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ABSTRACT 

 

The cornea has limbal stem cells (LSC’s) located in limbal crypts (niches). LSC’s 

are responsible for corneal integrity, maintain a healthy equilibrium, and act as a 

proliferative barrier for the corneal epithelia, preventing invasion from the 

conjunctiva and its vascularization. Limbal stem cells deficiency (LSCD) causes 

this barrier to break down, leading to ingrowth from conjunctival cells and blood 

vessels. LSCD produce scar tissue, causing pain, blushing, and sometimes 

leading to blindness. Blindness is a worldwide problem which is caused by 

various conditions, such as blindness of the cornea. This is the 4th most common 

cause of loss of vision, with corneal defects impacting the lives of approximately 

2 million people. Corneal transplants are the first proposed solution, though the 

risk of rejection and lack of donors make it an unsuitable option. Various 

strategies have been proposed to overcome the lack of donors and the rejection 

of allogeneic transplants. 

Current treatments include the development cell carriers with biopolymers like 

collagen, fibrin, silk, fibronectin, and gelatin, among others. The cell carrier should 

be biocompatible and have the capacity to support both cell survival and 

proliferation to aid tissue regeneration. Despite the biocompatibility shown by 

biopolymers, some have presented acute inflammation and lacked the necessary 

mechanical properties for implantation and supporting tissue regeneration.  

Recent research has been focused on the treatment of corneal defects with 

synthetic polymers, positioning them as an option for overcoming issues with 

biopolymers. Synthetic polymers have tuneable mechanical properties, but most 

are hydrophobic and lack of proper transparency. 

Current reports of scaffolds have begun to include topography and 

microstructures that mimic the target tissue and influence cell behaviour. 

Numerous studies reported micro and nanostructures in the form of honeycombs, 
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microposts, grids, and parallel lines with promising results enhancing cell 

proliferation, migration, differentiation, and cell alignment. Later, Ortega et al. 

reported the creation of microenvironments to mimic the niches found in the 

corneal limbus, generating a new research area for the corneal replacements. 

The next challenge was the selection of a suitable synthetic polymer that met the 

necessary requirements for a corneal replacement, being able to achieve the 

characteristics found in the native cornea. Poly (glycerol sebacate) (PGS) was 

one of the polymers that stood out for its biocompatibility, transparency, elasticity, 

and biodegradability that resembled soft tissues, such as the cornea.  

PGS was first reported by Wang et. al. in 2002 and has been used as scaffold 

and cell carrier due its characteristics as a conductive surface for cell adherence. 

In addition to being able to support cell growth, PGS is biocompatible, 

biodegradable, and has an elastomeric nature, making it highly suitable for soft 

tissue engineering. PGS has been used in biomedical applications as retinal graft, 

vascular tissue, cartilage, cardiac patch, nerve, and adhesive sutures. 

However, PGS has rapid degradation rate in vivo and its crosslinking requires 

high temperatures and long processing times, which limit its application. 

Furthermore, PGS has some degree of cytotoxicity due to their non-reacted 

carboxylic acid groups from the sebacic acid.  

To overcome these limitations, the production of photocurable PGS with the 

addition of acrylate groups was first proposed by Nijst et al. and Englemayr et al. 

This modification gives control over crosslinking process and provides more 

processing options. Nevertheless, acrylate groups are extremely reactive and 

unstable, making them susceptible to spontaneous crosslinking and producing a  

large amount of chlorine salts as resulting by-products, which require removal.  

The addition of methacrylate groups as a different form to synthesize 

photocurable PGS was first reported by Singh et al. and Pashneh-Tala et al. in 

2018.  Methacrylate groups were added to the PGS molecule to give an additional 
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level of control of strength, degradation, crosslinking density, and elongation. 

These groups allow curing under UV light, avoiding the degradation of the 

polymer during heat crosslinking. Additionally, the reaction is more stable and 

cleaner in comparison to PGS acrylation. The addition of methacrylate groups is 

a new promising research area in the generation of a compatible tuneable 

biomaterial for application in cornea regeneration. 

The main challenge was the development of an efficient carrier that delivers cells 

to specific sites and ensures their survival, mimicking the limbal stem cell niche 

structure, allowing the cell survival, and offering physical protection to stem cells. 

The research aim of this work is to develop a cell carrier that can re-establish the 

healthy balance in a damaged cornea with an anatomical structure that mimics 

the limbus to provide physical protection to the cells ensuring their survival. This 

cell carrier would be biocompatible, biodegradable, and with mechanical 

properties that match the target tissue. Additionally, the scaffold fabrication 

methodology should allow for the creation of precise microfeatures and dome 

shape that mimic both the morphology and curvature of native cornea. This 

scaffold is expected to produce more optimal results in survival and delivery of 

the stem cells in comparison to previous work. 

In the current work, poly (glycerol sebacate) methacrylate (PGS-M) was 

synthesized with controlled conditions to obtain samples with different degrees of 

methacrylation (DM) (20-40%). Characterisation showed the DM with mechanical 

properties that better matched the native cornea and with the lower percentage 

of sol content was 40%. Through soft stereolithography, we achieved the 

development of a microfeatured dome shape scaffold that mimics the 

morphological characteristics of the cornea. We designed dome shape scaffolds 

with  microfeatures (200 μm) and a reduced scaffold thickness (100 µm), which 

are much smaller and thinner than previously reported corneal substitute 

implants. This is the first time that a corneal substitute has achieved these 
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features, marking an important step towards the development of an artificial 

cornea replacement. 

The biological evaluation of PGS-M scaffolds revealed problems with cell survival 

and proliferation using a variety of corneal cell lines, related with the scaffold 

composition. A series of physical, chemical, and biological modifications were 

proposed, which included extending the wash time to remove unreacted 

reagents, constant media changes during cell culture, modification of the 

substrate topography, immobilization of proteins, plasma coating, among others. 

However, no improvement in cell survival was observed with these changes. 

We decided to combine crosslinking methodologies (heat and UV light) to assess 

whether there was a significant difference in the final scaffolds, based on the 

evidence that PGS is crosslinked with heat. We evaluated cell growth on scaffolds 

crosslinked with 1) heat, 2) UV, and 3) heat + UV (10, 20 and 30 seconds). 

Scaffolds with heat (120 ºC/24 hours) + UV (30 seconds) considerably improved 

cell survival and proliferation, showing the formation of tissue (~10 layers of cells) 

after 14 days. ATR-FTIR analysis revealed a structural change in the PGS-M 

molecule crosslinked with heat + UV, resulting in a more crosslinked matrix. 

These results coincide with those previously reported regarding the cytotoxicity 

of PGS in matrices that were not completely cross-linked due to the COOH 

groups, acidifying the surrounding environment, and considerably affecting cell 

survival.  

The results obtained in this work have not been previously reported. This data 

comprises the basis for future development of PGS-M scaffolds with better 

biocompatibility and mechanical properties close to the gold standard of a corneal 

scaffold. 
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1,4 and 7.Error bars are SD (n=3). 

Figure 4.7 Resazurin reduction assay of hLECs culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness. Positive 

controls were hLECs culture on borosilicate glass. Negative controls 

were PGS-M substrate 40 % DM and borosilicate glass without cells. 

The assay was carried out in days 1,4 and 7. Error bars are SD 

(n=3). 

Figure 4.8 PicoGreen® standard calibration curve plotted with known 

concentrations of DNA (n = 3). 

Figure 4.9   PicoGreen® DNA quantification assay of pLFs cultured on planar 

PGS-M transparent scaffold (40 % DM with 1 mm thickness). 

Positive controls were pLFs cultured on borosilicate glass. Negative 

controls were PGS-M substrate (40 % DM with 1 mm thickness) and 

borosilicate glass without cells. The assay was carried out in days 

1,4 and 7. Error bars are SD (n=3). 

Figure 4.10 Resazurin reduction assay of pLFs cultured on spin coated PGS-M 

(20 - 50 % DM). Positive controls were pLFs cultured on borosilicate 

glass. Negative controls were PGS-M spin coated substrates (20 - 
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50 % DM) and borosilicate glass without cells. The assay was 

carried out in days 1,4 and 7.Error bars are SD (n=3). 

Figure 4.11 LDH release assay of pLFs culture on spin coated PGS-M (20 - 50 

% DM). Positive controls were pLFs culture on borosilicate glass. 

Negative controls were PGS-M spin coated substrates (20 - 50 % 

DM) and borosilicate glass without cells. The assay was carried out 

in days 1,4 and 7(N=3).Error bars are SD (n=3). 

Figure 4.12  PicoGreen® DNA quantification assay of pLFs culture on spin coated 

PGS-M (40 % DM). Positive controls were pLFs culture on 

borosilicate glass. Negative controls were PGS-M spin coated 

substrates (40 % DM) and borosilicate glass without cells. The assay 

was carried out in days 1,4 and 7 (N=3).Error bars are SD (n=3). 

Figure 4.13  Fluorescence microscopy images of pLFs culture on spin coated 

PGS-M (20 - 50 % DM). Positive controls were pLFs culture on 

borosilicate glass. Negative controls were PGS-M spin coated 

substrates. The images were taken in days 1,4 and 7. All images 

were acquired using the same exposure and display settings. Scale 

bars are 200 μm.  

Figure 4.14 Resazurin reduction assay of hDF’s culture on spin coated PGS-M 

(20 - 50 % DM). Positive controls were hDF’s culture on borosilicate 

glass. Negative controls were PGS-M spin coated substrates (20 - 

50 % DM) and borosilicate glass without cells. The assay was 

carried out in days 1,4 and 7 (N=3). Error bars are SD (n=3). 

Figure 4.15  LDH release assay of hDF’s culture on spin coated PGS-M (20 - 50 

% DM). Positive controls were hDF’s cultured on borosilicate glass. 

Negative controls were PGS-M spin coated substrates (20 - 50 % 

DM) and borosilicate glass without cells. The assay was carried out 

in days 1,4 and 7 (N=3) Error bars are SD (n=3). 

Figure 4.16  PicoGreen® DNA quantification assay of hDF’s cultured on spin 

coated PGS-M (40 % DM). Positive controls were hDF’s cultured on 
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borosilicate glass. Negative controls were PGS-M spin coated 

substrates (40 % DM) and borosilicate glass without cells. The assay 

was carried out in days 1,4 and 7 (N=3) .Error bars are SD (n=3). 

Figure 4.17 Fluorescence microscopy images of hDF’s culture on spin coated 

PGS-M (20 - 50 % DM). Positive controls were hDF’s culture on 

borosilicate glass. Negative controls were PGS-M spin coated 

substrates. The images were taken in days 1,4 and 7. Scale bars 

are 200 μm. All images were acquired using the same exposure and 

display settings 

 

Chapter 5 

Figure 5.1 Methods diagram for the improvement of PGS-M scaffolds for cell 

culture 

Figure 5.2  Scaffold thickness reduction from 1 mm to 500 μm  

Figure 5.3  Scaffold media washes 

Figure 5.4  Soxhlet extraction 

Figure 5.5  Scaffold architecture with flower pattern with niches and channels 

Figure 5.6  Cell seeding technique. a) Cell seeded in the scaffold niches in 

droplets. b)  Passive seeding technique  

Figure 5.7 a) PGS-M scaffold before gelatin coating, b) PGS-M scaffold during 

gelatin coating, c) PGS-M scaffold after gelatin coating 

Figure 5.8 a) PGS-M scaffold before protein immobilisation, b) PGS-M scaffold 

during protein immobilisation, c) PGS-M scaffold after protein 

immobilisation 

Figure 5.9 a) PGS-M scaffold before plasma coating, b) PGS-M scaffold during 

plasma coating, c) PGS-M scaffold after plasma coating 

Figure 5.10 Flat PGS-M scaffolds fabrication with PDMS moulds and crosslinked 

with heat. 

Figure 5.11 Flat PGS-M scaffolds fabrication with PDMS moulds and crosslinked 

with combination of UV and heat. 
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Figure 5.12  Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 500 μm thickness. Positive 

controls were pLF’s cultured on borosilicate glass. Negative controls 

were PGS-M substrate 40 % DM and borosilicate glass without cells. 

The assay was carried out in days 1,4 and 7. Error bars are SD 

(n=3). 

Figure 5.13  Fluorescence microscopy images of pLF’s culture on PGS-M 40 % 

DM with 500 μm thickness. Positive controls were pLF’s cultured on 

borosilicate glass. The images were taken in days 1,4 and 7 (D1, D4 

and D7). All images were acquired using the same exposure and 

display settings. Scale bars are 200 μm.  

Figure 5.14  a) Scaffold washes (day 5) and b) the corresponding pH 

measurements with pH strips. The following conditions were tested: 

1. Scaffold in media, 2. Media (control), 3. Scaffold in deionized 

water, 4. deionized water (control).    

Figure 5.15  Resazurin reduction assay of pLF’s culture on planar and 

microfeatured PGS-M transparent scaffolds 40 % DM with 1 mm 

thickness. Positive controls were pLF’s cultured on borosilicate 

glass. Negative controls were microfeatured PGS-M substrate 40 % 

DM and borosilicate glass without cells. The assay was carried out 

in days 1,4 and 7. Error bars are SD (n=3). 

Figure 5.16 Fluorescence microscopy images of pLF’s culture on microfeatured 

PGS-M 40 % DM: a) artificial niche, b) centre of the artificial niche, 

c) channel. Green colour: phalloidin-FITC staining, blue colour DAPI 

staining. The images were taken in Day 7. All images were acquired 

using the same exposure and display settings. Scale bars are 200 

μm. 

Figure 5.17 Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness coated with 

gelatin (1% w/v) . Positive controls were pLF’s cultured on 
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borosilicate glass. Negative controls were microfeatured PGS-M 

substrate 40 % DM coated with gelatin (1% w/v) and borosilicate 

glass without cells. The assay was carried out in days 1,4,7 and 

14.Error bars are SD (n=3). 

Figure 5.18 Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness with gelatin 

immobilization (PI) . Positive controls were pLF’s cultured on 

borosilicate glass. Negative controls were microfeatured PGS-M 

substrate 40 % DM with gelatin immobilization (PI) and borosilicate 

glass without cells. The assay was carried out in days 1,4,7 and 14. 

Error bars are SD (n=3). 

Figure 5.19 Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness with plasma 

coating . Positive controls were pLF’s cultured on borosilicate glass. 

Negative controls were microfeatured PGS-M substrate 40 % DM 

with plasma coating and borosilicate glass without cells. The assay 

was carried out in days 1,4,7 and 14.Error bars are SD (n=3). 

Figure 5.20 Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness crosslinked with 

heat (120 ºC) . Positive controls were pLF’s cultured on borosilicate 

glass. Negative controls were microfeatured PGS-M substrate 40 % 

DM crosslinked with heat (120 ºC) and borosilicate glass without 

cells. The assay was carried out in days 1,4,7 and 14. Error bars are 

SD (n=3). 

Figure 5.21  Fluorescence microscopy images of pLF’s culture on PGS-M 40 % 

DM crosslinked with heat (120 ºC). Positive controls were pLF’s 

cultured on borosilicate glass. The images were taken on day 14 

(D14) . All images were acquired using the same exposure and 

display settings. Scale bars are 200 μm. 
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Figure 5.22  Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness crosslinked with 

UV (2.5 minutes) and heat (120 ºC) . Positive controls were pLF’s 

cultured on borosilicate glass. Negative controls were microfeatured 

PGS-M substrate 40 % DM crosslinked with UV (2.5 minutes) and 

heat (120 ºC) and borosilicate glass without cells. The assay was 

carried out in days 1,4,7 and 14. Error bars are SD (n=3). 

Figure 5.23  Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness crosslinked with 

UV (30 seconds) and heat (120 ºC) . Positive controls were pLF’s 

cultured on borosilicate glass. Negative controls were microfeatured 

PGS-M substrate 40 % DM crosslinked with UV (30 seconds) and 

heat (120 ºC) and borosilicate glass without cells. The assay was 

carried out in days 1,4,7 and 14. Error bars are SD (n=3). 

Figure 5.24 Resazurin reduction assay of pLF’s culture on planar PGS-M 

transparent scaffolds 40 % DM with 1 mm thickness crosslinked with 

UV (10,20 and 30 seconds) and heat (120 ºC) . Positive controls 

were pLFs cultured on borosilicate glass. Negative controls were 

microfeatured PGS-M substrate 40 % DM crosslinked with UV 

(10,20 and 30 seconds) and heat (120 ºC) and borosilicate glass 

without cells. The assay was carried out in days 1,4,7 and 14. Error 

bars are SD (n=3). 

Figure 5.25 Fluorescence microscopy images of pLF’s culture on PGS-M 40 % 

DM crosslinked with UV (30seconds) and heat (120 ºC). Positive 

controls were pLF’s cultured on borosilicate glass. The images were 

taken on day 14 (D14) . a),b) and c) are different angles of the cell 

growth. All images were acquired using the same exposure and 

display settings. Scale bars are 200 μm. 

Figure 5.26  Confocal laser scanning microscopy images of pLF’s culture on 

PGS-M 40 % DM crosslinked with UV (30seconds) and heat (120 
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ºC) (D14). The image was acquired using the same exposure and 

display settings. Scale bars is 50 μm. 

Figure 5.27 SEM images of pLF’s seeded on PGS-M 40 % DM crosslinked with 

UV (30seconds) and heat (120 ºC). Images were taken on day 14. 

Figure 5.28  SEM images of pLF’s seeded on PGS-M 40 % DM crosslinked with 

UV (30seconds) and heat (120 ºC). Image was taken on day 14. 

Figure 5.29  H&E stain of a section PGS-M 40 % DM crosslinked with UV 

(30seconds) and heat (120 ºC) after 14 days in culture.  

Figure 5.30  ATR-FTIR spectra of pPGS and PGS-M samples before and after 

curing. Peaks related with methacrylate groups appear at 940 cm-1 

(=C-H bending) and 1640 cm-1 (C=C stretching). 

Figure 5.31  ATR-FTIR spectra of pPGS and PGS-M samples before and after 

curing. Peaks related with methacrylate groups appear at 940 cm-1 

(=C-H bending) and 1640 cm-1 (C=C stretching). 

Figure 5.32  ATR-FTIR spectra of pPGS and PGS-M samples before and after 

curing. b) Peaks related -COOH groups appear at 1330 cm-1 (OH 

bending) and  at 1418 cm-1 (OH bending), c) and d) peaks related 

with OH groups appear at 3450 cm-1 (OH stretching) and at 1100 

cm-1 (OH bending) and d) peaks related with the formation of ester 

bonds (COO) appear at 1150 cm-1 (CO stretching). 

Figure 5.33  Contact angle measurements in deionized water of PGS-M 

crosslinked with heat and UV . SD (n = 3). 

Figure 5.34  Mechanical properties in different crosslinked method (UV, heat + 

UV and heat) . SD (n = 3). (Samples were stored 6 months before 

analysis) 

Figure 5.35 Scheme PGS-M scaffold modifications carried out to achieve cell 

survival and improve cell growth and proliferation.  

 

Chapter 6 

Figure 6.1 a) Flat scaffold and b) Microfeatured scaffolds 
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Figure 6.2 a) Flat patterned scaffold, b) dome shape patterned scaffold 

Figure 6.3 Dome shaped scaffold with stiffness gradient, softer in the base and 

stiffer in the centre. 

Figure 6.4 a) Scaffold without grafted molecules, b) Scaffold with active 

molecules grafted to improve cell interactions and biocompatibility 

Figure 6.5 a) Pure PGS-M dome shaped scaffold, b) PGS-M/Blend polymer dome 

shaped scaffold. 

Figure 6.6 Corneal layers 
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CHAPTER 1. LITERATURE REVIEW 

 

1.1 CLINICAL NEED  

 

More than 10 million people are blind worldwide (according to the World Health 

Organization (WHO) 1. Every year 7 million people go blind, and in total around 

180 million people are blind or are visually disabled around the world. The main 

causes of blindness are cataracts, glaucoma, age-related macular degeneration, 

and corneal visual impairment. Inflammatory and infectious diseases wear down 

the corneal tissue, leading to the formation of scars and eventually loss of vision 

2.  The loss of corneal function can be caused principally due to limbal stem cell 

deficiency (LSCD). LSCD can be triggered by illnesses such Aniridia or Steven 

Johnson´s syndrome, as well as thermal/chemical burns and radiation3. 

 

1.2 CORNEA 

 

Corneal tissue plays an important role in vision (light transmission and light 

refraction). It is the outermost transparent and avascular central tissue 4; its main 

function is eye’s focusing and protecting the eye against UV radiation and 

bacteria 5 . The average thickness of the human cornea varies, with the centre 

and the periphery measuring ~500 μm and 750 μm, respectively 6.  

The cornea is formed by six well-defined layers that are constituted in the 

following order (Figure 1.1): 

1. Corneal epithelium (48 to 55 µm thickness)   

The external layer of the cornea is a squamous, stratified, and non-

keratinized epithelial layer formed by 5 to 7 layers of epithelial cells. The 

tear film covers its surface, protects the corneal surface from physical, 

chemical, biological (bacterial) damage, which also softens the epithelium 

surface from micro-irregularities. It is formed by an outer layer of lipids, an 
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inner layer of water, and mucous membranes. The existence of cellular 

junctions makes it extremely impermeable and stable. The corneal 

epithelium is constantly repaired to preserve the corneal physiology. 

Homeostasis is fundamental to maintain ocular structural integrity, corneal 

transparency, and visual function 6,7. 

 

2. Bowman’s layer (10 to 12 µm thickness)  

It is a stiff extracellular collagenous membrane that limits the corneal 

epithelium. It contains the sub-basal nerves and helps the maintenance of 

the corneal shape 5,8,9. 

 

3. Underlying stroma (480 to 510 µm thickness)  

Hydrated extracellular matrix, contributing to 90% of the corneal average 

thickness. It provides corneal integrity and consists primarily of collagen I 

with small amounts of collagen V. The collagen is a well-organized network 

and is responsible of corneal mechanical strength and transparency. It is 

also formed by proteoglycans that regulate hydration and keratocytes that 

maintain organization and function 7,10. 

 

4. Dua's layer (about 15 µm thick) 

This layer is very resistant and impermeable to the air, standing up to 2 

bar (200 kPa) of pressure 11. 

 

5. Descemet's membrane (about 8 to 10 µm thick) 

A basement membrane for endothelial cells, its main constituent is 

collagen IV 12. 
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6. Corneal endothelial (about 5 µm thick) – 

This layer is formed by metabolically active cells that are in contact with 

the aqueous humour in the anterior chamber. The corneal transparency is 

maintained for its cells by moving the water out of the stroma 13,14. 

 

 

Figure 1.1 a) Sagittal plane of the eye b) Corneal layers. 

 

1.3 LIMBAL STEM CELLS 

Between the cornea and the sclera is the corneal limbus (1.5 µm wide) 13,15,16 . 

The cornea has limbal stem cells (LSC’s) in niches in the limbus. LSC’s maintain 

their self-renewal and are responsible for the corneal integrity and healthy 

balance, even after injury 17. They act as a proliferative barrier between the 

corneal epithelia and the conjunctiva and its blood vessels (Figure 1.2) .  
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Figure 1.2 a) Corneal limbal stem cells (LSC’s) in niches b) LSC’s as a proliferative 

barrier between cornea and conjunctiva. 

The main characteristics of LSC’s are their behaviour as oligopotent stem cells, 

slow cell cycle, short S phase duration, high proliferative potential, proliferation 

free of genetic errors, high capacity of self-renewal by asymmetric division, poor 

differentiation, and small cell size (15.5 µm) 18. Compared with differentiated cells, 

LSC’s do not express the markers for terminal differentiation (cytokeratins 3 and 

12, involucrin, and connexin 43) 13, 19–22. 

The stem cells (SC’s) located on corneal epithelium are in niches known as the 

Palisades of Vogt (with sizes between 120-150 µm) 23. These are located in the 

limbus and are the repository of corneal epithelial stem cells 24. The limbus is the 

transition zone between the conjunctiva and the cornea where transient 

amplification cells are produced, generating different epithelial cell groups of the 

cornea that undergo centripetal and vertical migration (Figure 1.3) 25. 
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Figure 1.3 Limbus and Palisades of Vogt. It is an intermediate region between the 

cornea and the conjunctiva. LSC’s centripetal-vertical migration and differentiation 

through the corneal epithelium.  

 

The limbal basal epithelium is the only place where the limbal stem cells are 

located; this maintains the integrity and homeostasis of the corneal epithelium. 

The limbus is highly pigmented because of melanocytes 26,27. The melanin 

pigmentation protects cells from potential damage by ultraviolet light and the 

subsequent generation of oxygen radicals 28. In the limbus there are different 

cellular subpopulations: progenitors and amplifying cells (at different stages of 

differentiation), antigen-presenting melanocytes, and mesenchymal cells, 

vascular elements, and nerve endings that are part of the niche 13. 

The niche is a special anatomically defined microenvironment with complex 

physicochemical and metabolic structural characteristics that provide physical 

protection for cells , from mechanical stress due to eye movement and intraocular 
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pressure and maintain the quiescence of SC’s involved in corneal epithelial tissue 

homeostasis 23,29. Other tissues with stem cell niches that can be found in the 

human body are: the hematopoietic stem niche in the bone marrow, the crypt of 

an intestinal villus, the rete ridges of the epidermis of the skin, the canals of Hering 

in the liver, and the bulge of the hair follicle, where stem cells are physically 

protected, surrounded by supporting mesenchymal cells 17. 

As other epithelial surfaces, the corneal epithelium constantly loses cells from the 

surface 30. The cells of the corneal epithelium are renewed every 7 - 10 days due 

to the differentiation of stem cells present in the limbus 7. 

The maintenance and function of the LSC’s are regulated by environmental 

factors like cell adhesion molecules, mesenchymal stem cells, blood capillaries, 

extracellular matrix components, and growth and survival factors secreted by 

stromal fibroblasts 31.  

The basal limbus membrane is undulating with papillae, suggesting that epithelial 

stem cells of the limbus may interact closely with the cells in the subjacent limbal 

stroma. This means that limbal stem cells interact with unique extracellular 

components in the niche. The collagen chains in the limbal basement membrane 

could help to determine the SC’s distribution in the niche (Figure 1.3) 20. 

The limbus environment is very different from the rest of the cornea. The main 

difference is that the cornea is avascular, while the limbus has a blood supply 

which provides stem cell nutrition and growth factors 32. Undulations in the 

Palisades of Vogt protect stem cells from the shear forces. These differences are 

important for the maintenance of the stem cell properties of the limbus and to 

protect them from external damage 16. 
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1.4 LIMBAL STEM CELL DEFICIENCY (LSCD) 

 

The LSC’s are a proliferative barrier between the epithelia of the cornea and the 

conjunctiva. Limbal stem cell deficiency (LSCD) causes this barrier to break 

down, allowing the migration of conjunctival cells towards the cornea. In turn, this 

causes vascularization of the region, producing scar tissue, ultimately leading to 

pain and blushing (Figure 1.4) 23.  

 

Figure. 1.4 Limbal stem cell deficiency (LSCD) causes corneal vascularization and 

conjuntivalization with loss of transparency. 

 

Corneal injuries (trauma, infection, degeneration, immune disease) can lead to 

corneal stromal diseases and eventual tissue failure 33. Opacity and corneal 

vascularization cause 10% of total blindness around the world each year 34.  

1.4.1 CURRENT TREATMENT 

 

Worldwide more than 10 million people are waiting for a corneal transplant. The 

lack of donors makes the development of corneal replacement overriding and 

urgent. Surgical techniques and different procedures have been developed for 

decades with the aim of regenerating damaged cornea replacing different tissue 

layers or the complete cornea 35–37 (Figure 1.5).  
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Figure 1.5 Development timeline of techniques for corneal regeneration. 

Current studies have explored the development of materials with natural, 

synthetic polymers and the blend of both. However, mimic the well organize 

corneal tissue and its characteristic is still a challenge. 

The optimal corneal replacement should be biocompatible, biodegradable, with 

optical, mechanical, and topographical properties that mimic the native cornea. 

The treatment most widely used has been the corneal transplantation from 

allogeneic donors. The major disadvantages of this treatment lie in the 

biocompatibility with the host tissue and the adverse effects after implantation 

and tissue rejection 38. Therefore, other treatment alternatives have been 

developed, being the most innovative the development of cell carriers. Natural 

and synthetic polymers have been outstanding in their use as cell carriers. 

Synthetic polymers have advantage due to their tuneable mechanical and 

chemical properties, offering an area of opportunity in the search for a better 

treatment for LSCD. 
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The gold standard for a full thickness corneal substitute (endothelial, epithelial 

and stromal layers) would be a biocompatible, biodegradable substrate, capable 

of mimicking the properties of soft tissue such as cornea, but mechanically 

capable of supporting tissue regeneration, and stable in physiological conditions 

39.  

Table 1.1 shows the comparison of the advantages and disadvantages in the 

treatments that are currently used for the limbal stem cell deficiency (LSCD). 
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Table 1.1 Current treatments for stem cell deficiency. 

Treatments Advantages Disadvantages Reference 

Transplants Cornea - Rapid adhesion - Donor dependent 

- Depend on the quality of 

the graft 

- Biocompatibility 

- Extensive serological 

screening 

- Success rate less than 

35% 

- Rejection time ~24 

months after implantation 

40–42 

 Cultured limbal epithelial transplantation (CLET) - A small sample of tissue 

is necessary 

- It is possible to carry out 

a self-explant 

- The expansion of the 

stem cells obtained by 

biopsy is difficult 

- Risk of immune 

compatibility due to the 

presence of animal 

14,19,34,43–45 
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- It is possible to perform a 

biopsy of the tissue of the 

patient's oral mucosa 

elements (used for the 

expansion) 

- Offers short-term 

effective results, but 

long-term results are 

inconsistent 

Keratoprosthesis  - Invasive method 

because debridement 

of the corneal 

connective tissue is 

required 

- Risk of infection or 

extrusion of the device  

- Can cause 

inflammation and 

glaucoma 

46 

Simple limbal epithelial transplantation (SLET) - Rapid adhesion, does not 

require preparation and 

standardization of 

membranes, 

- Possibility of 

detachment from the 

ocular surface in the 

47,48 
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Does not require sutures early period after 

surgery 

Cell carriers Human amniotic membrane (hAM) 

Degradation1 month after surgery  

- Preserves the stemness 

of cells 

- Anti-inflammatory and 

antimicrobial properties 

- Disintegrates within 1 

month after surgery 

- Provides growth factors 

and cytokines 

- Stimulates cell growth 

- Anti-inflammatory and 

anti-angiogenic properties 

- Correct elasticity 

- Low availability 

- Structural variations 

- Inconsistent treatment 

effectiveness 

- Biocompatibility/ 

infections 

- Transmission of viral 

diseases  

- Biological variability 

- Success rate less than 

45%  

- Can fail after 3-5 years 

- Limited transparency 

- Variable quality 

- Difficult storage and 

processing 

45,49,50 
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- Risk of disease 

transmission 

- Limited mechanical 

strength  

- Poor standardization 

Decellularized cornea - Better biocompatibility 

compared with corneal 

transplant  

- Scaffold identical to 

original tissue 

- Donor variability  

- If decellularization is 

incomplete a graft 

rejection could occur 

- Biocompatibility can be 

compromised depending 

on the origin of the tissue 

(human, porcine, bovine) 

 

Collagen based substrate 

 

- Constitutes  ≈70% of the 

dry weight of the cornea 

- Facilitates cell adhesion 

and proliferation 

- Biodegradable 

- Bioabsorbable 

- Expensive 

- Variability (crosslink 

density, fibre size, trace 

impurities) 

51–54 
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- Biocompatible 

- Haemostatic 

- Poor mechanical 

properties (Young’s 

modulus ≈95–370 Pa) 

- Hydrophobicity 

- Variable degradation rate 

- Loses volume and 

shrinks when cells are 

seeded on the scaffold 

- Quickly degraded 

- Variable degradation rate 

Silk fibrin - Transparent 

- Good cell adhesion  

- Permeable and strong  

- High Young’s modulus (6–

8 GPa) 

- Flexible 

- No immune rejection 

- Brittle  

- Some degree of 

cytotoxicity due to sericin 

(protein contained in silk) 

9,55–59 
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Fibrin/ 

Fibronectin 

Slow degradation kinetics 

- Facilitates cell adhesion 

and proliferation 

- Proper transparency 

- Bioabsorbable 

- Easy manipulation 

- Good mechanical strength 

- Elastic 

- Biodegradable 

- The possibility of viral 

transmission and prion 

infection is greatly reduced 

- Inexpensive  

- Corneal inflammation- 

affects wound healing 

process 

- Acts as physical barrier 

delaying cell migration 

- Possibility of immune 

response 

- Risk of disease 

transmission 

- Gel shrinkage happen 

during the formation of 

flat sheets 

- Low mechanical stiffness 

- Rapid degradation before 

the proper formation of 

tissue engineered 

structures 

- Poor physical properties  

- Low mechanical strength   

- Rapid degradation rates 

60–62 
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Gelatin - Biocompatibility 

- Inexpensive 

- Transparent 

- Permeable 

- Favourable mechanical 

properties 

- Unstable above 37 º C 

- High degradation rate 

63–66 

Chitosan - Biocompatible 

- Anti-inflammatory 

properties 

- Biodegradable 

- Antimicrobial  

- Poor mechanical 

properties 

- High degradation rate  

- Molecule with high 

degree of acidic groups 

67,68 

Alginate - Biocompatible - Lack of cell adhesion 

- Poor mechanical 

properties 

- Unstable 

- Lack of binding sites 

9 

Hyaluronic acid - Part of extra cellular matrix 

(ECM) 

- Can lead to 

lymphangiogenesis 

(lymphatic vessel 

69,70 
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- Regulates cell adhesion 

and motility 

- Mediates cell proliferation 

and differentiation 

- Modulates inflammation, 

- Stimulates angiogenesis  

development) in the 

limbus, reducing 

transparency and visual 

acuity 

Synthetic polymers - Tuneable characteristics 

- Good transparency 

- High mechanical strength 

- Permeable 

- Flexible 

- Biocompatibility 

- Easy to use 

- Controlled shape and pore 

size 

- In current polymers, lack 

of good degradability and 

limited elasticity 

9,48 
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1.4.2 CURRENT SYNTHETIC POLYMERS USED FOR CORNEA REGENERATION 

 

The development of biomaterials for corneal regeneration has been widely explored with 

synthetic polymers being used for the treatment of corneal defects. However, the current 

polymers have a lack of adequate transparency, biodegradability, and limited elasticity, 

making them unable to completely mimic the structure of the native cornea with its 

microfeatures. 

Currently, there are no full thickness artificial corneas created by tissue engineering. 

The main challenge remains in the development of a biomaterial that mimics the native 

corneal structure with in-built artificial stem cell niches. The scaffolds should have the 

curvature (dome shape), architecture, transparency, and stiffness to ensure cell survival, 

proliferation, migration, and lead the regeneration of damaged tissue 71. Therefore, the 

development of materials that mimic the microenvironment in the native cornea (known 

as microfeatured biomaterials) is an area of opportunity. 

Table 1.2 shows in chronological order, from the oldest to the newest, the description of 

polymers that have been used as cell carriers in cell transplantation for damaged cornea 

regeneration, and the comparison between their advantages and disadvantage
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Table 1.2 Polymer carriers in cell transplantation for corneal regeneration. 

Polymer Description Advantages Disadvantages Reference 

Poly(methyl 

methacrylate) PMMA 

contact lenses 

A keratoprosthesis model 

based on a porous 

contact lenses 

Use: 20 – 34 years 

Tested on humans 

- Transparent polymer 

- Mechanically stable 

- Long term success is 

limited 

- Formation of erosive 

tissue, necrosis, leakage 

of aqueous humor, 

epithelization, infection, 

and extrusion of implant 

- Long term users present 

irregular corneal 

endothelium  

72,73 

Poly(dimethylsiloxane

) (PDMS) contact 

lenses 

Contact lenses that 

simplify the cell transplant 

application 

- Promote cell attachment 

and growth in vitro 

- Nontoxic 

- High oxygen 

permeability 

- Cause discomfort and 

excessive ocular deposits 

- Lead to reduced visual 

acuity  

- Mechanically weak 

74,75 
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~65% corneal 

epithelization 

was covered after 4 days. 

In vitro pig model 

- Micropatterned 

(topography)  

- Highly transparent  

Poly(2-hydroxyethyl 

methacrylate) 

(PHEMA) /collagen 

hydrogels 

PHEMA gels   

Keratoprosthesis or 

artificial cornea.  

Allow cellular invasion (in 

rabbits) – 6 months 

In vivo rabbit  model 

- Support corneal wound 

healing in animal models 

- Biocompatible 

- Some scarring 

- Neovascularization 

- Calcium deposits 

76 

Poly- D , L - lactic acid 

(PDLLA) 

Colourless and 

transparent membrane 

Evaluation of membrane: 

after 11 days 

- Bioresorbable polymer - Low hydrophilicity 

- Deposition of lactic acid  

- Degradation products   

acidify the surroundings 

77 
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In vivo rabbit  model (pH is unfavourable for cell 

proliferation and causes 

inflammation) 

- Neovascularization 

- Corneal ulceration 

- High amount of corneal 

epithelial defects 

- Conjunctival congestion 

- Mechanically stable  

(PDLLA/ Collagen) Evaluation of membrane: 

after 11 days 

In vivo rabbit model 

-  Colourless and 

transparent membrane  

- Proliferation and 

disordered collagen. 

- Corneal epithelial defects 

- Scar tissue formation 

77 

(PDLLA/chitosan) 

membranes 

Yellowish and translucent 

membrane 

Evaluation membrane: 

after 11 days 

- Chitosan enhances the 

hydrophilicity of PDLLA 

that promotes cell 

proliferation, 

- Conjunctival discharge 

persists for long time 

77,78 
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In vivo rabbit model biocompatibility, and cell 

adhesion 

Surface modified 

contact lens with 

acrylic acid 

Commercial contact 

lenses model with surface 

modification 

Evaluation after 11 days 

In vitro rabbit model  

- Formation of multiple cell 

layers, 11 days after 

application 

 

- Poor cell transfer after 

culture cells onto contact 

lens for 5 days 

 

79 

Poly (lactide-co-

glycolide) (PLGA) 

electrospum scaffolds 

Scaffold substitute for 

hAM 

Degradation starts after 

two weeks. 

In vitro rabbit model 

- Cells were well attached 

and organized on this 

scaffold 

- After two weeks scaffolds 

were smaller, brittle, and 

opaque. 

- Mechanically instable 

80 

Silicone hydrogels Soft silicone contact lens, 

ocular bandage  

- Contact lens can 

deliver LEC’s to the 

cornea and improve  

- Cause dry eye syndrome 81 
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20 days treatment  

Tested in humans  

persistent epithelial 

defects  (PED’s) 

symptoms  

1 – 4 diaminobutane 

modified 

polymethacrylate 

hydrogel coated with 

collagen IV 

Amine-modified 

polymethacrylate 

hydrogel implants  coated 

with collagen IV. 

Full re-epithelization by 

corneal epithelial cells 

after 5 days 

In vitro bovine model 

- Newly formed tissue 

grew on the hydrogel 

surface. 

- Small pores sizes makes 

the implant opaque  

82 

Electrospun 

microfabricated 3D 

rings with 

microarchitecture 

Design of artificial limbal 

stem cells niches with the 

fabrication of 

biodegradable rings 

made of polyethylene 

- The rings support good 

cell proliferation   

- Scaffolds with 

topography that aims to 

- Opaque scaffold which 

avoids the passage of 

light. 

- Irregular fibre formation on 

microfabricated substrates  

83  
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glycol diacrylate 

(PEGDA).  

In vitro rabbit model 

recreate the 3D niche 

structure 

Alginate hydrogels  

 

Alginate hydrogels 

comprised of blocks of 

mannuronic and 

guluronic acid cross-

linked via carboxyl groups 

with multi-valent cations.  

After 7 days, 57% cells 

remained alive. 

In vitro bovine cornea 

model  

- Influence stem cell 

differentiation of 

mesenchymal progenitor 

cells. 

- Biocompatibility depends 

on the material structure. 

- Some cell types are only 

modestly viable in this 

material. 

- Mechanical properties 

influence cell 

differentiation. 

- Short-term preservation of 

corneal epithelial cells. 

 

84 
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Biodegradable 

synthetic Poly D,L-

lactide-co-glycolide 

(PLGA) membrane  

 

Synthetic membrane  

Breakdown in 6 weeks  

In vivo rabbit eye model 

 

- Supports LEC’s growth 

and their transfer to the 

cornea 

- Acid catalysed hydrolysis 

can be triggered by the 

accumulation of carbonic 

acid  

85 

Limbal crypts with 3D 

niche architecture 

 

Cellular collagen 

constructs with BLCs 

(bioengineered limbal 

crypts) to mimic the 

native limbal epithelial 

stem cells (LESC’s) 

niche.  

Multilayer after 2 weeks  

In vitro human limbal 

fibroblasts  

- A mixed population of 

hLEC’s can be 

maintained on the 

surface of the scaffold 

- Scaffolds with 

topography that aims to 

recreate the 3D niche 

structure 

- Expensive 

- Loss of volume and 

shrinkage when cells are 

seeded  

- Quickly degrades 

17 
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Microfabricated 

artificial limbus with 

micropockets made 

with Polyethylene 

glycol diacrylate 

(PEGDA)  

 

Microfabricated niches 

coated with fibronectin in 

a PEGDA ring.  

6 weeks to partial re-

epithelialization of  

In vivo rabbit eye model 

 

- Promote cell migration 

and re-epithelialization 

- Fibronectin promotes cell 

adhesion. 

- Scaffolds with 

topography 

(micropockets) that aims 

to recreate the 3D niche 

structure 

- Hydrophilic 

- Poor cell-adhesion 

properties. 

- Poor protein adsorption 

 

40 

Microfabricated 

pockets in Poly D,L-

lactide-co-glycolide 

(PLGA) membranes  

 

Fabrication of 

micropockets into 

microfabricated 

membranes  

4 weeks for 50% cell 

migration 

- The inclusion of 

micropockets provides 

explants with physical 

protection that enhances 

stem cell maintenance  

- Scaffolds with 

topography 

(micropockets) that aims 

- More studies are 

necessary. 

- Acidic by products during 

degradation 

3 
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In vivo rabbit eye model to recreate the 3D niche 

structure 

Fabrication of 

polyethylene glycol 

diacrylate (PEGDA) 

membranes with 

micropockets and 

electrospun with Poly 

D,L-lactide-co-glycolide 

(PLGA)  

Rings with 

microfabricated niches in 

a PEGDA using 

microstereolithograpy. 

Membrane was 

electrospun with PLGA 

fibres.  

Cell transfer after 4 

weeks 

In vitro rabbit model 

- Promote  cell outgrowth 

and re-epithelialization 

- Scaffolds with 

topography 

(micropockets) that aims 

to recreate the 3D niche 

structure 

- Poor cell-adhesion 

properties 

- Over curing of the PEGDA 

- Random alignment of 

fibres forming the 

membrane, which 

influences the degradation 

rate 

23  

Amine functional 

hydrogels  

 

Synthetic hydrogel 

modified with alkyl 

amines as functional 

groups, adjusting the bulk 

- Promote rabbit limbal 

ephitelial cells (rLEC’s) 

growth and preventing 

- High matrix density that 

inhibit epithelial outgrowth 

from explants even when 

modified with amines  

86 
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properties and varying 

the carbon chain length of 

the alkyl amine.  

21% cell transfer  after 7 

days 

In vitro rabbit model 

rabbit limbal fibroblast 

(rLF’s) growth 

Poly (glycol sebacate)/ 

Poly (ε-caprolactone) 

PGS/PCL blend 

nanofibrous scaffolds  

 

Membrane made by 

electrospinning of PGS/ 

PCL in different ratios. 

- Biocompatible 

- Transparent  

- Nano fibrous-oriented 

scaffold 

- Wettability (water uptake) 

- Biodegradability depends 

on the blend ratio of 

spinning solution 

- Evaluation of  cytotoxicity 

and biocompatibility of this 

membrane is still 

necessary 

- Not widely investigated 

87 
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The table above shows the early development of polymers that have been used as 

cell carriers in the treatment of corneal diseases. Most of these carriers have been 

tested only in vitro, and unfortunately, despite significant advances in biocompatibility, 

transparency, and cell attachment, there are still many challenges in terms of cell 

proliferation, hydrophilicity and in the design that mimics the limbal structure. 

Therefore, it is an area of opportunity that still offers possibilities in the development 

of new technologies to help with struggle against LSCD. 

 

1.4.3 DISCUSSION OF DIFFERENT SOLUTIONS 

 

The constant search for replacements for damaged cornea has mainly focused on the 

development of 3D printed, nanofibrous, and decellularized scaffolds to replace the 

epithelium, endothelium, stroma, and full thickness cornea. Main affords have been 

made to develop a replacement for the stromal layer since it represents ~90% of 

corneal thickness 88–91.  

Current scaffolds are trying to replicate the features found in the native cornea as 

mechanical properties, substrate topography, and transparency. Mechanical 

properties have an influence in different corneal cells and cell lines, affecting cell 

behaviour and survival. Previous works have reported the influence of patterned 

scaffolds in cell migration, adhesion, proliferation, and alignment 92–94. Transparency 

is one of the most difficult features to achieve due the employed techniques to 

synthetise the scaffolds (electrospinning, freeze drying, solvent casting, phase 

separation, etc) and in the native cornea is due to the cornea curvature, collagen 

alignment, and stromal cells 10,95,96. 

Collagen is an important component of the cornea and has been used to replace all 

the corneal layers mentioned above. However, it has not been possible to design a 

microfeatured dome-shape scaffold due to its poor mechanical properties. Collagen is 

also not suitable for more complex manufacturing techniques for an aligned and thin 

material as structures are difficult to maintain and easily collapse 97,98. Another material 
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that has received great interest due to its transparency and advantageous mechanical 

properties is silk. Despite these advantages, silk corneal scaffolds have only been 

synthesized with electrospinning. Although this technique allows control over the 

alignment and the size of fibres and pores between them, it cannot be used to fabricate 

a dome shape scaffold with defined microfeatures 99. Agarose and fibrin also have 

remarkable optical properties, but the process used for their polymerization is 

complicated and often shows a certain degree of cytotoxicity 100,101. Chitosan and 

gelatin are other natural polymers that have been used for the development of corneal 

materials, mainly synthesized by evaporation and with the use of crosslinking agents 

(Physical methods: dehydrothermal, UV radiation, Chemical agents: glutaraldehyde 

(GTA), carbodiimides, genipin (GP), Enzymes: transglutaminase, tyrosinases, and 

horseradish peroxidases)102. However, the impurities of other materials from their 

processing and poor mechanical properties have made the development of suitable 

materials complicated 39. 

In summary, natural polymers have been widely used for the development of corneal 

substitutes due their biocompatibility, biodegradability, but most of them lack of 

appropriate transparency and mechanical properties and some works reported 

inflammatory responses 37,103.  

The use of synthetic polymers has been explored to overcome the issues present in 

biopolymers. The polymers that have been most widely used for the synthesis of 

scaffolds are PHEMA, PEGDA, PLGA for epithelium replacement, PVA for epithelium 

and stroma replacement, PHBo, PHBV and PCL for endothelium replacement and 

combination of PEG / PAA and PHEMA / PAA for full thickness corneal replacements 

39. The polymer processing techniques that have been employed with these polymers 

are crosslinking and electrospinning. Although the problems with mechanical 

properties have been overcome, the processes involved during synthesis and 

manufacturing are complex and time consuming. The hydrophobic nature of some of 

the synthetic polymers often requires extra steps such as surface modification to 

increase biocompatibility with target cells and increase cell adhesion 104,105. To date, 
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the creation of a corneal replacement that approaches the gold standard continues to 

be a challenge. This device should have the following characteristics: 1) mimic the 

optical and mechanical properties of the cornea, 2) possess the thickness necessary 

to be implanted in the patient ~150 μm (standard thickness for contact lenses 106), 3) 

include in-built microenvironments (niches), and 4) have a dome shape that favours 

and influences cell behaviour, promoting cell migration and proliferation. 

The tuneable mechanical properties, elasticity, and varied techniques for scaffold 

fabrication make synthetic polymers the most viable option to achieve the gold 

standard in corneal replacements. Furthermore, synthetic polymers have been used 

to overcome the drawbacks found in biopolymers, despite their lack of adequate 

transparency. Therefore, the development of a “smart” corneal biomaterial that can 

mimic the native cornea and lead to tissue regeneration is a key area of opportunity. 

PGS has seen increasingly more research interest since its first report by Wang. et. 

al. in 2002 107 due to its biocompatibility, biodegradability, inexpensiveness, 

transparency, and elastomeric nature, with tuneable mechanical properties useful for 

working with soft tissue 108–110. 

PGS has been used in biomedical applications as a retinal graft, vascular tissue, 

cartilage, cardiac patch, and nerve applications. It has also been used as a biomedical 

adhesive instead of conventional sutures, and recently as a corneal epithelium 

replacement 111,112.  

However, it has a rapid degradation rate in vivo, low mechanical strength, 

hydrophobicity, and requires high temperatures for an extended time to generate a 

crosslinked matrix. This limits the creation of precise features and restricts other 

applications based on PGS 109,111,113–115. 

Recently, our research group reported the synthesis of poly (glycerol sebacate) 

methacrylate PGS-M, a novel photocurable material that has the advantages of PGS 

combined with the adaptability of fast crosslinking under UV light thanks to 

methacrylate groups 116,117. It is possible to control the mechanical properties, 
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degradation rate, crosslinking density, and elongation through the degree of 

methacrylation. This makes PGS-M a promising biomaterial  for the development of 

microfeatured scaffolds for corneal regeneration that could be able to mimic the 

characteristics of the native cornea. 

 

1.5 DESIGN TARGETS 

 

Design and manufacture an efficient cell carrier that can be able to re-establish the 

healthy balance in a damaged cornea. It should improve the delivery and survival of 

transplanted limbal epithelial stem cells (LESC’s). 

● Biocompatible 

● Biodegradable 

● Transparent 

● Mechanical properties that mimic those of the native cornea (strength 

between 3 to 6 MPa and Young’s modulus between 100 kPa to 57 MPa). 

● This carrier should mimic the anatomical structure of the limbus to provide 

physical protection to the cells and ensure their survival 

 

1.6 LITERATURE REVIEW REMARKS  

 

The development of biomaterials for the regeneration of the cornea has reached a 

decisive point, as properties that mimic the native cornea and promote tissue 

regeneration become necessary. 

Lack of donors, biocompatibility issues, and success rates less than 35% of corneal 

transplants, have led to the search of corneal substitutes. Synthetic and natural 

polymers such as collagen, fibrin, silk, alginate, PEGDA, PLGA, PCL, PDLLA, 

PHEMA, PMMA, PGS have been explored. However, despite the advantages they 

offer, have more disadvantages such as lack of biocompatibility, degradation, 
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inflammatory reactions, lack of transparency, poor mechanical properties, and 

instability after implantation. 

On the other hand, the polymers developed to date have not completely mimicked the 

structure of the native cornea with its in-built niches and transparency. Therefore, the 

development of micro-featured materials for cornea is an area of opportunity for the 

improvement of proliferation and guiding migration of corneal cells. 

The gold standard for a corneal substitute would be a biocompatible, biodegradable 

polymer, capable of mimicking the properties of soft tissue such as cornea, but 

mechanically capable of supporting tissue regeneration, biodegradable and stable in 

physiological conditions. In addition, this material should allow the design of an 

architecture that mimics the niches in the native cornea, promoting cell proliferation, 

migration, and differentiation, ultimately leading to tissue regeneration. 
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 CHAPTER 2. PGS-M SYNTHESIS  

2.1 INTRODUCTION 

 

The previous studies listed in Chapter 1 (1.5) showed possible candidates developed 

for use as corneal replacements. However, a material capable of completely mimicking 

the native cornea and its physical-chemical properties has not been developed yet. 

Therefore, it is necessary to develop a material that mimics corneal dome-shape 

architecture with in-built niches, possesses similar mechanical properties, and has a 

chemical composition that promotes both cellular growth and tissue regeneration. 

For this purpose, synthetic polymers seem to be the best choice due to their tuneable 

characteristics. It is necessary to choose a polymer that possesses the properties of 

soft tissues such as cornea, but with the mechanical properties that allow tissue 

regeneration without loss of architecture and stability. In addition to this, it should be 

biocompatible, biodegradable, and have transparency like cornea. The method of 

fabrication is also important, as it should allow the creation of micro-features that 

emulate the niches present in the cornea and its dome shape. 

Our research has shown that poly glycerol sebacate (PGS) is an optimal candidate for 

use in soft tissue engineering, thanks to its mechanical properties, biocompatibility, 

biodegradability, elasticity and its wide use in soft tissue engineering in retina, 

cartilage, cardiac patch, etc. with promising results 108,111. However, its high rate of 

degradation, low mechanical strength, and crosslinking methods have limited its 

applications and the creation of accurate geometries. 

Therefore, based on previous results from our research group, I propose the addition 

of methacrylate groups in low percentages to optimize the properties of PGS as a 

biomaterial for soft tissue . The addition of methacrylate groups makes it possible to 

control the mechanical properties and the degradation rate through the degree of 

methacrylation. In addition, the creation of architectures with high precision is also 

possible as methacrylate groups allow photocuring of the material. 
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In this chapter, four low degrees of methacrylation (DM) (20,30,40 and 50%) are 

proposed, to characterize and select the candidate that presents physicochemical 

properties matching those of the native cornea. This will be considered as further 

biological characterization will be used to determine which material is best to 

regenerate corneal tissue. 

2.1.2 PREPOLYMER POLY (GLYCEROL SEBACATE) (pPGS) 

 

The synthesis of poly (glycerol sebacate) (PGS) was first reported by Wang. et. al. in 

2002 107. Since then, different groups synthesized PGS under different temperatures 

and reaction times, resulting in polymers with distinct mechanical properties useful for 

a wide variety of applications (Table 2.1). 

 

Table 2.1 PGS synthesis methodologies carried out by different research groups. 

APPLICATION 
MOLAR 

AMOUNT 

PRE-

POLYMERIZACION 

CONDITION 

POLYMERIZATION 

CONDITIONS 

MECHANICAL 

PROPERTIES 
REFERENCE 

Soft tissue 1:1 

120 °C under 

argon for 24 h 

1 torr to 40 mtorr 

over 5 h 

40 mtorr and 

120 °C for 48 h. 

Rupture 

strain: 267 ± 

59.4% 

Young’s 

Modulus: 

0.282 ± 

0.0250 MPa 

UTS >0.5 

MPa 

107 

Vascular 

tissue 
1:1 

150 ºC under 

nitrogen for 24 h 

No information 

available 

No 

information 

available 

118 
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Soft tissue 1:1 
120 ºC under 

nitrogen for 24 h 

40 mTorr 120 ºC  

for 24 h 

No 

information 

available 

119 

Myocardial 

tissue 
1:1 

110, 120, or 130 

ºC under argon 

for 24 h 

50mmHg over 5 

h 

110, 120, or 130 

vacuum for 48 

h. 

Rupture 

strain:40-

50% 

Young’s 

Modulus: 

0.040–1.2 

MPa 

120 

Cartilage 
3:4, 1:1, 

and 4:3 

120 ºC under 

nitrogen for 24 h 

 

50 mTorr 

vacuum at 120 

ºC for 48 h 

Young’s 

Modulus:  

0.25-4.5 

MPa 

121 

Soft tissue 1:1 
120 ºC under 

nitrogen for 24 h 

30 mTorr 

vacuum at 120 

ºC for 48 h 

Young’s 

Modulus: 

0.3-2.5 MPa 

122 

Heart valve 1:1 
nitrogen blanket 

to 120 ºC 24 h 

50 mTorr 

vacuum for 24 h 

Young’s 

Modulus:  1-

2.75 MPa 

123 

Tissue 

engineering 
1:1 

nitrogen gas at 

either 130 ºC for 

24 h or 150 ºC 

for 8 h. 

No information 

available 

Young’s 

Modulus: 

1.7-2.4 MPa 

110 

Skin 1:1 

150 C for 12 h 

under the 

protection of N2 

vacuum at 150 

ºC for 12 h. 

No 

information 

available 

124 
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Table 2.1 shows that the same reaction conditions have been carried out by different 

groups, but different results were obtained. This is due to the extent of esterification, 

the ratio of esterified secondary to primary alcohols, or in the monomer composition 

of the final polymer. Primary alcohols react faster with carboxylic groups and forming 

an unbranched polymer chain. Secondary alcohols are not very reactive and are 

responsible of crosslinking and are present in small quantities 110. 

 

2.1.3  STANDARD SYNTHESIS 

 

PGS is a polyester elastomer that is synthetized through a 

polycondensation/esterification reaction using 1:1 molar ratio of trifunctional glycerol 

[HOCH2CH(OH)CH2OH] and bifunctional sebacic acid [(HOOC) (CH2)8(COOH)] 110,125 

(Figure 2.1). This reaction results in a transparent, almost colourless elastomer 107. 

 

Figure 2.1 Polycondensation/ esterification of PGS. 

 

Glycerol is a basic building block for lipids: it is a non-toxic, colourless, odourless, 

water soluble and hygroscopic simple polyol that is used in pharmaceutical 

formulations, as a humectant in food, and is approved by the United States Food and 
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Drug Administration (FDA) 126. On the other hand, sebacic acid is derived from castor 

oil and is a metabolic intermediate in ω-oxidation of medium to long chain fatty acids. 

Similarly to glycerol, it is also non-toxic and approved by FDA, being used in drug 

delivery systems  and as plasticizer in cosmetics 111,121,127. 

A PGS film possesses a tensile Young's modulus of 0.01-1.5 MPa and its maximal 

elongation is 1.2 to 3 times its original length; for this reason, this polymer is suitable 

substitute material in soft tissue engineering 111. 

PGS’s Young’s modulus values are higher as curing time and curing temperature are 

increased. Its physical properties are further modified by changing the molar 

concentration of reactants. Although the maximum strain at break decreased with 

longer curing times, the biocompatibility was improved 126. Furthermore, the degree of 

esterification (DE) has been used to predict the Young's modulus, degradation rate 

and physical characteristics of PGS 111.  

PGS has been used as scaffold and cell delivery vehicle as it provides a conductive 

surface allowing cell adherence. It is also capable of guiding and organizing cells in 

the required manner to support cell growth.  

The physical characteristics (mechanical properties and elastic behaviour) of PGS are 

like common biological soft tissues. This polymer has high biocompatibility and 

elastomeric nature, making it able to recover after deformation as a result of its intrinsic 

elasticity 120. PGS degrades by surface erosion, losing mass and strength during 

reabsorption in host tissue. It also has minimum water absorption and no detectable 

swelling 128. 

Advantages 

● Biocompatible, biodegradable, inexpensive, generally has soft and flexible 

mechanical properties useful for working with soft tissue 110. 

● Bioresorbable in natural pathways 113. 
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● This polymer has a similar acute inflammatory response with PLGA, but with 

less fibrous capsule formation and the absence of chronic inflammation 129. 

Disadvantages 

● Rapid degradation rate in vivo, that limits the use of the scaffold. This can be 

improved with chemical modifications 113. 

● Low mechanical strength (0.2 – 0.5 MPa), Young's modulus between 0.01 to 

1.5 MPa and poor hydrophilicity (water retention capacity ~2%). This can be 

improved with chemical modifications, like modifying PGS with acrylates 109,111. 

● A certain degree of cytotoxicity due to their non-reacted carboxylic acid groups 

or carboxylic acids produced by the aqueous hydrolysis of the PGS ester 

groups. This can decrease the extracellular pH (acidify) 120, and as such the 

degree of cytotoxicity is associated with crosslinking density, It is possible that 

a low crosslinked network with high degradation rate can decrease the pH to 

such an extent that the environment becomes cytotoxic 111. 

● Requires high temperatures for extended periods of time to generate a 

crosslinked matrix. These conditions make the creation of accurate geometries 

difficult and limit its possible applications. 

 

2.1.4 MICROWAVE ASSISTED SYNTHESIS 

 

The conventional PGS synthesis requires long reaction times with high energy and 

inert atmosphere (flow of nitrogen or argon). In industry, microwave radiation is used 

in drying process and chemical reactions 125. 

 

Advantages 

● The non-contact nature of the process, instant and rapid heating, fast reaction, 

minimization of side reactions and better quality (purity) 125 

● Efficient reaction (time and energy) 130. 
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Disadvantages  

● Lack of information in the reaction and difficulties of control 125 

● Heterogeneous energy transfer and intensive glycerol evaporation that causes 

distortion in the ratio of sebacic acid and glycerol. This results in a stiffer PGS 

when is cured 130. 

● Yellowish pre-polymer 127.  

 

This reaction can be carried out in a commercial microwave oven or an industrial 

microwave reactor. The synthesis in the microwave reactor is carried out in a 

controlled way. We have a constant nitrogen flow that prevents the oxidation of the 

polymer and constant vacuum that allows the removal of the by product (water) 

avoiding hydrolysis of the molecule. In addition, it is possible to maintain a continuous 

stirring that allows the reagents to be mixed during all the reaction. The disadvantage 

of this method is the limited amount that can be synthesized due to the size of the 

reactor. On the other hand, conventional microwave synthesis is faster and larger 

amounts of polymer can be synthesized. However, the synthesis is not carried out 

under controlled conditions, as result of this, the polymer is more yellow, and the 

molecule can be hydrolysed due to lack of removal of the by product. 

 

The table 2.2 shows some of the protocols used for the synthesis of microwave PGS. 

 

Table 2.2 Protocols used for the synthesis of microwave PGS. 

Type of 

microwave 

Reaction 

time 
Intervals 

Microwave 

power 
Result Reference 

Domestic 

oven 
3 minutes 

10 

seconds in 

every 

minute 

650 W 

Young's modulus 0.5 ± 

0.02 MPa 

Tensile strength 

0.27±0.06 MPa, 

Elongation 180% 

125 
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Domestic 

oven 

3 min 

(tested until 

30 min 

reaction, 

with best 

results 

obtained at 

3 min) 

Every 

minute 
600 W 

Young's modulus 0.29 ± 

0.10 MPa 

Elongation at break 2.44 

±0.17 

130 

Microwave 

reactor 

1.5 h under 

continuous 

stirring at 

180 °C. and 

an 

additional 

30 min in 

vacuum to 

remove 

water. 

- - 

2600 g/mol 

Degradation of 4.5 % in 

16 weeks 

127 

 

2.1.5 POLY (GLYCEROL SEBACATE) ACRYLATE (PGSA) 

 

The acrylation of Poly (glycerol sebacate) is the addition of acrylate groups in the 

backbone of PGS. It was firstly proposed by Nijst et al. 131 and Englemayr et al. 132. 

(Figure 2.2).  
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Figure 2.2 Diagram detailing PGS acrylation. 

This modification gives control over crosslinking process and provides more 

processing options, as the crosslinking can occur via redox (useful for injectable 

polymers with applications in drug delivery, tissue adhesives, tissue barriers and 

scaffolds) and photoinitiation, which that can be controlled by changing the initiator 

concentration and light intensity 115. The synthesis of PGS requires high temperatures 

and vacuum conditions, limiting its application since it makes crosslinking in vivo 

impossible 114.  

Acrylated PGS can also be crosslinked under exposure of UV light, with the number 

of acrylate functional groups dictating the concentration of cross-links formed in the 

network. This modification allows it to overcome the limitation of the high temperature 

and vacuum requires to cure PGS 115. Table 2.3 shows the comparison of the 

properties between the PGS and PGSA. 
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Table 2.3 Comparison of the properties between the PGS and PGSA. 

 

 

PGS PGSA 

REFERENCES 115,129,131,133 115,129,131,133 

PROPERTIES   

Degree of 

acrylation (DA) 
No information available 1 – 88 % 

Ultimate tensile 

strength 
0.2 – 0.7 MPa 0.01 to 0.6 MPa 

Young's modulus 0.01 to 1.5 MPa ~30 KPa to 6.6 MPa 

Elastic elongation 120 to 300 % 40% - 190% 

Degradation rate 
~ 21 d/mm thickness in vivo / 

after 6 weeks in vivo 

10% in vivo after 10 weeks 

37 % in vivo after 8 weeks 

~20 – 100 % in vivo at 12 

weeks (depends on DA) 

Water retention 8% - 12% 8% - 12% 

 

It has been observed that if the DA increases, Young's modulus, stiffness, tensile 

strength and crosslinking increase, but the % elongation at break decreases 115.  

 

Advantages 

 

● This modification gives an additional level of control with tunable mechanical 

properties 131,133. 
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● It can be cured rapidly at ambient temperatures, producing a material with a 

large range of mechanical properties. It showed in vitro enzymatic degradation 

and biocompatibility by sufficient cell adhesion with subsequent proliferation 

into a confluent monolayer 131. 

● This polymer could also be combined with other acrylated molecules to extend 

additional control of its macromolecular properties: for example, the co-

polymerization of PEGDA with PGSA enabled further control of characteristics 

such as mechanical strength, water swelling, hydrophobicity, and degradation 

rates 134. 

 

Disadvantages 

● It is not soluble in aqueous solutions, which may limit some of its applications 

131. 

● It can generate a mild inflammatory response in vivo 129. 

● Difficult the removal of the by-product (mainly chlorine salts) 116. 

 

2.1.6 POLY (GLYCEROL SEBACATE) METHACRYLATE (PGS-M) 

 

Methacrylation of PGS was performed as reported before by Singh et al. in 2018117 

and Pashneh-Tala et al. in 2018 116, both worked with higher degree of methacrylation 

because the application of their work was based in the development of a biomaterial 

for nerve conduits, that required stiffer materials. In this work the application of PGS-

M is for soft tissue (cornea) for that reason why lower methacrylation degrees were 

investigated during this work  The main difference is that PGS-M reacts more slowly 

compared to PGS-A, reducing spontaneous crosslinking of the molecules. 

Additionally, the use of methacrylate anhydride instead of acryloyl chloride makes the 

reaction much cleaner, as we avoid the formation of a large amount of salts during 

acrylation. These salts are difficult to remove from the final product. Therefore, it is a 

better option when modifying the PGS molecule compared with acrylate groups 

(Figure 2.3). 
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Figure 2.3. Diagram detailing PGS methacrylation. The PGS methacrylation was carried out 

by adding methacrylate groups from methacrylate anhydride to the hydroxyl groups of the 

PGS molecule. 

 

2.2 OBJECTIVES 

 

2.2.1 GENERAL OBJECTIVE 

Synthesize and characterize a polymer suitable for use in tissue engineering. This 

polymer should be transparent, biocompatible, and biodegradable with mechanical 

properties that mimic the native cornea. 

2.2.2 SPECIFIC OBJECTIVES 

● To synthesize poly glycerol sebacate (PGS) prepolymer through microwave 

and standard synthesis. 

● To synthesize poly glycerol sebacate methacrylate (PGS-M) polymer with 

different degrees of methacrylation (20%,30%, 40% and 50%) in order to 

develop a device with mechanical properties that mimics the native cornea.  

● Characterize and evaluate the material to select the best PGS-M candidate 

(DM) for a material to regenerate cornea. 
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2.3 MATERIALS AND METHODS 

 

 

Figure 2.4 Methods diagram for PGS-M synthesis. 

 

 

PGS prepolymer 
synthesis (pPGS) 

- Microwave 

- Standard synthesis 
 
  pPGS characterisation 

 
  

pPGS  methacrylation 
(PGS-M) 

  

 
PGS-M 

characterisation 
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Figure 2.5 Chemical reactions for PGS-M synthesis and crosslinking. 

 

METHODS 

PGS PREPOLYMER (pPGS) STANDARD SYNTHESIS 

 

PGS was synthesized through the polycondensation reaction of a 1:1 molar mixture 

of glycerol (C3H8O3) (Sigma Aldrich) and sebacic acid (C10H18O4) (Sigma Aldrich) 

added in two-neck round bottomed flask and reacted at 120 °C under a continuous 

flow of nitrogen for 24 h to avoid oxidation. This was heated for an additional 24 h 

under a continuous stirring and vacuum at 120 °C to remove water (reaction by-

product, shown in Figures 2.5 and 2.6). The molar mass of the pPGS polymer unit 

(Glycerol-Sebacic acid) was 259.32 g/mol (Figure 2.6) (Figure 2.7).  
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Figure 2.6 PGS prepolymer polycondensation reaction. 

 

 

Figure 2.7 PGS synthesis standard method. 

 

MICROWAVE ASSISTED SYNTHESIS 

 

The polycondensation reaction of 1:1 molar of glycerol (C3H8O3) (Sigma Aldrich) and 

sebacic acid (C10H18O4) (Sigma Aldrich) was carried out using a CEM Discover SP 

microwave reactor to heat the mixture for different times (30 sec, 1 min, 2 min, 3 min, 

4 min, 5 min, 10 min, 15 min, 30 min, 1 hr and 1.5 hr) (N=3, n=3). The reaction was 

done under continuous stirring at 180 °C with one initial nitrogen purge. The maximum 

pressure during polycondensation was 5 bar and the microwave maximum power was 
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set to 200 W. To remove the by-product (water) the samples were vacuumed at 150 

°C by 30 additional minutes. The software used to analyse the sample’s reaction was 

Synergy™ (Figure 2.8). 

 

 

Figure 2.8  PGS synthesis in CEM Discover SP microwave reactor. 

 

PGS-M SYNTHESIS 

 

Methacrylation was carried out in the PGS samples obtained by the microwave 

assisted synthesis and the standard synthesis and was performed as reported before 

by Singh et al. in 2018 117 and Pashneh-Tala et al. in 2018 116. 

Glycerol has three hydroxyl (OH) groups in its structure. It was assumed that only the 

two primary hydroxyls groups in glycerol reacted with sebacic acid during the PGS 

synthesis. Therefore, 3.856 mmol of OH are available for methacrylation 131,133. The 

methacrylation was carried out by adding methacrylate groups from methacrylate 

anhydride to the hydroxyl groups of the PGS molecule. PGS was methacrylated in 4 

degrees of methacrylation (DM) - 20, 30, 40 and 50%. 

The methacrylation was carried out using dichloromethane (DCM) (CH2Cl2) (Fisher 

Scientific, UK) to dissolve the PGS prepolymer in a 1:4 (w/v) ratio synthetized by 

standard synthesis and microwave assisted synthesis. Then, triethylamine ((C2H5)3N) 
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(Sigma Aldrich) was added (equimolar amount) as a neutralizing base for the acidic 

side products (Methacrylic acid) . After this, 4-methoxyphenol (MeHQ) (C7H8O2) 

(Sigma Aldrich) (1mg/g of PGS prepolymer) was added as photo polymerisation 

inhibitor to avoid spontaneous crosslinking. Finally, methacrylic anhydride 

([H2C=C(CH3)CO]2O) (Sigma Aldrich) was added dropwise, in four different 

concentrations related with the degree of methacrylation (DM) (20%, 30%, 40% and 

50%). 

The reaction was performed in the dark (24h) on ice and allowed to reach room 

temperature. Extra MeHQ was added at the end of the reaction (0.5 mg/g of PGS 

prepolymer) and the solution was washed four times with 30 mM hydrochloric acid 

solution (HCl) (Fisher scientific, UK) at 1:1 to remove unreacted reagents and 

impurities by changing their polarity and partitioning the solution in organic and 

inorganic layers. Water was removed from the washing solution using granular calcium 

chloride (CaCl2) (Fisher scientific, UK) at 0.4 g/g of pPGS. The solution was filtered 

using a 6 µm pore cellulose filter (Whatman - Grade 3, GE Healthcare Life Sciences, 

UK). Finally, the DCM was removed through rotary evaporation under vacuum in an 

ice bath until the PGS-M prepolymer was a viscous liquid. To maintain PGS-M stable, 

the polymer was stored at -8 °C prior to use (Figure 2.9).  
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Figure 2.9 PGS-M synthesis reaction. Triethylamine ((C2H5)3N) was added as a neutralizing 

base for the acidic side products (Methacrylic acid) . 4-methoxyphenol (MeHQ) (C7H8O2)  

was added as photo polymerisation inhibitor to avoid spontaneous crosslinking. Finally, 

methacrylic anhydride ([H2C=C(CH3)CO]2O) was added dropwise, in four different 

concentrations related with the degree of methacrylation (DM) (20%, 30%, 40% and 50%). 

 

MATERIAL CHARACTERIZATION   

 

Methacrylation was carried out only in PGS synthesized by the standard method, 

because while the PGS yield from the microwave synthesis was 19.72 g, after 

purification only 2 g of highly viscous polymer remained, making methacrylation 

inefficient. PGS-M in four different degrees of methacrylation (20, 30, 40 and 50%) 

were analysed before and after crosslinking. The photoinitiator (PI) diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide/2-hydroxy- 2-methylpropiophenone (Sigma 

Aldrich) 1% (w/w) was used to photocure the PGS-M polymer, it was mixed and 

exposed to UV light (200 W, OmniCure Series 2000 curing lamp) for 10 min to 

photocure. The samples obtained were photocured disks (1 mm thickness, 15 mm 

diameter). The samples were washed with methanol (CH3OH) (Sigma Aldrich) 4 
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consecutive times (24 hours each). After this, the samples were dried in a vacuum 

oven at 70 ºC for 24 h. 

 

2.3.1 GEL PERMEATION CHROMATOGRAPHY (GPC) 

 

The theoretical number average molecular weight (Mn) and the weight average 

molecular weight (Mw) were determined through the data obtained from gel permeation 

chromatography (GPC) (Viscotek GPCmax VE2001 Cirrus with PLgel 3um mixed E 

column). Tetrahydrofuran was used for dissolving samples at 1% w/v. The samples 

synthesized in the microwave reaction were exposed to vacuum for 30 minutes at 150° 

C after the synthesis to remove water by product. The changes in number average 

molecular weight (Mn) and the weight average molecular weight (Mw) after vacuum 

exposition were also calculated. 

The average molecular weights by number and by weight were calculated from the 

data obtained from GPC, using the following equations (equation 2.1 and 2.2). 

 

𝑀𝑤 =
∑(𝑁𝑖𝑀𝑖2)

∑ 𝑁𝑖𝑀𝑖
 

Equation 2.1 Average molecular weight by number 

 

𝑀𝑛 =
∑(𝑁𝑖𝑀𝑖)

∑ 𝑁𝑖
 

Equation 2.2 Average molecular weight by weight 

 

Where Ni and Mi represent signal intensity in the peak area and mass for the oligomer 

containing i monomers, respectively 135–137. 

 

The dispersity index (DI) was determined from the ratio of Mw to Mn (Equation 2.3). 
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𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
 

Equation 2.3 Polydispersity index 

2.3.2 SWELLING 

 

Sol free samples were submerged in phosphate buffer saline (PBS), Dulbecco's 

Modified Eagle Media (DMEM) and methanol at 35 °C for 24h. The excess surface 

liquid was removed, and the swollen samples (Ws) were weighed. The degree of 

swelling and swelling ratio was calculated from the swollen weight (Ws), final weight 

(Wd), and initial weight (Wi) using Equations 2.4 and 2.5. 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =  
(𝑊𝑠 − 𝑊𝑑)

𝑊𝑠
 𝑥 100 

Equation 2.4 Degree of swelling 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑊𝑠

𝑊𝑖
 

Equation 2.5 Swelling ratio 

 

2.3.3 GEL CONTENT (DEGREE OF CROSSLINKING) 

 

Photocured PGS-M disks were dried at 70 °C 24 h under vacuum (Wi: initial weight) 

and submerged in methanol at 35 °C for 24h (N=3, n=3). Samples were dried at 70 °C 

24 h under vacuum (Wd: final weight) to determine the degree of crosslinking (Equation 

2.6).  

𝐺𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
(𝑊𝑑)

𝑊𝑖
 𝑥 100 

Equation 2.6 Degree of crosslinking 
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2.3.4 SOL CONTENT 

 

Soluble fractions were determined by washing photocured PGS-M disks in methanol 

to solubilise the unreacted prepolymer. The disks were dried at 70 °C 24 h under 

vacuum (Wi = initial weight) and re-weighed at 24 h (Ws = swollen weight after the first 

24 hrs) intervals, until reaching a constant mass in approximately 3 days (N = 3, n = 

3). 

During the weighing, solvent on the surfaces of the samples was cleaned up, and 

samples were placed into sealed vials to reduce solvent evaporation. Controls were 

subjected to the same drying protocol, but without methanol washing. At the end of 

experiment samples were dried at 70 °C 24 h under vacuum (Wd = final weight) 

(Equation 2.7). 

𝑆𝑜𝑙(%) =
(𝑊𝑖 − 𝑊𝑑)

𝑊𝑖
 𝑥 100 

Equation 2.7 Sol content 

2.3.5 ATTENUATED TOTAL REFLECTANCE FOURIER TRANSFORM INFRARED 

SPECTROSCOPY (ATR-FTIR) 

 

● PREPOLYMER  

0.1 ml PGS prepolymer was analysed using attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR), with a Nicolet 380 spectrometer 

including an ATR device (Golden Gate, 45° single-bounce diamond anvil, Specac). 

Spectra were obtained between 4000 and 500 cm-1, with a resolution of 4 cm-1 and 16 

repeated scans. The data was analysed using OMNIC and Origin Pro software. The 

samples synthesized in microwave reaction were exposed to vacuum for 30 minutes 

at 150°C after the synthesis, to remove water by product.  The ATR-FTIR spectra 

shows the changes after this processing. 
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● PGS-M 

Sol free disks with 1 mm thickness of photocured PGS-M (DM) 20, 30, 40 and 50%, 

were washed with methanol (CH3OH) (Sigma Aldrich) 4 consecutive times (24 hours 

each). After this, the samples were dried in a vacuum oven at 70 ºC for 24h. 

Afterwards, they were analysed by ATR-FTIR. 

2.3.6 NUCLEAR MAGNETIC RESONANCE (NMR) 

 

PGS and PGS-M with different DM were analysed by nuclear magnetic resonance 

(NMR) using a Bruker AVIIIHD spectrometer at 500 MHz. The polymer samples were 

dissolved in 1ml of deuterated chloroform (CDCl3) at 1% (w/v). The data was analysed 

using Origin Pro software.  

2.3.7 MECHANICAL ANALYSIS 

 

Sol free PGS-M samples with different DM (20, 30, 40 and 50%) were shaped and 

photocured into tensile test pieces (Type 4 dumb-bell, as specified in BS ISO 37:2011) 

using a silicone mould. Tensile testing was performed in Zwick Roell System at a 

crosshead speed of 500 mm/min, with samples elongated to failure to determine 

Young’s modulus, ultimate tensile strength (UTS), rupture to strain, and maximum 

elongation. 

2.3.8 THERMOGRAVIMETRIC ANALYSIS (TGA)  

 

Sol free disks were cut in small pieces (∼10 mg). The analysis was done using a 

Perkin-Elmer Pyris1 TGA with gas purge at 60mL/min. Samples were subjected to a 

heating cycle of 200°C to 600°C at a heating rate of 10°C min−1. Initial degradation 

temperature (TDI) and peak degradation temperature (TDP) were determined using the 

first derivative curve to determine the onset of thermal degradation. Thermal stability 

was determined by calculating the remaining weight at 600°C. Degradation 

temperature and temperature range were determined from the first derivative curve 

(%weight loss/°C). 
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2.3.9 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

 

Sol free disks were cut in small pieces (~5 mg). The analysis was done using Perkin-

Elmer Pyris1 purged with nitrogen at 30mL/min. Samples were heated from −60 °C to 

100 °C under N2  at a rate of 10 °C min−1. Thermal properties melting point (Tm), glass 

transition temperature (Tg), enthalpy of melting (ΔHm) and enthalpy of crystallization 

(ΔHc) were calculated using the first cooling cycle and second heating cycle. The 

melting temperature (Tm) and glass transition temperature (Tg) were located at the 

peak of the process. Recrystallization temperature (Tc) was found in the valley point 

in the heat capacity curve. 

2.3.10 IN VITRO DEGRADATION OF PHOTOCURED PGS-M 

 

Sol free disks were weighed and incubated in PBS and media at 37°C. The samples 

were analysed at days 3, 7, 10, and 28, and dried at 70°C overnight under vacuum. 

Dried samples were weighed and the percentage of weight loss at specific time point 

was calculated from the initial (Wi) and final dried weight (Wd) using Equation 2.8. The 

surface degradation was analysed using scanning electron microscopy (SEM). 

 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =
(𝑊𝑖 − 𝑊𝑑)

𝑊𝑖
 𝑥 100 

Equation 2.8: Weight loss percentage. 

2.3.11 SURFACE ANALYSIS 

 

● SEM 

Sol free disks were affixed to aluminium stubs, gold coated using a sputter coater 

(Edwards S150B) and examined by scanning electron microscopy (SEM) using 

TESCAN Vega 3 LMU SEM at an accelerating voltage of 20 kV. 

 



 
 

89 
 
 

 

 

● CONTACT ANGLE 

PGS-M disk hydrophilicity was determined using a goniometer by the sessile drop 

method . A 3 µL drop of deionized water was placed onto a flat surface of PGS-M of 

different degrees of methacrylation using a 21-gauge flat needle. Optical images were 

collected after 10 seconds of contact. The contact angle of water was determined from 

the optical images with DSA3 software.  

 

2.3.12 STATISTICS 

 

The characterization was carried out with three independent experimental repeats 

(N=3) in triplicates per experiment (n = 3). The data was analysed with GraphPad 

Prism version 7.04 software. The data significance was calculated with one-way 

ANOVA with Tukey post-hoc pairwise multiple comparison analysis for experiments 

with one independent variable or factor (sample type or condition). Two-way ANOVA 

(paired samples) with Tukey post-hoc pairwise multiple comparison analysis was used  

for the experiments with two independent variables or factors (sample type or 

conditions). P≤0.05 was considered statistically significant (*) and P>0.05 was 

considered non-significant (ns). Data was graphed as means ± SD (standard 

deviation). 

2.4 RESULTS AND DISCUSSION 

 

● Standard method 

A slightly yellowish and viscous PGS prepolymer was obtained by the standard 

synthesis method as was reported by Rai et al. in 2012 108. The prepolymer colour is 

due to a small number of crosslinks and hydroxyl groups directly attached to the 

backbone as reported before by Cai and Liu 138.  
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THEORETICAL YIELD  

 

150 𝑔 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑 ×  
1 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑

202.25 𝑔 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑
= 0.741 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑 

0.741 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑 ×  
1 𝑚𝑜𝑙 𝑝𝑃𝐺𝑆

1 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑
 ×

276.32 𝑔 𝑝𝑃𝐺𝑆

1 𝑚𝑜𝑙 𝑝𝑃𝐺𝑆

= 204.93 𝑔 𝑝𝑃𝐺𝑆 (𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑) 

% =  
𝑅𝑒𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑
 

% =  
183.78

204.93
× 100 = 89.67 % 

 

● Microwave method 

The prepolymer synthesized by microwave was yellowish and viscous (Figure 2.10), 

the same features were reported before by Bodakhe et. al. in 2012 114 and Yang et. 

al. in 2015 139 during the microwave synthesis.  

 

 

Figure 2.10 a) Sample before the placing it in the microwave reactor, b) Sample after the 

reaction. 
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The obtained polymer was more liquid and transparent as the reaction time increased. 

Figure 2.11 shows how the reaction time influences the resulting polymer. The change 

in colouration is due to sample oxidation in the absence of a constant N2 flow during 

the reaction.  

 

 

Figure 2.11 PGS prepolymer samples at different times. 

 

THEORETICAL YIELD  

15 𝑔 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑 × 
1 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑

202.25 𝑔 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑
= 0.074 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑 

0.074 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑 ×  
1 𝑚𝑜𝑙 𝑝𝑃𝐺𝑆

1 𝑚𝑜𝑙 𝑆𝑒𝑏𝑎𝑐𝑖𝑐 𝑎𝑐𝑖𝑑
 ×

276.32 𝑔 𝑝𝑃𝐺𝑆

1 𝑚𝑜𝑙 𝑝𝑃𝐺𝑆

= 20.493 𝑔 𝑝𝑃𝐺𝑆 (𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑) 

% =  
𝑅𝑒𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑
 

% =  
19.72

20.493
× 100 = 96.22 % 

According with the theoretical yield calculations, the microwave synthesis is more 

efficient compared to the standard synthesis. However, the maximum amount of 

polymer that can be synthesized in microwave is only ~19 g, limiting PGS synthesis. 

The reason for this is the small vials used in the microwave reactor. On the other hand, 

the standard synthesis has a lower yield, but it is possible to synthesize more than 500 

g in a single reaction, making it much more useful. It is also important to mention that 

water is the by product in the PGS synthesis. During the standard synthesis, water is 



 
 

92 
 
 

 

 

removed through vacuum, but during microwave synthesis it is not possible to remove 

it. Water can affect the PGS causing hydrolysis of the molecules, another reason to 

choose the standard over the microwave synthesis. 

 

2.4.1 GEL PERMEATION CHROMATOGRAPHY (GPC) 

 

The average molecular weights (by number and by weight) of the synthesized samples 

(standard and microwave synthesis), were calculated from the data obtained in GPC 

analysis before and after vacuum, using the equations 2.1 and 2.2. The results are 

shown in table 2.4. 

 

Table 2.4 Average molecular weights. 

Sample 

(time) 

Molecular weight 

(Mw) g/mol 

Molecular weight 

(Mn) g/mol 

Not dry Dry in the 

oven 

Not dry Dry in the 

oven 

30 

seconds 

717 650 508 468 

1 minute 904 770 622 541 

2 minutes 1,014 905 692 625 

3 minutes 911 1,007 628 695 

4 minutes 938 1,174 633 764 

5 minutes 992 1,017 678 692 

10 minutes 1,415 1,346 921 888 

15 minutes 1,538 1,662 1,032 1,113 

30 minutes 1,890 2,243 1,304 1,474 
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1 hour 2,116 2,226 1,384 1,480 

1.5 hour 1,674 2,337 1,138 1,556 

Standard 23,603  7,711  

 

Table 2.4 shows that molecular weight (Mw) increases proportionally with reaction 

time; this is due to polymer crosslinking 140. Mw and Mn are higher in samples dried in 

the oven. Therefore, it is assumed that the time in the oven increased the crosslinking. 

In comparison, the samples obtained through standard synthesis have higher Mw and 

Mn. 

Theoretical number average molecular weight (Mn) and weight average molecular 

weight (Mw) for standard synthesis were 7,711 g/mol and 23,600 g/mol, respectively. 

The results are comparable with other studies where PGS was synthesised under the 

same conditions (24 hr at 120 ºC). Nijst et al. obtained polymer with an average 

molecular weight (Mw) of 23 000 g/mol, a number average molecular weight (Mn) of 

6500 g/mol and a dispersity index (DI) of 3.5 131 . 

 

Samples synthetized in microwave showed lower number average molecular weight 

(Mn) from 770 to 2,337 g/mol and weight average molecular weight (Mw) from 541 to 

1556 g/mol which increased as the reaction time increased. The results obtained in 

the microwave synthesis are also comparable with previous studies carried out under 

the same conditions (1.5 hr at 180ºC). Mogosanu et al. reported an average molecular 

weight (Mw) of 3600 g/mol. 

 

The index of heterogeneity or dispersity index (DI) is used to measure the amplitude 

of the molecular weight distribution of a polymer chain. The values of the dispersity 

index close to unity represent a great homogeneity of molecular weights 

(monodisperse polymer) 141. A DI with a value of 1 means that all the chain lengths 

are equal and is only observed in proteins and nucleic acids. Polymers with a dispersity 
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index close to unity have better properties than those with an index much higher than 

unity. The best controlled synthetic polymers have a PDI of 1.02 to 1.10 142. 

The table 2.5 shows the dispersity for each sample synthesised in the microwave 

reactor and standard protocol.  

 

Table 2.5 Dispersity Index for PGS prepolymer samples. 

Samples Not dry Dry in the 

oven 

30 

seconds 

1.41 1.39 

1 minute 1.45 1.42 

2 minutes 1.47 1.45 

3 minutes 1.45 1.45 

4 minutes 1.48 1.54 

5 minutes 1.46 1.47 

10 minutes 1.54 1.52 

15 minutes 1.49 1.49 

30 minutes 1.45 1.52 

1 hour 1.53 1.50 

1.5 hour 1.47 1.50 

Standard 3.06 - 

 

PGS synthesis is carried out with equimolar quantities of the monomer’s reaction 

(sebacic acid and glycerol). Due to this, the reaction in theory should produce a linear 
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polymer. The maximum value of the DI is 2, which occurs at a monomer conversion 

of 100%. This is true for step-growth polymerization of linear polymers. 

Dispersity index was 3.6 in the standard reaction compared to a range from 1.39 to 

1.5 in the microwave reaction, which increased as the reaction time increased. Results 

obtained were comparable with other studies where PGS prepolymer was synthesized 

using a equimolar ratio of glycerol and sebacic acid 108,114,115,131,133,138,139. However, 

there is not any report about DI in samples synthesized in the microwave. The 

equimolar amount of the glycerol and sebacic acid (1:1) favours polymer chain 

extension over chain branching as reaction duration increases, due to the increased 

reactivity of the two primary hydroxyl groups of the glycerol monomer compared to its 

secondary hydroxyl group 3. Chain branching is undesirable in this study, as this has 

been shown to reduce the solubility of the prepolymer, limiting further functionalisation 

and processing. 

2.4.2 SWELLING 

 

Hydrophilicity in a material allows cell adhesion and proliferation, making it a crucial 

parameter for biomaterials and its use in tissue engineering113,114.  Swelling by 

hydration was measured in the samples using PBS and media. There was no 

significant difference on swelling in media and PBS for each DM. PGS-M with different 

DM showed minimal water uptake between samples with over 30% DM (Figure 2.12).  



 
 

96 
 
 

 

 

 

Figure 2.12 Effects of DM on swelling by hydration in media and PBS. Samples show means 

and error bars corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's 

post-hoc pairwise comparison. P≤0.05 was considered significant. 

 

There is no previous information about PGS-M swelling by hydration, but there is 

information about PGS. Liang et al. observed a water swelling of 0.36% while Yang et 

al. reported a swelling of 3.82% and 3.41% in water and PBS, respectively 143,144. 

Some studies report that the modification of PGS with the addition of Bioglass or PEG 

may increase the swelling in water 126,143. However, swelling significantly decreases 

from 13% ± 0.55% to 5% ± 0.19% as DM increases from 20% to 50% in PGS-M 

(P<0.0001).  

The swelling properties in organic solvents are also important for the processing of 

PGS-M. The amount of sol and gel content in PGS-M scaffolds was determined by 

methanol swelling (Figure 2.13).  
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Figure 2.13  Effects of DM on swelling in methanol. Samples show means and error bars 

corresponding to ±SD (N=3, n=3), analysed by one-way ANOVA, Tukey's post-hoc pairwise 

comparison. P≤0.05 was considered significant. 

 

Similarly, there is no previous information about PGS-M swelling in organic solvents 

or PGS in methanol. Although information regarding PGS swelling in methanol has not 

been reported yet, there is some data in swelling in THF (from 587 to 630%) 115,117. 

The increase of DM results in a lower swelling degree, decreasing from 52.79% ± 0.57 

(20% DM) to 27.64% ± 0.65 (50% DM) (P<0.0001). 

 

2.4.3 GEL CONTENT (DEGREE OF CROSSLINKING)  

 

The percentage of gel content shows the degree of the crosslinked network. The gel 

fraction increases as the DM rises from 60% ± 0.28% to 93% ± 0.41% for 20% DM to 

50% DM, respectively. This is due the higher number of methacrylate groups attached 

at PGS molecule that increase the degree of crosslinking and the amount of ester 

bonds within the molecule, which make the polymer chains longer. In contrast, 

unbound chains can be found in PGS-M with low DM, resulting in a lower gel content. 
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The statistical analysis shows that all the samples are significantly different (p<0.0001) 

(Figure 2.14). 

 

Figure 2.14 Effects of DM on the degree of gel content. Samples show means and error bars 

corresponding to ±SD (N=3, n=3), analysed by one-way ANOVA, Tukey's post-hoc pairwise 

comparison. P≤0.05 was considered significant. 

 

A range of values have been reported for gel content (60.3% to 80.2%), but these are 

for thermally crosslinked polymers, not photopolymerised matrices like PGS-M 92,100, 

117. The results in this study are comparable with the results obtained for Pashneh-

Tala el al., who reported a gel content of 72.6% for PGS-M with a DM of 30%.  

2.4.4 SOL CONTENT 

 

The sol content is the un-crosslinked network in the scaffold. The sol content 

decreases as the DM increases from 39.95% ± 0.29% to 6.16% ± 0.41% for 20% DM 

to 50% DM, respectively. This is caused by the higher number of methacrylate groups 

attached to PGS molecule which increased the degree of crosslinking network, and 

the amount of ester bonds within the molecule that make the polymer chains longer. 

Therefore, unbound chains in low DM result in a higher sol content. The statistical 

analysis show that all the samples are significantly different (P<0.0001) (Figure 2.15). 
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Figure 2.15  Effects of DM on the sol content percentage. Samples show means and error 

bars corresponding to ±SD (N=3, n=3), analysed by one-way ANOVA, Tukey's post-hoc 

pairwise comparison. P≤0.05 was considered significant. 

 

These results are comparable with those reported by Pashneh-Tala el al., showing a 

sol content of 27.4% for DM of 30%. 

2.4.5 ATTENUATED TOTAL REFLECTANCE FOURIER TRANSFORM INFRARED 

SPECTROSCOPY (ATR-FTIR) 

  

● pPGS 

PGS molecular structure and the effect of synthesis technique (standard/microwave) 

were analysed by ATR-FTIR. Intense OH stretching shows a broad peak in the range 

of 3480–3419 cm−1 138. Peaks related with  alkane (-CH2) groups were present at 2924 

cm-1 and 2851 cm-1 and methyl (-CH3) bending appeared at 1354–1456 cm-1 138,145. 

The intense C=O stretches appeared at 1730 cm−1 and confirmed the formation of 

ester bonds (Figure 2.10), which means that the resulting polymer is a polyester 5. The 

peaks present around 1291-1050 cm-1 where associated with the stretch vibrations of 

COOH bonds 130, 138. 
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Figure 2.16  PGS prepolymer ester bonds. 

The ATR-FTIR spectra were analysed to compare if there is a significant difference in 

the molecular structure of the PGS depending on the method of synthesis 

(standard/microwave). Figure 2.17 shows the spectra of PGS standard and microwave 

synthesis. 

 

Figure 2.17 ATR-FTIR spectra of PGS polymer standard and microwave synthesis (10 min 

and 1 hr). 

 

The absorption bands of hydroxyl groups become weak or disappear as reaction time 

increases (microwave). In turn, the peaks at 1170 cm−1  and 1700 cm−1 for ester bonds 

become stronger as a result from their formation 138. 

 

Currently, there are few research articles that report PGS synthesis by microwave 

synthesis.  Aydin et al. reported differences observed in the ATR-FTIR spectra at the 
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wavelengths of 1159 cm -1 and 1740 cm-1, corresponding to the formation of C-O and 

C=O bonds. The observed differences were due to changes in the molar composition 

of the reagents from the starting molar composition sebacic acid: glycerol (100:100 to 

78:22) 125. In contrast, Li et al. reported that there were no significant differences in 

their ATR-FTIR spectra for microwave and standard synthesis, based on comparing 

samples with similar degrees of esterification. The degree of esterification (DE) 

increases the intensities of the C=O bond induced peaks, whereas peaks from O-H 

bonds decrease. This shows an increase in density of crosslinks and the formation of 

ester bonds 130. Therefore, they concluded that the two polymerization methods did 

not induce a difference in molecular bonding. 

 

The differences in the standard and microwave synthesis ATR-FTIR spectra is 

explained by the change in the molar composition of the reactants at the end of the 

reaction. The microwave polymerisation is faster than standard synthesis due to the 

higher temperatures used during the reaction. The boiling point of glycerol is 290°C, 

which contributes to its evaporation during synthesis in microwave and it has been 

shown that sebacic acid degradation starts at 180º C 146.  

 

The results showed by Aydin et al. and Li et al. were carried out in a conventional 

microwave oven with short synthesis time. In contrast, the oven used in this project is 

a microwave reactor, where the synthesis conditions are more controlled. Due to the 

lack of data regarding this new synthesis methodology, it is necessary to carry out 

more analysis to corroborate if there is a significant difference between the 

synthesized PGS structures synthesized in the standard and the microwave reactor 

synthesis.  

 

Figure 2.18 shows the spectra of samples obtained by microwave synthesis with the 

increment in reaction times from 30 seconds to 1.5 hours compared with the standard 

synthesis.  
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Figure 2.18 1) ATR-FTIR spectra for PGS samples synthesised in the microwave reactor for 

different time lengths compared with standard synthesis. 2) Zoom of the absorption of the 

esterified (1740 cm-1) and non-esterified carboxyl groups (1690 cm-1). 

The figure 2.18 shows the peaks that change during the increase of reaction time. The 

main change is the increment of peaks at 1170 cm−1 and 1700 cm−1 for ester bonds. 

These changes result from formation of ester bonds138 .      
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Peaks in 1740 and 1690 cm−1 are related with the absorption of the esterified and non-

esterified carboxyl groups (carboxylic ester groups and the carboxylic acid) of the PGS 

molecule 147. The degree of esterification was calculated using the area under these 

peaks (equation 2.9) 148. 

𝐷𝐸 =
𝐴1740

𝐴1740 + 𝐴1690
𝑥 100 

Equation 2.9 Degree of esterification 

 

Table 2.6 shows the results of DE from the samples synthesised by standard and 

microwave synthesis. 

 

Table 2.6 DE of samples synthesized in microwave in different times in comparison with 

standard synthesis (n=3). 

SYNTHESIS 

METHOD 

REACTION 

TIME 

DEGREE OF 

ESTERIFICATION (%) 

Microwave 1.5 hr 53.12 ± 1.61 

Microwave 1 hr 52.93 ± 1.28 

Microwave 30 min 52.55 ± 1.51 

Microwave 15 min 52.15 ± 1.18 

Microwave 10 min 52.03 ± 1.17 

Microwave 5 min 51.25 ± 1.66 

Microwave 4 min 49.86 ± 1.65 

Microwave 3 min 49.55 ± 1.40 

Microwave 2 min 48.21 ± 1.27 

Microwave 1 min 42.15 ± 3.76 

Microwave 30 sec 38.91 ± 1.31 
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Standard 24 hr 55.38 ± 1.36 

 

The degree of esterification (DE) was calculated to track structural changes during the 

microwave reaction in comparison with the standard method. DE showed an increase 

as the reaction time in microwave increases, with higher DE obtained during 

microwave reaction (53.12 ± 1.61%) being close to the one obtained with the standard 

synthesis (55.38 ± 1.36%). Therefore, the microwave reaction is an efficient method 

for the ester bond formation in the PGS synthesis. There is no significant difference 

between the samples synthesized in the microwave from 3 to 90 minutes compared 

to the sample obtained with the standard synthesis. 

 

The figure 2.19 shows the spectra of microwave samples after 30 minutes in vacuum 

at 150 °C to remove the by- product (water). The changes in the spectra were analysed 

by comparing the main peaks and DE. 
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Figure 2.19 1) ATR-FTIR spectra for PGS samples synthesised in the microwave reactor 

after vacuum. 2) Zoom of the absorption of the esterified (1740 cm-1) and non-esterified 

carboxyl groups (1670 cm-1). 

The main change in figure 2.19 lies mainly in the change in peak at 1740 cm-1, which 

becomes higher while the peak at 1670 cm-1 weak or disappears. The peak at 1740 

cm-1 is characteristic of the stretch of C=O, confirming the formation of ester bonds. 

Table 2.7 shows the DE calculated after vacuum. 

Table 2.7 DE of samples synthesized in microwave after 30 min under vacuum at 150°C 

(n=3). 

SYNTHESIS 

METHOD 

REACTION 

TIME 

DEGREE OF 

ESTERIFICATION (%) 

Microwave 1.5 hr 56.42 ± 1.48 

Microwave 1 hr 55.78 ± 1.16 

Microwave 30 min 55.67 ± 1.24 

Microwave 15 min 54.91 ± 1.06 

Microwave 10 min 54.78 ± 1.15 
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Microwave 5 min 54.52 ± 1.28 

Microwave 4 min 53.05 ± 1.63 

Microwave 3 min 52.51 ± 1.37 

Microwave 2 min 50.95 ± 1.22 

Microwave 1 min 47.32 ± 2.58 

Microwave 30 sec 41.42 ± 1.42 

 

All the samples increased the DE in ~3% after the additional 30 minutes in the oven 

at 150°C. Therefore, we can conclude that extra time under 150°C triggers the ester 

bond formation. Through vacuum and high temperature, the water (by-product) is 

being removed from the reaction, which drives the esterification reaction via le 

Chatelier’s principle 149. . There is no significant difference between the samples 

synthesized in the microwave from 3 to 90 minutes. 

 

● PGS-M 

PGS-M molecular structure and the effect methacrylation degree were analysed by 

ATR-FTIR. Peaks related with methacrylate groups appear at 940 cm-1 (=C-H 

bending) and 1640 cm-1 (C=C stretching) 150. These peaks were absent in pPGS. The 

DM was comparing with the area under these peaks (Figure 2.20)  (Table 2.8). 
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Figure 2.20  ATR-FTIR spectra of pPGS and PGS-M samples before and after curing. 

 

Figure 2.20 shows the peaks related with methacrylate groups in PGS-M spectra in 

different DM (20%-50%). These peaks are absent in pPGS and they disappear after 

PGS-M photopolymerization.  

Table 2.8 Area under the peaks related with methacrylate groups in different DM (n=3). 

Degree of 

methacrylation 

Area 

Wavenumber (cm-1) 

1640 940 

pPGS 0.10 0.27 

20 0.16 0.60 

30 0.19 0.70 

40 0.28 0.86 

50 0.38 0.89 
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Figure 2.21 Comparison of DM with the area under the peaks related with methacrylate 

groups at 940 cm-1 and 1640 cm-1. The data has a strong agreement for 940 cm-1 

y=0.0128x+0.3057 and R2 = 0.9691 and for 1640 cm-1 y=0.0054x+0.0703 and R2 = 0.9039. 

The area of these peaks is well correlated with the DM of the PGS-M samples, as can 

be observed in Table 2.8 and Figure 2.21. 

 

2.4.6 NUCLEAR MAGNETIC RESONANCE (NMR) 

 

pPGS and PGS-M chemical composition was estimated with NMR analysis. It was 

determined by calculating signal integrals of —COCH2CH2CH2— at 1.2, 1.65, and 2.36 

ppm for sebacic acid, —CH2CH— at 3.75, 4.19, and 5.11 ppm for glycerol, and -

CH3,CH2 at 1.97, 5.3, and 6.17 ppm for the addition of methacrylate group to the pPGS 

molecule. CDCl3 was used as reference at 7.3 ppm. The integrals of the signal for the 

methacrylate groups (1.97, 5.3 and 6.17 ppm) were calculated with the software 

OriginPro 2017 and the obtained values correspond with the degree of methacrylation 

(DM) (Figure 2.22). 
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Figure 2.22  pPGS and PGS-M NMR spectra. PGS-M with different DM (20%, 30%, 40% 

and 50%). Hydrogen environment peaks of methacrylate groups appear at 1.97, 5.3, and 

6.17 ppm, (“a”, “b” and “c”). 

 

Figure 2.23 Comparison of PGS-M DM with the molar ratio of methacrylic anhydride per mol 

of pPGS hydroxyl groups. The data has a strong agreement y=0.923x and R2 = 0.9626. 

Error bars are SD (n = 3). 
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The obtained DM has a linear relationship and is directly proportional to the molar ratio 

of methacrylic anhydride per mol of pPGS hydroxyl groups. The results show a 

correlation of y=0.923x and R2 value of 0.9626. (Figure 2.23); from this data, we can 

conclude that all methacrylate groups added during the reaction are attached in the 

PGS-M molecule.  

NMR analysis suggests that an effective pPGS methacrylation process was carried 

out, resulting in PGS-M with DM 20%, 30%, 40% and 50%. This can be confirmed with 

the appearance of peaks related with methacrylate groups that are absent in pPGS 

spectra. This result can be compared with the data reported by Pashneh-Tala et al. 

during the PGS methacrylation (DM 30%-80%). Even though the methacrylation in 

that study is higher, the relationship between the DM and the molar ratio of methacrylic 

anhydride per mol of pPGS hydroxyl groups is consistent 116. 

2.4.7 MECHANICAL ANALYSIS 

 

Tissue regeneration involves stress and load bearing in the surrounding tissue. 

Therefore, there should be an equilibrium between the scaffold’s mechanical stability 

and degradation time until tissue regeneration is achieved 151,152.  

Mechanical properties of scaffolds such as the degree of crosslinking and stiffness 

affect cell behaviour and biodegradability 153. Ideally, scaffolds for corneal 

regeneration should have the transparency, elasticity, structural and functional 

requirements of the native cornea 39. They should also support intraocular pressure, 

eyelid motion, intraocular pressure as well as external forces 154. PGS-M mechanical 

analysis was carried out in order to select the degree of methacrylation that best 

matches the mechanical properties in the native cornea and provides appropriate 

mechanical signals to stimulate the production of corneal tissue 155 (Figure 2.24). The 

corneal scaffold should be strong enough to support deformation, but not too stiff that 

it stresses the surrounding tissue 9. There is a considerable variation in the corneal 

tensile strength and Young’s modulus reported before (strength between 3 to 6 MPa 
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and Young’s modulus between 100 kPa to 57 MPa). These results depend on different 

testing mechanisms, tissue anisotropy, and donor variability 9,156,157 .  

 

 

Figure 2.24 PGS-M mechanical properties in different DM (20% - 50%). The graph is the 

mean of load deformation curves (n=3). 

As can be seen in Figure 2.24, the Young’s modulus and the ultimate tensile strain 

increase along with DM. However, the maximum elongation decreases as the DM 

increases. Therefore, PGS-M with higher DM is stiffer, which coincides with the 

Young’s modulus increment, as it is a measurement of stiffness 158. The ultimate 

tensile strain is the force applied to cause rupture; it makes sense that the values 

increase with the DM, because the last one is an indication that the polymer matrix is 
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more cross-linked 159. The maximum elongation decreases as a result of the material 

being stiffer with more covalent bonds in the polymer matrix, making it more ductile 

160. From these data we can assume that the methacrylation of PGS-M enhances its 

mechanical properties compared with PGS (Young’s Modulus of 0.17± 0.018 MPa, 

tensile strength of 0.264±0.025 MPa and rupture elongation of 292.8 ±14.1% 109).  

The data obtained is comparable with other studies for the development of corneal 

scaffolds. Duan et al. obtained a dendrimer crosslinked collagen-based scaffolds with 

a Young’s modulus of 1.47 ± 0.1 MPa and ultimate tensile strength of 1.27 ± 0.17 N 

53. Similarly, Bakhshandeh et al. reported similar values for a poly (ε-caprolactone) 

(PCL) nanofibrous matrix (Young’s modulus 7.5 MPa and ultimate tensile strength 

2.53 ± 0.58 MPa) and polyvinyl alcohol (PVA) hydrogels (Young’s modulus 5.3 MPa 

and ultimate tensile strength 0.85 ± 0.55MPa) 161. 

2.4.8 THERMOGRAVIMETRY (TGA)  

 

PGS-M thermal stability was determined by TGA analysis (Figure 2.25). Thermal 

behaviour is an important feature that determines polymer mechanical stability and 

degradation 162. 

 

Figure 2.25  PGS-M thermal properties in different DM (20% - 50%). 

Figure 2.25 shows that PGS-M started to degrade at 436º C. There is no significant 

difference in the degradation behaviour for the different DM. The degradation profile 
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of PGS-M is also comparable with the previously reported PGS profiles by Jiang et al. 

and Gaharwar et al. with a degradation temperature of 433 º C and 439 º C, 

respectively 162,163. 

2.4.9 DIFFERENTIAL SCANNING CALORIMETER ANALYSIS (DSC)  

 

PGS-M thermal transitions and crystalline behaviour were determined by DSC 

analysis (Figure 2.26). 

 

Figure 2.26 PGS-M thermal transitions and crystalline behaviour in different DM (20% - 50%) 

a) heating cycle and (b) cooling cycle. 

Table 2.9 PGS-M thermal properties from TGA and DSC thermographs. 

Sample TDI 

(°C) 

TDP 

(°C) 

Tg 

(°C) 

Tm1 

(°C) 

ΔHm 

(J/g) 

Tc (°C) ΔHc 

(J/g) 

PGS-M 20 350 439.52 -37 -28.63 3.024 -22 1.36 

PGS-M 30 360 438.71 -36.8 -28.35 2.183 -18.32 1.052 

PGS-M 40 360 438.31 -34.54 -22.65 2.182 -15.79 0.936 

PGS-M 50 360 433.86 -33.95 -21.10 2.048 -14.48 0.852 
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Figure 2.26 and Table 2.9 show the glass transition temperature (Tg) for PGS-M with 

different DM. The initial and peak thermal decomposition temperatures (TDI and TDP) 

were obtained from the TGA thermograph. The glass transition temperature (Tg), 

melting temperature (Tm), crystallization temperature (Tc), enthalpy of melting (ΔHm) 

and enthalpy of crystallization (ΔHc) were obtained from the DSC thermograph. 

 

It was observed that Tg increases as DM increases, from -37 to -33.95 ºC.  Melting 

points (Tm) showed a similar behaviour increasing as DM increases, from -28.63 to -

21.10ºC . Enthalpy of melting decreases as DM increases from 3.024 to 2.048 (J/g). 

In the cooling cycle the crystallization temperature increases directly proportional with 

the DM from -22.00 to -14.48ºC. The enthalpy of crystallization decreases as DM 

increases from -1.36 to -0.852 (J/g).  Similar results were reported by Singh et al. on 

PGS-M methacrylation with a DM of 75%, reporting a Tg of -30 ºC 117. The low Tg 

(below 0 ºC) suggest that PGS-M is semicrystalline below its melting point and 

amorphous-elastomeric at physiological temperature. Likewise, similar results were 

previously reported for PGS 138,164,165,166. 

 

2.4.10 IN VITRO DEGRADATION OF PHOTOCURED PGS-M 

 

Polymeric materials used for tissue engineering should be biocompatible and 

bioresorbable with controlled degradation rates that match the tissue where they will 

be implanted 167,168. Current polymers used for corneal regeneration have a lack of 

degradability and stability after implantation. The polymers for corneal regeneration 

are expected to be degradable biomaterials that  support the wound healing processes 

169. PGS-M in vitro (PBS) degradation was evaluated through weight loss and SEM 

analysis (Figure 2.27-2.29). 
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Figure 2.27  PGS-M weight loss in different DM (20%-50%). 

 

PGS is a biocompatible polymer but has a fast degradation rate in vivo (around 21 

days per mm thickness) and full resorption in 60 days, conditions which limit its 

applications 113,170. Comparatively, PGS-M shows lower degradation rate, remaining 

stable in vitro for 30 days, and showing a degradation rate of ~3% throughout this time. 

It is possibly this is due to the higher degree of crosslinking in PGS-M compared with 

PGS. The increment in gel content indicated a higher degree of crosslinking and hence 

lower degradation rate 171. Gel content for PGS has been reported around 70% 

109,124,172, while gel content in PGS-M has been reported in this study as 60 to 93%, 

for 20% to 50% DM respectively.  

PGS degradation in PBS occurs by hydrolysis, which breaks the ester bonds between 

glycerol and sebacic acid after extended period of time 120. Degradation of PGS is 

caused by surface erosion with a linear loss of mass, which allows scaffold geometry 

and mechanical properties to be maintained 170,173. In comparison, PGS-M is an 

amorphous polymer at physiological temperature. The amorphous region in the 

polymers are more susceptible to hydrolysis, but by increasing the DM, the 

degradation rate decreases, as it was reported by Singh et al. and Samand et al. 

116,117,174. Figures 2.28 and 2.29 show the SEM for PGS-M (20-50% DM) degradation 

in PBS for 0,3,7,10 and 28 days.
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Figure 2.28 SEM for PGS-M (20-50% DM) degradation in PBS for 0,3,7,10 and 28 days (scale bar=1mm). 
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Figure 2.29 Magnification image. SEM analysis for PGS-M (20-50% DM) degradation in PBS for 0, 3, 7, 10 and 28 days (scale bar=100 μm). 
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In figure 2.28 and 2.29, it is possible to observe that PGS-M has no significant mass 

loss in PBS. The addition of methacrylate groups increases the degradation time 

compared with PGS, with PGS-M showing degradation by surface erosion. This 

results in a small reduction of strength and structure. Therefore, the PGS-M scaffold 

maintains its integrity throughout the degradation process. Similar degradation rates 

of PGS-M in PBS were reported before by  Singh et al. and Pashneh-Tala et al. 116,117. 

 

2.4.11 SURFACE ANALYSIS 

 

● CONTACT ANGLE 

PGS-M hydrophilicity was measure with sessile drop method method (Figure 2.30) 

 

Figure 2.30 Contact angle measurements in deionized water of PGS-M (20-50%). Samples 

show means and error bars corresponding to ±SD (N=3, n=3), analysed by one-way 

ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was considered significant. 
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Figure 2.30 shows that contact angle decreases as DM increases from 143 to 111° for 

20 to 50% DM, respectively. PGS has previously been reported to have good 

hydrophilicity (~37°) 112,124. This is due to the OH groups attached to its molecule. The 

methacrylation of PGS is carried out by adding methacrylate groups in the OH groups, 

which reduces their number. In addition, methacrylate groups promote matrix 

crosslinking, further reducing OH group exposure. Thus, PGS-M is more hydrophobic 

than PGS. 

 

2.5 CONCLUSION 

 

PGS was synthesized by microwave and standard reactions. The microwave 

synthesis was faster and a more monodisperse polymer was obtained (DI 1.5) 

compared to the polydisperse polymer obtained with the standard synthesis (DI 3.06). 

During the standard synthesis, it is possible to obtain a polymer with a higher Mn and 

Mw. In addition, the standard synthesis allows to scale PGS-M production, while the 

microwave reaction has a maximum yield of 20 g. Another disadvantage found during 

the microwave synthesis is that at the end of the purification only 2 g of PGS-M were 

obtained, which were impossible to cross-link them due to the high viscosity of the 

polymer. Therefore, the microwave synthesis was discarded in favour of the standard 

synthesis. 

PGS-M with different degrees of methacrylation was successfully synthesized through 

the standard synthesis for evaluation as a biomaterial for corneal regeneration. The 

physicochemical properties of the polymer were analysed using different 

characterization techniques. Based on the data, the DM with mechanical properties 

that better matched the native cornea and with the lower percentage of sol content 

was 40%.  

During chemical characterisation (FTIR and NMR analysis), the addition of 

methacrylate groups was confirmed.  
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The degradation of PGS-M was only carried out in vitro (PBS): further evaluation is 

still necessary under physiological conditions that resemble the physiological 

environment. The PGS-M low degradation rate has advantages for biomedical 

applications, such as stable long-term implants that keep their shape, low risk of 

uncontrollable degradation, and unvarying mechanical properties. The optimization of 

PGS-M degradation rate opens a new area of research for using different techniques 

that allow the synthesis of PGS-M scaffolds with different physical characteristics. In 

comparison to the bulk material which undergoes surface degradation, structures such 

as fibres and pores may allow a more uniform degradation both within and throughout 

the scaffold. In addition, the combination of PGS-M with other polymers with better 

biodegradability such as PLA, PGA, and PHB, could positively impact its degradation 

rate, and are certainly an area of interest that can be explored in further work. 

Hydrophilic evaluation resulted in PGS-M being a more hydrophobic polymer than 

PGS, indicating its biocompatibility still needs to be studied to determine suitability as 

a material for soft tissue engineering such as cornea. 
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CHAPTER 3. MANUFACTURE OF PGS-M SCAFFOLDS 

 

3.1 INTRODUCTION 

 

The synthesis of PGS-M with low degrees of methacrylation and its physicochemical 

characterization was successful, as shown in Chapter 2. During characterization, 40% 

DM was the one with the best characteristics due to its low percentage of sol content 

and mechanical properties like those of the cornea. 

As previously mentioned, the development of materials with micro features for the use 

in cornea regeneration remains an area of opportunity. In this Chapter, 

stereolithography and moulding will be explored as methods of creating highly 

modified niches and architectures that mimic the shape of the corneal dome. PGS-M 

with a DM of 40% will be used to manufacture transparent and porous scaffolds for 

further biological evaluation. 

3.1.1 CORNEA STRUCTURE, CURVATURE AND STIFFNESS 

 

The development of a biomaterial for cornea requires prior knowledge of the tissue.      

The biomaterial should mimic the corneal native structure, and this means the 

inclusion of in-built artificial stem cell niches. The scaffolds should have the 

appropriate curvature, architecture and stiffness to ensure cell survival, proliferation, 

migration, and lead the regeneration of damaged tissue 71. 

Gouveia et al. reported the importance of surface curvature as the key element to 

promote corneal stromal cells alignment, phenotype, and induce ECM production. Cell 

migration through the cornea is centripetal and homogeneous from the bottom to the 

top 175. This cell alignment contributes to the physicochemical properties of the cornea 

176.  

According to the work published by Foster et al., the differentiation, homeostasis, 

phenotype, and physiological maintenance of LESC’s can be controlled by material 
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stiffness 177,178. The physical stimuli surrounding the cell (such as the material-cell 

interaction) generates a biological response that is defined as mechanotransduction 

179. The mechanotransduction induces LESC’s centripetal migration and differentiation 

180,181. At the base of the central cornea is Bowman’s layer, a rigid substrate that is 

absent in the limbus 182,183.  Hjortdal et al. reported that central cornea (stiffer 

substrate) attracts basal limbal cells leading to cell differentiation and migration, while 

the cells in limbus (soft substrate) remain undifferentiated 184. (Figure 3.1). 

 

Figure 3.1 a) Limbus with undifferentiated cells (green) and central cornea (blue). 

The limbal cells migrate from limbus (soft substrate) to the central cornea (stiff 

substrate). b) Centripetal cell migration, starting from the outer limbus into the central 

cornea.  

There have been attempts to replicate the microstructure of the corneal niches using 

different techniques and materials. Ortega el al. use microstereolithography and 

electrospining with PEGDA and PLGA achieving niches with 150–300 μm in diameter 

but without achieving high definition of the microstructures 3,23,40,83. Likewise, Levis et. 

al. used Real Architecture For 3D Tissue (RAFT) with collagen generating scaffolds 
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with micro-ridges of ~100μm wide, however the structure was not defined 17,185. Apart 

from these works, there have not been reports of highly defined microstructures that 

mimic corneal niches. Other works have reported the influence of various micro and 

nano structures in human mesenchymal stem cells (hMSC’s) behaviour. Kawano et al 

reported how Polystyrene was cast to obtain honeycomb shaped scaffolds, the 

topography has influence on cell morphology and differentiation 186. Fu et al reported 

how micropost arrays fabricated through high-resolution photolithography and deep 

reactive ion-etching (DRIE) influence cell morphology, migration, adhesion and 

differentiation 187. On the other hand, Dalby et.al.  report how PMMA nanotopographies 

(~10 nm) made with electron beam lithography (EBL) promoted cell adhesion and 

differentiation 188.  

3.1.2 CORNEAL TRANSPARENCY  

 

Transparency is a desirable characteristic when talking about the development of a 

biomaterial for the cornea. The transparency in the cornea is mainly due to the 

structure and organization of the parallel collagen fibrils, its lattice-like structure which 

reduces the scattering of light that passes through the cornea, the number of 

proteoglycans in the stroma, the space between the collagen fibrils, their diameter and 

packing, and is also age dependent 176,189–191. 

Quantitative representation of the corneal transparency is an “insensitive” test 

according to Maurice (2001) due the inconsistent results that are obtained 192. This is 

mainly due to the variability of the tissue and the sample processing when the analysis 

is performed (as the shape and tension in which the cornea is held when making the 

measurement). The experimental method also requires passing a defined beam of 

light through the tissue while subtracting the absorption and dispersion. In addition, 

the angle of the detector must be suitable for avoiding forward scattered light 191,193–

195. Therefore, the transparency in the cornea is multifactorial, making it difficult to 

quantify and establish a “standard” predetermined range or value for this tissue. 
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3.1.3 PGS-M VARIATIONS 

● Transparent PGS-M 

The main function of the cornea is the transmission and refraction of light, which is 

possible due to its structure and transparency 196. One of the biggest challenges until 

now is the development of suitable transparent material for corneal regeneration. 

Transparency is a key factor in corneal replacements, making it a feature to be sought 

during the manufacture of materials for corneal regeneration 37,197. Previous reports 

for corneal replacements show results in transparency close the cornea, with the use 

of natural polymers like collagen, gelatin, silk, alginate, and their blends with synthetic 

polymers. However, there are no previous reports on corneal cell carriers with pure 

synthetic materials that present transparency similar with the native cornea 89,198–202.  

● Polymers synthesized within high internal phase emulsions (PolyHIPES) 

Porous materials are particularly interesting for tissue engineering due to their 3D 

architecture that mimics the ECM 203. The porosity and architecture are related with 

the target tissue, cell type and environment. These features are able to generate a cell 

response (such as cell migration, vascularisation, and tissue growth) 151,204. 

Porous scaffolds can improve scaffold performance and promote tissue regeneration. 

However, one of the main obstacles for porous materials is the lack of interconnectivity 

between pores. This challenge can be overcome with the use of highly interconnected 

porous structures with high internal phase emulsions (HIPEs), defined as PolyHIPEs 

205. The porosity in polyHIPEs is more than 74% of its volume (internal phase - water 

in oil (w/o)) and is dispersed in the external phase (monomers) 206,207,208. The pore size 

distribution is in the range of 5 to 100 µm, based on the synthesis conditions and 

processing 209.  

PolyHIPEs are synthesized through free radical polymerisation. The external phase is 

emulsified in water with a surfactant and the polymerization is carried out with a water-
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soluble radical initiator. In this study, a photoinitiated polymerisation was carried out 

using a suitable photoinitiator 210. 

3.2 OBJECTIVES 

 

3.2.1 GENERAL OBJECTIVES 

Design and manufacture a cell carrier with PGS-M based on a micro-fabricated 

biodegradable scaffold with in-built artificial microenvironments. 

3.2.2 SPECIFIC OBJECTIVES 

● Develop a transparent (that allows to see through it). PGS-M scaffold with 

tunable mechanical properties  

● Develop a porous scaffold with PGS-M polyHIPEs with tunable mechanical 

properties 

● Fabricate scaffolds with microenvironments (in-built niches) that mimic the 

niches in the limbus through the use stereolithography and moulding  

● Design scaffolds with native corneal curvature that maintains its shape by itself 

without collapsing 

3.3 MATERIALS AND METHODS 

 

METHODS 

 

Figure 3.2 Methods diagram for PGS-M scaffold fabrication 

 

 Scaffolds design 
 
  

Moulds 
fabrication  

  
Soft 

stereolithography 

  

 Scaffold synthesis 
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3.3.1 SCAFFOLDS DESIGN 

 

The design of the scaffolds was carried out considering the measurements of the 

cornea 211. Design was done using 3D computer assisted design (CAD) design 

software (Solidworks 2019). Different scaffolds were designed with in-built artificial 

microenvironments . It has been reported that cell migration can be controlled by 

substrate stiffness (cells migrate from soft substrates to stiffer substrates) and 

promoted by patterned substrates 212. Flat scaffolds were designed for in vitro 

biocompatibility studies and dome shape scaffolds for the study of cell alignment, 

migration, and proliferation affected by curvature. 

3.3.2 SCAFFOLD TOPOGRAPHY  

 

Scaffold architecture (micro and nano features) has been reported as a feature that 

can promote cell attachment, migration, and proliferation 213–216. The influence on cell 

behaviour (homeostasis, migration, differentiation, proliferation, alignment), 

orientation and shape by the substrate topography has been defined as contact 

guidance 217–220. Topography is the anchorage point for cell attachment and migration, 

this suggests that the architecture in the substrate increases cell adhesion that allow 

cell alignment and proliferation 221–223.  

The scaffold design was inspired by nature (flowers, snowflakes), and they were 

developed to mimic the limbal niche structure. The channels were created as 

topography in my scaffolds to promote cell migration and differentiation from the outer 

part (niches) to the inner part (central cornea)(Figure 3.3). 
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Figure 3.3 Flat (left) and dome shape  (right) scaffolds with in-built artificial cell niches 

moulded in Solidworks 2019. Scaffolds have 1 mm of thickness and 15 mm diameter.  

 

3.3.3 SOFT STEREOLITHOGRAPHY (SLA)  

 

The main technique that has been used in the elaboration of scaffolds with micro and 

nano structures with specific and highly defined dimensions is photolithography. 

Through the use of this technique it has been possible to create scaffolds with waves, 

pores, cylinders, ridges, groves and pits, steps and roughness among others 217 . 

Soft stereolithography is a process where we combine stereolithography-produced 

templates with soft lithography to rapidly produce biomaterials based substrates 224. 

The scaffolds were printed using the 3D printer Form Labs 2 with the resin grey V4 

and photocured under UV light at 60ºC for 30 minutes. The mould was filled with 

polydimethylsiloxane (PDMS) (Sylgard-184) (Sigma Aldrich) and cross-linked at 60ºC 

overnight. The obtained mould had all the opposite features from the initial design from 

Solidworks (Figure 3.4). 
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Figure 3.4  Soft stereolithography process. 

 

3.3.4 SCAFFOLD SYNTHESIS AND FABRICATION 

 

The scaffold synthesis was carried out using two PGS-M variants in order to choose 

the best one to be used in corneal applications.  

 

● TRANSPARENT PGS-M SYNTHESIS 

PGS-M in four different degrees of methacrylation (20, 30, 40, and 50%) were 

crosslinked with the photoinitiator diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide/2-

hydroxy- 2-methylpropiophenone (Sigma Aldrich) in three percentages: 1, 2, and 3% 

(w/w) (Figure 3.5). The mixture was poured into the silicone moulds and exposed to 

UV light (200W, OmniCure Series 2000 curing lamp) for 10 min to photocure (5 

minutes each side). The samples obtained were photocured disks (1 mm thickness, 

17 mm diameter). The samples were washed with methanol (CH3OH) (Sigma Aldrich) 

four consecutive times (24 hours each). After this, the samples were dried in a vacuum 
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oven at 70ºC for 24h. Finally, samples were washed with water (dH2O) four 

consecutive times (24 hours each), before their use in cell culture. The effect of the 

photoinitiator percentage was evaluated with ATR-FTIR, as described in Chapter 2. 

 

Figure 3.5  Transparent PGS-M synthesis. 

 

● FLAT SCAFFOLDS FABRICATION 

The flat scaffolds were fabricated using one PDMS mould with the printed design 

within its structure. The PGS-M was injected into the mould using a syringe filled with 

PGS-M and cured under UV light (200W, OmniCure Series 2000 curing lamp) for 10 

min (5 minutes each side) (Figure 3.6). The transfer of micro features was evaluated 

with SEM analysis as described in Chapter 2. 

 

Figure 3.6  Flat PGS-M scaffolds fabrication with PDMS moulds. 
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● DOME SHAPE SCAFFOLDS FABRICATION 

The dome shape scaffolds were synthetized assembling two silicone moulds: the 

bottom side (featureless dome) and the top side (corresponding dome shape with 

scaffold microfeatures). The PGS-M was injected into the gap between the moulds 

using a syringe filled with PGS-M and cured as previously detailed (Figure 3.7). The 

transfer of micro features was evaluated with SEM analysis as described in Chapter 

2. 

 

Figure 3.7  Dome shape PGS-M scaffolds fabrication with PDMS moulds. 

 

● PGS-M PolyHIPEs SYNTHESIS 

PGS-M PolyHIPEs in four different degrees of methacrylation (20, 30, 40, and 50%) 

were synthesized.  The external phase is composed of PGS-M mixed with Toluene 

(C7H8) (Sigma Aldrich) 1:1 (w/w). To stabilize the reaction, the surfactant Hypermer 

B246 10% (w/w) was used at 10% (w/w). Crosslinking was initiated with the 

photoinitiator diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide/2-hydroxy- 2-

methylpropiophenone (Sigma Aldrich) at 20% (w/w) (Figure 3.8). A higher 

photoinitiator concentration was used as the organic phase (crosslinked polymer and 

surfactant) contains less than 10% PGS-M, while the aqueous phase (water and photo 

initiator) in PolyHIPES is ~90%, making crosslinking more efficient as PI % is 

increased 209,225–227. The water (internal phase) was added dropwise (4 ml) under 
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continued stirring. The mixture was poured into the silicone moulds and exposed to 

UV light (200 W, OmniCure Series 2000 curing lamp) for 20 min to photocure (5 

minutes each side). The samples obtained were photocured foams (1 mm thickness, 

17 mm diameter). The samples were first washed with methanol (CH3OH) (Sigma 

Aldrich) four consecutive times (24 hours each) and then washed four consecutive 

times with water (dH2O) (24 hours each) before use in cell culture.  

 

Figure 3.8  PGS-M polyHIPEs synthesis. 

 

● FLAT POLYHIPE SCAFFOLDS FABRICATION 

The flat scaffolds were synthetized using one PDMS mould with the design printed 

within its structure. The polyHIPE PGS-M was injected onto the mould using a syringe 

filled with HIPE and cured (as previously detailed Figure 3.6). The transfer of micro 

features was evaluated with SEM analysis as described in Chapter 2. 

 

Figure 3.9  Flat PGS-M polyHIPE scaffolds fabrication with PDMS moulds. 
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● DOME SHAPE POLYHIPE SCAFFOLDS FABRICATION 

The dome shape scaffolds were synthetized assembling two silicone moulds: one with 

the inner side and the other with the outer side of the scaffold. The PGS-M polyHIPE 

was injected into the gap between the moulds using a syringe filled with HIPE and 

cured as previously detailed (Figure 3.7). The transfer of micro features was evaluated 

with SEM analysis as described in chapter 2. 

 

Figure 3.10  Dome shape PGS-M polyHIPE scaffolds fabrication with PDMS moulds. 

 

3.4 RESULTS AND DISCUSSION 

 

3.4.1 SCAFFOLDS DESIGN 

 

The scaffold design was inspired in the corneal niche physiological morphology. The 

smallest features in the scaffold are the channels that connect the niches with the 

centre (300 x 250 μm, width and depth, respectively). The niche size for the flower 

design is 4.5 x 1.9 mm (width and length), and for the snowflake 2.41 x 0.86 mm (width 

and length) (Figure 3.11) . This is easily achieved using 3D printing: according to the 

manufacturer, the Formlabs2 has an XY resolution of 150 μm and Z resolution of 25 

μm 228,229. 
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 Figure 3.11  a) Flat and b) dome shape scaffolds with in-built artificial cell niches 

moulded in Solidworks 2019. 

Previous studies reported that aligned featured scaffolds synthesized from natural 

polymers like collagen can lead cell migration, differentiation, and corneal tissue 

regeneration. However, there are no previous reports with synthetic, transparent 

polymers 230–234. 

3.4.2 SOFT STEREOLITHOGRAPHY 

 

Figure 3.12 shows the scaffolds printed in the Formlabs 2, the silicone moulds, and 

the scaffold after the curing under UV light. It is certain that soft stereolithography is 

an efficient method to generate scaffolds with highly defined microstructure as can be 

seen in figure 3.12, 3.13, and in SEM images (Figures 3.21, 3.23, and 3.24). 

 

Figure 3.12  a) 3D printed moulds for flat scaffolds, b) silicone moulds (soft 

stereolithography) c) PGS-M scaffold 
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Figure 3.13  a) 3D printed moulds for dome shape scaffold, b) assembly of silicone moulds 

(soft stereolithography) c) PGS-M dome shape scaffold 

 

3.4.3 SCAFFOLD SYNTHESIS AND FABRICATION  

 

● TRANSPARENT PGS-M SYNTHESIS 

The photoinitiator diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide/2-hydroxy- 2-

methylpropiophenone (Sigma Aldrich) was mixed with PGS-M in three separate 

percentages: 1, 2, and 3% (w/w) in order to study the effect of crosslinking (Figure 

3.14). 
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Figure 3.14 ATR-FTIR spectra for PGS-M and the effect of photoinitiator in the crosslinked 

matrix 

Peaks related to methacrylate groups can be seen in the PGS-M spectra at 1640 cm-

1 and 940 cm-1. These peaks are absent in pPGS and completely disappear after 

PGS-M photopolymerization.  

Table 3.1 Area under the peaks related with methacrylate groups in different DM. 

PGS-M AREA 

Wavenumber (cm-1) 

1640 940 

Not cured 0.209 0.55 

Cured Photoinitiator 1% 0.054 0.238 

2% 0.048 0.155 

3% 0.018 0.14 
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Table 3.1 shows the effect of photoinitiator (PI) in the PGS-M polymerisation. The peak 

at 1640 cm-1 decreases 75% with the addition of 1% PI, 78% with 2% PI, and 91.4% 

PI with 3%. Similarly, the peak at 940 cm-1 decreases 55% with the addition of 1% PI, 

72% with 2% PI, and 75% PI with 3%. However, the scaffold was crosslinked from 1% 

PI, as PI percentage affects cell biocompatibility, 1% PI was the most suitable 

concentration for crosslinking the polymer.  

● PGS-M PolyHIPEs SYNTHESIS 

Pore size influences fibroblast and endothelial cell behaviour. Fibroblast growth has 

been shown to be better in pores with sizes between 5-90 μm, while endothelial cells 

prefer pore sizes closer with their own (36.6 μm for corneal superficial epithelial cells) 

151,235,236. The polyHIPE synthesis was carried out to achieve a pore size diameter 

close to 36.6 μm to ensure cell survival and proliferation (Figure 3.15). 

 

Figure 3.15  PolyHIPE scaffold. 

● FLAT SCAFFOLD FABRICATION 

The flat scaffold fabrication was successfully done with both transparent PGS-M and 

PGS-M polyHIPE. The obtained scaffold has all the features of the design moulded in 

Solidworks 2019 and transparency (Figure 3.16). According with the Oxford English 

dictionary, the definition of transparency is the quality of something that allows one to 

completely see through it, which was how I assessed scaffold transparency 237 .  
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Figure 3.16  a) Scaffolds template design in Solidworks 2019, b) transparent PGS-M scaffold 

c) PGS-M polyHIPE scaffold.  

Transparent PGS-M scaffolds with lower DM shrunk after the washes in methanol, the 

original size was 15 mm. This can be due to the high sol content in the lowest DM 

which is removed during the methanol washes (Figure 3.17 and Table 3.2).  

 

Figure 3.17 Scaffold shrinkage (different DM) after the methanol washes (Scale bar 15 mm). 

 

Table 3.2 Shrinkage of PGS-M scaffolds after methanol washes  (n=3) 

DEGREE OF 

METHACRYLATION 

SHRINKAGE 

(%) 

20 26.16 ± 0.028 

30 19.15 ± 0.009 

40 6.10 ± 0.038 

50 2.80 ± 0.032 
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It is possible to observe in Figure 3.17 and Table 3.2 that higher methacrylation 

degrees have a lower shrinkage percentage after methanol washes. This can be due 

the higher percentage of sol content found in lower DM as was reported in section 

3.5.4, and their removal during the methanol washes which caused shrinkage in the 

final scaffolds. This is a characteristic that must be considered in the design of the final 

scaffold. Considering the percentage of shrinkage, it is possible to design a scaffold 

that meets the metric requirements even after washing. 

 

● DOME SHAPE SCAFFOLD FABRICATION 

The dome shape scaffold fabrication was done successfully in transparent PGS-M, 

though the PGS-M polyHIPE collapsed. The obtained scaffolds are flexible and have 

all the features (in-built niches and channels) of the design moulded in Solidworks 

2019 (Figure 3.18 and 3.19).  

 

Figure 3.18  Dome shape PGS-M scaffold transparency. 
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Figure 3.19 a) Planar scaffold, b) flower scaffold, c) snowflake scaffold, d) planar scaffold 

(100 μm) thickness, e) scaffold curvature. Scaffold elastic behaviour 1) Scaffold before 

compression, 2) scaffold with compression, 3) scaffold regains its original shape. 

 

The average thickness of human cornea varies, with the centre and the periphery 

measuring ~500 μm and 750 μm, respectively 6.  In comparison, it has been reported 

that soft contact lenses have a thickness of 150 μm 106. Previous works on corneal 

substitute implants have reported a thickness between 150 – 500 μm 238–241. This is 
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the first time that an artificial corneal substitute has achieved dome shape scaffolds 

with 100 μm thickness (Figure 3.20). 

 

Figure 3.20 a) 50X magnification image of the thinner dome shape scaffold with 100 μm 

thickness (original image) b) Scaffold thickness shown using yellow dotted lines. Scale bars 

are 1mm. 

● SEM 

The transfer of micro features was evaluated with SEM analysis as described in 

Chapter 2 (Figures 3.21 – 3.24). 

 

Figure 3.21  Flat scaffold with radial lines a) 20X magnification frontal view, b) 50X 

magnification focusing on the line patterns, c) 300X magnification showing an individual 

line/channel, d) 35X magnification showing the channel depth. Scale bars are 1mm. 
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The lines pattern has been transferred with high definition according with the original 

file. The smallest features in this scaffold are the lines with original measurements of: 

width of 200 μm, length of 6.5 mm, and depth of 250 μm. After washes of methanol 

and shrinkage (discussed in Table 3.2) the measurements were: width of 280 μm, 

length of 5.58 mm, and depth of 130 μm as can be seen in Figure 3.21 d). Patterned 

scaffolds with micro and nano topography have been reported to influence cell 

behaviour. Cells seeded on scaffolds with architecture that mimics the native tissue 

show higher interaction with the substrate. The substrate increased cell adhesion, 

alignment, showing changes in morphology, differentiation, and proliferation with the 

secretion of proteins similar to those found in the ECM 242–244. 

 

 

Figure 3.22  Dome shape scaffold a)tilted view (45º) and b) frontal view. Scale bars are 

1mm. 

 

Figure 3.22 shows the first scaffold that I fabricated with dome shape. The scaffold 

has 1 mm thickness, with the visible concentric circles being the result of both the 

fabrication technique and the moulds. There are few works that reported a successful 

3D and dome shaped scaffold for corneal regeneration.  The used techniques include 

3D printing and electrospinning, limiting the materials that can be used and 

compromising the resolution and mechanical properties of the final scaffold. Therefore, 

these techniques are not the most suitable for fabricating scaffolds that require a solid 

and well defined structure 198,245. 
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Figure 3.23  Dome shape scaffold with closed petal flower pattern. a) tilted view (45º), b) 

frontal view of the artificial microenvironment, c) 300X magnification to lines pattern, d) 

frontal view of the lines and the artificial microenvironment. Scale bars are 1mm. 

 

Our scaffolds have a “closed petal” design, that can protect the cells and include 

channels that have the objective of promoting cell migration towards the centre of the 

scaffold.  
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Figure 3.24  Dome shape scaffold with snowflake pattern. 1) SEM images, 2) Original file. a) 

30X magnification on the frontal view, b) 35X magnification of tilted view (45º), c) 50X 

magnification to the artificial microenvironments and channels, d) 50X magnification to the 

artificial microenvironments and channels. Scale bars are 1mm. 

 

One of the most elaborate designs we created was the snowflake, with artificial 

microenvironments that vary in sizes and shapes. This pattern has channels that join 

them and reach the centre. This design was thought to generate cell proliferation 

thanks to artificial microenvironments and promote cell migration with the channels. In 
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addition, the increase of surface area in the design could enhance cell proliferation. 

The smallest features in this scaffold are smallest artificial microenvironments, with 

width of 200 μm, length  250 μm and depth of 250 μm. 

The evaluation of porous PGS-M with SEM was not possible as the drying processing 

(freeze drying) causes the scaffolds to collapse. This behaviour can be due to the low 

DM that does not support the structure and the small amount of polymer present in the 

scaffolds compared to the empty space from the water phase. 

3. 5 CONCLUSIONS 

 

Biomaterials for corneal application should have features like biocompatibility, 

biodegradability, mechanical properties, transparency, and optical properties that 

mimic the native cornea. Additionally, it is also important that the scaffold mimics the 

structure of the target tissue. These characteristics are important to select a suitable 

scaffold for corneal application as the two keys to the development of a corneal 

biomaterial are: the material used and the manufacturing technique. 

The fabrication of cell carriers through soft stereolithography and moulding allows the 

creation of highly defined architectures that mimic the shape of the corneal dome. The 

creation of specific and highly defined topography is big step in the development of 

scaffolds for corneal regeneration. It has been suggested that scaffold topography 

improves the organization of new tissue, leading to increased tissue function 246. This 

is very important in the case of the cornea since it is highly organized and owes many 

of its characteristics (such as transparency and mechanical properties) to this tissue 

organization. The development of scaffolds with highly defined structures with specific 

dimensions was successful with the use of moulding and soft stereolithography. In 

future work, I would focus on evaluating the impact of the different topographies on 

the growth, proliferation, differentiation, and migration of corneal cells. The 

continuation of this work would allow me to elucidate which pattern is the most suitable 

for corneal regeneration. 
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Due to its transparency, PGS-M is a potential suitable material for corneal 

regeneration. There are no previous reports that show the transparency and the high 

defined architecture and dome shape achieved in this study. In this chapter, the 

fabrication of transparent and porous scaffolds with in-built niches that mimics those 

in the native cornea was shown to be possible. Furthermore, scaffold thickness was 

reduced to 100 µm, which is much thinner than previously reported corneal substitute 

implants. This is the first time that a corneal substitute achieved these features, which 

is an important step in the development of an artificial cornea. However, the 

biocompatibility of these cell carriers still needs to be studied to determine suitability 

as a material corneal regeneration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

146 
 
 

 

 

CHAPTER 4. CELL CULTURE ON PGS-M SURFACES 

 

4.1 INTRODUCTION 

 

Previously, transparent, and porous scaffolds were successfully fabricated with high 

define microstructures that mimic in built niches in the native cornea. In this chapter, 

the biological interaction of PGS-M scaffolds will be investigated using primary cells 

(epithelial cells and fibroblasts) isolated from pig and rabbit limbal explants as well as 

establish human epithelial corneal cells. Explants were used to reduce the time 

consumed during cell expansion and to improve the current isolation techniques. 

Explants were chosen as the cell source to approach the clinical setting of simple 

limbal epithelial transplantation (SLET), in which limbal explants are used directly from 

the patient’s healthy eye 47. The rabbit and pig models were selected as animal models 

due to their mechanical and physiological characteristics similar to those of the human 

cornea 247–253. 

4.1.1 INTERACTION AND INFLUENCE OF PGS, PGSA AND PGS-M 

SUBSTRATES WITH DIFFERENT CELL TYPES 

 

Since PGS was reported in 2002 by Wang et al, it has generated great research  

interest due to its characteristics as a biomaterial and use as a scaffold for countless 

tissues. High temperatures and long times are required to cross-link the molecule as 

a result of its nature. The poor mechanical properties that are obtained with this 

crosslinking methodology limit its use, which have been reported in a range of 0.01-

2.5 MPa (Young’s Modulus). PGS scaffolds support cell attachment, growth, 

differentiation and in general good proliferation. One of the main drawbacks that have 

been reported is the cytotoxicity of the PGS scaffolds cross-linked for shorter periods 

of time (less than 48 hours). This may be due to unreacted carboxylic acid groups of 

sebacic acid or the free sebacic acid produced by aqueous hydrolysis of PGS ester 

groups 110,143. 
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Mixtures of PGS with other polymers, such as PCL and PMMA, have been reported, 

notably improving their mechanical properties 87,254–257. However, electrospinning as a 

main fabrication technique limits the type of materials and applications that can be 

tested. These mixtures have not had a negative effect on cell attachment, growth and 

proliferation. 

Therefore, considering these disadvantages, the molecule was functionalized with 

acrylates (PGS-A) that allowed cross-linking under UV light for short periods of time 

and allowed the creation of 3D geometries in the scaffolds. However, the acrylation of 

PGS is unstable and generates high amounts of residues (mainly chlorine salts) that 

are difficult to remove. Nonetheless, its mechanical properties improve considerably, 

increasing to 0.6 - 13.2 MPa (Young’s Modulus) 116. Furthermore, acrylation has had 

a negative effect on cell attachment and biocompatibility in vivo and has a degree of 

cytotoxicity in bulk films 133. 

Despite these downsides, PGS possesses properties that make it an excellent 

candidate for tissue engineering applications. 

Our research group proposed PGS methacrylation as an alternative to overcome 

these issues. Neuronal Schwann cells, human dermal fibroblasts and human adipose-

derived stem cells (ADSC’s) have shown cell growth , migration, proliferation and 

alignment  on PGS-M substrate 116,117. 

Methacrylation, like acrylation, allows the crosslinking of the molecule under UV light 

and permits shorter crosslinking times, without the generation of residues and 

instability in the reaction. In addition, it enables the creation of more elaborate 

architectures and improves the mechanical properties of the molecule  

Table 4.1 shows the interaction and influence of PGS, PGSA and PGS-M in different 

cells and cell lines and the mechanical properties achieved with different crosslinking 

and fabrication methods.



 
 

148 
 
 

 

 

Table 4.1 Cell culture is influenced by synthesis methods and crosslinking conditions in PGS, PGSA and PGS. 

MATERIAL CROSSLINKING 

METHOD/ 

FABRICATION 

TECNIQUE 

TARGET 

TISSUE 

CELL TYPE CELLULAR 

INFLUENCE 

MECHANICAL PROPERTIES REFERENCE 

PGS Heat (120, 135, 150 

ºC) 48, 72, 96 h 

Soft tissue No information 

available 

No 

information 

available 

Young’s Modulus (MPa) 

120 ºC /48 h – 0.35 

120 ºC /72 h – 0.35 

120 ºC /96 h – 0.8 

135 ºC /48 h – 1.75 

150 ºC /48 h – 2.25 

122 
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Heat (110, 120, 130 

ºC) 48 h 

Cardiac 

tissue 

Embryonic stem 

cell-derived 

cardiomyocytes 

Biocompatibl

e 

Young’s Modulus (MPa) 

110 ºC/48 h – 0.0567± 0.011 

120 ºC/48 h – 0.227 ± 0.03 

130 ºC/48 h – 1.207 ± 0.08 

120 

Heat (150 ºC) 24, 48 

and 72 h 

Cartilage Chondrocytes 

 

Morphology 

maintenance 

and cell 

differentiation 

Young’s Modulus (MPa) 

150 ºC/24 h – 1.75 

150 ºC/48 h – 2 

150 ºC/72 h – 2.5 

121 

Heat (150 ºC) 24 h Bone Rat bone 

marrow stromal 

cells (MSC’s) 

 

Differentiation 

but slow 

proliferation 

Young’s Modulus (MPa) 

0.038 ± 0.08 

258 
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Heat (120 ºC) 24 h Nerve Schwann cells 

 

Cell 

adherence  

and 

proliferation 

No information available 170 

Heat (140 ºC) 8, 9, 

10, 12 and 13 h 

Skin Mouse dermal 

fibroblasts 

(MDF’s) 

 

Cell 

proliferation 

dependent of 

pore size 

No information available 124 

Heat (120 ºC) 48 h Retina Murine retinal 

progenitor cells 

(mRPC’s) 

 

Cell 

adherence, 

proliferation 

and 

differentiation 

No information available 259 
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Heat (135 ºC) 96 h Cornea Human corneal 

epithelial cells 

(HCE’s) 

Cell viability 

and 

proliferation. 

No information available 260 

PGS/PCL 

Functionali

zed with 

VEGF 

(2:1) 

Electrospinning/ 

Evaporation 

Cardiac 

tissue 

Myoblast 

(C2C12) cells 

 

Cell 

attachment, 

growth, and 

proliferation 

Young’s Modulus (MPa) 

8 ± 2 

256 

PGS/ɛPCL 

(4:1, 3:1, 

2:1 and 

1:1, 

respectivel

y) 

Electrospinning/ 

Evaporation 

Cornea Human corneal 

endothelial cells 

(HCE’s12) 

 

Cell viability, 

proliferation, 

and cell 

elongation 

No information available 257 
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PGS/PMMA

-Gelatin 

(75:25, 

50:50) 

Electrospinning/ 

Evaporation 

Nerve Rat PC12 cells 

 

Cell 

proliferation 

and 

elongation 

with neurite 

outgrowth 

No information available 254 

PGSA Electrospinning/ UV 

light 

Soft tissue No information 

available 

No 

information 

available 

Young’s Modulus (MPa) 

10- 88% Degree of acrylation 

(DA): 0.15 – 30 

115 

UV light ( 10 min) Tissue 

engineerin

g 

Primary human 

foreskin 

fibroblasts 

(HFF’s) 

 

Cell adhesion 

and 

proliferation, 

with relatively 

normal 

morphology 

but not 

Young’s Modulus (MPa) 

0.17 DA – 0.048 ± 0.005 

0.20 DA – 0.148 ± 0.004 

0.31 DA – 0.383 ± 0.028 

0.34 DA – 0.568 ± 0.222 

131 
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adequate cell 

attachment 

0.41 DA – 0.895 ± 0.052 

0.54 DA – 1.375 ± 0.084 

UV light (10 min) Cell 

encapsula

tion and 

culture 

HUman 

embryonic stem 

cells (hESC’s) 

 

Cell 

proliferation 

and 

differentiation 

but in vivo 

caused acute 

inflammatory 

response 

Young’s Modulus (MPa) 

0.568 ± 0.22 

261 

PGS-M UV light (20 sec) Nerve 

guide 

conduits 

Neuronal 

Schwann 

(NG108-15) 

cells 

 

Cell 

morphology 

maintenance 

and cell 

alignment 

Young’s Modulus (MPa) 

3.2 

117 
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UV light (10 min) Soft tissue 

and drug 

delivery 

Human dermal 

fibroblasts and 

human adipose-

derived stem 

cells (ADSC’s) 

 

Cell growth, 

spread and 

proliferation. 

Young’s Modulus (MPa) 

0.5 – 6.8 

116 
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4.2 OBJECTIVES 

 

4.2.1 GENERAL OBJECTIVE 

To evaluate the biocompatibility of the transparent and porous polyHIPE PGS-M 

scaffolds using human limbal epithelial cells (hLEC’s) (established cell line) and 

rabbit and pig limbal fibroblasts (rLF’s and pLF’s) (primary cells). 

4.2.2 SPECIFIC OBJECTIVES 

● Isolate porcine and rabbit limbal explants 

● Isolate porcine and rabbit limbal fibroblasts  

● Fabricate PGS-M substrates for biological evaluation 

● Evaluate the PGS-M biocompatibility with human limbal epithelial cells, 

human dermal fibroblasts, and rabbit and porcine limbal fibroblasts. 

4.3 MATERIALS AND METHODS 

 

 

Figure 4.1  Methods diagram for cell culture on PGS-M surfaces 
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Material preparation 
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- Scaffold fabrication 

  

  Cell culture 
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4.3.1 EXPLANT ISOLATION 

 

Limbal explants were isolated from rabbit and porcine eyes (obtained from 

abattoirs: “The wild meat company” and “R B Elliot and sons limited”, respectively). 

The eyes were cleaned in PBS for one hour and immersed twice in an antiseptic 

solution: the first wash with 3% iodine in PBS (v/v) for 2 minutes, followed by a 

PBS rinse for 5 minutes. The second wash was carried out using 1.5% iodine in 

PBS (v/v) for 2 minutes, followed by a PBS rinse for 5 minutes. 

The limbus was isolated from the eyes by removing the cornea and the sclera using 

a dissection microscope and a scalpel blade. The limbus (ring-like shape) was cut 

in small pieces (explants) of ~1 mm in length. The explants were cleaned in 1.5% 

iodine in PBS (v/v) 2 minutes and followed by a PBS wash. They were then directly 

used in culture with PGS-M scaffolds or for limbal fibroblast isolation (Figure 4.1). 

4.3.2 ISOLATION OF PRIMARY LIMBAL FIBROBLASTS 

 

The explants were left in a 12 well plate for 2 hours at room temperature in sterile 

conditions for attachment. Once the explants were attached, two millilitres of media 

culture were added. The culture media was composed of DMEM+Glutamax and 

HAM’s 12 in a 1:1 ratio, supplemented with penicillin/streptomycin (PS) 100 IU/ml, 

amphotericin 0.625 μg/ml, EGF 10 ng/ml, insulin 5 μg/ml, and fetal calf serum 10% 

(v/v). The limbal fibroblasts migrated from the explant after 4 weeks in culture 

conditions. These fibroblasts were then cultured and expanded until passage 3 

(P3). Then, cells were frozen and stored prior to use. The isolated cells were used 

in culture with PGS-M scaffolds (Figure 4.2). 
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Figure 4.2 1) Limbus from healthy eye, 2) limbus isolation and division, 3) explants, 4) 

explant culture on micro-featured PGS-M scaffold, 5) limbal cells expansion , 6) limbal 

cell culture on micro-featured PGS-M scaffold. 

 

4.3.3 CORNEAL HUMAN LIMBAL EPITHELIAL CELL (hLEC’s) CULTURE 

 

The cell line HCE-2 was obtained from ATTC in the P27. The cells were cultured 

according with the protocols provided by the company (see details below) 262,263. 

FLASK COATING SOLUTION 

T75 culture flask were pre-coated overnight with 4.5 ml solution of fibronectin 

0.01mg/ml, bovine collagen type I 0.03 mg/ml, and bovine serum albumin (BSA) 

0.01 mg/ml. 

● Preparation of BSA solution 

100 mg of BSA (Sigma 8806) were dissolved in 100 ml of sterile serum-free EMEM 

(ATCC 30-2003) and filtered slowly through a 0.22-micron syringe filter.  

 



 
 

158 
 
 

 

 

● Preparation of fibronectin solution 

2ml of sterile serum-free EMEM media was mixed with a vial of 2mg fibronectin 

(Sigma F2006). The vial was placed in a water bath at 37º C for one hour. 

● Preparation of fibronectin-BSA-collagen solution 

485 ml of sterile serum free media (Gibco) were mixed with 5ml BSA solution, 5 ml 

fibronectin solution, and 5 ml collagen (Purecol, Advanced Biomatrix 5005-B). The 

coating solution was aspirated 15 minutes before cell culture. Cells were cultured 

at 37 °C, 5% CO2.  

CELL CULTURE MEDIA 

The media culture was composed of Keratinocyte-serum free medium (Gibco 

17005-042) supplemented with bovine pituitary extract (BPE) (Gibco 17005-042) 

0.05 mg/ml, epidermal growth factor (EGF) (Gibco 17005-042) 5 ng/ml, 

hydrocortisone (Sigma H0396) 500 ng/ml, and insulin (Sigma 91077-C) 

0.005mg/ml. 

4.3.4 HUMAN DERMAL FIBROBLASTS (hDF’s)  CULTURE 

 

hDF’s were obtained from primary tissue with informed consent from the NHS 

(National Health Service) for the donation of waste surgical tissue for research 

purposes (ethics reference: 15/YH/0177). The fibroblasts were culture in DMEM 

supplemented with PS 100 IU/ml, amphotericin 0.625 μg/ml, l-glutamine 2.5 mM, 

and FCS 10% (v/v). Cells were cultured at 37 °C, 5% CO2. 

4.3.5 SURFACE COATING OF GLASS COVERSLIPS WITH PGS-M 

 

Borosilicate glass coverslips (13 mm diameter, No. 2 thickness) (Scientific 

Laboratory Supplies, UK) were treated with piranha solution for 1 hour and then 

washed five times in dH2O followed by three washes of methanol. Piranha solution 

was used as a hydroxylation agent to clean the glass surface and generate 
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additional silanol groups to allow further surface coating 264,265. Piranha solution is 

made of sulphuric acid (H2SO4) (98%) (Sigma Aldrich) with hydrogen peroxide 

(H2O2) (30% wt in dH2O) (Sigma Aldrich) (3:1 v/v).  The coverslips were immersed 

in 10% (w/v) solution of 3-methacryloxypropyltrimethoxysilane in toluene for 24 hrs 

in the dark, then were washed three times with methanol and dried at room 

temperature. 3-methacryloxypropyltrimethoxysilane is a silane coupling agent that 

promotes the adhesion between the glass surface and PGS-M molecule 266,267. 

Approximately 50 μl of low methacrylation PGS-M (20, 30, 40 and 50%) with 1% 

PI (w/w) were deposited in the centre of the coverslip previously treated with 

piranha solution. The spin coating was carried out at 4,000 rpm for 40 seconds 

(Laurell Technologies WS-400B-6NPP/Lite). The thin layer of polymer was 

photocured under UV light for 5 minutes (200W, OmniCure Series 2000 curing 

lamp). Unreacted reagents were removed from the coated coverslips by washing 

them four times in methanol (24 hours each) followed by four washes in dH2O (24 

hours each).  

 

4.3.6 CELL CULTURE ON PGS-M SURFACES 

 

PGS-M spin coated coverslips and bulk transparent and porous scaffolds were 

sterilised in the autoclave at 121°C for 30 minutes before the cell seeding. Cells 

(hLEC’s, rLF’s and pLF’s) were harvested at confluence of 90% between the P3 

and P9 with trypsin (0.025%)/EDTA (0.01%), centrifuged at 1,000 rpm for 5 

minutes (Hettich Zentrifugen Rotofix 32A with 131 mm rotor radius), re-suspended 

in fresh media, and counted. The PGS-M scaffolds and spin coated coverslips were 

placed in a 12 well plate and 50,000 cells were seeded in each scaffold and 

coverslip. Uncoated glass coverslips seeded with cells were used as the positive 

control, and unseeded coated coverslips were designated as the negative control. 

The cells were left to attach for 6 hours. After that time, the scaffolds and spin 

coated coverslips were transferred to a new 12 well plate to ensure that only 

attached cells were included in future analysis. The cells were cultured with 2 ml 
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of media, which was changed every two days. Cell growth was evaluated after 

incubating scaffolds at 37.5 °C, 5% CO2 for 14 days. 

 

4.3.7 RESAZURIN REDUCTION ASSAY  

 

Resazurin reduction assay (also known as AlamarBlue®) is a common assay used 

as an indicator of cell viability and cytocompatibility. The blue resazurin dye 

(nonfluorescent) is reduced by the mitochondrial reductase to pink resorufin (highly 

fluorescent). The output data has been shown to be proportional with the number 

of viable cells 268–270. The resazurin working solution was prepared with 1mM 

resazurin salt (Scientific Laboratory Supplies) dissolved in dH2O and filtered 

through 0.22 μm filter. In days 1, 3, and 7, the growth media was changed prior 

resazurin assay and mixed with resazurin solution 10% (v/v). The samples were 

incubated at 37 °C, 5% CO2 in the dark, using media with resazurin solution as a 

blank. After 4 hours in incubation, the samples were taken out and 200 μl of each 

sample were placed in a 96 well plate in triplicate. The resorufin fluorescence was 

read at 540 nm excitation and 635 nm emission (Biotek instruments FLX800). The 

blank was subtracted from the samples before analysing the data.  

4.3.8 PICOGREEN® DNA QUANTIFICATION ASSAY 

 

● STANDARD CURVE FOR THE PICOGREEN® DNA QUANTIFICATION 

ASSAY 

PicoGreen® is a fluorochrome that binds selectively to double-stranded DNA 

(dsDNA) and exponentially increases its fluorescence compared to its unbound 

state 271,272. The DNA in the sample is measured by the output fluorescence. The 

Quant-iT™ PicoGreen® reagent was dissolved in TE buffer (10 mM Tris-HCl, 1 

mM EDTA, pH 7.5). The stock working solution was prepared to obtain a final 

concentration of 0.5% PicoGreen®. Dilutions of the stock solution in dH2O were 

made to obtain concentrations of 0, 200, 400, 600, 800 and 1,000 ng/ml dsDNA. 
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100 μl of the dilutions were placed in triplicate in a 96 well plate, with dH2O used 

as a blank. The fluorescence (Bio-tek instruments FLX800) was read at 480 nm 

excitation and 520 nm emission. Before analysing the data, the blank was 

subtracted from the samples. The obtained data was analysed to plot a linear 

regression between the fluorescence and the amount of dsDNA. 

● PICOGREEN® DNA QUANTIFICATION ASSAY 

The PicoGreen® assay can be used to infer the number of cells present in the 

sample based on total DNA concentration. The number of cells in PGS-M surfaces 

was evaluated as follows: the cell seeding and controls were described in section 

4.3.6. In days 1,3, and 7, the growth media was removed; samples were washed 

three times in PBS to remove the remaining media. The samples were incubated 

in the refrigerator with 500 μl of dH2O at 4°C for 12 hours. Then, they were 

subjected to a freeze-thaw regime, passing from -80°C to 37°C three times, with 

time intervals of 30 min freeze, 30 min thaw, with the purpose of lysing the cells 

and releasing the DNA for quantification. After the final thawing, each solution was 

removed and placed in a 1 ml microcentrifuge tube. The tubes were vortexed for 

15 seconds and centrifuged at 10,000 rpm for 5 minutes (Sanyo MSE Micro 

Centaur MSB010.CX2.5 with 64 mm rotor). 180 μl were taken from each sample 

and mixed with 180 μl of stock working solution (0.5% PicoGreen® in TE buffer 

10mM). 180 μl of the stock solution mixed with 180 μl of dH2O was used as a blank. 

The samples were covered with foil, vortexed for 5 seconds and incubated for 10 

minutes at room temperature. 100 μl were taken from each sample and were 

placed in triplicates in a 96 well plate. The PicoGreen® fluorescence was read at  

480 nm excitation and 520 nm emission (Bio-tek instruments FLX800), before 

analysing the data, the blank was subtracted from the samples.  
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4.3.9 LDH RELEASE ASSAY 

 

Lactate dehydrogenase (LDH) is an enzyme that works as an indicator of cellular 

toxicity 273. The enzyme reacts with the tetrazolium salt, forming formazan (a red-

coloured product) that is measured by fluorescence.  LDH assay is typically carried 

out to analyse the material compatibility with the target cells 274. The cytotoxicity of 

PGS-M surfaces was evaluated as follows: the cell seeding, and controls were 

described in section 4.3.6. In days 1, 3, and 7, 50 μl of the growth media were 

taken and placed in a 96 well plate in triplicate along with 50 μl LDH working 

solution in each well. The samples were incubated in room temperature in the dark 

for 30 minutes. Afterwards, 50 μl LDH stop solutions were added to finalise the 

reaction. Absorbance for each well was read at 490 nm excitation and 680 nm 

emission (Biotek Instruments ELx800). LDH values on days 4 and 7 correspond to 

the cumulative LDH release of previous days. 

4.3.10 F-ACTIN STAINING  

 

The actin cytoskeleton was stained with phalloidin–fluorescein isothiocyanate 

(FITC). In addition, the nuclei were stained with 4’,6-diamidino-2-phenylindole 

dihydrochloride (DAPI) as follow. Between days 7 and 14, the growth media was 

removed from the samples, and were washed gently with PBS. Samples were 

incubated at room temperature for 30 minutes with paraformaldehyde 3.7%. Then, 

the samples were washed with PBS and subsequently to permeabilize the cell 

membrane the samples were covered with Triton-X-100 0.1% in PBS for 5 minutes 

at 4º C. Following this, samples were washed three times in PBS. The staining was 

carried out by covering the samples with a dilution of phalloidin-FITC and DAPI in 

PBS (1:1000 (v/v)). The samples were incubated 30 min in the darkness at room 

temperature, followed by washing three times with PBS. All samples were stored 

with fresh PBS prior to imaging. 
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4.3.11 MICROSCOPY 

 

The visualisation of cell growth was carried out by fluorescence microscopy for spin 

coated samples and confocal microscopy for bulk samples. 

● FLUORESCENCE MICROSCOPY 

Spin coated samples were placed on an inverted epifluorescent microscope 

(Olympus IX73) and acquired with a Micro-Manager 1.4.22 software (University of 

California). The light source used was a mercury lamp: Phalloidin-FITC at 495 nm 

excitation and 520 nm emission and DAPI at 405 nm excitation and 450 nm 

emission. 

● CONFOCAL MICROSCOPY 

Bulk scaffolds were placed in a two-photon confocal microscope (Zeiss LSM510 

Meta) with a Ti-Sapphire laser. Images were obtained using 488 nm (10%) laser 

line and an Achroplan 40×/0.75 N.A. water immersion objective. The image size 

was set at 210.4 ×210.4 × 7.2 μm area. 

 

4.3.12 STATISTICS 

 

The characterization was carried out with three independent experimental repeats 

(N=3) in triplicates per experiment (n = 3). The data was analysed with GraphPad 

Prism version 7.04 software. The data significance was calculated with two-way 

ANOVA (paired samples) with Tukey post-hoc pairwise multiple comparison 

analysis was used  for the experiments with two independent variables or factors 

(sample type or conditions). P≤0.05 was considered statistically significant (*) and 

P>0.05 was considered non-significant (ns). Data was graphed as means ± SD 

(standard deviation). 
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4.4 RESULTS AND DISCUSSION 

 

4.4.1 EXPLANT ISOLATION 

 

Because access to rabbit eyes was limited, only pig eyes were used. Pig eyes are 

more prone to develop infections during culture. Therefore, tissue handling, and 

aseptic techniques used during eyes processing were exhaustively carried out 

(Figure 4.3).  

 

Figure 4.3 Processing of pig eyes. a) eyes cleaning in iodine solution, b) eye tissue 

removal, c) cleaning of corneal tissue. 

 

Explant isolation was successfully carried out using a dissection microscope, 

(Figure 4.4). The limbus was isolated from the rest of the tissue, avoiding the sclera 

to prevent expansion of its cells.  

 

Figure 4.4  Limbus isolation in a dissection microscope 
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Explants were used directly in culture with PGS-M transparent scaffolds but did not 

attach in the substrate even after testing different attachment times (30 minutes, 1 

hour, 4 hours, 6 hours, 12 hours, 24 hours). Therefore, explants were just used for 

limbal fibroblast isolation. 

 

4.4.2 ISOLATION OF PRIMARY LIMBAL FIBROBLAST 

 

Fibroblasts take over 4 weeks to grow and expand outside the explant. The cells 

were grown until passage 3 and then frozen down prior to use. pLF’s were used 

between passage 3 to 9 in culture with PGS-M substrates to analyse the material 

cytotoxicity.  

4.4.3 CORNEAL HUMAN LIMBAL EPITHELIAL CELLS (hLEC’s) CULTURE ON 

PGS-M SURFACES 

 

PGS-M scaffolds (transparent and polyHIPE) were tested with hLEC’s, as they are 

a cell line which can be used as a standard for ocular biomaterial applications.  

In Chapter 2, we determined that the DM with mechanical properties that better 

matched the native cornea and with lower percentage of sol content was 40% DM. 

However, hLECs were cultured on PGS-M transparent scaffolds in 20, 30, 40, and 

50% DM to evaluate the PGS-M biological performance in different DMs and 

observe differences in proliferation. 

The cell expansion protocols from the manufacturer were followed, changing only 

the collagen from Purecol (Advanced Biomatrix 5005-B) for collagen from Sigma-

Aldrich (804592). The biocompatibility and cell viability of hLECs were evaluated 

with resazurin reduction assay on PGS-M surfaces (transparent and polyHIPE) 

with 1 mm thickness (Figure 4.5). 
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Figure 4.5  Resazurin reduction assay of hLEC’s culture on planar PGS-M transparent 

scaffolds (20 - 50 % DM with 1 mm thickness). Positive controls were hLEC’s culture on 

uncoated borosilicate glass. Negative controls were PGS-M substrates (20 - 50 % DM) 

and coated borosilicate glass without cells. The assay was carried out in days 1,4 and 7. 

Samples show means and error bars corresponding to ±SD (N=3, n=3), analysed by 

two-way ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was considered 

significant (*). 

 

Figure 4.5 shows that the fluorescence signal is very low in all the samples. The 

signal appears to increase in samples with cells, but also increases in samples of 

the planar PGS-M  scaffolds without cells. There is no significant difference in cell 

growth in the different DMs. However, PGS-M with 20 and 50% DM shows a 
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significant difference in cell growth between PGS-M and glass (P=0.0057 for 20% 

day 4 and P=0.0189 and P=0.0339 day 4 and 7 for 50% DM respectively). 

Initially, it was planned to culture hLEC’s on PGS-M polyHIPEs in 20, 30, 40, and 

50% DM. Nevertheless, the polyHIPEs with lowest DM (20 and 30%) folded on 

themselves after the methanol washes, making it impossible to unfold them for use 

in cell culture. For this reason, only PGS-M polyHIPEs in 40 and 50% DM were 

evaluated in cell culture (Figure 4.6). 

 

Figure 4.6  Resazurin reduction assay of hLEC’s culture on planar PGS-M polyHIPE 

scaffolds (40 and 50 % DM with 1 mm thickness). Positive controls were hLEC’s culture 

on uncoated borosilicate glass. Negative controls were PGS-M substrates (40 and 50 % 

DM with 1 mm thickness) and coated borosilicate glass without cells. The assay was 

carried out in days 1,4 and 7. Samples show means and error bars corresponding to 

±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's post-hoc pairwise comparison. 

P≤0.05 was considered significant (*). 

In Figure 4.6 it is possible to observe that the fluorescence signal is also very low 

in all the samples. The signal increases in samples with cells in day 4 but in day 7 

decreases; the same can be observed in PGS-M samples without cells. There is 

no significant difference in cell growth between 40 and 50% DM and between PGS-

M and glass.  
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Figures 4.5 and 4.6 showed a low fluorescence signal even after several days of 

proliferation: the reason for this is unclear. This cell line was sent by the 

manufacturer with a high passage number (P26) which makes their handling and 

expansion difficult as we seek to avoid senescence after several passages. 

Additionally, the cell culture reagents used for hLEC’s are significantly more 

expensive than those needed for the other mentioned cells (pLF.s), making it too 

costly to maintain. Therefore, we decided to postpone the use of hLEC’s for 

evaluating PGS-M cytotoxicity until cell culture conditions could be optimised for 

their use. 

4.4.4  PORCINE LIMBAL FIBROBLAST (pLF’s) CULTURE ON PLANAR PGS-M 

SURFACES  

 

Due to the previously mentioned difficulties associated with hLEC’s culture, pLF’s 

were used as second choice of cells for the evaluation of biocompatibility, cell 

viability, and cytotoxicity on PGS-M surfaces. Cell proliferation was evaluated with 

resazurin reduction assay and PicoGreen® DNA quantification assay (Figures 4.7 

and 4.9). pLF’s were cultured on PGS-M transparent scaffold with 40% DM and 1 

mm of thickness. 
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Figure 4.7 Resazurin reduction assay of hLEC’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness. Positive controls were hLEC’s culture on 

uncoated borosilicate glass. Negative controls were PGS-M substrate 40 % DM and 

coated borosilicate glass without cells. The assay was carried out in days 1,4 and 7. 

Samples show means and error bars corresponding to ±SD (N=3, n=3), analysed by 

two-way ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was considered 

statistically significant (*). 

 

Unlike hLEC’s, pLF’s culture showed a higher fluorescence signal. Nevertheless, 

samples without cells also showed a high signal. This will be further discussed in 

Chapter 5. It was possible to observe that cells were dying even after several days 

of culture on PGS-M substrate, while cells continued growing on the glass. There 

is a significant difference between the PGS-M and glass in days4 and 7(P≤0.05 

day 4 and P≤0.0001 day 7 respectively). 

 

The PicoGreen® standard curve can be used to infer the number of cells in the 

samples (seen in Figure 4.8). The standard curve has a linear tendency with a 

correlation of y= 45.705x and R2 value of 0.9989. 
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Figure 4.8  PicoGreen® standard calibration curve plotted with known concentrations of 

DNA (n = 3). 

 

Figure 4.9  PicoGreen® DNA quantification assay of pLF’s cultured on planar PGS-M 

transparent scaffold (40 % DM with 1 mm thickness). Positive controls were pLF’s 

cultured on uncoated borosilicate glass. Negative controls were PGS-M substrate (40 % 

DM with 1 mm thickness) and coated borosilicate glass without cells. The assay was 

carried out in days 1,4 and 7. Samples show means and error bars corresponding to 

±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's post-hoc pairwise comparison. 

P≤0.05 was considered statistically significant (*). 
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In Figure 4.9 it is possible to observe that the PicoGreen® DNA quantification 

assay corroborates with data obtained with resazurin reduction assay: pLFs were 

dying on PGS-M substrate and growing on glass. There is a significant difference 

between the PGS-M and glass in days 4 and 7 (P<0.0001 for days 4 and 7 

respectively). 

There are no previous reports of cell growth on PGS-M surfaces thicker than 350 

μm, though Pashneh-Tala et al. reported positive results with the culture of 

fibroblasts, adipose-derived stem cells (ADSC’s), and smooth muscle cells 

(SMC’s) on spin coated PGS-M 30% DM. Likewise, Singh et al. reported positive 

results with the culture of neuronal cells and primary Schwann cells seeded in 

PGS-M tubes produced by stereolithography (25 - 100% DM) with 350 μm wall 

116,117. In contrast, the results obtained in this study with cell culture on 1 mm 

thickness PGS-M substrates are not positive even after 7 days of growth. It is 

unclear if the material or cells that are used are having a negative effect on 

proliferation. Therefore, the use of human dermal fibroblasts and spin coated 

surfaces was proposed to elucidate why cells are dying after several days of culture 

on the material. 

4.4.5. SPIN COATED BOROSILICATE GLASS WITH PGS-M  

 

Spin coating is a widely used technique to produce thin and uniform films with 

controllable thickness 275,276.  The layer thickness depends on the angular velocity 

and the polymer viscosity 277.  As thick PGS-M substrates (1 mm thickness) seem 

to affect cell growth and proliferation, it was decided to test thinner surfaces to 

clarify the reason of cell death. 

4.4.6 PORCINE LIMBAL FIBROBLAST (pLF’s) CULTURE ON SPIN COATED 

PGS-M SURFACES 

 

pLF’s were seeded on PGS-M spin coated substrates with 20, 30, 40, and 50% 

DM to evaluate material cytotoxicity and observe if thinner surfaces promote 
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proliferation. Cell proliferation and cytotoxicity were evaluated with resazurin 

reduction assay and LDH release assay in spin coated PGS-M 20 - 50 %.(Figures 

4.10 and 4.11).  PicoGreen® DNA quantification assay was evaluated only in spin 

coated PGS-M 40% DM (Figure 4.12).  

 

Figure 4.10 Resazurin reduction assay of pLFs cultured on spin coated PGS-M (20 - 50 

% DM). Positive controls were pLFs cultured on uncoated borosilicate glass. Negative 

controls were PGS-M spin coated substrates (20 - 50 % DM) and coated borosilicate 

glass without cells. The assay was carried out in days 1,4 and 7. Samples show means 

and error bars corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's 

post-hoc pairwise comparison. P≤0.05 was considered statistically significant (*). 

 

Figure 4.10 shows pLF’s grow on PGS-M spin coated surfaces, unlike cells seeded 

on thick PGS-M substrates (1 mm thickness). It is clear that the thin layer of 
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polymer spin coated on glass allows the cell growth in all the DMs. Additionally, 

cells seemed to grow better on lower DM. The most likely cause of high proliferation 

is the low amount of gel fraction in lower DM: around 60% gel in 20% DM which 

increases up to 80% gel in 50% DM (Chapter 2). If the polymer itself is affecting 

cell growth, the low percentage of crosslinked polymer in 20% DM explains the 

increased cell growth compared to 50% DM. 

There is no significant difference between pLF’s seeded on 20% DM and pLF’s 

seeded on glass at all time points, showing an improvement compared with thick 

scaffolds. In contrast, there is a significant difference between pLF’s seeded on 

30% DM and pLF’s seeded on glass in day 7 (P≤0.0001), between pLF’s seeded 

on 40% DM and pLF’s seeded on glass in days 4 and 7 (P≤0.0001 in both cases), 

and between pLF’s seeded on 50% DM and pLF’s seeded on glass in day 7 

(P≤0.0001). The spontaneous LDH release in positive controls (pLF’s culture on 

borosilicate glass) were compared with spontaneous LDH release in pLF’s culture 

on spin coated PGS-M (Figure 4.11). 
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Figure 4.11 LDH release assay of pLF’s culture on spin coated PGS-M (20 - 50 % DM). 

Positive controls were pLF’s culture on uncoated borosilicate glass. Negative controls 

were PGS-M spin coated substrates (20 - 50 % DM) and coated borosilicate glass 

without cells. The assay was carried out in days 1,4 and 7(N=3). Samples show means 

and error bars corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's 

post-hoc pairwise comparison. P≤0.05 was considered statistically significant (*). 

 

Spontaneous LDH release of pLF’s seeded on spin coated PGS-M is comparable 

with the one obtained in the positive control. There is a significant difference 

between pLF’s seeded on PGS-M 20% and pLF’s seeded on glass in day 7 

(P≤0.05). For PGS-M 30% the difference increases from day 1, 4 and 7 (P≤0.001, 

P≤0.001 and P≤0.0001, respectively).  pLF’s seeded on PGS-M 40% show 
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significant difference on days 1, 4 and 7 (P≤0.05, P≤0.0001 and P≤0.0001, 

respectively). Lastly, pLF’s seeded on PGS-M 50% the results on days 1,4 and 7 

were also significantly different (P≤0.05, P≤0.001 and P≤0.001, respectively). 

Based on these results, we can infer that spin coated PGS-M substrates do not 

cause significant cytotoxicity regardless of DMs 

It was decided to test PicoGreen® DNA quantification assay only on PGS-M 40% 

as it is the DM with mechanical properties that better matched the native cornea 

and with lower percentage of sol content (Chapter 2). It is planned to use only this 

DM in the elaboration of the corneal device, making its optimization a crucial part 

of this study. 

 

Figure 4.12  PicoGreen® DNA quantification assay of pLF’s culture on spin coated PGS-

M (40 % DM). Positive controls were pLF’s culture on uncoated borosilicate glass. 

Negative controls were PGS-M spin coated substrates (40 % DM) and coated 

borosilicate glass without cells. The assay was carried out in days 1,4 and 7 (N=3). 

Samples show means and error bars corresponding to ±SD (N=3, n=3), analysed by 

two-way ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was considered 

statistically significant (*). 
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In Figure 4.12 it is possible to observe that the PicoGreen® DNA quantification 

assay corroborates with data obtained with resazurin reduction assay: pLF’s are 

growing on PGS-M spin coated substrates. There is no significant difference 

between pLF’s seeded on PGS-M and pLF’s seeded on glass in days 1 and 4, but 

there is a significant difference in day 7 (P≤0.01). 

Cell morphology on spin coated PGS-M substrates was also analysed with 

fluorescence microscopy. Image acquisition was carried out only with phalloidin-

FITC (495 nm excitation and 520 nm emission) because PGS-M was found to show 

fluorescence at 405 nm excitation and 450 nm emission (which overlaps with DAPI) 

(Figure 4.13). 

 

Figure 4.13  Fluorescence microscopy images of pLF’s culture on spin coated PGS-M 

(20 - 50 % DM). Positive controls were pLF’s culture on uncoated borosilicate glass. 

Negative controls were PGS-M spin coated substrates. The images were taken in days 

1,4 and 7. All images were acquired using the same exposure and display settings. 

Scale bars are 200 μm.  

 

Despite those previous results show pLF’s growing and proliferating on PGS-M 

spin coated surfaces after 7 days of culture, the cell morphology is not as expected 

on PGS-M substrates in comparison with pLF’s grown on glass. Morphology is an 
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important feature that can tell us about cell behaviour, stability and stress response 

to a variety of conditions 278,279. Spindle-shaped fibroblasts are observed on glass 

surfaces while more rounded cells with pseudopodia retraction are observed on 

PGS-M substrates. Interestingly, lower DMs seem to affect pLF’s morphology more 

than higher DMs. This can be caused by the lower stiffness in lower DMs, as was 

reported before by Yeung et al., where it was shown that fibroblasts grew better on 

stiffer substrates. Also, Jones et al. demonstrated that stiffer collagen gels promote 

cell differentiation using hLEC’s 280. Cells grown on softer substrates presented a 

rounded shape like pLF’s on PGS-M surfaces in this present work 281. Also, the 

high amount of sol fraction in lower DMs can be affecting cell growth as was shown 

in Resazurin assays. Previous reports show that cell morphology can be a 

response of the interaction with a material (mechanical, biochemical and 

architectural features) 212,282,283. Nonetheless, more analyses are still required to 

elucidate what is causing this cell behaviour. 

4.4.7 HUMAN DERMAL FIBROBLASTS (hDF’s)  CULTURE ON SPIN COATED 

PGS-M SURFACES 

 

Fibroblasts from human skin, oral mucosa, periodontal membrane, or embryonic 

lung have been widely used in studies for the evaluation of material cytotoxicity 

284,285. Fibroblasts are useful in studies of adhesion to surfaces, replication, and 

cellular integrity due to their characteristics  286. However, cytotoxicity studies are 

more reliable when carried out with the cells present in the target tissue. 

Biocompatibility, cell viability and cytotoxicity of hDF’s in PGS-M surfaces were 

evaluated with resazurin reduction assay, PicoGreen® DNA quantification assay, 

LDH release assay and F-actin staining. Due to the low availability of human and 

pig cells, the continuous failure in cell culture, and previous reports that show 

positive results of fibroblasts seeded on spin coated PGS-M substrates, it was 

decided to use hDF’s for cell proliferation studies on PGS-M. 
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hDF’s were seeded on PGS-M spin coated substrates with 20, 30, 40, and 50% 

DM to evaluate material cytotoxicity and observe differences of culture compared 

with pLF’s. Cell proliferation and cytotoxicity were evaluated with resazurin 

reduction assay and LDH release assay in spin coated PGS-M 20 - 50 %.(Figures 

4.14 and 4.15).  PicoGreen® DNA quantification assay was evaluated only in spin 

coated PGS-M 40% DM (Figure 4.16).  

 

Figure 4.14 Resazurin reduction assay of hDF’s culture on spin coated PGS-M (20 - 50 

% DM). Positive controls were hDF’s culture on uncoated borosilicate glass. Negative 

controls were PGS-M spin coated substrates (20 - 50 % DM) and coated borosilicate 

glass without cells. The assay was carried out in days 1,4 and 7 (N=3).  Samples show 

means and error bars corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, 

Tukey's post-hoc pairwise comparison. P≤0.05 was considered statistically significant (*). 
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In figure 4.14 is possible to observe that hDF’s showed similar behaviour growing 

on PGS-M spin coated substrates, as cells grew better on lower DM. This suggests 

that our hypothesis regarding the amount of gel fraction affecting cell growth is 

correct. 

 

There is a significant difference between hDF’s seeded on 20% DM and hDF’s 

seeded on glass in days 1 and 7 (P≤0.0001). For hDF’s seeded on 30% and hDF’s 

seeded on glass, there is a difference on day 7 (P≤0.0001). hDF’s seeded on 40% 

DM and hDF’s seeded on glass were significantly different at all timepoints 

(P≤0.05, P≤0.0001 and P≤0.0001, respectively) and between hDF’s seeded on 

50% DM and hDF’s seeded on glass in day 7 (P≤0.0001). 

The spontaneous LDH release in positive controls (hDF’s culture on borosilicate 

glass) were compared with spontaneous LDH release in hDF’s culture on spin 

coated PGS-M (Figure 4.15). 
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Figure 4.15  LDH release assay of hDF’s culture on spin coated PGS-M (20 - 50 % DM). 

Positive controls were hDF’s cultured on uncoated borosilicate glass. Negative controls 

were PGS-M spin coated substrates (20 - 50 % DM) and coated borosilicate glass 

without cells. The assay was carried out in days 1,4 and 7. Samples show means and 

error bars corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's 

post-hoc pairwise comparison. P≤0.05 was considered statistically significant (*). 

 

Spontaneous LDH release of hDF’s seeded on spin coated PGS-M is lower for 20, 

30 and 50% DM compared with the positive control. There is a significant difference 

between hDF’s seeded on PGS-M 20, 30, and 50% DM, and hDF’s seeded on 

glass in all time points (P≤0.0001 for all of them). On the other hand, there is no 

significant difference between LDH for hDF’s seeded on 40% DM and glass. 
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Therefore, we can infer that there is no significant cytotoxicity proceeding from spin 

coated PGS-M substrates for hDF’s as it is lower compared with control. 

PicoGreen® DNA quantification assay was carried out only on PGS-M 40% due to 

it being the DM with mechanical properties that better matched the native cornea 

and with the lower percentage of sol content (Chapter 2).  

 

Figure 4.16  PicoGreen® DNA quantification assay of hDF’s cultured on spin coated 

PGS-M (40 % DM). Positive controls were hDF’s cultured on uncoated borosilicate glass. 

Negative controls were PGS-M spin coated substrates (40 % DM) and coated 

borosilicate glass without cells. The assay was carried out in days 1,4 and 7. Samples 

show means and error bars corresponding to ±SD (N=3, n=3), analysed by two-way 

ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was considered statistically 

significant (*). 

 

Figure 4.16 shows that the PicoGreen® DNA quantification assay is well correlated 

with data obtained with resazurin reduction assay: hDF’s are growing on PGS-M 

spin coated substrates. There is no significant difference between pLF’s seeded 

on PGS-M and pLF’s seeded on glass in days 1 and 4, but there is a significant 

difference in day 7 (P≤0.0001). 
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Cell morphology was evaluated and compared with control. Cells were stained with 

phalloidin-FITC (495 nm excitation and 520 nm emission) (Figure 4.17).  

 

Figure 4.17 Fluorescence microscopy images of hDF’s culture on spin coated PGS-M 

(20 - 50 % DM). Positive controls were hDF’s culture on uncoated borosilicate glass. 

Negative controls were PGS-M spin coated substrates. The images were taken in days 

1,4 and 7. Scale bars are 200 μm. All images were acquired using the same exposure 

and display settings.  

 

hDF’s seem to grow better than pLF’s on spin coated PGS-M substrates which can 

be due cell adhesion, proliferation, and protein production change depending on 

the cells and substrate, as was shown by Tamada et al., who worked with 

fibroblasts grown on different polymer surfaces, and Tokiwa at al., who worked with 

human hepatoblastoma and hepatoma cells seeded on collagen type I, type IV, 

fibronectin, and laminin 278,287. It is possible to observe that cell morphology on 

lower DM (20 and 50%) is more rounded, with cells presenting pseudopodia 

retraction, while cells on higher DM 40 and 50% are spindle-shaped since day 1. 

This suggests that lower stiffness in lower DMs is also affecting hDF’s as was 

observed with pLF’s. Also, the high amount of sol fraction in lower DMs can be 

affecting cell growth, as was shown in the Resazurin assays. Therefore, more 
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analyses are still required to elucidate what is causing this cell behaviour and how 

we can improve PGS-M as a material for corneal regeneration. 

4. 5 CONCLUSIONS 

 

This chapter explored the culture of three cell types on spin coated and bulk PGS-

M substrates. In Chapter 2, it was established that the DM with mechanical 

properties that better matched the native cornea and with lower percentage of sol 

content was 40%. However, this was subject to further biological evaluation. In this 

chapter, bulk flat PGS-M scaffolds with 1 mm thickness were used to evaluate 

PGS-M biological performance on 20-50% DM (cell proliferation and cytotoxicity).  

hLEC’s were used as the standard for ocular biomaterial applications and seeded 

on bulk PGS-M substrates. However, due to the problems presented during cell 

culture and the low fluorescence signal from the resazurin reduction assay, their 

culture was postponed until conditions could be optimized for their use.  

pLF’s were seeded on PGS-M substrates as the second choice of cells for the 

evaluation of biocompatibility, cell viability, and cytotoxicity on PGS-M surfaces, 

with cells showing a higher fluorescence signal compared to hLEC’s. Nonetheless, 

samples without cells also showed a high signal. It was unclear if the material or 

cells are having a negative effect on proliferation. Likewise, the reason for 

fluorescence in samples without cells is yet unknown, which will be further 

discussed in Chapter 5.  

Both cell types shown similarities in attachment at day 1 after seeding compared 

to the control. However, cells on PGS-M substrates began dying on day 4 and 7 

regardless of DM. Therefore, the use of human dermal fibroblasts and spin coated 

surfaces was proposed to elucidate the cause of cell death after several days of 

culture on the material, due to previous positive results in culture on spin coated 

PGS-M substrates with 25-100% DM. 
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pLF’s and hDF’s were seeded on PGS-M spin coated substrates and showed 

positive results on cell growth. However, cell morphology was not as expected on 

PGS-M substrates in comparison with pLF’s grown on glass. Cell morphology is 

an important feature that can tell us about cell behaviour, stability, and stress 

response to a variety of conditions. Cells seeded on lower DMs showed a rounded 

shape with pseudopodia retraction in comparison with cells seeded on higher DM 

and glass, which showed a spindle shape. Our hypothesis is that lower stiffness 

and higher percentages of sol fraction in lower DMs affect cell growth.  

More analyses are still required to elucidate the reason for cell death and 

morphological change after attachment on the substrates. As shown in Chapter 2, 

PGS-M has excellent tuneable physicochemical properties, which are highly 

advantageous for tissue engineering. It also has the optical properties 

(transparency) which have not yet been found in any other synthetic polymer, 

making it an ideal candidate for the fabrication of corneal devices. However, there 

are no reports of successful cell proliferation on PGS-M substrates thicker than 350 

μm. This is the most significant challenge that needs to be overcome to improve 

PGS-M as a material for corneal regeneration. 
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CHAPTER 5. IMPROVEMENT OF PGS-M SCAFFOLDS 

FOR CELL CULTURE 

 

5.1 INTRODUCTION 

 

In the previous chapter, we observed the interaction of 3 cell types (limbal epithelial 

cells (hLEC’s), human dermal fibroblasts (hDF’s) and pig limbal fibroblasts (pLF’s)) 

with spin coated and bulk PGS-M surfaces. It was shown that animal and human 

cells grow better on spin coated surfaces, but cell morphology is affected in lower 

DMs. On the other hand, bulk surfaces present a certain degree of cytotoxicity, 

mainly in the ocular cells. In this chapter, strategies to overcome the cytotoxicity 

issue found in the transparent PGS-M will be explored. The cytotoxicity for in vitro 

culture is defined as a factor that affects morphology, cell attachment, and growth 

rate or leads to cell death1,2.  

5.2 OBJECTIVES 

 

5.2.1 GENERAL OBJECTIVES 

Develop strategies that allow the Improvement of  PGS-M for its use in corneal cell 

culture. 

5.2.2 SPECIFIC OBJECTIVES 

● Implement of physical modifications of PGS-M substrate to improve it 

biocompatibility 

● Evaluate biological modifications of PGS-M scaffolds to increase the 

interaction cell-substrate 

● Develop chemical modifications to reduce cytotoxicity  
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5.3 MATERIALS AND METHODS 

 

 

Figure 5.1 Methods diagram for the improvement of PGS-M scaffolds for cell 

culture 

 

5.4 SCAFFOLD MODIFICATIONS 

 

Physical, biological, and chemical modifications were proposed to improve PGS-

M biocompatibility.  

5.4.1 PHYSICAL MODIFICATIONS 

 

5.4.1.1 SCAFFOLD THICKNESS 

 

The native human cornea has an approximate thickness of  ~500 μm 288. 

Therefore, we decided to evaluate the reduction of thickness of scaffolds as a 

method to improve biocompatibility. New moulds were fabricated as described in 

section 3.3.2 with 15 mm diameter and 500 μm thickness (this modification was 

carried out only in this physical modification) (Figure 5.2). The scaffolds were 
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washed as described in section 3.3.3 and sterilized as described in section 4.4.5 

prior cell culture.  

 

Figure 5.2  Scaffold thickness reduction from 1 mm to 500 μm 

 

5.4.1.2 MEDIA WASHES (pH) 

 

Sterile PGS-M scaffolds (1 mm thickness) were placed in 6 well plates and 

incubated at 37.5 °C, 5% CO2 in growth media (composition was described in 

section 4.3.2) and dH2O for 5 days with a media/dH2O change each 24 hours 

(Figure 5.3). 

 

Figure 5.3  Scaffold media washes 

 

 



 
 

188 
 
 

 

 

5.4.1.3 SOXHLET EXTRACTION 

 

Another method proposed to remove the sol fraction was Soxhlet extraction. 

Soxhlet extraction was carried out using methanol as the organic phase, washing 

for 24 hours to remove unreacted monomers. Then, PGS-M scaffolds (1 mm 

thickness) were dried 24 hours under vacuum. Afterwards, scaffolds were 

subjected to Soxhlet extraction with dH2O for 24 hrs to remove both unreacted 

monomers and remaining solvent (Figure 5.4).  

 

Figure 5.4  Soxhlet extraction. First wash under vacuum with methanol (24 hr), second 

wash under vacuum with dH2O (24 hr). 
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5.4.1.4 SCAFFOLD ARCHITECTURE 

 

Scaffold architecture has been reported as a feature that can promote cell 

attachment, migration, and proliferation. As was described in Chapter 3, the 

scaffolds designed with microfeatures in this work are proposed to increase cell 

survival and proliferation. The chosen scaffold is one with micro pockets, 

symmetric patterns, and concentric channels reaching the centre (Figure 5.5). 

 

Figure 5.5  Scaffold architecture with flower pattern with niches and channels 

 

5.4.2 BIOLOGICAL MODIFICATIONS 

 

5.4.2.1 CELL SEEDING 

 

Different seeding techniques are applied to guarantee cell attachment, and the 

most widely used is passive seeding 289. This technique consists in adding a cell 

suspension on the scaffold surface for a predetermined time which allows 

attachment, then the scaffold is placed in a new petri dish. PGS-M disks (1 mm 

thickness) were placed in 6 well dishes. The pLF’s were seeded with passive 

seeding. Drop seeding in the limbal artificial niches (developed in this work, 

Chapter 3) was carried out as described by Ortega et al 3  (Figure 5.6). In passive 

seeding, 50,000 cells were seeded in each plate in 2 ml of media. For seeding in 

niches, 20,000 cells were seeded within each niche in 5 μl of media. It has been 

reported that ~90% of endothelial cell and fibroblast attach on TCP after 6 hours. 

Thus, cell attachment was carried out for 6 hours with each seeding technique. 
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Afterwards, scaffolds were placed in a new petri dish to only allow attached cells 

to proliferate.  

 

Figure 5.6  Cell seeding technique. a) Cell seeded in the scaffold niches in droplets. b)  

Passive seeding technique  

 

5.4.2.2 GELATIN COATING 

 

Gelatin (Sigma-Aldrich) solution was prepared at 0.1 % (w/v) concentration. After 

Soxhlet washes and sterilisation, PGS-M disks (1 mm thickness) were incubated 

in gelatin solution overnight before cell culture (Figure 5.7).   

  

Figure 5.7 a) PGS-M scaffold before gelatin coating, b) PGS-M scaffold during gelatin 

coating, c) PGS-M scaffold after gelatin coating 
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5.4.2.3 PROTEIN IMMOBILIZATION 

 

Covalent gelatin immobilization was adapted from the protocol reported by Ma et 

al. for poly-L-lactic acid (PLLA), poly(hydroxyethyl methacrylate) (PHEMA) and  

poly(methacrylic acid) (PMAA) films 290 (Figure 5.8) . The -OH free reactive groups 

from PGS-M were grafted with sulfonate groups, and then functionalized with 

gelatin. PGS-M disks (1mm thickness) were incubated at 20 ºC for 2 hours in a 

solution of 2 ml methyl sulfonyl chloride and 20 ml diethyl ether. Afterwards, the 

disks were washed with Soxhlet extraction as described in section 5.4.1.3. Then, 

PGS-M disks were incubated at 30 ºC for 24 hours immersed in a gelatin solution 

(2 mg/ml). Prior to cell culture, the disks were sterilized in the autoclave at 121°C 

for 30 minutes. 

 

Figure 5.8 a) PGS-M scaffold before protein immobilisation, b) PGS-M scaffold during 

protein immobilisation, c) PGS-M scaffold after protein immobilisation 

 

5.4.3 CHEMICAL MODIFICATIONS 

 

5.4.3.1 PLASMA COATING 

 

PGS-M disks (1 mm thickness) were treated with a Zepto LF air plasma system for 

1 minute and then sterilized in the autoclave at 121°C for 30 minutes for use in cell 

culture (Figure 5.9). 
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Figure 5.9 a) PGS-M scaffold before plasma coating, b) PGS-M scaffold during plasma 

coating, c) PGS-M scaffold after plasma coating 

5.4.3.2 HEAT CROSSLINKING 

 

PGS-M disks (1 mm thickness) were crosslinked at 120 ºC under vacuum for 24 

hours (Figure 5.10). Then, disks were washed with Soxhlet as described in section 

5.4.1.3. Before cell culture, the disks were sterilized in the autoclave at 121°C for 

30 minutes. 

 

Figure 5.10 Flat PGS-M scaffolds fabrication with PDMS moulds and crosslinked with 

heat. 

 

5.4.3.3 HEAT-UV CROSSLINKING 

 

PGS-M disks (1 mm thickness) were crosslinked under UV light (200 W, OmniCure 

Series 2000 curing lamp) at different times (2.5 min, 10 sec, 20 sec, and 30 sec) 

and followed by crosslinking at 120 ºC under vacuum for 24 hours (Figure 5.11). 
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Afterwards, disks were washed with Soxhlet extraction as described in section 

5.4.3.1. Before cell culture, disks were sterilized in the autoclave at 121°C for 30 

minutes. 

 

Figure 5.11 Flat PGS-M scaffolds fabrication with PDMS moulds and crosslinked with 

combination of UV and heat. 

 

5.5 CHARACTERISATION 

 

The biological evaluation was done by seeding pLF’s on PGS-M scaffolds. 

Resazurin reduction was carried out as described in Chapter  4.3.7. In case that 

was considered necessary because of inconsistent results, cell proliferation was 

evaluated through F-actin staining, with microscopy as described in Chapter 4.3.10 

and 4.3.11, respectively. The material that showed cell growth was characterised 

using the following techniques. 

ATR-FTIR as was described in Chapter 2.4.5 and mechanical testing as was 

described in Chapter 2.4.7. SEM evaluation was done as follows: on day 14, the 

growth medium was removed from the samples, followed by gentle washes with 

PBS (three times). Samples were fixed by incubating at room temperature for 1 

hour with 2.5% glutaraldehyde (in PBS). Then, samples were washed with PBS 

three times (15 minutes each) followed by one wash with dH2O (5 minutes). To 
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dehydrate the samples, they were washed with methanol in dH2O at different 

concentrations (35%, 60%, 80%, 90%, and 100%, 15 min each). Afterwards, the 

scaffolds were dried with HMDS/ethanol (1:1 w/w) for 1 hour and 100% HMDS for 

5 minutes before air drying. Samples were affixed to aluminium stubs, gold coated 

using a sputter coater (Edwards S150B) and examined with a TESCAN Vega 3 

LMU at an accelerating voltage of 10 kV. Histology was carried out as follows: on 

day 14, growth media was removed, and samples were washed with PBS (3 times). 

To fix the samples, they were incubated at room temperature for 30 minutes with 

paraformaldehyde 3.7%. Then, samples were dehydrated and embedded in wax, 

followed by demoulding. Using a microtome, sections were cut in 10 μm sections. 

The sections were placed on glass slides and stained with haematoxylin for 1.5 

minutes and eosin for 5 minutes. Staining steps are given in table 5.1. 

Table 5.1 H&E staining steps 

STEP TIME 

Xylene 2 minutes 

Xylene 2 minutes 

100% IMS 2 minutes 

70% IMS 2 minutes 

Distilled water 2 minutes 

Haematoxylin 1.5 minutes 

Eosin 5 minutes 

Tap water 1 minute 

70% IMS 1 minute 

100% IMS 1 minute 
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Xylene 2 minutes 

Xylene 2 minutes 

 

5.6 STATISTICS 

 

The characterization was carried out with three independent experimental repeats 

(N=3) in triplicates per experiment (n = 3). The data was analysed with GraphPad 

Prism version 7.04 software. The data significance was calculated with one-way 

ANOVA with Tukey post-hoc pairwise multiple comparison analysis for 

experiments with one independent variable or factor (sample type or condition). 

Two-way ANOVA (paired samples) with Tukey post-hoc pairwise multiple 

comparison analysis was used  for the experiments with two independent variables 

or factors (sample type or conditions). P≤0.05 was considered statistically 

significant (*) and P>0.05 was considered non-significant (ns). Data was graphed 

as means ± SD (standard deviation). 

5.7 RESULTS AND DISCUSION 

 

5.7.1 PHYSICAL MODIFICATIONS 

 

5.7.1.1 SCAFFOLD THICKNESS 

 

It has been reported that scaffold thickness has an impact in cell growth and 

proliferation 291,292. In Chapter 4, pLF’s seeded on PGS-M scaffolds (1 mm 

thickness) showed attachment but start dying from day 3. The human cornea has 

a thickness  around 500 μm 288. Thus, this is the thickness that was proposed to 

clarify if it is the main cause of cell cytotoxicity. Resazurin reduction was carried 

out as was described on Chapter 4.3.8. to evaluate cell viability and proliferation 

(Figure 5.12). 
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Figure 5.12  Resazurin reduction assay of pLF’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 500 μm thickness. Positive controls were pLF’s cultured on 

borosilicate glass. Negative controls were PGS-M substrate 40 % DM and borosilicate 

glass without cells. The assay was carried out in days 1,4 and 7. Samples show means 

and error bars corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's 

post-hoc pairwise comparison. P≤0.05 was considered significant (*). 

It can be observed in Figure 5.12 that pLF’s showed similar behaviour as previous 

results: cells attach on day 1 but start to die from day 3. Conversely, cells seeded 

on glass do not suffer from decreased growth. There is a significant difference 

between pLF’s seeded on PGS-M in all time points, indicating a cytotoxic effect 

from PGS-M scaffolds during the initial days of growth (P≤0.0001). 

Cell growth was also analysed with F-actin staining and microscopy in days 1, 3, 

and 7 to confirm results from metabolic activity evaluation (Figure 5.13). 
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Figure 5.13  Fluorescence microscopy images of pLF’s culture on PGS-M 40 % DM with 

500 μm thickness. Positive controls were pLF’s cultured on borosilicate glass. The 

images were taken in days 1,4 and 7 (D1, D4 and D7). All images were acquired using 

the same exposure and display settings. Scale bars are 200 μm.  

 

Figure 5.13 shows that cells seeded on PGS-M scaffold died from day 1. According 

to the observed morphology, we can infer that the cell went through apoptosis after 

attachment on the substrate. Images from day 4 and 7 show cell debris, which most 

likely corresponds to the remains of cytoskeleton as F-actin staining was used. 

 

The influence of the scaffold thickness on the cell growth has not been widely 

explored. However, it is well known that the nature of the material triggers a 

biological response in the surrounding tissue after application. This suggests that 

the volume of the material in the scaffold influences cell behaviour and growth in a 

certain way. Uygun et al. reported how thickness in chitosan membranes 

influenced mesenchymal stem cells (MSCs), enhancing cell growth and 
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proliferation as the membrane thickness was increased from 30 to 170 μm 291. 

However, there appears to be an upper limit to the benefits obtained from thicker 

scaffolds. Haifei et al. reported that a skin grafts fabricated from a collagen–

chitosan porous scaffolds lead to skin necrosis if the scaffold exceeds 2 mm of 

thickness 292. This could be due to the lack of cell infiltration, slow degradation, or 

cytotoxicity from unreacted compounds within the structure. 

The results from resazurin reduction, F-actin staining, and microscopy evaluations 

indicate that the reduction of thickness does not (by itself) improve cell survival and 

proliferation. Thus, additional modifications to the substrate are needed to 

overcome this issue. 

 

5.7.1.2 MEDIA WASHES (pH) 

 

Cell behaviour and viability is affected by crosslinked material and sol fraction 

(unreacted macromers) that leach out during cell culture 293.  Therefore, we 

decided to incubate the scaffolds in growth media one week prior cell culture to 

remove the non-crosslinked polymer and allow protein adsorption, increasing 

hydrophilicity and improving cell attachment 294. 

 

Figure 5.14  a) Scaffold washes (day 5) and b) the corresponding pH measurements with 

pH strips. The following conditions were tested: 1. Scaffold in media, 2. Media (control), 

3. Scaffold in deionized water, 4. deionized water (control).    
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Figure 5.14 shows that scaffolds after 5 days culture still change the media pH 

(indicated by a change in colour). The media contains phenol red, a dye used as a 

colour indicator of media acidity 295. Sample acidity was measured using pH strips 

in the absence of a pH meter. The pH drops in samples with the scaffold in media 

from pH 7 to pH 5.5, and from pH 7 to pH 3 for samples in deionized water. This 

difference can be explained by the presence of buffers in the media. While media 

changes did substantially reduce the pH drops compared to deionized water, they 

remain too acidic compared to optimum cell culture conditions. The pH in the media 

for cell culture should be stable to ensure cell growth and survival. pH drops below 

the optimal pH for an specific cell type will kill the cell culture. This is due to pH is 

a logarithmic scale, then a change in one unit in the pH scale corresponds to a 

tenfold increase of proton concentration. 

Our hypothesis is that the unreacted carboxylic acid groups or the free carboxylic 

acid groups from the sebacic acid generated by aqueous hydrolysis of PGS-M 

ester groups acidify the media affecting the cell survival and causing cytotoxicity 

110 143. Wang et al. reported that high sol fraction-low gel fraction in poly(propylene 

fumarate) decreases metabolic activity in four cell types (human mesenchymal 

stem cells, fibroblasts, preosteoblasts, and mesenchymal stem cells) 296.  These 

results demonstrate that media washes are not enough to improve the cell growth 

on PGS-M substrates.  

5.7.1.3 WASHES/SOXHLET EXTRACTION 

 

Soxhlet is a technique that has been widely used to remove sol fractions in different 

synthetic and natural polymers, using solvents as methanol, hexane, toluene, 

ethanol, and dH2O 297–301. In comparison with the actual washing method (washing 

in methanol four consecutive times (24 hours each) followed by washing in dH2O 

four consecutive times (24 hours each)), Soxhlet extraction is faster and can be 

used to wash the scaffold more consecutive times. This can considerably decrease 

the amount of unreacted reagents remaining in the material. However, results did 
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not show any improvement in cell culture. This suggests that there is another issue 

aside from unreacted reagents in PGS-M substrates which is causing cytotoxicity, 

likely associated to the pH drops that were previously observed. 

5.7.1.4 SCAFFOLD ARCHITECTURE 

 

The influence on cell behaviour (homeostasis, migration, differentiation, 

proliferation, alignment) by the substrate topography has been defined as contact 

guidance 218,219. Substrate topographies have been previously developed with 

micro and nano scales 213. Aligned and symmetrical patterns show more effect on 

cell alignment and filopodial guidance. On the other hand, cell seeded on random 

patterns have similar behaviour that the ones seeded on flat substrates  223,302–304. 

Based on this evidence, we decided to seed the pLF’s on the scaffolds with one of 

the architectures proposed in Chapter 3. 

Figure 5.16 shows the resazurin reduction assay of pLF’s seeded on flat and 

microfeatured PGS-M scaffolds (1 mm thickness). 

 

Figure 5.15  Resazurin reduction assay of pLF’s culture on planar and microfeatured 

PGS-M transparent scaffolds 40 % DM with 1 mm thickness. Positive controls were 
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pLF’s cultured on borosilicate glass. Negative controls were microfeatured PGS-M 

substrate 40 % DM and borosilicate glass without cells. The assay was carried out in 

days 1,4 and 7. Samples show means and error bars corresponding to ±SD (N=3, n=3), 

analysed by two-way ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was 

considered significant (*). 

Figure 5.15 shows that there is no significant difference in cell growth between flat 

and microfeatured PGS-M scaffolds. There is a significant difference in cell growth 

between PGS-M substrates and control in days 4 and 7 (P≤0.0001). 

Cell growth on microfeatured PGS-M scaffolds was also analysed using 

fluorescence microscopy (Figure 5.16).  

 

Figure 5.16 Fluorescence microscopy images of pLF’s culture on microfeatured PGS-M 

40 % DM: a) artificial niche, b) centre of the artificial niche, c) channel. Green colour: 

phalloidin-FITC staining, blue colour DAPI staining. The images were taken in Day 7. All 

images were acquired using the same exposure and display settings. Scale bars are 200 

μm. 

 

In figure 5.16, is possible to observe that most of the cells in the niches and 

channels are dead (cells with round shape). Previous reports indicate that cell 

adhesion and migration can be promoted by micro and nano topographies 

212,305,306. This suggests that the architecture in the substrate increases cell 

adhesive interactions that allow cell alignment and proliferation 222,223. 

Lawrence et al. developed a silk pattern scaffolds for hLEC’s, showing that 

architecture promotes cell attachment, migration, and actin-cell alignment 214. In 
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addition, Kang et al. and Wu et al. reported that LEC’s and human corneal stromal 

stem cells (hCSSC’s) also show an increase in proliferation on patterned silk films 

215,216. However, there are no previous reports on microfeatured PGS-M substrates 

to compare the obtained results. 

Teixeira et al. reported low hLEC’s alignment in silicon oxide surface, while 3T3 

fibroblast showed cell alignment 223. This suggests that the material and the cell 

type also affect cell migration even in patterned substrates.   

From the obtained results, we can conclude that microfeatured PGS-M scaffolds 

are not enough to promote cell proliferation. Further analyses and modifications 

are still required to improve cell survival on PGS-M substrates.  

5.7.2 BIOLOGICAL MODIFICATIONS 

 

5.7.2.1 CELL SEEDING 

 

It is important to apply an efficient seeding technique to ensure cell attachment and 

proliferation, both on and within the substrate. The seeding techniques proposed 

in this section were the passive and the direct seeding in the niches. One of the 

main disadvantages of the passive seeding technique is that it is difficult for cells 

to form an uniform layer on the surface of the substrate 307,308. For that reason, 

specific seeding in the niches was also explored. The seeding techniques for 

corneal substrates with 3D niches include cell encapsulation in gels 309–311 and 

seeding on top of mainly hydrogels, porous, and fibrous materials 26,253–256. 

Seeding in the artificial niches has only been proposed by Ortega et al., who 

reported rabbit limbal epithelial cells( rLEC’s) seeded in the limbal artificial niches 

and showed positive results in the promotion of cell migration 3. This correlates well 

with previous reports on microfeatured scaffolds that increase cell attachment, 

proliferation, and alignment 316. As there are not many reports on the direct seeding 

of corneal cells in 3D artificial niches, we believe that it is an area of opportunity 

that should be explored.  
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Seeding the cells on niches and passive seeding did not have any effect on cell 

survival. It is important to highlight that not only the seeding technique is an 

important factor for cell attachment, but also the material and the cell type are 

involved 317,318. The previous modifications based on seeding strategy and scaffold 

architecture have been shown to not be related to proliferation. Our hypothesis is 

that the material itself is having a negative effect on cell survival. Further 

modifications are still required to improve the material for cell culture. 

5.7.2.2 GELATIN COATING 

 

Gelatin has been used as scaffold coating due to its properties. It is cheap, 

biocompatible, biodegradable, water soluble, and can be applied in thin layer to 

promote cell biocompatibility 319,320. Gelatin has several advantages over collagen, 

it has more functional groups to allow adhesion and has less risk of generate an 

immune response as it is a denaturalized protein 321. Gelatin also promotes 

hydrophilicity, cell attachment, and proliferation 322,323. 

Figure 5.17 shows the resazurin reduction assay of pLF’s seeded on PGS-M 

scaffolds coated with gelatin (0.1% w/v). 
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Figure 5.17 Resazurin reduction assay of pLF’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness coated with gelatin (1% w/v) . Positive controls 

were pLF’s cultured on borosilicate glass. Negative controls were microfeatured PGS-M 

substrate 40 % DM coated with gelatin (1% w/v) and borosilicate glass without cells. The 

assay was carried out in days 1,4,7 and 14. Samples show means and error bars 

corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's post-hoc 

pairwise comparison. P≤0.05 was considered significant (*). 

 

Results showed that cell attachment was higher in the uncoated PGS-M substrates 

compared with coated ones (38% and 26%, respectively). However, cell survival 

did not improve, as after day 1 cells started to die in coated and uncoated scaffolds. 

There is a significant difference between cells seeded on coated scaffolds and 

uncoated scaffolds on day 4 (P≤0.05).  We can infer from the results that coating 

with gelatin did not improve cell survival and proliferation. 

 

5.7.2.3 PROTEIN IMMOBILIZATION 

Gelatin immobilization was proposed as an alternative to improve cell survival due 

to the failure of gelatin coating. Cell growth was evaluated with the resazurin 

reduction assay (Figure 5.18). 
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Figure 5.18 Resazurin reduction assay of pLF’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness with gelatin immobilization (PI) . Positive 

controls were pLF’s cultured on borosilicate glass. Negative controls were microfeatured 

PGS-M substrate 40 % DM with gelatin immobilization (PI) and borosilicate glass without 

cells. The assay was carried out in days 1,4,7 and 14.  Samples show means and error 

bars corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's post-hoc 

pairwise comparison. P≤0.05 was considered significant (*). 

 

It can be observed in Figure 5.18 that protein immobilization showed a negative 

effect on cell survival, which was opposite of what was expected. It has been 

previously reported that gelatin immobilization can generate some degree of  

cytotoxicity due to the reagents used during the process 320. It is important to 

mention that the protocol that was used did not mention a purification step to 

“clean” the scaffolds. While Soxhlet extraction washes proposed in this work were 

used for these gelatin immobilized scaffolds, we can conclude that it was not 

enough to remove the remaining reagents, causing cytotoxicity in pLF’s. 
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5.7.3 CHEMICAL MODIFICATIONS 

 

5.7.3.1 PLASMA TREATMENT 

 

Plasma treatment is a surface modification that has been used to improve cell 

adhesion and proliferation without change the material bulk properties 324–327.  This 

treatment generates reactive sites on the substrate surface that increase the 

polymer energy and promote adhesive properties, resulting in the improvement of 

biocompatibility and hydrophilicity 328–330. It has been reported that cornea cell 

growth  and survival is improved on plasma treated substrates 331. Therefore, PGS-

M substrates were treated with air plasma and cell growth was evaluated with the 

resazurin reduction assay (Figure 5.19). 

 

Figure 5.19 Resazurin reduction assay of pLF’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness with plasma coating . Positive controls were 

pLF’s cultured on borosilicate glass. Negative controls were microfeatured PGS-M 

substrate 40 % DM with plasma coating and borosilicate glass without cells. The assay 

was carried out in days 1,4,7 and 14. Samples show means and error bars 

corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's post-hoc 

pairwise comparison. P≤0.05 was considered significant (*). 
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It can be observed in Figure 5.19 that cell attachment was improved with plasma 

coating from 25% in uncoated PGS-M substrates to 42% in plasma coated 

substrates. However, even with this modification and the improvement in cell 

attachment in day 1, cells started to die in day 3. There was only a significant 

difference between PGS-M and plasma coated PGS-M on day 1 (P≤0.001). Thus, 

further PGS-M modifications are still needed to allow cell survival on the substrate. 

5.7.3.2 HEAT CROSSLINKING 

 

PGS has been widely used as a biomaterial for different biological applications. 

Fibrous materials, films, porous membranes, and scaffolds have been synthesized 

under vacuum at different times and temperatures to align mechanical properties 

with the target tissue. The temperature range has been explored between 120 to 

160 ºC, with 120 ºC being the most used for this application 118,123,124,170,254,332,333. 

Due to the methacrylate groups added in the PGS molecule, crosslinked was 

carried out under UV light (previously explained in section 2.4). However, because 

of the constant failure in cell survival seeded on PGS-M substrates, crosslinking 

with heat at 120 ºC was proposed. pLF’s growth on PGS-M substrates crosslinked 

with heat was evaluated with resazurin reduction assay (Figure 5.20). 
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Figure 5.20 Resazurin reduction assay of pLF’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness crosslinked with heat (120 ºC) . Positive controls 

were pLF’s cultured on borosilicate glass. Negative controls were microfeatured PGS-M 

substrate 40 % DM crosslinked with heat (120 ºC) and borosilicate glass without cells. 

The assay was carried out in days 1,4,7 and 14. Samples show means and error bars 

corresponding to ±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's post-hoc 

pairwise comparison. P≤0.05 was considered significant (*). 

 

Cells seeded on crosslinked PGS-M substrates did not have any improvement in 

cell attachment or proliferation. There was no significant difference in cell growth 

between PGS-M crosslinked with heat and the one crosslinked with UV (normal 

crosslinked proposed in section 2.4) Cell proliferation was also evaluated with 

fluorescence microscopy (Figure 5.21). 



 
 

209 
 
 

 

 

 

Figure 5.21  Fluorescence microscopy images of pLF’s culture on PGS-M 40 % DM 

crosslinked with heat (120 ºC). Positive controls were pLF’s cultured on borosilicate 

glass. The images were taken on day 14 (D14) . All images were acquired using the 

same exposure and display settings. Scale bars are 200 μm. 

 

It can be observed in Figure 5.21 that cells on heat crosslinked PGS-M are dead. 

The round morphology suggests that the cell went through apoptosis after 

attachment on the substrate. However, in comparison with results obtained after 

the reduction in scaffold thickness (section 5.5.1.1), here we can observe higher 

cell attachment. These results suggest that crosslinking with heat improves the cell 

attachment over time. Nevertheless, something remaining within the polymer 

matrix still causes cytotoxicity. 

Our hypothesis is that during heat crosslinking the carboxyl groups are reacting 

with hydroxyl groups, forming the ester bonds 145. This leaves the methacrylic 

groups free, which have been reported to cause some degree of cytotoxicity 334,335. 

Matrices crosslinked with UV have been shown to contain more unreacted 

monomers that are leaching out in comparison with those that were heat cured  336. 

Therefore, heat crosslinking was proposed as a possible solution with the 

drawbacks in cell culture. However, this modification did not improve cell survival. 
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5.7.3.3 HEAT-UV CROSSLINKING 

 

We hypothesized that the combination of crosslinking methods (heat and UV) can 

improve cell proliferation. There are no previous reports on the formation of 

crosslinked PGS-M networks with heat and UV.  

As was previously discussed, PGS is crosslinked under heat at 120 ºC, which 

allows carboxyl groups to react with hydroxyl groups, forming ester bonds 145. Have 

been reported PGS scaffolds cross-linked for shorter periods of time (less than 48 

hours) present some degree of cytotoxicity, due to the molecule was not completely 

cross-linked. This causes that the unreacted carboxylic acid groups of sebacic acid 

or the free sebacic acid produced by aqueous hydrolysis of PGS ester groups 

acidify the surroundings 110 143. 

On the other hand, PGS-M can be crosslinked under UV light via free radical 

polymerization among C=C groups, generating a bond between chains 116. The 

addition of methacrylate groups leads them to be crosslinked, leaving OH groups 

free. This generates cytotoxicity as a result of the acidification of the media 337. 

Therefore, we hypothesized that the combination of crosslinking methods can 

produce a polymer matrix with the appropriate degree of crosslinking between the 

OH and methacrylate groups, significantly improving cell growth. 

However, it is still needed to optimise the time of crosslinking for each process. 

Firstly, we decided to crosslink PGS-M substrates under UV for 2.5 minutes (a 

quarter of the proposed initial time) and 24 hours with heat at 120 ºC under vacuum. 

The figure 5.22 shows the resazurin assay reduction from this initial approach. 
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Figure 5.22  Resazurin reduction assay of pLF’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness crosslinked with UV (2.5 minutes) and heat (120 

ºC) . Positive controls were pLF’s cultured on borosilicate glass. Negative controls were 

microfeatured PGS-M substrate 40 % DM crosslinked with UV (2.5 minutes) and heat 

(120 ºC) and borosilicate glass without cells. The assay was carried out in days 1,4,7 and 

14. Samples show means and error bars corresponding to ±SD (N=3, n=3), analysed by 

two-way ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was considered 

significant (*). 

 

It can be observed in Figure 5.22 that cell attachment in PGS-M substrates 

crosslinked with UV and heat was significantly higher in comparation with the 

untreated substrates (70% UV-heat in comparison with 43% untreated). This has 

been the highest cell attachment reported so far with the modifications proposed 

in this chapter. However, there was no significant difference in cell growth on PGS-

M (crosslinked in the standard method) and PGS-M crosslinked with UV and heat 

at all time points. 

Thus, we proposed to decrease the UV light exposure from 2.5 minutes to 30 

seconds. The cell growth was evaluated with resazurin reduction assay (Figure 

5.23). 
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Figure 5.23  Resazurin reduction assay of pLF’s culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness crosslinked with UV (30 seconds) and heat (120 

ºC) . Positive controls were pLF’s cultured on borosilicate glass. Negative controls were 

microfeatured PGS-M substrate 40 % DM crosslinked with UV (30 seconds) and heat 

(120 ºC) and borosilicate glass without cells. The assay was carried out in days 1,4,7 and 

14. Samples show means and error bars corresponding to ±SD (N=3, n=3), analysed by 

two-way ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was considered 

significant (*). 

 

It can be observed in Figure 5.23 that pLF’s finally showed a positive and constant 

cell growth throughout the 14-day culture period. Interestingly, cell attachment was 

lower (33%) in comparison with the previously obtained UV (2.5 minutes) heat 

crosslinking, though in this new sample cells survived. There was a significant 

difference between PGS-M crosslinked with the standard method and PGS-M 

crosslinked with UV (30 seconds) and heat on days 7 and 14 (P≤0.0001).  

These positive results led us to propose exploring different crosslinking times 

under UV light (10, 20 and 30 seconds). The cell growth was evaluated with 

resazurin reduction assay (Figure 5.24). 
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Figure 5.24 Resazurin reduction assay of pLFs culture on planar PGS-M transparent 

scaffolds 40 % DM with 1 mm thickness crosslinked with UV (10,20 and 30 seconds) and 

heat (120 ºC) . Positive controls were pLFs cultured on borosilicate glass. Negative 

controls were microfeatured PGS-M substrate 40 % DM crosslinked with UV (10,20 and 

30 seconds) and heat (120 ºC) and borosilicate glass without cells. The assay was 

carried out in days 1,4,7 and 14. Samples show means and error bars corresponding to 

±SD (N=3, n=3), analysed by two-way ANOVA, Tukey's post-hoc pairwise comparison. 

P≤0.05 was considered significant (*). 

 

In figure 5.24 we can observe that cell growth is only consistently achieved in the 

substrates crosslinked with 30 seconds under UV light and heat. This indicates that 

lower times did not allow the appropriate degree of crosslinking between the OH 

and methacrylate groups. 

pLF’s seeded on PGS-M substrates crosslinked with UV (30 seconds) and heat 

were analysed with fluorescence microscopy (Figure 5.25). 
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Figure 5.25 Fluorescence microscopy images of pLF’s culture on PGS-M 40 % DM 

crosslinked with UV (30seconds) and heat (120 ºC). Positive controls were pLF’s 

cultured on borosilicate glass. The images were taken on day 14 (D14) . a),b) and c) are 

different angles of the cell growth. All images were acquired using the same exposure 

and display settings. Scale bars are 200 μm. 

 

 It can be observed in figure 5.25 that cell morphology in cells seeded on PGS-M 

substrates crosslinked with UV (30 seconds) and heat is comparable with the 

control. It is also possible to observe that cells are growing in layers and forming 

tissue (Fig 5.26 a-c). Cell morphology was also analysed at higher magnification 

using confocal microscopy (Figure 5.26). 

 

Figure 5.26  Confocal laser scanning microscopy images of pLF’s culture on PGS-M 40 

% DM crosslinked with UV (30seconds) and heat (120 ºC) (D14). The image was 

acquired using the same exposure and display settings. Scale bars is 50 μm. 
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Cell morphology observed in Figure 5.26 is very similar to standard fibroblasts as 

there is no pseudopodia retraction observed, which was seen before on PGS-M 

substrates (section 4.4.6). The observed morphology indicates that cells are stable 

and growing well on the modified PGS-M substrates. 

Cell proliferation and morphology on PGS-M substrates crosslinked with UV (30 

seconds) and heat was also analysed with SEM (Figures 5.27 and 5.28) 

 

Figure 5.27 SEM images of pLF’s seeded on PGS-M 40 % DM crosslinked with UV (30 

seconds) and heat (120 ºC). Images were taken on day 14. 
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Figure 5.28  SEM images of pLF’s seeded on PGS-M 40 % DM crosslinked with UV 

(30seconds) and heat (120 ºC). Image was taken on day 14. 

 

According with the observed in figures 5.27 and 5.28, it is possible to observe that 

cells are growing well and forming tissue layers. To corroborate this, a histological 

analysis was carried out with the scaffolds by fixing and staining with H&E (Figure 

5.29) 

 

Figure 5.29  H&E stain of a section PGS-M 40 % DM crosslinked with UV (30 seconds) 

and heat (120 ºC) after 14 days in culture.  
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The images obtained from the H&E staining verify that cells were forming tissue, 

with the average tissue thickness being 86 μm, roughly corresponding to ~10 

layers of cells. 

 

PGS-M substrates crosslinked under UV (10, 20, and 30 seconds) and heat were 

analysed with ATR-FTIR as described in section 2.4.5 to determine the specific 

changes in the polymer matrix which allow cell growth. As was discussed 

previously in section 2.5.5, the addition of methacrylate groups is accompanied by 

the appearance of peaks around 945 cm-1 (=C-H bending) and 1640 cm-1 (C=C 

stretching) (Figure 5.30). These peaks disappear after polymerisation. 

 

Figure 5.30  ATR-FTIR spectra of pPGS and PGS-M samples before and after curing. 

Peaks related with methacrylate groups appear at 940 cm-1 (=C-H bending) and 1640 

cm-1 (C=C stretching). 
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There is no significant difference between the scaffolds exposed to different 

crosslinking times under UV (10, 20, and 30 seconds). However, both -OH and -

COOH groups are implicated in PGS crosslinking, while C=C groups are implicated 

in PGS-M crosslinking. Therefore, we decided to analyse the wavenumber where 

these peaks appear in ATR-FTIR spectra (Figures 5.31 and 5.32) 

  

Figure 5.31  ATR-FTIR spectra of pPGS and PGS-M samples before and after curing. 

Peaks related with methacrylate groups appear at 940 cm-1 (=C-H bending) and 1640 

cm-1 (C=C stretching).  

 

The crosslinking methodologies compared in Figure 5.31 did not have any 

difference in the peaks related with methacrylate groups. In all cases, these peaks 

disappear after crosslinking.  

The peaks related with PGS appear at 1330 cm-1 and 1418 cm-1 for carboxy groups 

and at 3450 cm-1 and 1100 cm-1 for hydroxy groups. These peaks decrease during 

thermal crosslinking, generating an increase in the peak related with the formation 

of ester bonds (COO) at 1150 cm-1. These peaks have been shown to increase as 

crosslinking time and temperature are increased 126,145.  

The effect of crosslinking processing for COOH, OH and COO groups was 

analysed with ATR-FTIR (Figure 5.32). 
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Figure 5.32  ATR-FTIR spectra of pPGS and PGS-M samples before and after curing. b) 

Peaks related -COOH groups appear at 1330 cm-1 (OH bending) and  at 1418 cm-1 (OH 

bending), c) and d) peaks related with OH groups appear at 3450 cm-1 (OH stretching) 

and at 1100 cm-1 (OH bending) and d) peaks related with the formation of ester bonds 

(COO) appear at 1150 cm-1 (CO stretching). 

 

We can observe that the main difference between the crosslinking methods lies in 

the decreasing of COOH groups in the samples crosslinked with the UV-heat 

combination (Figure 5.32 b). It has been reported that surface chemical 

composition and electrical charges have an influence in cell adhesion, proliferation, 

and migration 294,338–340.  Endothelial cells and fibroblasts proliferate more on 

positive and negative-positive charged copolymers 341.  It has been shown that 

COOH groups have negative charge and acid nature, affecting cell attachment, 

proliferation, differentiation and cell growth 342 343344. It is also important to note that 

during polymer degradation, COOH is leaching through carboxylic acid 



 
 

220 
 
 

 

 

degradation, which release protons and leads to pH drop, acidifying the 

surrounding environment 169. Hydrogen is a reducing agent that can trigger the 

Resazurin reduction, therefore  I hypothesised that this generate the small signal 

in some Resazurin reduction assay analysed in Chapter 4 in samples without cells 

(Figure 4.5 and 4.6). This is the first work which has proposed and demonstrated 

the effectiveness of the combination of UV and heat to crosslink PGS-M substrates. 

This modification was able to reduce the material cytotoxicity and finally fabricate 

a PGS-M substrate which can allow seeded cells to effectively survive and grow. 

We can conclude from the analysis of ATR-FTIR spectra that this is due to the 

reduction of COOH groups. 

The surface of PGS-M substrates was also analysed through the measurement of 

contact angle (Figure 5.33) 

 

Figure 5.33  Contact angle measurements in deionized water of PGS-M crosslinked with 

heat and UV . Samples show means and error bars corresponding to ±SD (N=3, n=3), 

analysed by one-way ANOVA, Tukey's post-hoc pairwise comparison. P≤0.05 was 

considered significant (*). 

 



 
 

221 
 
 

 

 

Figure 5.33 show that PGS-M 40% DM crosslinked with UV has a contact angle of 

101.7º, the substrate crosslinked with heat shows 108.4 º, and samples crosslinked 

with the combination of UV and heat have 101.8, 98.4 and 92.6 º for 10, 20 and 30 

seconds, respectively. These results coincide with those from the biological 

evaluation as the sample with lower contact angle (UV 30 seconds + heat) showed 

the best performance.  Despite the improvement of contact angle with heat + UV 

crosslinking method , the substrate surface is still hydrophobic.  

The influence of the crosslinking method in mechanical properties was also 

evaluated as described in 2.4.7 (Figure  5.34). 

 

Figure 5.34  Mechanical properties in different crosslinked method (UV, heat + UV and 

heat) . SD (n = 3). (Samples were stored 6 months before analysis) 

 

As can be seen in Figure 5.34, the Young’s modulus and the ultimate tensile strain 

are higher in the samples crosslinked with heat + UV. This means that the polymer 

matrix is stiffer and more crosslinked, but still flexible. Previous works reported 

cytotoxicity in materials which were not completely cross-linked, thus we can 
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conclude that UV crosslinking by itself is not enough to completely crosslink PGS-

M 110 143. This data agrees with the improvement of cell survival observed in this 

chapter using heat + UV crosslinking. It is interesting to note that heat crosslinked 

substrates are more brittle, but at the same time retain their flexibility, as can be 

seen at maximum elongation value. On the other hand, UV crosslinked samples 

are flexible, but have poor mechanical properties in comparison with heat and heat 

+ UV crosslinked scaffolds.  

This data comprises the basis for future development of PGS-M scaffolds with 

better biocompatibility and mechanical properties close to the gold standard of a 

corneal scaffold. 

5.8 CONCLUSIONS 

 

Figure 5.35 shows the summary of all modifications carried out to improve PGS-M 

substrates. 

 

Figure 5.35 Scheme PGS-M scaffold modifications carried out to achieve cell survival 

and improve cell growth and proliferation.  



 
 

223 
 
 

 

 

In Chapter 4, we found problems with cell survival and morphology from the 

beginning of the biological evaluation with transparent PGS-M substrates (tested 

with human limbal epithelial cells (hLEC’s), human dermal fibroblasts (hDF’s) and 

rabbit and pig limbal fibroblasts (pLF’s)). This led us to propose and explore a wide 

range of modifications for these substrates in Chapter 5, starting with the most 

common methods for improving material biocompatibility.  

Physical modifications were proposed to adjust the external PGS-M features 

(thickness, sol fraction, and topography). Biological modifications were planned 

with the aim of increasing the cell-substrate interaction (the cell contact with the 

scaffold surface and attachment proteins). Chemical modifications were based on 

molecule modification, increasing reacting sites in the polymer surface, and 

combining crosslinking methods (UV and heat).  

Finally, we improved PGS-M transparent surfaces for cell culture, overcoming the 

limitation of thickness and cytotoxicity. This is the first report of cell culture on thick 

transparent PGS-M scaffolds (more than 350 μm), which was achieved with the 

combination of UV and heat for crosslinking. We demonstrated that material 

cytotoxicity was reduced after this modification and pLF’s seeded on PGS-M 

substrates survive and grow, eventually forming tissue. 

This work is the first step in the development of next generation scaffolds for 

corneal regeneration.   

We demonstrated that PGS-M is a tuneable biomaterial able to be moulded with 

microfeatures and a dome shape that mimic the structure in the native cornea, 

keeping transparency and mechanical properties found in vivo. There are no works 

that have reported the characteristics achieved in this work for corneal 

replacements. This places our development a step forward, approaching the gold 

standard of biomaterials for corneal regeneration Therefore, it is important to 

explore more this polymer and its modifications to achieve the development of an 

artificial cornea replacement. 
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CHAPTER 6. FUTURE WORK: TOWARDS PGS-M 

ARTIFICIAL CORNEA DEVELOPMENT 

 

PGS-M is a novel biomaterial that has been reported firstly by our research group. 

However, the range of possibilities for its application in soft tissue engineering have 

not been explored. Previous reports for PGS-M have focused in the development 

of porous materials (polyHIPEs) and thin materials for tissue engineered blood 

vessels 116,117. Nonetheless, this work is the first report of a thick transparent non-

porous PGS-M. Without a doubt, it is worthy to explore the possible uses for 

transparent PGS-M, mainly for corneal applications. 

The use of this material opens an interesting direction for the improvement and 

optimization of current biomaterials for corneal illness. This is the first step in 

development of an artificial corneal substitute based on PGS-M, which presents a 

window into new possibilities and challenges as we seek to achieve a “perfect” 

biomaterial that generates the adequate biological response without creating any 

adverse reaction. 

Several strategies have been proposed throughout this work to improve the cell- 

substrate interaction between corneal cells and PGS-M, each with promising 

results. The present work highlights clear advantages to the use of PGS-M 

compared to other polymers currently used for corneal applications due to its 

tuneable mechanical and optical properties that have not been reported previously. 

For that reason, we propose to continue with the improvement of the PGS-M based 

scaffold materials.  

The gold standard for a full thickness corneal substitute (endothelial, epithelial and 

stromal layers) would be a biocompatible, biodegradable substrate, capable of 

mimicking the properties of soft tissue such as cornea, while being mechanically 

capable of supporting tissue regeneration, biodegradation, and stable in 
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physiological conditions. Currently, there are no full thickness artificial corneas 

synthetized with artificial polymers. 

For future work in the improvement of PGS-M molecule and the development of 

artificial cornea based on this material, we propose the follow strategies: 

● MICROFEATURED SCAFFOLDS 

We consider important to test the microfeatured patterns proposed in Chapter 3, 

since due to the time consumed during the PGS-M improvement we did not have 

enough time to test the influence of the topography on corneal cell behaviour 

(Figure 6.1).  

 

Figure 6.1 a) Flat scaffold and b) Microfeatured scaffolds 

 

The influence of micropatterns has been widely discussed in Chapter 5, and we 

believe that is worthy to test the influence of micropatterns and niches on corneal 

cells behaviour. Our study highlighted the production of patterns with a resolution 

of 200 μm by using soft stereolithography. Another important feature to test is the 

addition of nanopatterns, as the designs developed in this work have explored only 

the addition of micropatterns. It has been reported that the addition of nanopatterns 

has more influence on cell performance.  

● DOME SHAPED SCAFFOLDS 

We propose to test the influence of the dome shape corneal substitute on 

proliferation, migration, and differentiation of corneal cells. Scaffolds with dome 
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shape have not been widely explored and synthetized. Current techniques used to 

produce dome scaffolds are based on 3D printing, limiting the materials used for 

fabrication 199,245,345,346. The resulting scaffolds lack adequate transparency, 

biodegradability, elasticity, resolution, thickness, and the addition of microfeatures.  

In this work, we proposed a versatile fabrication technique, using soft 

stereolithography and moulding that allowed the “printing” of dome shaped 

scaffolds with high defined microfeatures and tuneable thickness that mimic the 

structure of the native cornea (Chapter 3) (Figure 6.2).   

 

Figure 6.2 a) Flat patterned scaffold, b) dome shape patterned scaffold 

 

● TUNEABLE STIFFNESS 

Also, we consider important the development of corneal substrate that mimics the 

stiffness in the native cornea: softer in the limbus and stiffer in the central cornea 

that promote cell differentiation and migration 177,178,183,184,280. Based on the 

manufacturing technique (soft stereolithography and moulding) used to synthetize 

the scaffolds and in the tuneable mechanical properties of PGS-M, we know that 

is possible to develop a scaffold with different stiffness within the same substrate 

(Figure 6.3). 
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Figure 6.3 Dome shaped scaffold with stiffness gradient, softer in the base and 

stiffer in the centre. 

 

● SURFACE CHEMISTRY  

The next step will be the improvement of the polymer matrix and its 

biocompatibility, which can be achieved with the addition of active groups in the 

PGS-M molecule. It has been reported that functionalizing surfaces with different 

groups and active molecules using a wide range of techniques can influence cell 

behaviour 53,347. Previous works reported the use of OH groups that can increase  

cell growth and adhesion 348,349. On the other hand, NH2 groups influence cell 

growth, proliferation, and differentiation 350–353. The addition of dendrimers in the 

collagen substrate has been shown to improve mechanical and optical properties 

while increasing biological interaction between cells-substrate 53. Additionally, the 

grafting of molecules such as hyaluronic acid have been reported to improve cell 

adhesion 354 (Figure 6.4). 

However, it is also important to consider the interaction, biofunctionality, and 

biocompatibility of the molecules with the cell type and the kind of response that 

we are expecting to develop a material.  

 

Figure 6.4 a) Scaffold without grafted molecules, b) Scaffold with active 

molecules grafted to improve cell interactions and biocompatibility. 
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● POLYMER BLENDS  

Another important approach will be the blending of PGS-M with other polymers that 

can increase the biocompatibility and cell attachment.   

Previous works on polymer blends have reported an improvement in the materials 

biocompatibility and hydrophilicity through a combination of the material’s 

properties 355,356. However, some drawbacks in mechanical properties, cell growth 

and substrate stability have been reported 357. It is important to use the correct 

concentration and molecule in the blend to overcome these limitations. 

Previous works reported PGS blends with poly (lactic acid) and  Poly(ε-

caprolactone) for cardiac tissue increased hydrophilicity, biocompatibility, and 

mechanical properties, improved cell attachment, proliferation, and distribution 

256,358,359. Another material blended with PGS has been  Polyvinylpyrrolidone for 

skin application, improving mechanical properties and degradability 311. The most 

recent work has reported the blend of PGS with silk and chitosan for skin tissue 

engineering enhancing crosslinking density, hydrophilicity and cell attachment 312. 

Nevertheless, it is important to note that there are no reports on PGS-M blends, 

making this another area of opportunity (Figure 6.5). 

 

Figure 6.5 a) Pure PGS-M dome shaped scaffold, b) PGS-M/Blend polymer 

dome shaped scaffold. 
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● CORNEAL LAYER APPLICATION 

This work has explored the development of PGS-M scaffolds that mimic the limbus 

and its microstructures. We consider interesting to test the biocompatibility and the 

effect of PGS-M on different corneal layers. Stroma is ~90% of the cornea, 

corresponding to the stroma layer, constituted by an unique composition of uniform 

collagen fibrils that give the cornea its characteristic transparency and mechanical 

properties 33,245. The development of biomaterials for the stroma layer is still a 

challenge due its aligned structure, mechanical properties, and transparency. We 

have been able to produce a scaffold to support multilayer cell growth of limbal 

epithelial cells and relying on cellular self-assembly in combination with surface 

functionalisation and stiffness modulated scaffolds we might be able to produce a 

corneal mimic tissue. We expect PGS-M to replicate the stromal characteristics as 

it is a biomaterial with tuneable mechanical properties and transparency (Figure 

6.6). 

 

Figure 6.6 Corneal layers 
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SUMMARY OF KEY FINDINGS 

 

• PGS-M was successfully synthesized with low degrees of methacrylation 

(DM) (20 - 50%). 40% DM was selected as it was the best match for the 

corneal mechanical properties. 

 

• Moulding and soft stereolithography were used to design and synthetize a 

scaffold with topography that mimics the structure of the limbal niches. This 

dome shaped scaffold is transparent, and its thickness was reduced to 100 

μm, which is thinner than any reported work. All these characteristics have 

not been previously reported in scaffolds  for corneal regeneration. 

 

• Different modifications were proposed to overcome PGS-M cytotoxicity with 

corneal cells: 

o Physical (thickness, scaffold washes, Soxhlet extraction, and 

modifications to scaffold architecture) 

o Biological (cell seeding, gelatin coating, and protein immobilization) 

o Chemical (plasma coating, heat crosslinking, and heat + UV 

crosslinking) 

 

• The cytotoxicity issues of PGS-M 40% DM scaffolds were overcome by 

combining two crosslinking techniques (UV + heat) and significantly 

improved cell growth and proliferation. This was confirmed by the growth of 

multiple cell layers (~10 cells) on top of the PGS-M surface. 

 

PGS-M is a relatively new material that provides unique characteristics for the 

development of a corneal replacement such as transparency, tunable mechanical 

properties, and elasticity. The work presented in this thesis further improves the 

potential of PGS-M for tissue engineering. 
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