v
max

/cm
-1

 2993 and 2950 (CH), 1790 (CO-N cyclic imide), 1722s 

(CO) 

1

H NMR:δ
H

 (400MHz, CDCl
3

) 0.85 and 1.03 (br s, H2), 1.62 (br s, H1), 

1.82 (br s, H1), 2.86 (br s, H12), 3.61 (br s, H5), 3.67 (br s, H9 in PEG 

chain), 4.12 (br s, H8), 4.48 (br s, H9 adjacent to carbonate)  

Due to overlapping signals, it was difficult to obtain accurate integrals 

from 
1

H NMR signals.  However, estimated integrals can be used to 

obtain an estimate of the percentage of PEG chains that have an 

succinimidyl end group by comparing integral of the protons adjacent 

to the ester group in the PEG chain to that of the protons in the 

succinimidyl group.  This indicates that approximately 80% of the PEG 

chains reacted to give a succinimidyl group. 
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13

C{
1

H} NMR:δ
C

 (100 MHz, CDCl
3

) 16.5 and 18.7 (C2), 25.6 (C12) 44.6 

(C3), 44.9 (C6), 51.8 (C5), 54.4 (C1), 68.0 (PEG chain), 68.3 (PEG 

chain), 70.6 (PEG chain), 177.8 (C7), 178.1 (C4). 

Compound Number 

average 

molecular 

weight (Mn) 

Weight 

average 

molecular 

weight (Mw) 

Polydispersity 

index  

Glass 

transition 

temperature 

3.14 22307 35327 1.58 - 

3.15 22536 39943 1.77 40°C 

3.16 24671 84079 3.40 30°C 

3.18 34579 99502 2.88 40°C 

Table 5.5 – Summary of data from polymers with succinimidyl carbonate 

functionality. 

5.2.7 Spin coating and contact angle 

A polymer solution in DCM (0.5ml, 0.1g/ml) was applied to glass 

surface and spun at 3000rpm for 1 minute.  Contact angles were 

calculated for a 1µL water drop using a Kruss DSA100 (Kruss GmbH, 

Hamburg, Germany) running Drop Shape Analysis (DSA) for windows 

v1.90.0.14.  The data obtained from different polymers is given in 

Table 5.6.  

 

 

 

 

 

 

 

 

 

Table 5.6 – Data from contact angle experiments on various polymers. 

Polymer Contact 

angle (
o

)                   

(n = 3) 

Polymer Contact 

angle (
o

)                   

(n = 3) 

PMMA 101.2± 0.4                       3.15 67.8
 

± 0.4 

3.3 58.6
 

± 0.4 3.16 74.6
 

± 0.6 

3.5  77.1± 0.7                       3.17 57.0
 

± 0.7 

3.6 59.7 ± 2.9                      3.18 77.5
 

± 1.2 

3.12 67.1
 

± 0.8 
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5.3 Electrospinning of polymers 

General procedure: 

A solution of polymer was drawn into a 1ml syringe housed in a 

syringe pump (World Precision Instruments Inc, Sarasota, USA).  A 21 

gauge needle (Becton Dickinson Limited, Oxford, UK) was attached to 

the end of the syringe containing the polymer solution. A stainless 

steel collector was placed 15cm from the needle tip. The needle was 

then connected to a high voltage supply (Gamma High Voltage, 

Ormond Beach, Florida). The syringe pump was set to run and 

electrospun fibres were collected on the stainless steel plate. The 

resulting electrospun mats were dried by vacuum desiccation to 

remove any residual solvent.  Parameters used for electrospinning are 

detailed in Table 5.7.  Those highlighted in bold and underlined were 

the conditions used to produce fibres that were subsequently used in 

cell biocompatibility tests. 
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Polymer Concentration(g/ml) Applied 

voltage(kV) 

Flow 

rate(ml/hour) 

3.3 0.45 16 9.5 

3.5 0.45 14 

17 

20 

25 

9.5 

9.5 

9.5 

9.5 

3.14 0.4 

0.5 

0.6 

17 

17 

17 

9.5 

9.5 

9.5 

3.15 0.45 

0.5 

0.55 

17 

 

9.5 

9.5 

1.5 

9.5 

3.6 0.55 17 9.5 

3.7 0.55 17 9.5 

3.16 0.55 

0.65 

0.75 

17 9.5 

3.17 0.55 17 9.5 

3.18 0.55 17 9.5 

3.3 0.45 17 9.5 

3.12 0.55 

0.65 

17 9.5 

Table 5.7 – Electrospinning parameters used for different polymers.  

Conditions used to produce fibres for biocompatibility tests with RPE cells are 

shown in bold and underlined.  

5.3.1 Assessment of fibre diameter and surface porosity 

Fibre diameter and porosity were quantified using SEM images.  For 

assessment of fibre diameter, 15 areas were measured per image.  

While for surface fibre porosity, fibre area was evaluated in relation to 

total polymer area (10 images per polymer) using the density slice 

function on Improvision Volocity software (Improvision, Coventry, 

UK). 
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5.4 Investigation of gelation characteristics observed in 

P(MMA-co-PEGM) succinimidyl carbonate copolymers 

5.4.1 Investigation into the gelation of Polymer 3.15 

To polymer 3.6 (7g) dissolved in DCM (100ml) was added DSC 

(0.0078mol, 2g) and triethylamine (0.014mol, 1.45g, 2ml).  The 

reaction was stirred overnight before being stored for one week.  An 

insoluble yellow-coloured gel was formed. 

5.4.2 Investigation into the gelation of Polymer 3.16 

To polymer 3.7 (8.81g) dissolved in DCM (100ml) was added DSC 

(0.0078mol, 2g) and triethylamine (0.014mol, 1.45g, 2ml).  The 

reaction mixture was stirred overnight.  The solvent volume was 

reduced to 50ml.  An insoluble yellow-coloured gel formed over the 

course of 2 hrs. 

5.4.3 Investigation of the use of 4-dimethylaminopyridine (DMAP) 

as a base for synthesis of Polymer 3.15 

To polymer 3.6 (3g) dissolved in DCM (50ml) was added DSC 

(0.0039mol, 1g) and 4-dimethylaminopyridine (DMAP) (0.0039mol, 

0.48g).  The reaction mixture was stirred.  An insoluble yellow-

coloured gel was observed to form over the course of 10 mins. 

5.4.4 Investigation of the influence of disuccinimidyl carbonate 

on gelation of Polymer 3.7 

Polymer 3.7 (0.8g) was dissolved in DCM (1ml).  Separately, polymer 

3.7 (0.8g) was dissolved in THF (1ml).  Triethylamine (0.1ml) was then 

added to both solutions.  These solutions were then both split into 

two sample vials.  To one vial from each solution was added DSC 

(0.00039mol, 0.1g).  In the vials containing DSC, a straw-coloured gel 

was observed to form within 30 mins (DCM) or overnight (THF).  

Those vials containing no DSC remained as solutions.  
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5.4.5 Investigation of gel formation using Polymer 3.15 

Polymer 3.15 (0.8g) was dissolved in DCM (1ml).  Triethylamine 

(0.1ml) was added and a straw-coloured gel was observed to form 

within 30 minutes. 

5.4.6 Investigation into the influence of capping with acetyl 

groups on gelation of Polymer 3.6 

A sample of reaction mixture from the synthesis of polymer 3.15 

(6ml) was taken.  This sample was split equally into 2 vials.  To one of 

the vials was added acetic anhydride (3ml).  Within 1 week, the vial 

containing reaction mixture alone was found to have formed a gel 

whereas the vial containing acetic anhydride remained as a solution.  

Characterisation by 
1

H NMR suggested that the polymer shown in 

Figure 5.1 had been formed. 

1

H NMR:δ
H

 (400MHz, CDCl
3

) 0.84 and 1.01 (br s, H2), 1.81 (br s, H1), 

1.86 (br s, H1), 2.06 (br s, H11), 3.59 (br s, H5), 3.66 (br s, H9), 4.09 

(br s, H8), 4.21 (br s, H9 adjacent to acetic ester) 

 

 

Figure 5.1 – Structure of P(MMA-co-PEGM) acetic ester. 
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5.5 Investigation of diffusion across an artificial Bruch’s 

membrane 

A sample of a fibrous polymer was taken and sealed in a cassette.  

The cassette was sealed in the test chamber between two liquid 

reservoirs.  One reservoir was then filled with PBS (1.2ml) and the 

other reservoir with a 0.412mM solution of fluorescein isothiocyanate 

(FITC)-dextran (Average Mw 40,000) in PBS (1.2ml).  Both reservoirs 

were stirred magnetically (Figure 5.2).  At set time points, 100μl 

aliquots were withdrawn from both reservoirs and pipetted onto a 96-

well plate (Nunc, Thermo Fisher Scientific, Loughborough, UK).  When 

the experiment was complete, the plate was read in a 

spectrophotometer (FLUOstar Optima microplate reader (BMG 

Labtech, Offenburg, Germany)) to give absorbance values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 – Diagram to show apparatus for diffusion experiments.  Diffusion 

was assessed by the movement of FITC-dextran across the membrane over 

time.  

Diffusion 

chamber 

Cassette containing 

artificial membrane 

Magnetic stirrer bar 

Artificial membrane Solution of FITC—

dextran in PBS 

PBS 
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5.6 Investigation of the response of RPE cells to 

microsphere surfaces 

5.6.1 Cell line maintenance 

Biocompatibility was assessed using an RPE cell line (APRE-19) 

purchased from the American Tissue Culture Collection (Manassas, 

VA, USA) (ATCC).  APRE-19 cells were maintained at 37°C in a 

humidified atmosphere with 5% CO
2

 in culture medium.  Culture 

media comprised of 1:1 (vol/vol) mixture of DMEM:F12 (ATCC) 

supplemented with 1% antibiotic antimycotic solution 

(10,000units/ml penicllin G, 10mg/ml streptomycin sulphate, 

25µg/ml amphotericin B) (Sigma-Aldrich) and 10% fetal bovine serum 

(FBS) (ATCC).    

5.6.2 Preparation of microspheres for cell seeding 

1mg/well of each microsphere blend was weighed out in triplicate. 12 

wells in total were used for each blend (laminin coated and uncoated 

(seeded), laminin coated and uncoated (not seeded)). Microspheres 

were UV irradiated overnight and then washed in 70% ethanol for 1 

hr. Under aseptic conditions, all wells were then washed three times 

for 5 mins with sterile phosphate buffered saline 0.1M PBS (pH 7.4). 

Half of the prepared microspheres from each blend were then 

incubated at 37°C for 60 minutes with laminin solution (Sigma-

Aldrich) (0.5ml, 5µg/ml) at 37ºC. All wells were then washed three 

times for 5 mins each with sterile PBS. Tissue culture media 

(Composition described in Section 5.6.1) (0.3ml) was then added to 

each well. Cells were then dissociated from the culture flask as 

described in Section 5.6.3 and counted using a Trypan Blue exclusion 

assay as described in Section 5.6.4. 

5.6.3 Dissociation of cells from culture flask 

Tissue culture medium and cell dissociation solution (0.025% (w/v) 

Trypsin-EDTA) were pre-warmed to 37°C. Medium from the cell culture 

flask was aspirated and discarded. Cells were then washed with sterile 



Chapter 5  Experimental 

163 

PBS. Cell dissociation solution (3ml) was then added to the flask and 

placed in an incubator for 5 mins at 37°C. The flask was removed 

from the incubator and tapped to release any remaining adherent 

cells. Warmed culture medium (5ml) was then added to the flask and 

used to wash any remaining cells from the side of the flask. The cell 

suspension was then centrifuged at 950rpm for 5 mins. Following 

centrifugation, the supernatant was discarded and the cell pellet was 

resuspended in pre-warmed culture medium (10ml).  The number of 

cells in the suspension was then assessed using the Trypan blue 

exclusion assay described below. 

5.6.4 Trypan blue exclusion assay 

Trypan blue solution (100µl, 0.25%) was mixed with an equal volume 

of cell suspension (100µl). The resulting mixture was used to fill both 

chambers of a haemocytometer. Dead cells were stained blue by the 

exclusion assay. The number of live cells in four haemocytometer 

(Fisher Scientific) squares was counted. The number of cells per ml of 

cell suspension could then be calculated using the following formula. 

No. of million cells/ml = no. of cells counted/ no. of squares counted
 

× 2 / 100 

5.6.5 Cell seeding 

Cells were seeded at a density of 150,000 cells per well using a cell 

suspension (200µl). The plates were then agitated (4 hrs) at 1rpm. 

Culture medium (Composition described in Section 5.6.1) (500µl per 

well) was then added to each well. Plates were then transferred to a 

normal incubator and maintained at 37°C in 5% CO
2

 in a humidified 

atmosphere. Half of the prepared microspheres for each blend were 

not seeded with cells. Culture medium samples (400µl) were taken on 

day 1, 3, 5, 7, 9, 11 and 13. Culture medium was spun at 950rpm for 

5 mins to remove any cells and then frozen at -80°C until required for 

analysis. 
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5.6.6 Fixing and immunocytochemistry of microspheres 

Samples of seeded microspheres taken on day 1, 5, 9 and 13 were 

seeded onto 8 well chamber slides (VWR, Leicestershire, UK). 

Microspheres were allowed to attach for 6-8 hrs. Culture medium was 

then aspirated from each well. The samples were washed quickly with 

PBS. Paraformaldehyde (PFA) (4%) was added to each well. Samples 

were then left at 4°C for 30 mins. Blocking serum (150µl, 5% donkey 

serum in PBS with 0.1% Triton-X100 (PBS-T)) was added to each well 

and left for 30 mins at room temperature. The blocking serum was 

then aspirated and primary antibody (150µl per well, made up in PBS-

T with 5% blocking serum) was added and left for 14 hours 

(overnight) at 4°C. The samples were then washed once in PBS. An 

Alexa Fluor 488 secondary antibody (Gibco-Invitrogen, 1:1000 

dilution in PBS-T with no blocking serum) was then applied and the 

plate was kept in the dark at room temperature for 1-2 hours. All 

wells were then washed twice with PBS, 4’,6-diamidino-2-phenylindole 

(DAPI) (5µg ml
-1

 solution in DI water) was then applied for 6 mins.  

DAPI was then aspirated and the samples were washed twice in PBS.  

A negative control with the omission of the primary antibody was 

included with each plate. 

Primary antibodies used: 

PCNA: 1:1000 dilution used (Sigma-Aldrich) 

RPE65: 1:150 dilution used (Abcam) 

5.6.7 Lactate Dehydrogenase (LDH) assay 

The assay was performed using a commercially available kit obtained 

from Roche (Basel, Switzerland).  A sample of culture media 

(Described in Section 5.6.1) (400µl) was taken from each culture well 

to be tested on day 1, 3, 5, 7, 9, 11 and 13 post seeding. Samples 

were then centrifuged at 950rpm for 5 mins to remove any remaining 

cells. The supernatant was then aliquoted into a 96 well plate (100µl 

per well) in triplicate. Dye solution (11.25ml, iodonitrotetrazolium 
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chloride and sodium lactate) was then mixed with catalyst solution 

(250µl, Diaphorase/NAD
+

 mixture) immediately prior to the 

experiment. This mix was then added to each well (100µl for each 

well) and incubated at room temperature for 30 mins in the absence 

of light. Absorbance of the samples at 492nm was then measured 

using a spectrophotometer. 

5.6.8 Terminal deoxynucleotidyl transferase dUTP nick end 

labelling (TUNEL) assay 

The assay was performed using a commercially available kit obtained 

from Promega (Madison, WI, USA).  Samples of seeded microspheres 

taken on day 1, 5, 9 and 13 were seeded onto 8 well chamber slides. 

Microspheres were allowed to attach for 6-8 hrs. Cell seeded 

microspheres were then fixed by immersing slides in 4% PFA for 25 

mins at 4°C. Slides were then washed twice by immersion in fresh PBS 

for 5 mins at room temperature. The PBS wash was repeated. The 

cells were permeabilised by being immersed in 0.2% TritonX-100 

solution in PBS for 5 mins. The slides were rinsed twice by immersion 

in fresh PBS for 5 mins at room temperature.  The samples were then 

covered with equilibration buffer (100µl) and allowed to equilibrate at 

room temperature for 5–10 mins. While the cells were equilibrating, a 

nucleotide mix was thawed on ice and sufficient recombinant terminal 

deoxyneucleotidyl transferase (rTDT) incubation buffer was prepared. 

Reaction mix (100µl) was then added to each well. The slides were 

covered with plastic coverslips to ensure even distribution of the 

reagent. The slides were incubated at 37°C for 60 mins inside a 

humidified chamber to allow the tailing reaction to occur. The 

chamber was then covered with aluminium foil to protect it from 

direct light. 20X Sodium salt solution (SSC) was diluted 1:10 with 

deionised water and enough of the resulting 2X SSC was added to fill 

a standard coplin jar (80ml). The coverslips were removed and the 

reactions were terminated by immersing the slides in 2X SSC for 15 

mins at room temperature. The samples were washed three times by 
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immersing the slides in fresh PBS for 5 mins at room temperature.  

Samples were then stained with propidium iodide solution 15 mins at 

room temperature in the dark. The samples were washed three times 

by immersion in deionised water for 5 minutes at room temperature.  

Glass coverslips were used to mount the slides. The edges were 

sealed with clear nail polish. The samples were immediately analysed 

under a fluorescence microscope using a standard fluorescein filter 

set to view the green fluorescence of fluorescein at 520 ± 20nm; the 

red fluorescence of propidium iodide was viewed at >620nm with 

analysis carried out using Volocity software (Improvision, Coventry, 

UK). 

5.6.9 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay 

The assay was performed using a commercially available kit obtained 

from Chemicon International/Millipore (Temecula, CA, USA).  Samples 

of culture medium from unseeded microspheres were taken on days 

1, 3, 5, 7, 9, 11, 13, 15, 21, 28, 35 and 42 in vitro. ARPE-19 cells 

were passaged as described above. Cells were counted and seeded at 

10,000 cells per well in a 96 well plate. Cells were allowed to attach 

overnight. Culture medium (0.1ml) from unseeded microspheres of 

each blend (coated and uncoated) was then added to each well. Cells 

were incubated with test solution at 37°C overnight. At the end of the 

incubation period, MTT solution (0.01ml) was added to each well. The 

solution was mixed by tapping gently on the side of the tray and then 

incubated for 4 hrs at 37°C for cleavage of MTT to occur. The 

formazan produced in the wells containing live cells appeared as 

black crystals at the bottom of the wells. Colour development solution 

(isopropanol with 0.04N HCl) (0.1ml) was added to each well and the 

contents were mixed thoroughly by repeated pipetting with a 

multichannel pipettor. Within an hour the absorbance was measured 

on a plate reader with a test wavelength of 570nm and a reference 

wavelength of 630nm. 
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5.6.10 Scanning electron microscopy (SEM) 

Cell seeded samples maintained in culture for up to two weeks were 

fixed in 3% glutaraldehyde with 4% formaldehyde in 0.1M Piperazine-

1,4-bis-(2-ethanesulfonic acid) buffer (pH 7.2), followed by 

dehydration through a series of graded ethanol steps to 100% 

ethanol. Samples were then critical-point dried with CO
2

 using a 

Balzers critical point drier (Bal-Tec, Balzers, Liechtenstein) before 

being mounted on carbon stubs (Agar Scientific, Stansted, Essex, UK) 

and sputter-coated with gold/palladium.    
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5.7 Investigation of the response of RPE cells to fibrous 

methacrylate-based polymer surfaces 

5.7.1 Preparation of electrospun polymer scaffolds for cell 

seeding 

Fibrous samples were cut into 1cm
2

 sections using a scalpel.  Sections 

were UV irradiated overnight.  The sections were then placed into 

sterile 12 well plates (Fisher Scientific).  Under aseptic conditions, all 

wells were then washed three times for 5 mins with sterile PBS (Sigma 

Aldrich) 0.1M pH 7.4.   

5.7.2 Peptide and protein attachment to electrospun scaffold 

surfaces 

Half of the prepared scaffolds were modified with peptides including 

GRGESP (nonsense peptide sequence), GRGDSP, YIGSR (1mg/ml PBS) 

(All obtained from Peptide Protein Research Ltd, Fareham, UK), 

Laminin protein (0.5μg/ml) or a combination of RGD and YIGSR 

overnight at room temperature, the other half of the prepared 

copolymer scaffolds remained unmodified. To remove unbound 

peptide/protein, all scaffolds were rinsed three times in sterile PBS.  

The plates were then incubated at 37°C overnight. 

To visually confirm successful coupling of the peptides to the 

functionalised copolymer surface, a fluorescein-labelled peptide was 

used. To sections of both unfunctionalised and functionalised fibrous 

copolymer scaffolds was added K(Flu)RGD peptide (Peptide Protein 

Research Ltd) using the same procedure as described above. Samples 

were imaged using a Leica DM IRB microscope (Leica Microsystems UK 

Ltd, Milton Keynes, UK).  

5.7.3 Cell seeding 

Human ARPE-19 cells (ATCC) were maintained at 37°C in a humidified 

atmosphere with 5% CO
2

 in culture medium (using the same 

composition described in Section 5.6.2).  Under aseptic conditions 

fibrous scaffolds were rinsed 3 times with PBS. All samples were then 
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flooded with culture medium and allowed to equilibrate for 30 min at 

37°C prior to seeding.  Cells were then dissociated from the culture 

flask as described in Section 5.6.3 and counted using the Trypan Blue 

exclusion assay as described in Section 5.6.4.  Cells were seeded at a 

density of 1.5x10
5

 per well. Cell seeding density was established from 

previous experiments.  Culture medium was changed every 48 hrs. 

5.7.4 Quantification of cell area 

Nuclear labelling was used to confirm and quantify cell area. Samples 

of seeded electrospun fibres taken on day 5, 10 and 15 post seeding 

were fixed in 4% PFA for one hour at 4°C. Nuclei were labelled with 

5mg/ml propidium iodide (PI) (Gibco-Invitrogen, Paisley, UK). Fibre 

samples were visualised using a Leica DM IRB microscope (Leica 

Microsystems UK Ltd). Fibre area and cell area were evaluated using 

the density slice function on Improvision Volocity software 

(Improvision, Coventry, UK). 

5.7.5 TUNEL assay 

Samples of seeded electrospun fibres taken on day 5, 10 and 15 post 

seeding were fixed in 4% PFA for one hr at 4°C, cryoprotected in 30% 

sucrose overnight at 4°C before being embedded in optimal cutting 

temperature media (R. Lamb Ltd., East Sussex, UK) and then 

cryosectioned at 15µm (OFT 5030, Bright Instrument Company, 

Cambridge, UK).  Evaluation of apoptotic cell death was performed 

using a commercially available kit (Promega, Madison, WI, USA) in 

accordance with manufacturers’ instructions as described in Section 

5.6.8. DNase I treatment was used as a positive control and exclusion 

of recombinant terminal deoxyneucleotidyl transferase (rTDT) from 

the reaction buffer was used as the negative control. Cell nuclei were 

visualised using PI. PI positive and TUNEL positive cell areas were 

evaluated using the density slice function on Improvision Volocity 

software (Improvision). 
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5.7.6 MTT assay 

Samples of tissue culture medium from unseeded fibre samples were 

taken on day 1, 3, 5, 7, 9, 11, 13 and 15 in vitro and frozen at -80°C 

until required for analysis. This tissue culture media was then 

incubated overnight with APRE-19 cells in 96 well tissue culture plates 

(Fisher Scientific) seeded at a density of 1x10
4

 per well. The MTT 

assay was performed as per manufacturers’ instruction (Chemicon 

International/ Millipore, Temecula, CA, USA). Absorbance of samples 

was measured on a FLUOstar Optima microplate reader (BMG Labtech) 

with a test wavelength of 490nm. 

5.7.7 LDH assay 

The lactate dehydrogenase (LDH) assay was used as an indicator of 

cell viability. Assay kits were purchased from Roche (Basel, 

Switzerland).  The procedure previously described in Section 5.6.7 

was used.  Samples of culture medium (500μl/well) were removed on 

days 1, 3, 5, 7, 9, 11, 13 and 15 post-seeding.  Samples were also 

taken from unseeded polymers of each blend.  Cells cultured on 

tissue culture plastic, treated with 1% Triton, were used as the 

positive control.  LDH content of cell culture medium and from 

unseeded polymer medium for each sample was treated as 

background.  LDH activity was measured in a 96-well plate with 3 

replicates in each group at an absorbance of 492 nm using a 

FLUOstar Optima microplate reader (BMG Labtech, Offenburg, 

Germany). 

5.7.8 Scanning electron microscopy (SEM) 

SEM was conducted on fibre samples using the same procedure as in 

Section 5.6.10. 

5.7.9 Statistical analysis 

All results are expressed as mean ± standard error of the mean (sem). 

All data were analysed by either Student’s t-test or one way analysis 

of variance (ANOVA) using GraphPad Prism Software (GraphPad 
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Software Inc., San Diego, CA, USA). Post-hoc comparisons were made 

using the Tukey-Kramer Multiple Comparisons Test when the p-value 

was significant (p<0.05). 
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6 Appendices 

6.1 Appendix A – Publications  

Journal publications 

 Thomson, H.A., Treharne, A.J., Backholer, L.S., Cuda, F., 

Grossel, M.C., Lotery, A.J., Biodegradable poly(α-hydroxy ester) 

blended microspheres as suitable carriers for retinal pigment 

epithelium cell transplantation, J.Biomed.Mater.Res., Part A, 

2010, 95, 1233-1243. 

 Treharne, A.J., Grossel, M.C., Lotery, A.J., Thomson, H.A., The 

chemistry of retinal transplantation: the influence of polymer 

scaffold properties on retinal cell adhesion and control, 

Br.J.Ophthalmol., 2011, 95, 768-773. 

 Treharne, A.J., Thomson, H.A., Grossel, M.C., Lotery, A.J., 

Developing methacrylate-based copolymers as an artificial 

Bruch’s membrane substitute, J.Biomed.Mater.Res., Part A, 

2012, 100, 2358-2364. 
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6.2 Appendix B – List of polymer numbers and 

structures for Chapter 3 
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Polymer 

number 

Structure Polymer 

number 

Structure 

3.1 

 

3.6 

 

3.2 

 

3.7 

 

3.3 

 

3.8 

 

3.4 

 

3.9 

 

3.5 

 

3.10 
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3.11 

 

3.16 

 

3.12 

 

3.17 

 

3.13 

 

3.18 

 

3.14 

 

3.15 
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6.3 Appendix C – Data tables from cell-based assays 

  



Appendices  

208 

Data from assays presented in Section 3.5.2 

LDH Assay 

Sample  Mean absorbance ± 

sem 

Blank 0.04 ± 0.0003 

LDH Control 0.20 ± 0.002 

Negative Control 0.24 ± 0.007 

Media Control 0.27 ± 0.029 

Positive Control 1.34 ± 0.050 

a

TCP Control 0.34 ± 0.003 

Polymer 3.5 0.32 ± 0.002 

Polymer 3.5 + Cells 0.34 ± 0.012 

Polymer 3.14 0.49 ± 0.028 

Polymer 3.14 + Cells 0.71 ± 0.010 

TCP + YIGSR  0.33 ± 0.008 

Polymer 3.14 + YIGSR 0.36 ± 0.005 

Polymer 3.14 + YIGSR + Cells 0.39 ± 0.016 

TCP + GRGDSP  0.34 ± 0.005 

Polymer 3.14 + GRGDSP 0.36 ± 0.003 

Polymer 3.14 + GRGDSP + Cells 0.42 ± 0.014 

TCP + GRGDSP/YIGSR 0.36 ± 0.002 

Polymer 3.14 + GRGDSP/YIGSR 0.35 ± 0.010 

Polymer 3.14 + GRGDSP/YIGSR + 

Cells 

0.44 ± 0.016 
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Table 6.1 – Data from LDH assay on experiments using Polymers 3.5 and 3.14.  

sem: standard error of the mean. 

MTT Assay 

 

 

 

 

 

 

 

 

 

 

Table 6.2 – Data from MTT assay on experiments using Polymers 3.5 and 3.14.  

sem: standard error of the mean. 

 

 

 

Sample  Mean absorbance ± 

sem 

TCP + Laminin 0.34 ± 0.008 

Polymer 3.14 + Laminin 0.34 ± 0.007 

Polymer 3.14 + Laminin + Cells 0.36 ± 0.001 

Sample  Mean absorbance 

± sem 

Negative Control 0.45 ± 0.032 

Positive Control 0.23 ± 0.002 

Polymer 3.14 0.41 ± 0.007 

Polymer 3.14 + YIGSR 0.42 ± 0.007 

Polymer 3.14 + GRGDSP 0.42 ± 0.008 

Polymer 3.14 + GRGDSP/YIGSR 0.42 ± 0.010 

Polymer 3.14 + Laminin 0.43 ± 0.006 
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Data from assays presented in Section 3.5.4 

LDH Assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3 – LDH assay data from experiments involving polymers 3.6 and 3.15.  

sem: standard error of the mean. 

 

 

Sample  Mean absorbance 

± sem 

Negative Control 0.89 ± 0.03 

Positive Control 4.45 ± 0.01 

TCP alone 0.74 ± 0.03 

TCP with cells 0.89 ± 0.05 

Polymer 3.6 1.06 ± 0.04 

Polymer 3.15 1.11 ± 0.05 

TCP + GRGESP  0.89 ± 0.05 

Polymer 3.15 + GRGESP 1.05 ± 0.04 

GRGDSP coated TCP 0.93 ± 0.05 

Polymer 3.15 + GRGDSP 1.23 ± 0.07 

TCP + YIGSR  0.92 ± 0.05 

Polymer 3.15 + YIGSR 1.22 ± 0.07 

TCP + GRGDSP/YIGSR  0.91 ± 0.06 

Polymer 3.15 + GRGDSP/YIGSR 1.34 ± 0.08 

TCP + Laminin 0.92 ± 0.05 

Polymer 3.15 + Laminin 1.19 ± 0.08 
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MTT assay 

Sample Mean absorbance 

± sem 

Positive Control 0.29 ± 0.02 

Negative Control 0.48 ± 0.02 

Polymer 3.6 0.47 ± 0.01 

Polymer 3.15 0.47 ± 0.01 

Polymer 3.15 + GRGESP 0.49 ± 0.02 

Polymer 3.15 + GRGDSP 0.50 ± 0.02 

Polymer 3.15 + YIGSR 0.46 ± 0.01 

Polymer 3.15+ GRGDSP/YIGSR 0.46 ± 0.01 

Polymer 3.15 + Laminin 0.49 ± 0.01 

Table 6.4 – MTT assay data for experiments involving polymers 3.6 and 3.15.  

sem: standard error of the mean. 
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TUNEL assay data 

Table 6.5 – TUNEL assay data for experiments involving polymers 3.6 and 3.15.  

sem: standard error of the mean. 

 

Sample  Mean % 

cell death 

± sem 

Day 5 

Mean % 

cell death 

± sem 

Day 10 

Mean % 

cell death 

± sem 

Day 15 

Negative Control 0.49 ± 

0.01 

0.59 ± 

0.02 

0.74 ± 

0.02 

Positive Control 58.45 ± 

10.21 

76.83 ± 

13.43 

88.69 ± 

10.63 

Polymer 3.6 8.54 ± 

1.61 

12.45 ± 

4.78 

21.26 ± 

3.57 

Polymer 3.15 8.45 ± 

1.90 

6.01 ± 

1.27 

1.25 ± 

0.29 

Polymer 3.15 + GRGESP 4.67 ± 

0.96 

3.84 ± 

0.35 

1.64 ± 

0.60 

Polymer 3.15 + GRGDSP 2.94 ± 

0.79 

3.28 ± 

1.27 

1.66 ± 

0.34 

Polymer 3.15 + YIGSR 0.73 ± 

0.13 

2.66 ± 

0.66 

0.82 ± 

0.25 

Polymer 3.15 + GRGRSP + 

YIGSR 

0.83 ± 

0.07 

3.93 ± 

1.18 

1.03 ± 

0.33 

Polymer 3.15 + Laminin 4.99 ± 

0.94 

6.35 ± 

1.37 

1.63 ± 

0.31 
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Cell attachment data 

Table 6.6 – Cell attachment data for experiments involving polymers 3.6 and 

3.15.  sem: standard error of the mean. 

 

Sample  Mean % 

cell death 

± sem 

Day 5 

Mean % 

cell death 

± sem 

Day 10 

Mean % 

cell death 

± sem 

Day 15 

Negative Control 0.49 ± 

0.01 

0.59 ± 

0.02 

0.74 ± 

0.02 

Positive Control 58.45 ± 

10.21 

76.83 ± 

13.43 

88.69 ± 

10.63 

Polymer 3.6 8.54 ± 

1.61 

12.45 ± 

4.78 

21.26 ± 

3.57 

Polymer 3.15 8.45 ± 

1.90 

6.01 ± 

1.27 

1.25 ± 

0.29 

Polymer 3.15 + GRGESP 4.67 ± 

0.96 

3.84 ± 

0.35 

1.64 ± 

0.60 

Polymer 3.15 + GRGDSP 2.94 ± 

0.79 

3.28 ± 

1.27 

1.66 ± 

0.34 

Polymer 3.15 + YIGSR 0.73 ± 

0.13 

2.66 ± 

0.66 

0.82 ± 

0.25 

Polymer 3.15 + GRGRSP 

+ YIGSR 

0.83 ± 

0.07 

3.93 ± 

1.18 

1.03 ± 

0.33 

Polymer 3.15 + Laminin 4.99 ± 

0.94 

6.35 ± 

1.37 

1.63 ± 

0.31 
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Data from assays presented in Section 3.5.5 

LDH Assay 

Time in vitro                                                                        

(days) 

Polymer  

1 3 5 7 9 11 13 15 

Negative 

Control 

1.61 

± 

0.03 

2.39 

± 

0.05 

2.23 

± 

0.21 

2.63 

± 

0.07 

2.31 

± 

0.05 

2.52 

± 

0.15 

3.60 

± 

0.15 

3.32 

± 

0.10 

Positive Control 0.84 

± 

0.01 

0.94 

± 

0.01 

1.14 

± 

0.03 

1.04 

± 

0.02 

1.06 

± 

0.03 

1.45 

± 

0.12 

1.39 

± 

0.03 

1.47 

± 

0.02 

Polymer 3.16 + 

cells 

0.86 

± 

0.01 

0.90 

± 

0.02 

0.95 

± 

0.03 

1.30 

± 

0.05 

1.40 

± 

0.06 

1.50 

± 

0.06 

2.08 

± 

0.07 

2.11 

± 

0.08 

Polymer 3.6 + 

cells 

0.91 

± 

0.03 

1.18 

± 

0.09 

1.15 

± 

0.05 

1.71 

± 

0.04 

1.97 

± 

0.13 

1.79 

± 

0.07 

2.38 

± 

0.08 

2.49 

± 

0.06 

Polymer 3.15 + 

cells 

0.93 

± 

0.03 

0.88 

± 

0.01 

0.89 

± 

0.02 

1.40 

± 

0.08 

1.50 

± 

0.11 

1.61 

± 

0.12 

2.41 

± 

0.27 

2.39 

± 

0.16 

Polymer 3.12 + 

cells 

0.99 

± 

0.03 

0.94 

± 

0.02 

1.03 

± 

0.01 

1.70 

± 

0.04 

1.66 

± 

0.09 

1.73 

± 

0.02 

2.50 

± 

0.16 

2.68 

± 

0.04 

Polymer 3.17 + 

cells  

0.86 

± 

0.02 

1.01 

± 

0.02 

1.12 

± 

0.03 

1.38 

± 

0.06 

1.49 

± 

0.09 

1.46 

± 

0.08 

1.93 

± 

0.04 

2.04 

± 

0.11 

Polymer 3.18 + 

cells 

0.82 

± 

0.01 

0.93 

± 

0.01 

1.43 

± 

0.07 

1.44 

± 

0.02 

1.62 

± 

0.04 

2.19 

± 

0.02 

2.10 

± 

0.04 

2.40 

± 

0.05 

Table 6.7 – LDH absorbance data from experiments involving polymers 3.16, 

3.6, 3.15, 3.12, 3.17 and 3.18.  sem: standard error of the mean. 
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MTT assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.8 – MTT assay data from experiments involving polymers 3.6, 3.17, 3.3, 

3.15, 3.16, 3.18 and 3.12.  sem: standard error of the mean. 

 

 

 

 

 

 

 

Sample – Final MTT Cell viability as % 

of control ± sem 

Negative Control 100 ± 3.53 

Positive Control 40.06 ± 4.79 

Polymer 3.6 90.52 ± 4.11 

Polymer 3.17 88.07 ± 3.56 

Polymer 3.3 92.97 ± 5.06 

Polymer 3.15 90.83 ± 5.67 

Polymer 3.16 93.88 ± 4.18 

Polymer 3.18 93.88 ± 3.99 

Polymer 3.12 90.05 ± 4.10 
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TUNEL assay 

Table 6.9 – TUNEL data from experiments involving polymers 3.6, 3.17, 3.3, 

3.15, 3.16, 3.18 and 3.12.  sem: standard error of the mean. 

 

Sample  Mean % 

cell death 

± sem 

Day 5 

Mean % 

cell death 

± sem 

Day 10 

Mean % 

cell death 

± sem 

Day 15 

Negative Control 0.49 ± 

0.14 

0.43 ± 

0.10 

0.36 ± 

0.12 

Positive Control 52.31 ± 

10.90 

69.06 ± 

12.25 

88.69 ± 

10.63 

Polymer 3.6 33.00 ± 

6.52 

61.73 ± 

8.66 

70.07 ± 

10.18 

Polymer 3.17 23.26 ± 

2.71 

39.15 ± 

6.38 

72.87 ± 

12.65 

Polymer 3.3 5.93 ± 

0.97 

3.31 ± 

0.35 

3.73 ± 

0.55 

Polymer 3.15 1.93 ± 

0.38 

1.53 ± 

0.30 

3.52 ± 

0.45 

Polymer 3.16 2.66 ± 

1.04 

0.83 ± 

0.20 

0.96 ± 

0.18 

Polymer 3.18 2.85 ± 

0.69 

3.53 ± 

0.41 

1.57 ± 

0.36 

Polymer 3.12 3.42 ± 

0.48 

3.31 ± 

0.32 

3.57 ± 

0.46 
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Cell attachment 

Table 6.10 – Cell attachment data from experiments involving polymers 3.6, 

3.17, 3.3, 3.15, 3.16, 3.18 and 3.12.  sem: standard error of the mean. 

 

 

 

  

Sample  Mean % cell 

attachment 

± sem 

Day 5 

Mean % cell 

attachment 

± sem 

Day 10 

Mean % cell 

attachment 

± sem 

Day 15 

Polymer 3.6 2.96 ± 0.45 1.11 ± 0.27 0.40 ± 0.09 

Polymer 3.17 2.90 ± 0.39 2.80 ± 0.40 1.26 ± 0.25 

Polymer 3.3 18.13 ± 

1.24 

33.60 ± 

3.24 

47.34 ± 

5.05 

Polymer 3.15 51.16 ± 

4.75 

53.70 ± 

4.18 

66.20 ± 

4.52 

Polymer 3.16 56.28 ± 

4.36 

56.86 ± 

3.01 

67.38 ± 

4.89 

Polymer 3.18 19.70 ± 

4.59 

34.97 ± 

6.98 

57.65 ± 

3.76 

Polymer 3.12 50.01 ± 

3.28 

58.80 ± 

3.52 

68.39 ± 

4.85 
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