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Abstract 

A promising approach to overcome thrombus and neointima formation on 

vascular grafts is to create a functional, quiescent monolayer of endothelial 

cells on the surface of implants. Surface topography of these implants is proven 

to enhance cell attachment and to reduce the inflammation associated with a 

smooth surface. 

Photoembossing is a relatively new, simple, environment-friendly and cost-

effective technique to create surface topographies, since there is no etching step 

or mould needed. In this study, photopolymer films are photoembossed through 

contact mask photoembossing, while fibres are photoembossed through 

holographic lithography. Surface relief textures of ridges and grooves with 

various pitch sizes and heights are successfully obtained through both methods. 

Furthermore, we introduce this technique to fabricate, for the first time, 

reproducible surface textures on electrospun fibres. 

Human umbilical vein endothelial cells (HUVECs) are used in the study. Three 

different systems are investigated: non-degradable PMMA-TPETA, semi-

degradable PLGA-TPETA and fully degradable PLGA-PEGDA-DTT, for 

different applications and therapeutic requirements. Both non-degradable 

PMMA-TPETA photopolymer and semi-degradable PLGA-TPETA 

photopolymer are shown to improve biocompatibility compared to PMMA and 

PLGA, respectively. Photoembossed films made from these two 

photopolymers show significantly improved cell attachment and proliferation, 
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with a water contact angle around 70º. It is shown that the pitch size of surface 

topographies affects cell adhesion and migration in the wound healing assay 

study. 

Interaction between HUVECs and fibres shows that cells grow from their 

initial locations at fibre crossings. Focal adhesions are seen to be more 

aggregated on the surface textured fibres, while those on the glass cover slips 

are more dispersed near the edge of the cell membrane. The appearance of F-

actin in the cytoplasm is also seen to be influenced by the surface topography, 

where changes in the diameter of the fibre and its surface texture result in F-

actin rearrangement.  

Our study shows that a surface textured, fully degradable, gel-like 

photopolymer PLGA-PEGDA-DTT has great potential to be further developed 

for tissue engineering applications.  
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Chapter 1 Introduction 

1.1 Background information 

Cell-biomaterial interaction is used to describe the cellular responses to 

biomaterials in vitro and in vivo. This is of particular interest because it enables 

a better understanding of the regulation of cell behaviour during wound healing 

and tissue regeneration. Cell-biomaterial interaction involves a complex 

interplay of various activities such as cell adhesion, spreading, migration and 

proliferation.  

A biomaterial is normally defined as ‘a nonviable material used in a medical 

device, intended to interact with biological systems’ (Williams, 1987) which 

contains various forms of matter, surfaces or constructs(Wang et al., 2013). It 

can be derived from two main sources, natural and synthesized. Silk and catgut 

sutures are classic natural biomaterials while synthesized biomaterials can be 

produced from ceramics, metallic components, polymers and composite 

materials. 

Humans have a long history of using implants in the body. The use of iron 

dental implants can be traced back to 2
nd

 Century Europe, and the Mayans used 

sea shells to make nacre teeth around 600 AD (Ratner et al., 2004).  
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The field of modern biomaterials has grown at an intense pace since its 

beginnings more than 60 years ago and new ideas and productive branches 

(Ratner and Bryant, 2004, Harrison et al., 2014) are constantly evolving. In the 

beginning, researchers concentrated on developing implants with sufficient 

mechanical support and minimal inflammation. Later on, in the 1980s, 

biomaterials with controlled biological activity were intensively studied. Smart 

biomaterials which could interact with cells began to develop since then. 

Moreover, the use of biomaterials promises to have an even greater effects on 

patient care in the near future (Dusastre, 2009). A biomaterial can be as simple 

as an intraocular lens which can help to restore sight in a great number of 

cataract patients. It can also be extremely complex, interacting with and even 

directing the body’s response while providing proper mechanical properties 

(Dusastre, 2009). Artificial scaffolds have already become integral part to be 

used in skin (Supp and Boyce, 2005), bone (Thesleff et al., 2011), bladder 

(Oberpenning et al., 1999) and cartilage (Freed et al., 1997) treatment. The 

ultimate goal of tissue engineering is to regenerate lost or damaged tissue by 

recreating the progress of tissue generation that occurs during human 

embryonic development (Place et al., 2009). Great achievement have been 

made by each generation of researchers who have begun to realize the potential 

of biomaterials in the treatment of a much broader range of conditions such as 

osteoarthritis, retinopathy, myocardial infarction, liver cirrhosis etc. According 

to one report, a tissue-engineered skin equivalents was first introduced into 

clinical use in 1997 (Viola et al., 2003). Since then, studies and applications of 

replacement devices have increased rapidly. Table 1.1 shows the various stages 
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of development of commercial tissue-engineered products and biomaterials for 

skin and bone. Moreover, exciting new results were announced in two high-

profile studies recently. According to the report, seven patients, aged 4-19 

years, with myelomeningocele benefitted from tissue-engineered bladders 

(Atala et al., 2006). In another case, a 30-year-old woman was the first person 

to receive a tissue-engineered tracheal segment which saved her left lung by an 

innovative large airway replacement (Macchiarini et al., 2008).   

Table 1.1 Commercial tissue-engineered products and biomaterials for skin and bone at various 

stages of development (Place et al., 2009) 

Tissue Product name 
Regulatory 

status 
Description Use Form 

Skin 

Integra Dermal 

Regeneration 

Template, 

Integra 

Lifesciences 

1996 

Porous bovine 

collagen cross-

linked with 

chondroitin‑6‑
sulphate with 

upper layer of 

silicon 

Burns Sheet 

 

TransCyte, 

Advanced 

Biohealing 

1997 

Nylon mesh 

coated with 

porcine collagen, 

containing non-

viable human 

fibroblasts, with 

upper layer of 

silicon 

Burns Sheet 

 
Apligraf, 

Organogenesis 
1998 

Lower layer of 

human fibroblasts 

and bovine 

collagen, upper 

layer of 

keratinocytes 

Leg 

ulcers 
Sheet 

 

Dermagraft, 

Advanced 

BioHealing 

2001 

Cryopreserved 

human fibroblasts 

on a polyglactin 

910 (2‑hydroxy‑
propanoic acid 

polymer with 

Diabetic 

foot 

ulcers 

 

Sheet 
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polymerized 

hydroxyacetic 

acid) mesh 

 
Xelma, 

Molnlycke 
2005 

ECM protein 

(amelogenins) in 

propylene glycol 

alginate carrier 

Leg 

ulcers 
Gel 

 

Oasis Wound 

Matrix, 

Healthpoint 

2006 

Decellularized 

porcine small 

intestinal 

submucosa 

Burns, 

ulcers, 

other 

wounds 

Sheet 

 

Integra 

Flowable 

Wound Matrix, 

Integra 

Lifesciences 

2007 

Granulated 

bovine collagen 

crosslinked with 

chondroitin‑6‑
sulphate 

Ulcers Gel 

 
PriMatrix, TEI 

Biosciences 
2008 

Decellularized 

fetal bovine skin 
Wounds Sheet 

Bone OP‑1, Stryker 2001 

Bovine type I 

collagen with 

rhBMP‑7 

Bone 

injury 
Paste 

 

INFUSE Bone 

Graft, 

Medtronic 

2002 

Bovine type I 

collagen sponges 

soaked in rhBMP

‑2 in LT‑CAGE 

Lumbar Tapered 

Fusion Device 

Spinal 

fusion 
Solid 

 

Vitoss 

Scaffold 

FOAM, 

Orthovita 

2004 

Porous foam 

comprising β‑
TCP and bovine 

type I collagen 

Bone 

injury 
Foam 

 

Regenafil, 

Regeneration 

Technologies/

Exatech 

2005 

Human 

mineralized bone 

matrix in porcine 

gelatin carrier 

Bone 

injury 
Paste 

 

GEM 21S, 

BioMimetic 

Therapeutics 

2005 

β‑TCP particles 

and recombinant 

human platelet‑
derived growth 

factor‑BB (PDGF

‑BB) 

Dental 

bone/ 

gum 

defects 

Paste 

 

Bioset IC, 

Pioneer 

surgical 

2008 

Human 

demineralized 

bone matrix with 

bovine bone chips 

in type I collagen 

Bone 

injury 
Paste 
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carrier 

 

FortrOss, 

Pioneer 

Surgical 

2008 

Nanocrystalline 

hydroxyapatite 

and E‑matrix 

(porcine collagen 

co‑polymerized 

with dextran) 

Bone 

injury 
Paste 

 

Despite the current benefits of biomaterials and their much greater future 

potential to improve the quality of life of human beings, this field still faces 

many ethical questions, such as the sources of the samples and how advances 

should be deployed into clinical care. As a result, researches in this area are 

regularly being scrutinized and influenced by external factors. The well-known 

main ethical debate is about the sourcing of stem cells. Stem cells are 

commonly used in bioengineering studies because of their ability to grow into 

different types of cells depending on demand. Their harvesting from embryos 

has been going on for some years. Moreover, the use of stem cells is not 

limited to biomaterials research.  

1.2 Endothelial cells (ECs) 

With relevance to possible future cardiovascular applications, the behaviour of 

ECs on different biomedical polymer scaffolds was studied in this thesis. ECs 

are cells forming the endothelium which is a thin layer of cells lining the 

interior surface of lymphatic vessels and blood vessels(Furchgott and 
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Zawadzki, 1980). When cultured in vitro after confluence, ECs normally 

densely packed in a monolayer with polygonal shape at 35-50 µm in wide 

(Gimbrone et al., 1974). 

 

Figure 1.1 The location of endothelial cells (Portal) 

 

In native vessels, ECs play a pivotal role in vascular biology, such as in the 

regulation of coagulation and vasomotor tone, white cell trafficking, 

hemostatic balance (Aird, 2007), the growth of vascular smooth muscle cells, 

ischemic and reperfusion injuries, control of the nutrient transportation across 

the vessel wall (Shireman and Pearce, 1996) and the development of 

arteriosclerosis (Cines et al., 1998).  
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Failure of vascular grafts are normally caused by the lack of a durable and 

adherent endothelium covering the graft which leads to thrombus (L'Heureux 

et al., 2007, Seifalian et al., 2002, Williamson et al., 2006). A promising 

approach to overcome this issue is to create a functional, quiescent monolayer 

of endothelial cells on the surface of implants. The vascular endothelium also 

controls the transport of substances from the blood into the vessel wall (Dejana, 

2004, Dejana et al., 2009, Franco et al., 2012). The destruction of this control 

can cause cardiovascular disease (Komatsu et al., 1998). Therefore, to 

understand and accelerate the healing of the endothelium after wounding is 

important to avoid the beginning of focal disease (Franco et al., 2012). 

1.3 Surface texturing techniques 

The smooth surfaces of biomaterials are known to promote inflammation 

whereas textured surfaces have been proven to lessen this problem (Recum et 

al., 1996). Topography can be defined as the morphology of a surface. A 

variety of techniques are used to create surface topographies used in cell 

scaffolding. These fall into two main categories, those techniques that create 

ordered topographies and those that create unordered topographies (Norman 

and Desai, 2006). 

Unordered topographies are generally spontaneously formed during processing. 

Polymer demixing, chemical etching and colloidal lithography are typical 
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methods to create unordered topographies (Norman and Desai, 2006). Polymer 

demixing can create nanoscale pits, islands, and ribbons. The shape and size of 

these features can be controlled to an extent by adjusting the polymer ratio and 

concentration although there is little control in the horizontal direction. 

Chemical etching can only increase the roughness of the surfaces without any 

specific geometry or organization. Colloidal lithography can create large 

patterned surfaces with heights and diameters controlled by varying the colloid 

size and the area covered by colloids. However, the area covered by the 

colloids is modified by changing the ionic strength of the colloid solution.  

The techniques used to create unordered topographies are normally more time 

and cost effective than those to create ordered topographies. However, the 

organization and orientation of the patterns obtained are randomly distributed, 

the geometry of which cannot be controlled with any precision (Norman and 

Desai, 2006). Furthermore, early researchers have already demonstrated that 

cells not only respond to the surface roughness in general but also selectively 

discriminate between surface roughness details. However, the  biocompatibility 

literature demonstrates a lack of knowledge on which cells respond to which 

specific surface roughness cues as well as an adequate qualification and 

quantitation of ‘roughness’. In this case therefore, it becomes more important 

to have controlled topographies. Luckily, with the modern techniques, it is 

possible to create ordered topographies which can be refabricated and 

characterized precisely. 
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Ordered topographies can be fabricated in several ways: photolithography, 

microcontact printing, cast moulding and electron beam lithography are 

commonly used techniques. Photolithography is the most commercially 

advanced method and is used to pattern parts of a thin film or a substrate in 

microfabrication. A wet-etching step is required after the Ultraviolet (UV) 

exposure. The feature sizes can be extended to below 50 nm(Tseng et al., 2005). 

Microcontact printing is nowadays widely used in cell biology, surface 

chemistry and microelectronics. The technical problems with this technique are 

that the direct contact method causes stamp deformation, substrate 

contamination, swelling of the stamp and ink mobility(Miller et al., 2009, 

Byrne et al., 2002). All these problems make this technique very costly. Cast 

moulding has similar problems. In this process, a polymer precursor is poured 

into a mould and allowed to cure to form an inverse replica of the mould (Zhao 

et al., 1997). Electron beam lithography is a commercially well-established 

technique. It is capable of obtaining much greater patterning resolution as well 

as very small features down to nanoscale. It is maskless and the final pattern 

achieved directly from a digital representation on a computer. But it is time-

consuming compared with photolithography(Tseng et al., 2003, Quake and 

Scherer, 2000). 

The above mentioned techniques to fabricate ordered topographies are either 

time consuming or costly or both. In this thesis, we introduced photoembossing 

which is both time saving and cost effective. 
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Photoembossing is a relatively new, simple and environment-friendly 

technique to create surface topographies, where a mixture of a multifunctional 

monomer, a polymer binder and a photo-initiator are used. The 

photoembossing procedure through photomask involves creating a thin film 

from the mixture by UV light irradiation through a patterned contact 

photomask followed by heating and flood UV exposure (Hughes-Brittain et al., 

2012).  There is no etching step as in the photolithography process. 

Photoembossing through holographic lithography is used to texture the surface 

of electrospun fibres. This is more effective than photoembossing through a 

contact photomask on fibres, because it doesn’t require a contact mask to 

create the texture as the fibres used are randomly oriented and not in the same 

plane.  In this technique, an interference pattern between two or more coherent 

light waves which are split from one laser beam is set up and recorded in a 

recording layer (photoresist)(Toader et al., 2004). However, it also limited to 

patterning arrayed features only. 

Both of these methods of photoembossing were used in this research to 

fabricate very precise surface topographies. 
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1.4 The influence of biomaterial surface characteristics 

on cells 

Because of its chemical component, surface topographies, mechanical 

properties etc., biomaterials influence the cells in various ways, such as in cell 

viability, cell adhesion, cell proliferation, cell migration, cell morphology and 

even endothelialisation. In this thesis, we focus on the influence of surface 

characteristics. It should be noted that there are no biomaterials with truly 

smooth surfaces on a molecular level except certain mica surfaces which are 

rare in any case.     

Harrison (Harrison, 1912) first reported the migration of cultured cells that 

were guided by spider webs. This discovery was later supported by other 

researchers (Loeb and Fleisher, 1917, Weiss, 1929). The term ‘contact 

guidance’ was introduced by Weiss (Weiss, 1945) to describe cell orientation 

and cell migration in response to topographic underlying substrata. Contact 

guidance of different cell types on a variety of topographic textures was later 

observed but very little quantitative examinations of cell reactions to the 

topographies was made (Curtis and Wilkinson, 1998). Actually, the fact that 

cells are influenced by the surface topography did not receive much attention 

until the early 1970s (Rovensky et al., 1971). Dunn and Brown (Dunn and 

Brown, 1986) demonstrated that, on grooved surfaces,  90% of fibroblasts 

(which are less than 20 µm diameter) elongation is determined by the ridge 

width while the groove width has little influence, and the alignment is 
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inversely proportional to ridge width on grooved surfaces. Samples with 

groove width from 1.65 µm to 8.96 µm, repeat spacing from 3 µm to 32 µm 

and the same depth at 0.69 µm were used in their study. Clark et al. (Clark et 

al., 1990) also found that cell alignment is inversely proportional to spacing, 

and that the depth of groove plays the dominant role in cell alignment. Samples 

with pitches from 4 µm to 24 µm and depth from 0.2 µm to 1.9 µm were used 

in their study. Oakley and Brunette (Oakley and Brunette, 1993) exhibited a 

sequence of the alignment of microtubules, focal contacts and microfilament 

bundles when the fibroblasts spread on a grooved substrate. Korman et al. 

(Korman et al., 1984) suggested that agents such as fibronectin that stimulate 

cell attachment and cell spreading were produced by cells when they attach to 

the textured surfaces. Schmidt and von Recum (Schmidt and von Recum, 1992) 

showed that,  in macrophages, cell metabolic rates were modified by the 

surface texture. Green et al. (Green et al., 1994) demonstrated that on a pillared 

surface, cells have a higher growth  rate on the pillars compared with the wells. 

Meyle et al. (Meyle et al., 1993) proved that dependent on the groove width, 

focal adhesions prefer to form on top of ridges rather than in grooves. For 

grooved patterns which contain ridges and channels, strong alignment in the 

direction of the channel was observed by either varying the width of ridge (Den 

Braber et al., 1996, Britland et al., 1996a) or depth of channel (Britland et al., 

1996a, Clark et al., 1990). According to the literature, most cell types are 

distinctly aligned to the ridge at 4 µm (Den Braber et al., 1996) and channel at 

6 µm (Clark et al., 1990) widths which are both narrower than the diameter 

(10-20 µm) of the cells in suspension (Singhvi et al., 1994). Contact guidance 
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has also been reported to stimulate growth (Singhvi et al., 1994, Uttayarat et al., 

2005b, Laco et al., 2013), protein synthesis (Chesmel et al., 1995, Teixeira et 

al., 2003, Mukhatyar et al., 2011), proteinase secretion (Hong and Brunette, 

1987, Williams et al., 2011, Ludwig et al., 2002), and phagocytosis activities 

(Wójciak-Stothard et al., 1996, Brandhonneur et al., 2009, Arora et al., 2013) 

in different cell types.  

A frequently asked question in this area is whether it is the chemical cue or 

topography or both that is the reason for cell reaction to the surfaces of the 

substrates. Britland et al. (Britland et al., 1992) introduced photolithographed 

patterned protein substrates to investigate the effect of topography, the 

resultant guidance of the cell movement confirming the influence of surface 

topography. This was also supported by other research using the same method 

(Clark et al., 1992, Britland et al., 1996b). However, this did not prove whether 

the cells were reacting to the height of individual molecules or just the 

discontinuities from the molecular ordering (Curtis and Wilkinson, 1997). In 

order to investigate this question, Pritchard et al. (Pritchard et al., 1995) 

designed another system with the height of adjacent steps less than the size of a 

molecule by filling the spaces with proteins or silicones. The results, which 

showed successful cell attachment, could be explained by the cells attaching to 

the junctions where there might be molecular discontinuity. From the above 

studies, it appears that cells show greater attachment at the junctions or at areas 

of molecular discontinuity. Further work by Britland et al. (Britland et al., 

1996b) suggested that when the height of grooves was less than 500 nm, 

chemical cues would be the leading influence whereas topographic cues 
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become the dominant influence when groove height is higher than 500 nm up 

to a height of 5 µm. This conclusion is supported by other research (Curtis et 

al., 1996, Den Braber et al., 1995). Table 1.2 shows the most commonly 

studied topographies. 

Table 1.2 Types of commonly studied topographies 

Type of topography Typical references 

Single cliffs 
(Clark et al., 1987, Nuzzo, 1996, Berry et 

al., 2004, Lee et al., 2014) 

Grooves and ridges 

 V-section 

 

 Rectangular section 

 

 Multiple grooves 

 

 Branching 

 

 Spiral grooves 

 

(Curtis and Varde, 1964, Riehle et al., 

1998, Meng and Hou, 2011) 

(Clark et al., 1991, Seemann et al., 2005, 

Guvendiren and Burdick, 2013) 

(Clark et al., 1990, Brunette et al., 1983, 

Lim and Donahue, 2007, Carpenter et al., 

2012) 

(Ternaux et al., 1992, Frey et al., 2006, 

Ding et al., 2013) 

(Dow et al., 1987a, Li and Shi, 2007, 

Anene-Nzelu et al., 2013) 

Dots and pits 

 Spikes 

 

 Hill  

 

(Rovensky Yu and Samoilov, 1994, 

Craighead et al., 2001, Koufaki et al., 

2011) 

(Olson, 1993, Barbucci et al., 2003, 

Wang et al., 2011) 

Tunnels and tubes 

(Aebischer et al., 1990, Sanford et al., 

1948, Parker and Kinnersley, 2004, Kristl 

et al., 2013) 

Fibres 
(Weiss, 1934, Weiss, 1945, Nair et al., 

2004, Cardwell et al., 2012) 

Cylinders 
(Rovensky Yu and Samoilov, 1994, Rosa 

et al., 2003, Le et al., 2011) 

Mesh  
(Curtis and Seehar, 1978, Chua et al., 

2006, Nandakumar et al., 2013) 

Random roughness 
(Lydon and Clay, 1985, Dalby et al., 

2007, Rosales-Leal et al., 2010) 

 



15 

 

The effects of topography depth have not been studied extensively until recent 

years. This is perhaps partly because of the lack of development in methods of 

measuring such small scale textures. Moreover, researchers have suggested that 

the situation is complicated by the fact that different cell types may react 

differently to the same substrates (Wójciak-Stothard et al., 1996, Clark et al., 

1990, Clark et al., 1991). Clark et al. (Clark et al., 1987) demonstrated that the 

reaction of cells to a single cliff increases as the height increases from 1 µm to 

20 µm. He also demonstrated that cells react to the groove width and the 

number of adjacent grooves on the groove and ridge substrates (Clark et al., 

1990, Clark et al., 1991). Wójciak-Stothard et al. (Wójciak-Stothard et al., 

1996, Wojciak et al., 1995) reported that macrophage-like cells can react with 

surface topographies as shallow as 44 nm. Other studied cell types, such as 

epitena, endothelia, epithelia and fibroblasts, are not as reactive but can still 

respond to topographies as shallow as 70 nm. On grooved and ridged surfaces, 

most types of cells grow along the groove length, but Nagata et al. (Nagata et 

al., 1993) exhibited neurites that grow perpendicular to the length of grooves. It 

is widely known that cell orientation increases as the relief structure grows 

from 1 µm to 25 µm in height (Rajnicek et al., 1997, Rajnicek and McCaig, 

1997). Additionally, according to Den Braber et al. (Den Braber et al., 1995, 

Den Braber et al., 1996), when the grooves are deeper and narrower, cells 

might bridge across the ridges. Moreover, when the grooves are wider and 

shallower, cells show good conformation to the surfaces (Curtis and Wilkinson, 

1998). 
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On a groove and ridge substrate, when the pitch is larger than the cell, there is 

no noticeable influence on cell orientation (Clark et al., 1987), such an 

influence only becoming apparent when the pitch is reduced to the cell size or 

less. Clark et al. (Clark et al., 1992) demonstrated that BHK cells can react to a 

pitch as small as 260 nm with a height of 500 nm. Rajnicek et al. (Rajnicek et 

al., 1997) compared grooves sizes at 1, 2, 4 μm width and 14 nm–1.1 μm depth 

with different cells, Xenopus cell and hippocampal cell. The former one 

presents alignment along the grooves of all sizes while the later one only align 

the wide and deep grooves. Lu et al. (Lu and Leng, 2003) presented that when 

the feature sizes are close to the cell size, human osteoblasts show improved 

alignment when the features are 4–38 μm in width and 2, 4, 10 μm in depth. 

They also exhibited that myoblasts show better alignment compared to 

osteoblasts when the feature sizes are 8, 24 μm in width and 2–10 μm depth 

(Lu and Leng, 2009). Transfected human corneal epithelial cells elongate on 

the grooves with 0.2–2 μm width and 0.4 μm depth (Karuri et al., 2008). 

Uttayarat et al. (Uttayarat et al., 2005a) demonstrated that the alignment of 

endothelial cells are enhanced by increasing the depth when the feature sizes 

are 3.5 μm in width and 0.2–5 μm in depth. Further more, Biela et al. (Biela et 

al., 2009) presented that the alignment of endothelial cells increase as the 

groove width decrease and the depth increase when the feature sizes are 2–10 

μm in width and 0.05–0.2 μm in depth.However, with some cell types, there 

will be greater alignment when the cells are not in contact with each other but 

are isolated from each other (Clark et al., 1991).  



17 

 

Cells move randomly on flat surfaces (Gail and Boone, 1972), whereas cell 

movement is normally oriented to grooves and ridges surfaces. Biela et al. 

(Biela et al., 2009) exhibited that smooth muscle cells migrate along the 

grooves.Curtis et al. (Curtis et al., 1995) reported that cells on a grooved 

substrate tend to move in one direction for a considerable time before reversing 

or changing direction. But there are exceptions. According to Dow et al. (Dow 

et al., 1987b), cells move centrifugally instead of along the grooves and no 

cells move centripetally. The phenomenon of contact inhibition also affects cell 

movement. Curtis and Varde (Curtis and Varde, 1964) demonstrated that 

chick-heart fibroblasts on grooved substrates with pitches between 12.5 µm 

and 25 µm showed stronger contact inhibition than on flat surfaces. Moreover, 

contact inhibition increases as pitch size decreases while decreasing with fibre 

size.  

There are very few studies of cell movement on surface topographies. Curtis et 

al. (Curtis et al., 1995) examined accelerated cell movement on grooves but did 

not present quantitative data. Li et al. (Li et al., 2001) claimed that endothelial 

cells exhibit a higher migration speeds on 15 µm pitch grooves when compared 

with 30 µm and 60 µm pitches. Only recently, Franco et al. (Franco et al., 2012) 

elucidated more details about cell movement on textured surfaces.  

Fibres are also commonly used in tissue repair nowadays. Jenkins  et al. 

(Jenkins et al., 1977) were the first to successfully repair tendinous-ligament 

using commercial carbon fibres. Recent research used randomly packed fibres 

in cartilage tissue repair and dermal replacements (van Wachem et al., 1994). 
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Curtis and Varde (Curtis and Varde, 1964) suggested that cells accumulated 

along the concave side of curved fibres. Curtis and Seehar (Curtis and Seehar, 

1978) found that fibroblasts and endothelia grow from the intersections of 

fibres and form a monolayer by filling in the mesh holes. Wojciak-Stothard et 

al. (Wojciak-Stothard et al., 1997) demonstrated cell alignment and enhanced 

movement along the very fine fibronectin fibres.    

The way the actin cytoskeleton organizes when reacting to topography is 

generally accepted to be related to cell movement. Moreover, the sensitivity of 

movement is similar on grooved and flat surfaces (Wójciak-Stothard et al., 

1996). Furthermore, focal adhesions are believed to be aligned over or close to 

the contact with grooves and ridges (Wójciak-Stothard et al., 1996, Meyle et al., 

1994, Meyle et al., 1995, Den Braber et al., 1998, Uttayarat et al., 2005a). 

Van Wachem et al. (van Wachem et al., 1987b) demonstrated that initial cell 

adhesion of HUVECs is promoted by the pre-adsorption of fibronectin (Fn) 

from a serum contained culture medium. Dickinson et al. (Dickinson et al., 

2012) presented that endothelial cells show enhanced elongation and alignment 

on the soft polydimethylsiloxane (PDMS) substrate compared with the stiff 

SiO2 substrate with the similar surface topographies. Additionally, there is only 

one surface of endothelial cells attach to the basement membrane (Watt and 

Huck, 2013). Other researchers also indicated that the full adhesion response 

involved both cross-linking of integrins and mechanical input through these 

transmembrane receptors (Craig and Johnson, 1996, Wang et al., 1993, Ingber, 

1993, Burridge and Chrzanowska-Wodnicka, 1996, Choquet et al., 1997).  
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Pelham and Wang (Pelham and Wang, 1997) demonstrated that not only were 

focal adhesions more regular and stable on rigid substrates compared to those 

on flexible ones, but also the phosphorylation was greatly reduced on flexible 

substrates.  

Yim et al. (Yim et al., 2010) expressed the view that the actin cytoskeleton was 

aligned with patterned substrates while it was random and denser on 

unpatterned ones. He also indicated that both nanotopography and substrate 

stiffness were important to the mechanical properties of the cells, while 

nanotopography was more dominant in organizing the cytoskeleton and focal 

adhesions. 

A crucial problem of artificial vascular implants, especially those with 

diameters less than 4 mm, is thrombus and neointima formation. One approach 

to prevent thrombosis and to improve the biocompatibility of artificial implants 

is to create a functional, quiescent monolayer of endothelial cells on the 

lumenal surface of implants (Lin et al., 1994, Uttayarat et al., 2005b). Vascular 

endothelium controls the transport of substances from the blood into the vessel 

wall (Dejana, 2004, Dejana et al., 2009, Franco et al., 2012), so the destruction 

of this control can cause cardiovascular disease (Komatsu et al., 1998). It is 

important therefore, to understand and accelerate the healing of the 

endothelium after wounding in order to avoid the beginning of focal disease 

(Franco et al., 2012). On a polymer scaffold, adhesion and proliferation of 

endothelial cells are both affected by chemical constitution and roughness of 

the surface. But according to the literature, when the depth of the groove 
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texture is higher than 500 nm, the topography will have a much stronger effect 

on the cells (Curtis and Wilkinson, 1998). In addition, surface topography has 

been proven to incite changes in the morphology and orientation of adherent 

endothelial cells (Uttayarat et al., 2005b, Kooten and Recum, 1999, Jiang et al., 

2002). 

Surface topography also affects the surface wettability which is also an 

important factor in cell attachment and proliferation. According to van 

Wachem (van Wachem et al., 1987a), a substrate which is too hydrophilic or 

too hydrophobic is not ideal for the attachment and proliferation of HUVECs. 

Tzoneva et al. (Tzoneva et al., 2007) demonstrated that cell adhesion and the 

organization of the cytoskeleton of endothelial cells are controlled by the 

surface wettability of the substrate. Similar results are also shown in other cell 

types and materials (Grinnell, 1977, Baier et al., 1968, Coleman et al., 1982, 

Horbett et al., 1985, Lydon et al., 1985, Hattori et al., 1985). Den Braber et al. 

(Den Braber et al., 1995) suggested that wettability influences cell viability but 

does not affect cell shape and orientation on microtextured surfaces. Moreover, 

the most suitable water contact angle of the substrates for culturing cells could 

be different from cell to cell as well as on various kinds of material substrates. 

For instance, Tamada and Ikada (Tamada and Ikada, 1993) pointed out that a 

polymer surface with a water contact angle of 70º is most suitable for 

fibroblastsadhesion. However, Lee et al. (Lee et al., 1998) demonstrated that 

55º is the most suitable water contact angle for culturing Chinese hamster 

ovary, fibroblast, and endothelial cells when comparing polyethylene substrates 

with different water contact angles from 43º to 96º. Arima and Iwata (Arima 
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and Iwata, 2007) showed that HUVECs reached the highest attachment when 

the water contact angle is 60-70º while HeLa cells is 50º when using CH3/OH 

mixed SAMs substrates with contact angles from 30º to 110º. Shen et al. (Shen 

et al., 2013) exhibited that the cell migration is enhanced with the increase of 

hydrophobicity of the substrate with water contact angles from 26º to 98º. 

In vivo research has also taken place and has shown great advances. Powell 

and Gibbons (Powell and Gibbons, 1982) demonstrated that there were huge 

differences between breast capsules containing smooth or textured implant 

material. The sac containing textures with 75 µm square pillars and 150 µm 

heights showed greater cellularity and lower collagen density compared with 

the smooth implants. However, their results also showed that these textured 

implants with those dimensions still stimulated chronic inflammation. Pollock 

(Pollock, 1993) published a retrospective study of nearly 200 patients, the 

results of which showed that less capsular contraction happened with the 

silicone implants with textured surfaces than the ones with smooth surfaces. 

Additionally, Smahel et al. (Smahel et al., 1993) demonstrated in rats that 

compacted capsule development was prevented by textured polymeric surfaces 

compared with smooth ones. However, neither Pollock nor Smahel gave details 

of the textures they used, such as shape, size and distribution. When reviewing 

the published histologic response literatures, Schmidt and Von Recum 

(Schmidt and Von Recum, 1993) found significant differences in cell response 

between higher and lower parts of the surface profile of National Institutes of 

Health (NIH) reference material, polydimethylsiloxane (PDMS). In those 
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literatures, the sides were not identified but the histological variance could only 

be because of the surface topography.  

Even though how the surface topographies influence the tissue response has 

not been fully elucidated, a great number of studies show that the capsule 

thickness and tissue interfacial motion have a direct correlation. Kupp et al. 

(Kupp et al., 1982) demonstrated that the surface roughness of intramuscular 

implants was related to capsule thickness and speculated that the causative 

factor  was the degree of interfacial motion. Picha and Drake (Picha and Drake, 

1990) reported a reduction of interfacial motion on fixing the capsule to sutures 

thereby reducing capsular  thickness which resulted in significantly improved 

tissue response. It seems clear that the micro motion between the tissue and 

implant must be taken into consideration as a cause of contraction, chronic 

inflammation and capsule thickening.  

Porous implants were introduced to avoid the consequences of the dead space 

between tissue and implants in 1950s (Edwards and Tapp, 1955), and have 

been extensively studied since then. According to the bulk of results published, 

porous implants allow the ingrowth of soft and hard tissue when the pore sizes 

are larger than 10 µm and 75 µm, respectively. However, they do not promote 

the attachment of the ingrowing tissue to the implant (Gangjee et al., 1985), so 

it seems that these porous implants do not completely eliminate the dead space 

but achieve a mechanical interlocking between the tissue and implants. 
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Micropores and groove surface topographies were introduced to promote tissue 

attachment and a significant influence on cell migration and cell proliferation 

were reported (Vonrecum, 1990). Recum et al. (Recum et al., 1996) 

investigated a nylon fibre mesh coated with polyvinylchloride/polyacrylonitrile 

with pore sizes varying between 0.5 µm to 10 µm and found pore sizes 

between 1 µm to 3 µm showed excellent tissue attachment without any 

inflammation. 

Jenkins et al. (Jenkins et al., 1977) successfully used the first commercial 

carbon fibre to reconnect a ruptured  ligament,  but it was not as successful 

with other sites in the body. During the following twenty years, rough surfaces 

and woven and non-woven fibre meshes were used without quantitative 

assessment. It is only recently that quantitative experiments with cells have 

taken place before the use of topographies in implants. However, it is obvious 

that in order to design the best implants, quantitative analysis with cells in vitro 

is a prerequisite for in vivo utilization. 

It is crucially important to be able to characterize the surface topographies of 

the substrates for both in vitro and in vivo researches and subsequent 

applications, which requires the substrates to be accurately produced to 

controlled specifications. Moreover, precision and quantification are both 

needed in examining cells for bioengineering. It is well known that surface 

topographies ranging from 1 µm to 100 µm can affect individual cells (Desai, 

2000) and that alignment is inversely proportional to ridge width on grooved 
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surfaces (Dunn and Brown, 1986). Additionally, sharp edges of about 90 

degrees can promote cell attachment (Recum et al., 1996).   

1.5 Biodegradable materials 

In therapeutic applications, both permanent and temporary aids are needed to 

meet various functional requirements. Non-degradable biomaterials can 

provide mechanical support required for a permanent aid. However, 

biodegradable materials are necessary for temporary aids which are only 

required to stay in the body for a limited time until the tissue or organs recover 

and rebuild. For the design and development of biodegradable materials, it is 

necessary to understand the fundamentals of the biodegradation phenomena 

and the response of cells and tissue to these materials. 

There are two main sources of biodegradable materials: naturally derived and 

synthetically fabricated (Minal and John, 2008). Degradation may also proceed 

along two main routes: hydrolytic and enzymatic (Nair and Laurencin, 2007). 

Collagen, elastin, chitosan, gelatin and hyaluronic acid are commonly used as 

natural biomaterials. Enzymatically degradable natural polymers such as 

albumin, fibrin, collagen, chitin and hyaluronic acid (Domb et al., 1997) were 

already in use in biomedical applications since thousands of years ago, but the 

use of synthetic degradable biomaterials only began in the late 1960s (Barbucci, 

2002). Due to the difficulty in controlling the physical and chemical properties 
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and the limitation in applications of natural biomaterials, the majority of 

researchers now focus on studying synthetically fabricated biomaterials. These 

can be modified according to the physical and chemical properties required and 

most importantly, can be repeatedly produced. 

Biodegradable materials used in medical engineering are normally organic 

materials that can eventually degrade into CO2 and H2O. The majority of 

biodegradable materials contain in their molecular backbones, labile linkages 

such as amides, anhydrides, carbonates, esters, orthoesters, ureas and urethanes 

(Li, 1999). The most commonly used hydrolytically degradable biomaterials 

are derivatives of glycolic acid (GA), lactic acid (LA), and polyester (Minal 

and John, 2008). The most promising biodegradable polymer is believed to be 

the copolymer constituted from LA and GA which has great biocompatibility 

and a variable degradation rate that can be controlled by changing the ratio 

between LA and GA (Kronenthal, 1975, Holland et al., 1986, Vert et al., 1992, 

Li and Vert, 2002). The commercial products made from these copolymers, 

such as sutures, drug delivery devices, clips and staples, plates and screws, are 

already widely used in therapeutic applications. 

The copolymer of Polylactic acid (PLA) and Polyglutamic acid (PGA) is 

obtained from cyclic diesters through ring-opening polymerization (Gilding 

and Reed, 1979, Zhang et al., 1994, Löfgren et al., 1995, Schwach et al., 1996). 

The chirality of the LA units enables the adjustment of degradation rates and 

mechanical properties of the poly(lactic-co-glycolic acid) (PLGA) copolymers 

(Miller et al., 1977, Vert, 2004, Nakamura et al., 1989). The higher the 



26 

 

proportion of LA the copolymer has, the more slowly it degrades. However, 

when the LA and GA is at 1:1 ratio, the shortest degradation period of two 

months is reached. The degradations of PLGA polymers have been broadly 

studied both in vivo and in vitro, and researchers are agreed that amorphous 

regions degrade preferentially during the degradation process due to the 

carboxyl end groups which are obtained from chain cleavage (Holland et al., 

1986, Vert et al., 1992, Li and Vert, 2002). However, there are still 

controversies in the literature concerning the degradation location, degradation 

rates and the role of enzymes in vitro (Holland et al., 1986, Vert et al., 1992, Li 

and Vert, 2002). 

Poly(ethylene glycol) (PEG) is another biocompatible and degradable material 

which has been extensively studied in medical engineering since the 1970s 

(Davis, 2002), because it does not generally cause immune responses (Zalipsky 

and Harris, 1997). PEG can be formed into a hydrogel, which can be 

chemically well-defined, through cross-linking (Macromers). The molecular 

weight of PEG may vary, and hence, is also known as polyethylene oxide 

(PEO) or polyoxyethylene (POE)(Alcantar et al., 2000). PEG is widely used in 

pharmaceutical products as the basis of laxatives and excipient (Smolinske, 

1992). When attached to different protein medications, PEG slows down the 

clearance of the carried protein from the blood resulting in an extended 

medicinal effect and reduced toxicity (Bowman, 2004). 

An eligible biodegradable material must meet the following requirements. 

Firstly, it should not be toxic or cause any sustained inflammation in the body. 



27 

 

Secondly, the degradation time and mechanical properties should be sufficient 

for the healing or regeneration process. Thirdly, the degradation products also 

should not be toxic and should eventually be metabolized and cleared. 

Additionally, it should have an adequate shelf life and ideally, be capable of 

modification for other intended applications. (Lloyd, 2002) 

Due to the complicated nature of biodegradable biomaterials in which the 

physical, chemical and biological properties have to be considered for clinical 

use and which also may vary over the degradation period, the development of 

the biodegradable material has been quite slow compared with other kinds of 

materials (Nair and Laurencin, 2007). 

1.6 Aim 

Our aim is to investigate how HUVECs reacts with the newly developed 

photopolymers formed into various substrates with specific surface 

topographies by observing their attachment, proliferation, morphology and 

migration.The precisely fabricated surface topographies enable us to quantify 

the influences on cells, so that ideal substrates to meet different requirements 

can be designed.    
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1.7 Objectives  

With the premise that surface topography influences cell behaviour and that 

increased surface roughness could enhance cell adhesion, growth (Chung et al., 

2003) and migration of endothelial cells, we patterned photopolymer films by 

photoembossing with a variety of depth and pitches to investigate their 

influence on cell proliferation, shape and migration of HUVECs through MTS 

assay, SEM and fluorescence observations, and wound healing assay. 

Additionally, we textured electrospun fibers by photoembossing through 

holographic lithography to investigate the effects on cell adhesion and cell 

shape with regard to both the physical characteristics of fibres (such as sizes 

and directions) and the surface textures by examine the FAs and F-actin under 

confocal microscope. Lastly, the degradation and biocompatibility of fully 

degradable photopolymer is discussed.      
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Chapter 2 Materials and methods 

2.1 Cell culture  

HUVECs (Lonza Group Ltd. UK) were cultured in T25 flasks (Sigma-Aldrich 

Co. LLC) using M199 (Life Technologies Ltd.) supplemented with 10 % foetal 

bovine serum (FBS), 3 μg/ml Endothelial cell growth supplement from bovine 

neural tissue, 1 ng/ml β-endothelial cell growth factor, 10 μg/ml Heparin,1.25 

μg/ml Thymidine, 10 units/ml Penicillin, 0.2 mMol/ml L-glutamine, and 10 

mg/ml Streptomycin (all supplements were purchased from Life Technologies 

Ltd.) at 37 °C in 95% air/5% CO2. Cells were sub-cultured every 7 days, and 

the culture medium was changed every 2 days. Cells only at passages 3-7 were 

used in all reported experiments. It has been previously shown that cells 

between passages 3-7 behaved in a similar manner in response to surface 

topography (Uttayarat et al., 2005a). 

Before seeding HUVECs on to any substrates in the following experiments, 

they were washed 3 times with Dulbecco's Phosphate-Buffered Saline (DPBS) 

(Life Technologies Corporation) and then trypsinised with Trypsin-EDTA 

Solution (Sigma-Aldrich Co. LLC) for 1 min in an incubator at 37 ℃. 1 ml 

FBS and 3 ml culture medium were added to the flask. With a pipette, as many 

cells as possible were gently flushed off the culture surface. The cell 

suspension was transferred into a Corning® 15 ml centrifuge tube (Sigma-
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Aldrich Co. LLC) and centrifuged for 5 min at 2000 r/min. The supernatant 

was discarded, 3 ml fresh culture medium was added and this cell suspension 

was again centrifuged for 5 min at 2000 r/min. The supernatant was again 

discarded and 1 ml fresh culture medium added to suspend cells again. The 

cells were counted with a Haemocytometer and then seeded onto the substrates 

at the required density. The remaining cells were subcultured or frozen, the 

medium being changed every 2 days until required further.    

2.2 Photopolymer mixture 

Various mixtures of polymers, monomers and photo initiator, which we called 

the photopolymer mixture, were used in the production of substrates by 

photoembossing. We set up three systems meeting different real-life 

requirements to produce non-degradable-, semi-degradable- and fully-

degradable substrates. In the photopolymer mixtures presented in our work, 

there is a polymer binder, one or two multifunctional monomer(s) and a photo 

initiator dissolved in solvent(s). 

Polymer binders are required to have a high glass-transition temperature (Tg) 

so that the mixtures can be solid at room temperature (RT) and weak 

interactions with the monomers can lead to a good monomer mobility (Hughes-

Brittain, 2013). Poly(methyl methacrylate) (PMMA) and PLGA are used as 

polymer binders. Due to its excellent biocompatibility and low cost, PMMA is 
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already extensively used in medical technologies such as in hard contact lenses 

(MacRae et al., 1985), bone cement in orthopaedic surgery (Rho et al., 1993), 

dentures (Vallittu, 1996), intraocular lenses (Apple, 2006) and has also been 

injected under the skin to reduce wrinkles or scars permanently in cosmetic 

surgery (Lemperle et al., 1998). PMMA was first used in bone cement in 1943, 

is still in wide clinical use today. PLGA is mainly used for therapeutic devices 

which are readily approved by the Food and Drug Administration (FDA) 

because of its biocompatibility and biodegradability. It is a copolymer of PLA 

and PGA, the ratio between them deciding the properties of the copolymer, 

such as solubility and biodegradability (Chung et al., 2006). In the body, PLGA 

degrades by hydrolysis into lactic and glycolic acid (Zolnik and Burgess, 2007). 

Additionally, these two monomers are also by-products of various metabolic 

processes in the body under normal physiological conditions. PLGA is 

commonly used in implants (Bhardwaj and Blanchard, 1998), grafts (Lee et al., 

2003), drug delivery (Bala et al., 2004), prosthetic devices (Kim and Martin, 

2006), sutures (Lim et al., 2009) and surgical sealant films (Zhang et al., 2012). 

The monomers we used were required to be miscible with the polymer binders, 

and this was confirmed by differential scanning calorimetry (DSC) with the 

assistance of a co-worker, Dr. Hughes-Brittain and data presented in her thesis 

(Hughes-Brittain, 2013). The monomer used in both the non-degradable and 

semi-degradable systems is trimethylolpropane ethoxylate triacrylate (TPETA). 

We compared TPETA and dipentaerythritolpenta-/hexa-acrylate (DPPHA) and 

chose TPETA for the following experiments due to its better biocompatibility 

demonstrated in cell viability results. Details can also be found in the thesis of 
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my partner, Dr. Hughes-Brittain (Hughes-Brittain, 2013). For the degradable 

system, poly(ethylene glycol) diacrylate (PEGDA) and DL-Dithiothreitol (DTT) 

are used as the multifunctional monomers.      

2-Benzyl-2-(dimethylamino)-4′-morpholinobutyrophenone (Irgacure 369) is 

used as photo initiator which is an UV curing agent and was confirmed to be 

biocompatible in our experiments. 

The solvent used consisted of propylene glycol monomethyl ether acetate 

(PGMEA), chlorobenzene (C6H5Cl), dimethyl sulfoxide (DMSO), chloroform 

(CHCl3) and dimethylformamide (DMF) and used as required.  

2.3 Film preparation and photoembossing 

In the film preparation process, each of the polymer binders PMMA and PLGA, 

TPETA monomer and biocompatible photo initiator Irgacure 369 were 

dissolved in the organic solvent PGMEA. The films were prepared using a wire 

bar coater (Figure 2.1) which can create, on a flat surface, thin films of a 

smooth and uniform thickness ranging from 4 µm to 80 µm depending on the 

size of the trough  produced between the adjacent coils of the wire wound 

round the bar coater. The photopolymer mixture was coated onto 13 mm glass 

cover slips, and the solvent was evaporated in an oven at 80 ℃  resulting in dry 

films with a thickness of 60±5 µm. To produce smooth surface films, the dry 

films were exposed to the UV light (OmniCure
®
 S1500 spot UV curing lamp) 
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directly at full power for 1000 seconds (sec) causing the photopolymer to fully 

polymerize. For grooved films, the dry films (Figure 2.2 A) were overlaid with 

a photomask designed to produce repeated grooves of the desired pitch  and 

then exposed to UV light (Figure 2.2 B) of the required dosage, followed by a 

heating stage (Figure 2.2 C). In this stage, the unreacted monomer diffuses into 

the reacted areas and the relief structure is created. Finally, the prepared films 

are again exposed to UV light at full power for 1000 sec allowing the monomer 

to fully polymerize. All the samples were further dried under vacuum at room 

temperature for 24 hours to evaporate any possible remaining solvent.  

 

 

Figure 2.1 Wire bar coaters 
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Figure 2.2 Schematic of photoembossing process (Adams et al., 2006) (A) a film on a substrate 

(B) the film is exposed to UV through a photomask (C) a relief structure is created by the 

diffusion of the unreacted monomers with a certain heating temperature.  

 

The glass cover slips on which the various substrates were fabricated and 

investigated were first specially treated to remove any static electricity which 

may cause the polymer films to detach from the glass cover slips in the culture 

medium. Before coating with pure PMMA and PLGA, any static charge was 

removed from the glass cover slips using a static eliminator bar. The cover 

slips to be coated with photopolymers were acrylate functionalized by 

immersing overnight in a solution containing 30 ml toluene, 30 µl acrylate 

silane and 50 µl triethylamine and drying in a fume cupboard.    
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Figure 2.3 Photomask 

 

Different sizes of photomasks (Figure 2.3) were used to obtain grooved films 

with different pitches. Our previous work confirmed that relief heights can be 

controlled by changing temperature during the heating stage and the UV 

dosage used in the first exposure with the photomask (Hughes-Brittain et al., 

2014b). 

Our choice of texture heights employed in this research was based on the 

agreed concept that vertical walls beyond a maximum height prevented 

adequate cell contact (Curtis and Wilkinson, 1998), and on our previous and 

other  available research that confirmed the effectiveness of cell response 
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within a certain range of heights. This thesis focussed on the reaction of 

HUVECs to photoembossed substrates within these height parameters. 

2.4 Electrospinning fibre 

Electrospinning is a fabrication technique widely used in producing ultrafine 

non-woven nanofibres from polymer solutions or melts in a relatively simple 

way (Formhals, 1934, Miqin, 2007, De Vrieze et al., 2007, Frenot et al., 2007, 

De Vrieze and De Clerck, 2009). This method combines the features of 

electrospraying and conventional solution dry spinning of fibres (Ziabicki, 

1976). It can produce solid threads from solution without using either high 

temperature or coagulation chemistry which is especially suitable for making 

fibres with large and complex molecules. The molten precursors guarantee 

there is no solvent left in the obtained product.  

Electrospraying was first reported in the early 17
th

 century by Gilbert and 

Lochman (Gilbert and Lochman, 1628) in an early investigation of magnetic 

and electrostatic phenomena. According to their report, when a piece of amber 

was electrostatically charged within a certain range, a cone shape would form 

from a droplet of water which is near the amber and small droplets would be 

ejected from the tip of the cone. The similar process of electrospinning was 

initially patented by J.F. Cooley (Cooley, 1902) and W.J. Morton (Morton, 

1902). John Zeleny (Zeleny, 1914) published the behaviour of fluid droplets at 
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the end of metal capillaries during the electrospinning, attempting to model the 

electrostatic forces mathematically.  

In the early 20
th

 century, natural silk was much in demand but extremely 

expensive, stimulating a search for a cheap substitute. Formhals (Formhals, 

1934) reported a device which could be used to produce silk-like fibres and 

was soon followed by Norton (Norton, 1936) who formed fibres from a melt by 

air-blast assisted electrospinning. In the early 1990s, organic polymers were 

used to fabricate nanofibres by electrospinning (Doshi and Reneker, 1995, Li 

and Xia, 2004). Electrospun nanofibres ranging from 50 nm to 1000 nm were 

later produced by drawing polymer solution or melt from a capillary to a 

collector in an electric field (Reneker and Chun, 1996, Huang et al., 2003, Inai 

et al., 2005).  

Taylor (Taylor, 1964, Taylor, 1966, Taylor, 1969) began a systematic 

investigation of electrospinning in the1960’s. He mathematically modeled the 

shape of the fluid droplets formed under an electric field during electrospinning. 

This characteristic droplet shape is now known as the Taylor cone. Later, he 

worked with Melcher (Melcher and Taylor, 1969) and developed the ‘leaky 

dielectric model’, which illustrated theoretically the behavior of the conducting 

fluids. 

Reznik et al. (Reznik et al., 2004) reported extensive work on the shape of the 

Taylor cone and the subsequent ejection of a fluid jet. Hohman et al. (Hohman 

et al., 2001) investigated the relative growth rates of the numerous proposed 
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instabilities in an electrically forced jet and endeavored to describe the most 

important instability in the electrospinning process, namely, the bending 

(whipping) instability. 

The physical principle of electrospinning is based on forces acting on a droplet 

of a solution at a tip of a needle. The droplet at the needle tip has a surface 

tension which causes the droplet to be more rounded to minimize surface area. 

When a high electrical potential difference is applied between the needle and 

the earthed charged collector, electrostatic forces are then generated by 

electrostatic repulsion between the surface charges and Coulombic forces 

exerted by the applied electric field. When the electric potential increases, the 

droplet at the tip of needle elongates till the Taylor cone is formed. When the 

electric field gets higher, the electrostatic forces overcome the surface tension 

causing further elongation of the droplet to form a jet (Figure 2.4) (Yang et al., 

2002, Enayati et al., 2011). The solution properties, flow rate, needle diameter, 

distance between needle and collector and the potential difference can all affect 

the resulted fibres (Pareta et al., 2005, Xie et al., 2008, Ahmad et al., 2008, Yao 

et al., 2008). 
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Figure 2.4 Schematic of the jet formation in the electrospinning process 

(Enayati et al., 2011) 

Different systems of electrospinning can produce a variety of nanofibrous 

structures with two-dimensional (2D) or three-dimensional (3D) shapes, such 

as aligned nanofibres (Yang et al., 2005, Xu et al., 2004), nanofibrous yarn 

(Teo et al., 2007, Wang et al., 2008), tubular structures (He et al., 2009) and 

core-shell nanofibres (Zhang et al., 2006) (Figure 2.5). As a result of this 

flexibility and versatility in the electrospinning process, it has become the most 

popular method for the fabrication of microfibres and nanofibres (Dong et al., 

2009). 
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Figure 2.5 Schematic diagrams of different electrospinning setups with resultant structures in 

the upper right corner. (A) Standard electrospinning setup (Dong et al., 2009). (B) Aligned 

electrospinning, with the fibre collected on the edge of a fast rotating disk (Xu et al., 2004). (C) 

Nanofibrous yarn collected from fluidic system (Teo et al., 2007). (D) Tubular structure 

collected from a rotating wire (He et al., 2009). (E) Core-shell nanofibre fabricated using a 

coaxial electrospinning setup (Zhang et al., 2006). 

2.5 Holographic photoembossing 

Holography is a 3D imaging technique. Holographic photoembossing is based 

on the concept of interference and diffraction of light. In our experiments 

(Figure 2.6), a pulsed Nd:Yag laser is coupled to second and third harmonic 

modules emitting 4 ns pulses of 355 nm linearly polarized light with vertical 

polarization (repetition rate 10 Hz). The laser is used as the sole light source in 

this process because it has a fixed wavelength and can be precisely controlled. 

The laser beam was split into two laser beams with the same wave length by 

the beam splitter, so that interference is caused when they are superimposed. 

The photopolymers samples are placed at the point where diffraction occurs 
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and the photoembossed texture result from the interference patterns produced 

by the laser. The exposure was made in air at room temperature.   

 

Figure 2.6 (A) Holographic photoembossing set up and (B) schematic of holographic 

photoembossing 

 

This is followed by heating and UV exposure stages as in the procedure used in 

photoembossing with a photomask. However, this method does not require the 

samples to be in contact with anything which makes it extremely suitable for 

embossing fibres which are randomly orientated and not in the same horizontal 

plane.    

2.6 Cell proliferation 

Cell proliferation was measured with CellTiter 96
®
 AQueous One Solution 

Cell Proliferation Assay (Promega Corporation) containing 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
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tetrazolium, inner salt (MTS). The live cells react with the tetrazolium salt in 

the MTS reagent to produce a formazan dye which can be observed at 490nm 

with a 96-well plate reader. The extent of cell proliferation on the surface of 

both smooth and grooved photopolymers films was determined at time points 

of 1, 2, 3, 5 and 7 days. 13 mm glass cover slips, pure PMMA and PLGA films 

were used as control respectively for the different systems. At each time point, 

samples were washed 2 times with a serum free culture medium to remove 

non-adherent cells and then transferred to a new 24-well plate. These samples 

were incubated for 3 hours with 50 µl MTS reagent in 250 µl of serum free 

culture medium. The recommended incubation time is between 1 and 4 hours, 

but based on our experiments (Figure 2.7), 3 hours was selected in all MTS 

assays. Aliquots of the samples were put into a 96-well plate and their 

absorbance was read on a FLUOstar Galaxy Multi-functional Microplate 

Reader at 450nm (According to the instructions, data can be recorded at 

wavelengths of 450-540 nm). The absorbance of five known cell numbers 

5,000, 10,000, 25,000, 50,000 and 75,000 were used to produce a standard 

curve to convert absorbance readings to cell numbers (Kumbar et al., 2008).  
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Figure 2.7 Time points results of MTS assay with 2.5×10
4 
cells 

 

 

Figure 2.8 The absorbance readings of standard cell numbers 
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2.7 Epifluorescence microscope 

An epifluorescence microscope (Figure 2.9) is a simple version of the 

fluorescence microscope, a kind of optical microscope that uses fluorescence 

and phosphorescence to study properties of substances (Webb and Brown, 

2013).  

The fluorescence microscope is based on the phenomenon that certain 

materials emit energy detectable as visible light when irradiated with the light 

of a specific wavelength(Lichtman and Conchello, 2005). As shown in Figure 

2.9, the excitation filter only allows radiation of a desired wavelength to pass 

through and collide with the atoms in the sample, exciting the electrons to a 

higher level. As they revert to a lower energy level, the electrons emit visible 

light. An emission filter between the detector and the objective is used to 

eliminate the remaining excitation light from fluorescent light leaving a 

background of high contrast(Lichtman and Conchello, 2005, Sarder and 

Nehorai, 2006).   

However, there are limitations to the fluorescence microscope, which also 

apply to both the epifluorescence microscope and the confocal microscope 

which will be introduced in the next section. First of all, photobleaching limits 

the time available for examining samples due to the chemical damage caused 

during the electron excitation process. Secondly, short wavelength light is toxic 

to live cells. Additionally, it can only detect the specific structures which are 
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labelled for fluorescence; however, this could also be an advantage when only 

these specific structures are needed to be examined. 

Samples were prepared in a sterile environment. They were washed 3 times 

with DPBS and fixed with 4% paraformaldehyde (PFA) for 8 minutes (min). 

They were again washed 3 times with DPBS after each stage in the 

fluorescence staining procedure which followed. Finally, when all the staining 

steps were completed, a 3 times wash with DPBS and 2 wash with deionized 

water (DI-water) completed the procedure.  

 

Figure 2.9 Schematic of epifluorescence microscope (Sarder and Nehorai, 2006) 

2.8 Confocal microscope 

A confocal microscope is both a scanning microscope and a more complicated 

design of fluorescence microscope to increase optical resolution and 
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micrograph contrast (Pawley, 2006). Marvin Minsky (Minsky, 1961), a young 

postdoctoral fellow, first patented the principle of confocal microscopy in 1957. 

Compared with the conventional epifluorescence microscopy, by using point 

illumination and a pinhole before the signal detector, confocal microscopy can 

eliminate out-of-focus signals and leaving only those in focus. Additionally, 

only one point at a time will be illuminated which prevents photobleaching of 

the whole sample. 

As the only light source, a laser provides monochromaticity, coherence, 

polarisation and intensity. Moreover, the image resolution, especially in the 

depth direction is improved because the stage scanning technology allows it 

scan the specimen accurately along each focal plane(Gu, 1996).  

As shown in Figure 2.10, the laser beam passes through a beam splitter and is 

focused by an objective lens into a small focal volume within the sample. The 

signals emitted by the sample come back through the objective, dichromatic 

mirror and pinhole after which the intensity of the signal is detected, converted 

into a digital signal and recorded by the computer. Then the scanner directs the 

laser beam onto the next focal volume and the procedure is repeated until the 

whole sample is scanned. Each focal volume is represented by a pixel in the 

resulting image. 

Samples are prepared in the same way as those for the epifluorescence 

microscope. 
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Figure 2.10 The principle of the confocal microscope (Sarder and Nehorai, 2006) 

2.9 Scanning electron microscope (SEM) 

An SEM is a type of electron microscope that uses electrons instead of light to 

form an image of a sample. In comparison to traditional microscopes, an SEM 

has many advantages including higher resolution, large depth of field, and 

more control in the degree of magnification (Smith and Hashemi, 2010), which 

allows it to be used in microstructure studies, fracture characterization, surface 
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contamination examination, thin film evaluation, and failure analysis of 

materials. During characterization, a high energy electron beam, produced from 

an electron gun in an evacuated column above the sample surface, focuses onto 

the target surface. The low-angle backscattered electrons interact with the 

surface atoms generating a variety of electronic signals as shown in Figure 2.11. 

The types of signals include secondary electrons (SE), back-scattered electrons 

(BSE), characteristic X-rays, light cathodoluminescence (CL), specimen 

current and transmitted electrons (Joshi et al., 2008). 

 

Figure 2.11 Schematic diagram of SEM (Joshi et al., 2008). 
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The surface of the specimen must be electrically conductive in a traditional 

SEM examination. However, the Environmental SEM (ESEM) can be used to 

image uncoated non-conductive samples by placing them in a high-pressure 

chamber with a  short working distance between the electron gun and the 

specimens (Donald, 2003). 

Samples seeded with cells for SEM were dehydrated with ethanol of different 

concentrations at 10%, 30%, 50%, 70%, 90%, 95% and 100% for 15 min each 

after fixation with 4% PFA. The samples were then dried overnight in a 

vacuum. The dried samples as well as samples without cells were attached to 

aluminum stubs using sticky carbon tabs and coated with gold. In this study, a 

secondary electron detector was used. The prepared samples were placed in the 

vacuum chamber of the SEM which was operated with a working energy of 10 

kV, a beam size at a value of 3 and a working distance of 10 mm. Images at a 

variety of magnifications were collected. 

2.10 Atomic force microscopy (AFM) 

AFM was used to quantitatively characterize the morphology of 

photoembossed surfaces. Figure 2.12 shows the basic principles of AFM 

(Microscopy, 2005). The tip precisely situated on a flexible silicone cantilever 

is mounted to a piezoelectric driver. During the scanning, the tip is brought to a 
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chosen point over the sample surface where the resultant force can repel or 

attract atoms from the tip leading to a deflection of the cantilever. The degree 

of cantilever deflection, which is changed relatively by the surface topography, 

can be measured by a laser light reflected from the cantilever into a position 

sensitive detector (PSD). In this way, the roughness of the material surface can 

be mapped out point by point without any direct contact. AFM enables 

scanning in the x/y or x/y/z directions and the construction of a surface image 

from different viewpoints without extra surface treatment such as metal or 

carbon coating (Giessibl, 2003). 

 

Figure 2.12 The basic principles of atomic force microscopy (AFM) (Microscopy, 2005) 
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The surface morphology of photoembossed samples was characterized using an 

AFM (AFM, NT-MDT®) in contact mode at a 512 x 512 scanning resolution. 

Scan areas ranged from 600 nm x 600 nm to 10 µm x 10 µm. In the contact 

mode, the tip makes a soft physical contact with the sample surface and scans 

at a constant small height above the surface where the overall force is repulsive. 

The force between the tip and the sample is fixed during scanning by 

maintaining a constant deflection. 

2.11 Contact angle 

The wettability of biomaterial surfaces is an important factor in their use and is 

expressed by the Water Contact Angle (WCA).  This is a measure taken at the 

interface between liquid/vapor and a solid surface. The characteristics of a 

WCA are a result of the surface free energies between the liquid, solid and 

surrounding vapor when a small liquid droplet rests on a flat horizontal solid 

surface. In order to mathematically express the WCA, the shape of the dropped 

liquid is measured to calculate the slope of the tangent to the droplet at the 

liquid-solid-vapor interface line (Kwok et al., 1997, Buschow et al., 2001). The 

WCA is commonly used in membrane material science to describe the relative 

hydrophobicity/hydrophilicity of a membrane surface. 
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Figure 2.13 The schematic diagram of contact angle measurement (Woodward). 

 

The WCAs of both smooth and embossed photopolymer films were measured 

with a dynamic contact angle system, as shown in Figure 2.13 (Woodward). 

The water droplet was observed spontaneously spreading along the dry surface 

until an equilibrium angle was established. The equipment can also be used to 

measure the surface tension, adhesion characteristics, and surface energy and 

uses drop shape analysis to measure contact angles and thereby determines 

surface energy. The image of the drop shape is captured by an equipped camera. 

The shape and size of the droplets were analyzed using FTA 32V 2.0 software. 

The contact angle was measured 5 times for each individual sample and at least 

5 samples were measured for each kind of films, the average value then being 

calculated. Wettability is divided into three classes: absolute wetting when θ = 

0°, partial wetting for θ < 90°, and non-wetting for θ > 90° (Drelich et al., 

2000).   
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Chapter 3 Interaction between HUVECs and 

photoembossed non-degradable biomaterial 

films 

The major problem in vascular grafts is thrombus. A promising approach to 

overcome these issues is to create a functional, quiescent monolayer of 

endothelial cells on the surface of implants. In this way, cell adherence to the 

extracellular matrix (ECM), morphogenesis, immunity and wound healing may 

be influenced (Burridge and Chrzanowska-Wodnicka, 1996, Geiger et al., 

2001). In this study, photoembossing is introduced as a method of creating 

surface relief structure. PMMA is used as the polymer binder and TPETA is 

used as a multifunctional monomer. Biocompatibility of pure PMMA film, 

which is confirmed to have good biocompatibility and used widely in medical 

devices nowadays, is compared to that of both smooth and embossed 

photopolymer PMMA-TPETA films. The influence of surface texture on 

surface wettability and cell attachment, morphology and proliferation is then 

discussed. Finally, cell migration is studied through a wound-healing assay on 

photoembossed films with surface texture of various dimensions and 

orientations.    
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3.1 Materials and methods  

3.1.1 Materials 

Apolymer binder PMMA with a molecular weight of 120,000 g/mol, 

multifunctional monomer TPETA, photo initiator Irgacure 369 and solvent 

PGMEA (all obtained from Sigma Aldrich) were used in this study. The 

CellTiter 96® AQueous One Solution used in the MTS assay was purchased 

from Promega Corporation. CellTracker™ Probes for Long-Term Tracing of 

Living Cells were obtained from Invitrogen. 

3.1.2 Smooth and grooved films 

The polymer binder PMMA, TPETA monomer and biocompatible photo-

initiator Irgacure 369 were dissolved in the organic solvent PGMEA. PMMA 

and TPETA were in the proportion of 50:50 by weight and Irgacure 369 at 5% 

by weight of TPETA. All components were dissolved in 60% by weight of 

PGMEA. All films were prepared as described in 2.3. To produce surface 

textured samples, films were covered with a photomask and exposed to UV 

light for 30 sec and then heated for 20 min at 120 ℃, which our previous 

studies had indicated was the optimum developing temperature (Hughes-

Brittain et al., 2014b). Different specifications of photomasks and UV dosages 

were used to produce grooved films with different pitches of 6 µm, 10 µm, and 

20 µm and at a height of 1 µm for the majority of our experiments. Films with 
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a groove pitch of 20 µm were also fabricated with a groove height of 2.5µm for 

comparison purposes. 

3.1.3 Cell culture 

HUVECs from passages 3 to 7 were cultured as described in 2.1. Before cell 

seeding, the substrates were washed 3 times with 75% ethanol and rinsed 3 

times with DPBS. When the cells reach around 80% confluency in a T25 (25 

cm
2
) cell culture flask, cells were seeded onto the substrate at a density of 

1.5×10
4
 cells/cm

2
 in 24-well plates and cultured up to 7 days for a proliferation 

assay and 14 days for a wound-healing assay. As the normal endothelial cells 

are at 35-50 µm in wide and get into logarithmic phase at day 3 (Gimbrone et 

al., 1974), in order to avoid cell inhibition caused by too many cells on a 13 

mm glass cover slip, in the meantime, cells are expected to be confluence after 

7 days, so that cell seeding densities at 1×10
4
 cells/cm

2
, 1.5×10

4
 cells/cm

2
 and 

2×10
4
 cells/cm

2
 were tested. Cell seeding density at 1×10

4
 cells/cm

2
 showed 

less confluence at day 7 and cell inhibition was observed at 2×10
4
 cells/cm

2
. 

Untreated glass cover slips were seeded with cells and used as controls.  

3.1.4 Cell proliferation assay 

Cell proliferation on the surfaces of both smooth and grooved PMMA-TPETA 

films was determined at time points of 1, 2, 3, 5 and 7 days. Untreated 13 mm 

glass cover slips and cover slips coated with pure PMMA films were used as 
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controls. Cell proliferation was measured as described in 2.6. Each experiment 

was repeated at least 5 times in triplicate. 

3.1.5 Analysis of films and cells morphology 

Groove sizes were measured by AFM (NT-MDT®) in semi-contact mode at 

randomly selected locations on a number of samples (n≥5). The surface 

wettability of each kind of film was also measured by a dynamic contact angle 

system.  

After the cell culture stage, the surface morphology of both the smooth and 

grooved substrates was examined using an SEM (FEI Inspect-F®). Following 

3 washes with DPBS, cells were fixed in 4% PFA for 8 min. After rinsing 3 

times each with DPBS and DI-water, samples were dehydrated as described in 

2.9. Dried samples were sputter coated with gold before being examined in an 

SEM at a voltage of 10 kV.  

3.1.6 Wound-healing assay 

After cells were confluenced, a scratch was made across each sample surface 

using a 200 µm width metal slice after which the medium was replaced with 1 

ml fresh complete medium. At the start of the experiment (t=0) and at time 

points 2, 3 and 4 hours after beginning incubation, samples were stained and 

analysed under an epifluorescence microscope. Each experiment was repeated 

at least 5 times in triplicate.   
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3.1.7 Immunostaining 

HUVECs seeded on 20 µm pitch photoembossed films always seem to fade 

into the substrates when observed under an optical microscope. To avoid this 

problem, the cells were stained with the CellTracker™ Red CMPTX and 

examined under an epifluorescence microscope. The HUVECs were washed 3 

times with culture medium and then stained with the CellTracker for 15 min at 

room temperature, again washed 3 times with culture medium and then kept in 

culture medium with 10% FBS. At the beginning of the experiment (t=0), cells 

were stained before being scratched. At the other time points, cells were 

stained before analysing in order to prevent the fluorescence intensity of the 

samples from being quenched. Due to the bleaching of the samples during 

examination, different samples were used for each group at different time 

points. Experiments are repeated 5 times and each time samples are prepared in 

triplicate. 

3.1.8 Data analysis and statistical methods 

All quantitative measurements are reported as mean values ± standard 

deviation. To determine the statistical difference when comparing different 

groups, a student’s t-test was used. 
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3.2 Results  

3.2.1 Synthesis and characterization of photoembossed PMMA-

TPETA films 

The polymer binder PMMA, TPETA monomer and biocompatible photo-

initiator Irgacure 369, at a ratio of 1:1:0.05, were dissolved in 60% by weight 

of PGMEA as we have published previously (Hughes-Brittain et al., 2012). 

The films were obtained by wire bar coating on 13 mm glass cover slips, 

resulting in a thickness of 60±5 µm, and then placed into an oven at 80 ℃ to 

evaporate the solvent. To produce smooth films, after drying, the pre-coated 

films were exposed to direct UV light for 1000 sec at full power causing all the 

monomers to polymerize. For grooved films, the pre-coated films were 

exposed through contact photomask of the desired characteristics, exposed to 

UV light for 30 sec and then heated at 120 ℃ for 20 min to accelerate the 

diffusion of unreacted monomer. It was necessary to adjust the UV output to 

produce different groove heights. The percentage of UV lamp output was at 30% 

for 6 µm and 10 µm pitch samples to obtain a height of 1 µm and 20% and 40% 

for 20 µm pitch samples which resulted in a 2.5 µm and 1 µm height, 

respectively.  This was followed by a further exposure to UV light for 1000 sec 

at full power to cause any remaining monomers to fully polymerize. 

Photoembossed PMMA-TPETA films with pitches of 6 µm, 10 µm and 20 µm 

were successfully fabricated. All the samples were dried under vacuum at room 

temperature for 24 hours to evaporate any remaining solvent.  
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Table 3.1 Comparison table of displayed percentage of UV lamp output and the measured UV 

dosage 

Percentage of UV lamp output (%) Measured UV dosage for 30 sec (mJ/cm
2
) 

3 49.9 

5 85.2 

7 116.6 

10 158.2 

20 344 

30 522 

40 704 

50 867 

60 1027 

70 1197 

80 1385 

90 1549 

100 1701 

 

Grooved films with a groove height of 1 µm and all three pitches previously 

given were fabricated for the wound-healing assay. In addition, 20 µm pitch 

samples but with a groove height of 2.5 µm were also prepared for comparison 

purposes. Figure 3.1 shows how the height of the relief structure varies with 

the UV energy dosage used and this relationship determined the energy dosage 
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chosen to fulfil the height requirements of each particular film. To be specific, 

522 mJ/cm
2 

was used to create a 1 µm depth for 6 µm and 10 µm pitch films, 

344 mJ/cm
2 

was used to create a 2.5 µm depth and 704 mJ/cm
2 

was used to 

create a 1 µm depth for the 20 µm pitch samples. 

 

Figure 3.1 AFM measurement of photoembossed PMMA-TPETA films with pitches at 6 µm, 

10 µm and 20 µm 

 

The surface wettability of a cell culture substrate is also important in cell 

adhesion and proliferation. The contact angle which can express the wettability 

of a surface was measured with the static sessile drop method. At least 10 

samples were measured for each pitch size, and 5 measure points were taken 

for each sample. Figure 3.2 shows the typical measurements for each kind of 

PMMA-TPETA films. 
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Figure 3.2 Typical contact angle measurements for each kind of PMMA-TPETA film (A) 

smooth surface (B) 6 µm pitch (C) 10 µm pitch (D) 20 µm pitch 

 

We can see from the contact angle results (Table 3.2) that all PMMA-TPETA 

films are hydrophilic. However, as the pitch size of the relief structure 

increases, the contact angle also gets slightly larger. This means that the 

surfaces with smaller texture sizes are more hydrophilic. Nevertheless, we do 

not consider the differences between textures of 10 µm and 20 µm to be 

significant. Moreover, the approximate contact angle of 70º for these two 

pitches is considered to be the most suitable for cell adhesion reported by 

Tamada and Ikada (Tamada and Ikada, 1993). This was confirmed by the 

following MTS assay. 
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Table 3.2 Contact angles of PMMA-TPETA films with different surfaces 

PMMA-TPETA films Contact angle (degrees) 

Smooth 49.81±1.56 

6 µm pitch 59.15±1.45 

10 µm pitch 69.57±0.30 

20 µm pitch 70.57±0.94 

 

3.2.2 HUVECs proliferation and morphology 

PMMA-TPETA non-embossed films and PMMA-TPETA embossed films with 

20 µm pitch and 2.5 µm height were used for the MTS assay. Untreated glass 

cover slips and cover slips coated with pure PMMA films were used as 

controls. The MTS results (Figure 3.3) showed that cell numbers of all the 

samples had increased by the end of the time period studied. To be specific, 

cell numbers on pure PMMA films and PMMA-TPETA non-embossed films 

dropped on the 5
th

 and 3
rd

 day, respectively, but increased later. However, cells 

seeded on the embossed films grew steadily throughout the experimental 

period and showed significantly higher proliferation compared with the other 

two sample categories at the end of the experiment. Cells on embossed 

PMMA-TPETA films showed significantly higher proliferation compared with 

those on pure PMMA films and significantly higher proliferation than on non-
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embossed surface for the majority of the experimental period but especially 

from day 3. Cells on non-embossed PMMA-TPETA films also showed 

significantly higher proliferation than those on pure PMMA films by the end of 

the experiment. These results suggest that the photopolymer improved the cell 

attachment on PMMA, and the grooved texture greatly enhanced cell 

proliferation. Additionally, confluenced cells are still in good condition when 

they are used for cell migration assay after up to 14 days culture. The glass 

cover slips used in all the MTS assays in this thesis are mainly used to check 

whether the examined cells are in good condition. During the culture process, 

agents which can help cell attachment in the medium such as Fn attach to the 

glass cover slips, so that cells on the glass cover slips grow steady throughout 

the culture period.    
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Figure 3.3 Proliferation of HUVECs (* and ** indicates statistical significance) (A) HUVEC 

proliferation on glass cover slips, pure PMMA films, non-embossed PMMA-TPETA films and 

embossed PMMA-TPETA films, (B)HUVEC proliferation on day 1, (C) HUVEC proliferation 

on day 2, (D) HUVEC proliferation on day 3, (E) HUVEC proliferation on day 5, (F) HUVEC 

proliferation on day 7.  

 

On embossed PMMA-TPETA films, clear cell alignment along the surface 

relief texture is observed at day 1 (Figure 3.4 B) while cells allocated 
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themselves randomly on the smooth surfaces. As the culture time increased, 

cells became more flattened and dispersed on all samples. The SEM pictures 

also show a decreased cell density on non-embossed PMMA-TPETA films at 

day 3 (Figure 3.4 C), which is in accordance with the MTS results. Also by day 

3, cells begin to show a tendency to bridge the relief structures and less 

alignment can be seen (Figure 3.4 D). By day 7, we can see that cells almost 

fully cover the surface of the substrates on both non-embossed (Figure 3.4 G) 

and embossed (Figure 3.4 H) samples. However, it seems that by providing a 

larger surface area, the grooved films allowed more cells to attach. This could 

be another reason why, by the end of the assay, cell proliferation on embossed 

films is significantly higher than on non-embossed surfaces. 
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Figure 3.4 HUVECs seeded on non-embossed PMMA-TPETA films at (A) day 1 (C) day 3, 

cell density is decreased (E) day 5 (F) day 7, cells are almost confluence and embossed 

PMMA-TPETA films at (B) day 1, clear cell alignment along the surface relief texture is 

observed (D) day 3, cells bridge the relief structures and less alignment can be seen (F) day 5 

(H) day 7, cells are almost confluence. 
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3.2.3 Cell migration 

A wound-healing assay was used to investigate cell migration both on smooth 

and photoembossed films with different pitches and depths. The width of the 

wounds was 200±10 µm with the exception of the 6 µm pitch on which the 

wounds were 150±10 µm. Cells were stained with Cell Tracker and examined 

under an epifluorescence microscope.  

The non-embossed PMMA-TPETA films were first compared with the 

embossed PMMA-TPETA films with 20 µm pitch and 2.5 µm height (Figure 

3.5). The results show that after 2 hours, there is a noticeable difference 

between these two samples and after 3 hours, cells on the textured film have 

almost filled the wound, whereas cells on the smooth film still show a 

significant gap at the wound site.  

 

Figure 3.5 Wound-healing assay on photoembossed (top) and smooth (bottom) films at time 

points (A) (D) 0 hour, (B) (E) 2 hours, (C) (F) 3 hours. (Scale bars present 100 µm) 
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On films embossed with grooves of 20 µm pitch and 2.5 µm height, a 

comparison was made between wounds made perpendicular to and parallel 

with the grooves (Figure 3.6). With approximately the same pressure to scratch 

the wound, the wounds made in the parallel direction were initially 

significantly narrower and differences between the perpendicular and parallel 

samples were still apparent after 3 hours. The results showed that grooves seem 

to inhibit cell migration when the wounds are parallel to the grooves. On the 

other hand, the comparatively smaller size of wounds made parallel to grooves 

would indicate that, in this case, cells are less likely to detach from the 

substrate.

 

Figure 3.6 Wound-healing assay on photoembossed films with perpendicular (top) and parallel 

(bottom) wounds to the direction of the grooves at time points (A) (D) 0 hour, (B) (E) 2 hours, 

(C) (F) 3 hours. (Scale bars present 100 µm) 

 

Photoembossed PMMA-TPETA films with 20 µm pitch and depths of 2.5 µm 

and 1 µm are compared as follows (Figure 3.7). The results show that no 
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significant differences can be seen in the initial wound sizes, cell migration 

speed and wound recovery time.  

 

Figure 3.7 Wound-healing assay on photoembossed films with 2.5 µm pitch (top) and 1 µm 

pitch (bottom) at time points (A) (D) 0 hour, (B) (E) 2 hours, (C) (F) 3 hours. (Scale bars 

present 200 µm) 

 

A wound-healing assay on films with 6 µm, 10 µm and 20 µm pitches, all with 

a ridge height of 1 µm were also compared (Figure 3.8). The results show that 

with a similar strength to scratch the wound on embossed films, the wounds on 

the samples with a 6 µm pitch appeared significantly narrower compared with 

the other two sample groups (10 µm and 20 µm pitch) which appeared about 

the same. After 2 hours, the wounds on the 20 µm pitch samples were clearly 

narrower than on the 10 µm pitch samples and were similar in size to those on 

the 6 µm samples which were initially narrower. However, all the wounds had 

recovered after 4 hours.  
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Figure 3.8 6 µm (top), 10 µm (middle) and 20 µm (bottom) pitches films with 1µm height at 0 

hour (A) (D) (G), 2 hours (B) (E) (H) and 4 hours (C) (F) (I). (Scale bars present 200 µm) 

 

Figure 3.9 summarizes the percentage of the recovered area on each kind of 

sample at every time interval. As there were only minor changes in the first 

hour, observations at this time interval are not shown. However, from the time 

points 2 hours to 4 hours, we can still see that the cells migrate in an almost 

uniform direction. 
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Figure 3.9 The percentage of area coverd by HUVECs on smooth PMMA-TPETA films, 

embossed films with 6 µm pitch and 10 µm pitch, 20 µm pitch with wound  perpendicular and 

parallel to the direction of the grooves. 

3.3 Discussion 

PMMA has already shown to exhibit good biocompatibility and is in wide 

clinic use, such as in rigid intraocular lenses (Apple, 2006), bone cement (Rho 

et al., 1993), dental filling, dentures (Vallittu, 1996) and cosmetic surgery 

(Lemperle et al., 1998). Here, we have demonstrated that the addition of the 

biocompatible monomer TPETA, results in a photopolymer with improved cell 

attachment and proliferation compared to pure PMMA.  
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Photoembossing is a relatively new technology in the fabrication of surface 

textures. Compared to photolithography, which is the most commercially 

advanced method and is used to pattern a thin film or substrate by 

microfabrication, photoembossing does not require a wet-etching step which 

makes it more cost-effective and environment-friendly. In this method, the 

shape of the relief structure is determined by the pattern of the photomask 

while our previous work has confirmed that the depth of the relief structure can 

be adjusted by controlling the UV dosage and temperature during the heating 

stage (Hughes-Brittain et al., 2014a). It has been shown that there is an 

optimum UV dosage required to create any particular relief structure (Sánchez 

et al., 2005). When UV intensities are lower than the optimum, only a small 

amount of photoinitiator will be active so that only a small amount of monomer 

will be converted. This results in lower relief structures due to the reduced 

concentration and chemical gradient in the film. On the other hand, when UV 

intensities are higher than the optimum, a larger amount of photoinitiator will 

be active resulting in higher polymerisation rates and the conversion of a larger 

amount of monomer. This will cause a decrease in mobility of the monomer in 

the polymer network which again results in lower relief structures. By this 

process of photoembossing and controlled UV dosages, we successfully 

fabricated photopolymer films with 1 µm depth relief structures and 6 µm, 10 

µm and 20 µm pitches and with 2.5 µm depth and 20 µm pitch.  

The changes in surface morphology of the film caused by the photoembossing 

process lead to changes in wettability. Embossed films are less hydrophilic 

than smooth films. However, the 6 µm pitch film is more hydrophilic than 
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either the 10 µm or 20 µm pitch films while the latter two are comparable in 

wettability. According to van Wachem (van Wachem et al., 1987a), a substrate 

which is too hydrophilic or too hydrophobic is less preferable for the 

attachment and proliferation of HUVECs. Similar results have been found for 

other cell types and materials (Grinnell, 1977, Baier et al., 1968, Coleman et al., 

1982, Horbett et al., 1985, Lydon et al., 1985, Hattori et al., 1985). A 

comparison of the MTS assay results for non-embossed and embossed PMMA-

TPETA films indicate that the initial attachment of HUVECs on embossed 

films is significantly higher than on non-embossed films. Additionally, the 

proliferation of the cells on embossed films is significantly greater than on 

smooth films from day 3. This suggests that the decreased wettability due to 

surface textures through photoembossing in this experiment promotes the 

adhesion and proliferation of HUVECs.  

PMMA-TPETA photopolymer shows improved cell attachment and 

proliferation compared to pure PMMA which has been confirmed to be 

biocompatible and is already widely used in medical treatment. Moreover, 

grooved surfaces significantly promote cell proliferation and, due to the 

enlarged surface area provided by this topography, enable the accommodation 

of more cells than smooth surfaces. The surface charges of the films were not 

measured. However, we have concluded that they are positive charged because 

they detach easily from the glass cover slips and attach to plastic surfaces 

which are normally negatively charged due to electrostatic interaction. In this 

regard, a hydrophilic surface with positive charge has already been reported to 

promote cell adhesion (Hattori et al., 1985, van Wachem et al., 1987a). 
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Cells present the most alignment on day 1 and flatten and disperse as time 

passes. There could be several reasons for this. Firstly, cell orientation depends 

on cell type. HUVECs cultured in vitro are polygonal cells with a width 

between 30 µm to 50 µm and tend to return to this shape (Gimbrone et al., 

1974) (Figure 3.10). Secondly, as the culture proceeds, contact inhibition 

between cells becomes stronger and might even become the dominant factor in 

affecting the cell shape rather than the effect of contact guidance from the 

surface topography. Additionally, fibronectin (Fn), a protein considered to 

promote cell adhesion, contained in FBS deposits on the surface of the 

substrate may also weaken the influence of contact guidance on the cells.      

 

Figure 3.10 SEM picture of HUVECs in vitro 
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In the conventional wound-healing assay on well plates, the average migration 

rate is 25 µm/hr (van Der Meer et al., 2010). The results of our wound-healing 

assay present significantly accelerated recovery speeds with uniform motion, 

HUVECs with 200 µm wounds are fully recovered after 4 hours on all the 

embossed films with 6 µm, 10 µm and 20 µm pitches while the wounds on the 

smooth films are still clearly apparent. Additionally, 20 µm appears to be the 

most efficient pitch among the three examined while there was no noticeable 

difference between samples with relief heights of 1 µm and 2.5 µm. On 20 µm 

embossed films, the wound-healing assay was also conducted with wounds 

perpendicular to and parallel with the relief structures. The results show that 

after 3 hours, when the wound which was perpendicular to the textures has 

fully recovered, the wound parallel to the textures remained relatively 

unaffected. These results suggest that, with the exception of this last case of a 

‘parallel wound’ all the grooved surface textures and variations of different 

pitch size we tested accelerate cell migration, with grooves at a 20 µm pitch 

performing most effectively. Additionally, in accordance with Tamada and 

Ikada (Tamada and Ikada, 1993) and Shen et al. (Shen et al., 2013), films with 

10 µm and 20 µm pitches also have water contact angles which are suitable for 

cell adhesion so that surfaces with a contact angle around 70º are not only 

suitable for cell adhesion but may also accelerate cell migration as the 

hydrophobicity increases. However, a grooved texture can also inhibit cell 

migration when the wounds are parallel to the groove direction although, at the 

same time, preventing the cells from detaching from the substrates. 
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Additionally, when the pitch of the surface texture is as small as 6 µm, cells are 

again protected from detaching.  

3.4 Conclusions  

Photoembossing is a simple, environment-friendly and cost-effective way to 

fabricate surface topographies. The photopolymer PMMA-TPETA has 

improved cell attachment and proliferation compared to uncombined PMMA 

and has great potential in cell and tissue engineering. Surface topography 

decreases the surface hydrophilicity but promotes cell attachment, proliferation 

and migration. Cell alignment is affected by the surface relief structure most 

distinctly in the early stages, and then decreases. Photoembossed surfaces 

accelerate the migration of HUVECs along the structure, with cells migrating 

relatively more quickly on embossed films with larger pitches and a contact 

angle around 70º. Additionally, grooved surface textures with ‘parallel wound’ 

and a pitch of 6 µm also inhibit cells from detaching. All the results obtained 

suggest that photoembossed PMMA-TPETA films can be used to develop a 

monolayer of HUVECs on the surface of artificial vascular implants in order to 

prevent the formation of thrombus and fabricate small diameter vascular grafts. 

  



78 

 

Chapter 4 Interaction between HUVECs and 

holographic lithography electrospun fibres 

PLGA is already used in therapeutic devices which are approved by FDA due 

to its biocompatibility and biodegradability. The degradation rate of PLGA 

depends on the ratio between the glycolide and lactic units and can thus be 

controlled by adjusting the ratio between them. In general, the more glycolide 

units the copolymer contains, the faster it degrades. However, when the ratio of 

these two units in the copolymer is 1:1, the fastest degradation period of about 

two months is reached. A disadvantage of PLGA is that its cellular affinity is 

not very good. Moreover, the degradation products of PLGA can increase the 

acidity in the local area which can lead to late-onset non-infectious 

inflammation. This limits the application of PLGA. In implants, the surface of 

the biomaterial directly in contact with the cells has the greatest interaction 

with these cells, so the surface properties of the implant are critical. In order to 

broaden the utilization of PLGA in bioengineering, improving the cellular 

affinity is very important.  

By adding the biocompatible monomer TPETA to PLGA, a new PLGA-

TPETA photopolymer is created that improves the biocompatibility of PLGA 

through changing the chemical properties, morphology via electrospinning and 

surface topography via holographic lithography. The added TPETA monomer 

is not degradable hence causing the resultant photopolymer PLGA-TPETA to 

be semi-degradable in this system. Based on the evidence of previous research 
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into cell viability on fibres with different diameters (Kumbar et al., 2008, 

Christopherson et al., 2009, Badami et al., 2006), in our experiments, we used 

fibre diameters between 500 nm to 1.5 µm, which is considered to be the best 

range for cell viability. The primary focus was on cell morphology and 

adhesion to the photoembossed PLGA-TPETA fibre substrates.  

4.1 Materials and methods 

4.1.1 Materials 

PLGA (Corbion Purac) was used as the polymer binder while the 

multifunctional monomer and photo initiator were TPETA and Irgacure 369, 

respectively. The solvent PGMEA was used in film making, and CHCl3 and 

DMF were used in electrospinning. CellTiter 96® AQueous One Solution was 

used in the MTS assay as previous described for cell proliferation 

measurements. 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen) was used to 

stain the cell nuclei. Cytoskeleton was labelled by Phalloidin–

Tetramethylrhodamine B isothiocyanate (phalloidin, Sigma-Aldrich), and 

vinculin was labelled by a primary and secondary antibody: first by 

Monoclonal Anti-Vinculin antibody produced in mouse (anti-vinculin, Sigma-

Aldrich) and secondly by Alexa Fluor® 594 Donkey Anti-Mouse IgG (H+L) 

Antibody (anti-mouse, Invitrogen). 
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4.1.2 PLGA-TPETA films and fibres 

Pure PLGA films, non-embossed and embossed PLGA-TPETA films were 

prepared as previously described in 2.3 for the material biocompatibility 

observations. A mixture of 1:1 by weight PLGA and TPETA and Irgacure 369 

at 5 wt. % of the TPETA was dissolved in a 60 wt. % solution of PGMEA. A 

20 µm pitch photomask and 88.4 mJ/cm
2
 UV dosage were used in the first UV 

exposure step. Based on our previous studies (Hughes-Brittain, 2013), the 

chosen UV dosage and a temperature of 80 ºC in the heating stage are optimum 

conditions to photoemboss PLGA-TPETA films. 

Because of the uneven surface of electrospun fibre substrates, holographic 

lithography photoembossing is introduced in preference to the contact mask 

photoembossing process used for film fabrication. PLGA-TPETA fibres are 

made through a conventional electrospinning setup (Li et al., 2002, Nair et al., 

2004) at ambient temperature and pressure. The solution used in the 

electrospinning process is slightly different from that used in film fabrication 

being a 5:4 by weight mixture of PLGA and TPETA dissolved in a solution of 

CHCl3 and DMF at a ratio of 9:1. Also, the PLGA used in this process has 

different inherent viscosities of 1.04 dl/g and 1.80dl/g with a different ratio of 

glycolide to lactic units of 50:50 and 82:18. The proportion of TPETA is 

reduced in order to produce dry solid fibres on the collector. Irgacure 369 is 

still at 5 wt. % of TPETA.  All components are dissolved in 60 wt. % and 85 

wt. % of the CHCl3 and DMF mixture, respectively. The percentage of solvent 

is chosen based on the morphology of obtained fibres (basically, every single 
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fibre should be uniform and without any beads). This solution was electrospun 

using a single nozzle with a 1 mm diameter aperture with a collector at 20 cm 

distance. The applied voltage was 25 kV with a solution flow rate of 0.3 ml/hr. 

In all these experiments, 13 mm glass cover slips placed on the collector 

received the electrospun fibres. The collected samples were removed to a 

lightproof box until they were processed by holographic lithography. After this, 

samples were heated at 80 ºC for 20 min, followed by exposure under a UV 

light for 1000 sec at full power.  

4.1.3 Cell culture 

HUVECs were cultured and maintained as previous described in 2.1. All 

substrates were soaked in 75% ethanol for 30 min, and then washed 3 times 

with DPBS. Substrates were then transferred to 24-well plates. The cell 

suspension was pipetted directly onto the substrates at a density of 1.5×10
4
 

cells/cm
2
 and cultured up to 7 days depending on the various experimental 

requirements.   

4.1.4 Analysis of substrates and the influence on HUVECs 

The effect of laser dosage on PLGA-TPETA fibres with the pitch of 1.5 µm 

was studied. This pitch size was chosen based on the fibre diameters according 

to our previous study (Hughes-Brittain, 2013). Fibres on the glass cover slip 

are exposed to the UV pattern that generated by interference of two coherent 
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beams in air at room temperature. The UV dosage is controlled by changing the 

pulse duration of the laser. The heights of the relief structure on the obtained 

samples were measured with an AFM. 

An MTS cell proliferation assay as previously described was carried out on 

PLGA-TPETA films. The contact angle was also measured for embossed 

PLGA-TPETA films with 20 µm pitch for reference purposes. 

Cell morphology based on the appearance of actin filaments (F-actin), and cell 

adhesion based on the presence of vinculin in focal adhesions were both 

examined under a confocal microscope. 

4.1.5 Immunostaining 

Specimens were washed 3 times with DPBS and then fixed with 4% PFA for 8 

min, followed by washing a further 3 times with DPBS. Cells were 

permealized by immersing in a 500 µl/well with 0.2% Triton
TM

 X-100 (Sigma-

Aldrich) for 5 min, followed by 2 washes with DPBS. They were then 

immersed in a 500 µl/well of blocking buffer consisting of 0.01g/ml bovine 

serum albumin (BSA) added to DPBS for 45 min in an incubator at 37 ºC. 

Because the photopolymer fibres are autofluorescent and appear green under 

the confocal microscope, F-actin and vinculin are both stained red in seperate 

samples to distinguish them from the fibres. HUVECs were stained with 

phalloidin for 45 min to distinguish F-actin and with DAPI for 45 min for 

nuclear. In the other group of samples, HUVECs were treated with the primary 
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antibody anti-vinculin for 45 min followed by the secondary antibody anti-

mouse and DAPI for 45 min. After all the staining steps were completed, the 

samples were washed 3 times with DPBS and twice with DI-water. 

4.1.6 Data analysis and statistical methods 

All quantitative measurements are reported as mean values ± standard 

deviation. To determine statistical difference when comparing different groups , 

a student’s t-test is used. 

4.2 Results  

4.2.1 Synthesis and characterization of holographic lithography 

electrospun fibres 

Electrospun PLGA-TPETA fibres with PLGA of two different inherent 

viscosities are shown in Figure 4.1. In both cases, fibres were randomly 

oriented and formed a mesh on the surface of the glass cover slip. Fibre 

morphology can be influenced by the inherent viscosity of polymer, distance 

between the tip of needle and the collector, injection flow rate and ambient 

conditions. PLGA with lower inherent viscosity or higher concentration in the 

solvent will make thicker fibres. Greater distance between nozzle and collector 

results in thinner fibres but also requires a higher voltage although varying the 
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voltage at a fixed nozzle distance makes little difference to the diameter of the 

fibres (Zhang et al., 2008). Using the same solution, a lower speed of injection 

flow rate results in thinner fibres. Additionally, unsuitable temperature and 

humidity may cause beads, but this situation can sometimes be modified by 

changing the solvent. Under the same conditions (distance and injection flow 

rate), PLGA (82/18) with an inherent viscosity of 1.80dl/g results in fibre 

diameters ranging from 500 nm to 1.5 µm (Figure 4.1 A) while PLGA (50/50) 

with an inherent viscosity of 1.04 dl/g results in a larger range of fibre 

diameters from 2 µm to 5 µm (Figure 4.1 B). The distribution of fibre 

diameters are shown in Figure 4.1 C and D, respectively.     

 

Figure 4.1 Electrospun PLGA-TPETA fibres under optical microscope (A) PLGA with an 

inherent viscosity of 1.80 dl/g (B) PLGA with an inherent viscosity of 1.04 dl/g (C) the 
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distribution of fibre diameters obtained from the photopolymer contained the 1.80 dl/g PLGA 

(D) the distribution of fibre diameters obtained from the photopolymer contained the 1.04 dl/g 

PLGA 

 

Figure 4.2 shows the height of relief structures measured by AFM caused by 

different duration of laser pulse. The optimum pulse duration appears to be 350 

µs producing a height at 78.82±1.24 nm.  

The height of the relief structure produced on the PLGA-TPETA film by 

photoembossing through the holographic lithography method was also 

measured for reference and gave the higher result of 93.47±2.31 nm. The 

thickness (60 µm) of the film may have contributed to this higher value by 

providing more monomer to participate in the diffusion process. Moreover, this 

explanation is in accordance with our previous study showing that larger 

pitches with the same size fibres can also produce higher relief structures 

(Hughes-Brittain, 2013). After the optimum UV dosage was exceeded, the 

height of the relief structure dropped, as was the case with the photoembossed 

films discussed in the last chapter. This can be explained by a higher crosslink 

density resulting in less available monomer to diffuse.  
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Figure 4.2 Relief height of photoembossed fibres with 1.5 μm pitch at different pulse duration. 

 

The AFM profile of the embossed fibres (Figure 4.3) presents sharper ridges 

and grooves compared with the embossed films discussed in Chapter 3. This 

suggests that the monomer is very mobile and well diffused at the given 

temperature and duration. Luthen (Luthen et al., 2005)  pointed out that sharp 

ridges on titanium substrate influence F-actin formation in osteoblastic cells. 

However, Degasne (Degasne et al., 1999) reported that a sharp profile on 

titanium surfaces can damage or injure the cells. Additionally, Den Braber 

(Den Braber et al., 1995, Den Braber et al., 1996) and Schweikl (Schweikl et 

al., 2007) suggested that on narrow, shallow and sharp surfaces, cells will 

bridge over ridges and will also be smaller than those on a smooth surface. 
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Figure 4.3 AFM profile of the embossed fibres 

 

After photoembossing, the PLGA-TPETA fibres maintained their fibrous 

structure (Figure 4.4). Fibres are evenly photoembossed in the exposed area. 

However, depending on the pitch size of the relief structure and the diameter of 

the fibres, when the interference pattern is parallel to the direction of the fibres, 

especially those with small diameters, relief structures may not be seen. We 

define the pitch of the relief structures on the fibres geometrically as follows, 

              
       

    
 

α is the angle between the interference pattern and the direction of fibre. 
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Figure 4.4 Confocal microscopy images of photoembossed PLGA-TPETA fibres 

 

4.2.2 HUVECs proliferation 

Pure PLGA films, PLGA-TPETA non-embossed films and PLGA-TPETA 

embossed films with a 20 µm pitch were used in an MTS assay. Untreated 

glass cover slips were used as control. Figure 4.5 shows that cell numbers 

increased on all substrates throughout the experimental period. To be specific, 

cells seeded on the embossed films exhibit significantly higher proliferation at 

all of the time points than on both the pure PLGA and non-embossed films. On 

day 1, cell numbers on the non-embossed films was significantly lower than on 
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the pure PLGA films. There were approximately equal on days 2 and 3 and, by 

day 5, cell numbers on the non-embossed films were significantly exceeding 

those on pure PLGA films. These results suggest that the added TPETA does 

not initially improved the biocompatibility on cell attachment of pure PLGA, 

but as the culture proceeds, the PLGA-TPETA films not only become more 

biocompatible but cell proliferation is also accelerated compared with the pure 

PLGA films. Nevertheless, the embossed surface showed the greatest 

improvement in cell attachment of the substrate and accelerated cell 

proliferation throughout the culture period.   
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Figure 4.5 Proliferation of HUVECs (* and ** indicates the statistical significance) (A) 

HUVEC proliferation on glass cover slips, pure PLGA films, non-embossed PLGA-TPETA 

films and embossed PLGA-TPETA films, (B)HUVEC proliferation on day 1, (C) HUVEC 

proliferation on day 2, (D) HUVEC proliferation on day 3, (E) HUVEC proliferation on day 5, 

(F) HUVEC proliferation on day 7. 
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Surface wettability might be an important factor in these results. It is well 

known that the biocompatibility of PLGA is limited  due to its hydrophobic 

property. From our contact angle measurements (Table 4.1) we can see that the 

values on pure PLGA films are 79.31±0.45º and by adding TPETA the value 

decreases to 61.63±0.86º. However, photoembossing produces a higher contact 

angle of  68.72±0.56º. The MTS results are in accordance with the PMMA-

TPETA films discussed in 3.2.2 that a water contact angle around 70º shows  

the best cell adhesion. 

Table 4.1 Contact angle measurements of PLGA films  

Films Contact angle (degrees) 

Pure PLGA 79.31±0.45 

Non-embossed PLGA-

TPETA 
61.63±0.86 

Embossed PLGA-

TPETA 
68.72±0.56 

 

4.2.3 Cell adhesion on PLGA-TPETA fibres 

The cytoskeleton of a cell connects with the ECM through focal adhesions. 

Vinculin is a crucial site in focal adhesion as it is known to reinforce the 

connection between actin and the ECM (Galbraith et al., 2002). In this study, 

focal adhesions are visualized by staining the vinculin and examined with a 

confocal microscope. 
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The morphology and distribution of vinculin in HUVECs on a glass cover slip 

are shown in Figure 4.6. Focal adhesions are randomly distributed in the 

perinuclear region (white arrow) and also close to the edge of the cells (yellow 

arrow). The former observation suggests the potential for de novo vinculin 

synthesis (Uttayarat et al., 2005b). Moreover, focal adhesions in elongated cells 

are more concentrated at the poles (green arrow). 

 

Figure 4.6 Overlay confocal microscopy image of HUVECs stained for the 

nucleus (blue) and vinculin (red) on glass cover slip. White arrow represents 

the perinuclear region, yellow arrow represents FAs close to the edge of the 

cells, green arrow represents FAs in elongated cells are more concentrated at 

the poles.The HUVECs showed a marked tendency to settle onto fibres 
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immediately (white arrow) after seeding though not yet adhering to the 

substrate (Figure 4.7). Subsequently, they begin to grow from the fibre 

intersections on both non-embossed and embossed fibres (Figure 4.8) and 

tended to form a monolayer by spreading into the mesh holes. 

 

Figure 4.7 Image obtained by optical microscope after HUVECs  seeded onto fibres 

 

 

Figure 4.8 Epifluorescence microscope image of HUVECs grow from the intersections on both 

(A) non-embossed fibres and (B) embossed fibres after cultured for 1 day. 
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Focal adhesions are found most commonly at the edge of the cells although 

some are found in the central regions as in those grown on the glass cover slips. 

However, when focal adhesions are formed on the surface of photoembossed 

fibres, some of them reflect the pattern of the embossed fibres below (Figure 

4.9 A, B, white arrows), others are organized along the side of fibres (Figure 

4.9 C, D, white arrows) while the rest are randomly distributed.  

Information collected by the confocal microscope allowed us to focus our 

attention on those sites within the sample where focal adhesions were 

contiguous with fibres (Figure 4.10). We can see, with respect to these 

particular sites, focal adhesions appear in the region between the peaks of the 

ridges (white arrow), the top of the ridges (yellow arrow) and the bottom of the 

grooves (blue arrow). 
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Figure 4.9 Overlay confocal microscopy image of HUVECs stained for the nucleus (blue) and 

vinculin (red) on photoembossed fibres. Images on the right are the latter merged with image 

of corresponding fibres (green, autofluorescenced) as reference. Arrows represent highlight 

areas where (A) (B) FAs on the surface of the fibres or (C) (D) along the fibre sides. 
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Figure 4.10 Cross section images of focal adhesions where they follow the same pattern as the 

embossed fibres. White arrows represent FAs appear in the region between the peaks of the 

ridges, yellow arrows represent FAs on the top of the ridges, blue arrow represent FAs at the 

bottom of the grooves.   
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In order to study the influence of the relief structure on the HUVECs, the 

substrates were coated with 0.25 µg/ml poly(L-lysine)-graft-poly(ethylene 

glycol)co-polymer (PLL-g-PEG) to prevent protein from adhering to the glass 

cover slips for 1 hour and then coated with 10 µl/ml fibronectin for 1 hour. 

After this treatment, HUVECs will only adhere to the fibres in the initial stages 

of the culture period. On testing, the PLL-g-PEG coating proved effective up to 

2 days after which, cells began to adhere to the glass cover slips. Figure 4.11 

shows a cell attached to the embossed fibres without adhering to the glass 

cover slip. In accordance with the previously described observations, focal 

adhesions appear predominantly at the cell edge, although there are still some 

present in the central area of the cell. Focal adhesions are either along the side 

of fibres or follow the same pattern as the fibres, which seem to be organized 

along the side wall and the botton of the relief structure. And a few of them 

appear on the ridges. 
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Figure 4.11 Overlay confocal microscopy image of HUVECs stained for the nucleus (blue) and 

vinculin (red) on PLL-PEG treated substrate. 

 

The area of focal adhesions is measured using Image J software and the 

percentage of focal adhesions on fibres and glass cover slips wascalculated in 

the same cells for every count as follows, 
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Afibre is the area of focal adhesions on the fibres, Aglass is the area of focal 

adhesions on the glass cover slip. 

Images used for Image J analysis are all obtained after 1 day of culture on the 

substrates not treated with PLL-g-PEG. The percentage of total area covered by 

focal adhesions on embossed fibre samples was significantly higher than that 

covered by the same cells on glass cover slips (Figure 4.12). However, this 

result shows an average trend in the behaviour of focal adhesions and includes 

individual samples, for instance, where the percentage of focal adhesions on 

fibres is 43.55% which is lower than the value (56.45%) of those on the glass 

cover slip in the same cell. Nevertheless, focal adhesions on fibres present a 

more aggregated arrangement while those on glass cover slips are more 

dispersed and tend to be situated near the edge of the cell membrane. 
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Figure 4.12 The percentage of focal adhesions on fibres and glass cover slips 

 

4.2.4 Cell morphology 

The structure and shape of a cell is provided by the cytoskeleton. Microtubules, 

intermediate filaments and microfilaments are three main kinds of cytoskeletal 

filaments (Minton, 1992). Microfilaments, also called F-actin, control 

cytokinesis, provide mechanical properties and allow cells to migrate (Cooper 

and Hausman, 2009). In particular, the shape and consistency of a cell are 

determined by the length and attachment architecture of its filaments 

(Britannica, 2014). In this study, cytoskeleton elements were visualized by 

staining the F-actin and examined with a confocal microscope. 
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The morphology and distribution of F-actin in HUVECs on glass cover slips is 

shown in Figure 4.13. F-actin is present as thin filaments which can be as long 

as several micrometres distributed throughout the HUVECs forming a 

contiguous meshwork. The majority of these filaments also exhibit cortical 

structures and form characteristic ruffles (white arrow).  

 

Figure 4.13 Overlay confocal microscopy image of HUVECs stained for the nucleus (blue) and 

F-actin (red) on glass cover slip. White arrow represent the ruffles area. 

 

Non-embossed fibres of larger diameter seem to have an influence on the 

orientation of HUVECs. However, F-actin still appear contiguously on them 

(yellow arrow) while fibres of smaller diameter (white arrow) disrupt the 
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consistency of the filaments (Figure 4.14 A). When the F-actin is perpendicular 

to the relief structure (blue arrow), they are significantly affected by the surface 

texture and present disordered morphology (Figure 4.14 C E). On the other 

hand, when the F-actin is parallel to the relief structure, no significant influence 

can be observed and some filaments even become more organized in the 

concave area of the surface texture (Figure 4.15 A, white arrow on the left). 

These observations suggest that fibres with larger diameter and the surface 

textures which are parallel to the orientation of F-actin do not have significant 

or disruptive influence, whereas smaller fibre diameter and the relief structure 

that are perpendicular are more positively influential on the morphology of F-

actin. 

The cross section images (Figure 4.15) suggest that, irrespective of the F-actin 

being disrupted (Figure 4.15 C) or not (Figure 4.15 B) by the surface texture, 

the filaments still appear to be on top of the fibres. 
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Figure 4.14 Overlay confocal microscopy image of HUVECs stained for the nucleus (blue) and 

F-actin (red) on photoembossed fibres. Images on the right are those on the left merged with 

corresponding images of fibres (green, autofluorescenced) as reference. (B) non-embossed 

fibres (C) and (D) embossed fibres. White arrow represent the disrupted F-actin on smaller 

diameter fibre, yellow arrow represent the unaffected F-actin on larger diameter fibre, blue 

arrows represent the F-actin is perpendicular to the relief structure. 
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Figure 4.15 Cross section images of F-actin where it is influenced by the relief structure of the 

embossed fibres. White arrows represent the F-actin on the surface of the fibres. 
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4.3 Discussion 

Due to its adjustable degradability, PLGA is considered to be one of the most 

potentially valuable biomaterials for bioengineering. However, the acidic 

environment caused by its degradation products and its surface hydrophobic 

properties limit the utility of PLGA. Therefore, it is very necessary to improve 

the cellular affinity and surface wettability of PLGA. The added biocompatible 

monomer TPETA does indeed lessen its hydrophobic properties, the contact 

angle being reduced from 79.31±0.45º to 61.63±0.86º, but this does not 

improve its cellular affinity. The contact angle of photoembossed PLGA-

TPETA films with a 20 µm pitch approaches this ideal at 68.72±0.56º and, 

among the three kinds of substrates, the MTS results indicate that HUVECs 

present best attachment and proliferation on the embossed PLGA-TPETA films. 

This is in accordance with the literature and our previous results. 

The semi-degradable photopolymer PLGA-TPETA was successfully 

electrospun into fibres with different diameters and photoembossed through 

holographic lithography without changing their fibrous structure (Figure 4.4). 

Fibre diameters can be controlled by using PLGA binders with different 

inherent viscosities: the higher the inherent viscosity of PLGA used, the thinner 

the fibres obtained (Figure 4.1). Holographic lithography photoembossing does 

not require the samples to be in contact with a photomask which makes the 

process extremely suitable for texturing the uneven surface of electrospun 

fibres. Different heights of the relief structure can be achieved by changing the 

laser pulse duration which is directly related to the UV dosage. Furthermore, 
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higher UV dosages are required for smaller pitch surface textures to achieve 

the optimum height.  

HUVECs show a preference for settling onto the fibres immediately after cell 

seeding, and begin growing from the fibre intersections (Figure 4.8). This is 

probably because, in this initial stage, the intersections can provide a larger 

surface area than the isolated fibres and a rougher surface than the glass cover 

slips.   

Focal adhesions play an important role in mediating cell–ECM adhesion, force 

transmission, cytoskeletal regulation and signalling (Burridge and 

Chrzanowska-Wodnicka, 1996, Geiger et al., 2001, Bershadsky et al., 2003). 

The ECM and actin cytoskeleton are linked by focal adhesions at a scale of less 

than 200nm (Franz and Müller, 2005, Chen and Singer, 1982), the adhesion 

sites consisting of a complex network of trans-plasmamembrane integrins and 

cytoplasmic proteins (Zaidel-Bar et al., 2007). At this latter date, the molecular 

architecture of focal adhesions was still unknown. In addition, it was not clear 

whether focal adhesions were structurally unorganized, or if the relevant 

structural organization was in the third dimension (Kanchanawong et al., 2010). 

It has been reported that in focal adhesions, the integrin-actin does not display 

a physical overlap which is  in accordance with the observed absence of their 

binding interactions in vitro (Burridge and Chrzanowska-Wodnicka, 1996, 

Geiger et al., 2001). Furthermore, it is reported that there is a gap of about 40 

nm between the integrin cytoplasmic tails and the actin cytoskeleton which is 

caused by the presence of protein-specific strata. This indicates the importance 
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of a ‘focal adhesion core’, which is constructed by the presence of protein-

specific strata, domain bridging this gap and determining the nanoscale protein 

organization (Kanchanawong et al., 2010). Integrin-mediated signalling, 

cytoskeletal adaptors and actin-regulatory proteins are considered to be three 

functional categories of key focal adhesion proteins. In integrin-mediated 

signalling, FAK and paxillin are both considered to be signalling/adaptor 

subcompartment of the focal adhesion core. For cytoskeletal adaptors, vinculin 

is supposed to reinforce the connection between actin and the ECM (Galbraith 

et al., 2002) thus making vinculin the crucial site in regulating force 

transmission. Zyxin and VASP which are considered to be actin-regulatory 

proteins, are recognised as playing a cooperative role in regulating actin 

assembly (Yoshigi et al., 2005). Furthermore, α-actin organizes the actin at 

focal adhesion sites. Kanchanawong (Kanchanawong et al., 2010) 

demonstrated that talin could act as a vertically oriented scaffold for the 

stratified focal adhesion core by forming tethers that span the gap between 

integrin and actin.  

Focal adhesions in HUVECs on smooth surfaces are randomly distributed in 

the perinuclear region and the edge of the cells (Figure 4.6). Particularly when 

the cell is elongated, focal adhesions will be more concentrated at the poles. 

When the fibres possess a relief structure on their surface, some focal 

adhesions exhibit the same pattern as the relief structure, some are organized 

along the side of fibres, and others seem unaffected (those on the top or the 

bottom of the relief structures). Moreover, those focal adhesions reflecting the 

topographic pattern of the fibres also seem to be adhering along the sidewall of 
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the relief structure rather than on the top of the ridges. It has been shown that a 

sufficient minimum length of focal contact is required to provide adhesion 

(Ohara and Buck, 1979). Thus when the surface topography could not provide 

enough space for focal adhesions to attach, they may not be able to affect the 

distributions of focal adhesions. Using the same cells, the average area of focal 

adhesions observed on the fibres was significantly higher than on the glass 

cover slips, despite individual exceptions to the contrary. However, from all the 

results we obtained, there is no doubt that focal adhesions on fibres present a 

more aggregated arrangement, while those on glass cover slips were more 

randomly dispersed and tended to form near the edge of the cell membrane. 

The cytoskeleton provides a cell with structure and shape. To be specific, the 

shape and consistency of a cell are largely determined by the length and the 

attachment architecture of F-actin (Britannica, 2014), which forms one of the 

principal kinds of cytoskeleton filaments (Minton, 1992). HUVECs are seen to 

orient themselves in the direction of fibres and F-actin does not seen to be 

influenced by the presence of larger-diameter non-embossed fibres. On the 

other hand, in general, F-actin seems to be disturbed by smaller diameter fibres 

and by the surface topographies of textured fibres. However, when the F-actin 

is parallel with the surface texture, its activity will not be interrupted and may 

even be more organized in the concave area to reflect the pattern of the 

substrate. Finally, regardless of whether the F-actin is disturbed or not, it 

appears on the top of the fibres. 
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4.4 Conclusions 

The added functional biocompatible monomer TPETA was found to increase 

the hydrophilic properties of PLGA without improving its cellular affinity. 

Photoembossing however, increased the hydrophobic properties of PLGA-

TPETA films but with a contact angle that was still smaller than for PLGA and 

also obtained good biocompatibility. HUVECs show a preference for settling 

onto the fibres and grow from the fibre intersections, orientating in the 

direction of the fibres. Photoembossing through holographic lithography can 

successfully texture the electrospun nano- and micro-scale PLGA-TPETA 

fibres, and uniform surface textures can be achieved on the surface of the fibres 

while keeping their fibrous structure, regardless of the fibre diameters. Focal 

adhesions may be influenced by both the presence of fibres and their relief 

structure although F-actin is only affected by fibres with small diameters and 

the surface topography of textured fibres. 
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Chapter 5 Fully degradable PLGA-PEGDA-

DTT films and fibres 

The experimental examination of non-degradable PMMA-TPETA and semi-

degradable PLGA-TPETA photopolymers are discussed in Chapter 3 and 

Chapter 4 and show that, in both cases, the photoembossing treatment 

improved cell attachment and accelerated cell proliferation of HUVECs. 

However, fully degradable biomaterials are also needed for use in therapeutic 

devices such as scaffolds with 3D porous structures, drug delivery vehicles and 

temporary prostheses (Nair and Laurencin, 2007). The ability of degradable 

materials to be absorbed by the body, thereby avoiding the need for further 

surgery to remove the implantation has drawn significant attention from 

researchers in the bioengineering field. 

Instead of TPETA, PEGDA and DTT were added as functional monomers to 

PLGA to create a fully degradable photopolymer, which was seen to 

completely degrade during the accelerated degradation experiments. Relief 

structures could be obtained on the PLGA-PEGDA-DTT substrates through 

photoembossing on both films and fibres, and the height could be tuned by 

varying the UV dosages. Biocompatibility of this photopolymer was also 

investigated in this research as it is one of the most important properties of a 

biomaterial, especially a degradable biomaterial in which biocompatibility may 

vary over time.   
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5.1 Materials and methods 

5.1.1 Materials 

This chapter will concentrate on the degradation of the photopolymer, so that 

PLGA (50/50) which supposed to degrade fastest among the PLGA with 

different ration of glycolide units to lactic units is used as the polymer binder. 

The cross-linked PEGDA and DTT hydrogel have been extensively studied 

recently and shown to be hydrolytically degradable, the degradation also being 

capable of control. We therefore introduce PEGDA and DTT as the functional 

monomers to create this fully degradable photopolymer. These are dissolved in 

a mixture of chlorobenzene and DMSO with PLGA and the photo initiator, 

Irgacure 369. The polymer binder, PLGA is at a ratio of 1:1 by weight with 

PEGDA, DTT is at 0.8 mol of PEGDA and Irgacure 369 is at 5 wt. % of 

PEGDA. The chlorobenzene and DMSO are at a 1:1 ratio by weight and twice 

the total weight of the PLGA and PEGDA. PEGDA with molecular weights of 

both 258 and 6000 were used in separate experiments. 

5.1.2 Preparation of PLGA-PEGDA-DTT films and fibres 

In order to successfully obtain the fully degradable photopolymer solution, the 

chemicals described above have to be added in a certain order. PEGDA should 

be dissolved in the mixture of chlorobenzene and DMSO first. After the 
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PEGDA is totally dissolved, the DTT and Irgacure 369 can be added. After the 

DTT and Irgacure 369 are dissolved, the PLGA can finally be added. 

The photopolymer solution was coated onto 13 mm acrylate functionalized 

glass cover slips with a wire bar coater resulting in films with a thickness of 

60±5 µm. Films were allowed to dry in shade on a heater at 40 ºC for 20 min. 

The film was textured using a 20 µm pitch photomask and the optimum UV 

intensity of 704 mJ/cm
2 

determined by our previous studies (Hughes-Brittain, 

2013). After the first exposure, samples were heated at 120 ºC for 20 min, 

followed by a flood UV exposure of 1701 mJ/cm
2
. 

The photopolymer solution was also used to fabricate electrospun fibres with a 

voltage of 20 kV, a flow rate of 0.5 ml/hour and a distance between nozzle and 

collector of 20 cm. These fires were photoembossed by holographic 

lithography as described in Chapter 4. The fibres were exposed to UV with a 

pulse duration of 350 µs, followed by heating at 120 ºC for 20 min and finally 

subjected to a flood UV exposure. 

5.1.3 Cell culture and proliferation 

HUVECs were cultured and maintained as previously described in 2.1. Before 

being seeded, all substrates were soaked in 75% ethanol for 30 min, and then 

washed 3 times with DPBS. Fibre substrates were used as previously described 

while film substrates were divided into two groups, one group being used 

directly as previously described and the other group being aged in DI-water for 
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3 days before use. Substrates were then transferred into 24-well plates and the 

cell suspension was pipetted directly onto the substrates at a density of 1.5×10
4
 

cells/cm
2
 and then cultured up to 7 days depending on the various experimental 

requirements.   

A cell proliferation assay with MTS was carried out on the PLGA-PEGDA-

DTT films and processes as previously described.  

5.1.4 Analysis of substrates 

Both PLGA-PEGDA-DTT photopolymer and pure PLGA are separately made 

into cylindrical shapes in a stainless steel mould with 50 mm holes. The 

solutions are put into the mould and dried overnight in a convection oven at 80 

ºC. The mould containing the polymer is then exposed on each side to UV light 

for 10 min. The solid polymer cylindrical constructs are then taken out of the 

mould and again exposed to UV for 20 min. Accelerated hydrolysis of the 

polymer solids is then carried out in 1 M of NaOH in DI-water at room 

temperature. The polymer constructs and any probable fragments are removed 

every 4 to 8 hours, washed with DI-water, dried in a vacuum at room 

temperature and then weighed. 

As cross-linked PEGDA and DTT form a hydrogel which will swell in the 

culture medium, both dry and swollen PLGA-PEGDA-DTT films were 

measured with the AFM. The contact angle is also measured on the PLGA-

PEGDA-DTT films embossed with a 20 µm pitch. The surface morphology of 
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degraded PLGA-PEGDA-DTT films is examined with an SEM. 

Photoembossed fibres are examined with an epifluorescence microscope. 

5.1.5 Data analysis and statistical methods 

All quantitative measurements are reported as mean values ± standard 

deviation. To determine statistical differences when comparing the differences 

between groups, a student’s t-test was used. 

5.2 Results 

5.2.1 Synthesis and characterization of PLGA-PEGDA-DTT 

films and fibres 

PLGA-PEGDA-DTT photopolymer was successfully photoembossed (Figure 

5.1 A) by exposure to a UV dosage of 704 mJ/cm
2 

with a 20 µm pitch 

photomask and then heated at 120 ºC. The molecular weight of PEGDA we 

decided to use was 258 after comparison with the larger (6000) PEGDA 

molecule. Whereas the smaller PEGDA molecules permitted an even coating 

of substrate which remained fixed to the acrylate functionalized glass cover 

slips, the films made with the heavier PEGDA component repeatedly detached 

from the cover slips once immersed in the medium, tended to get folded during 

the experiment and even floated to the top of the medium. This may be because 
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the higher molecular weight PEGDA causes greater swelling. As with PMMA-

TPETA and PLGA-TPETA, the height of relief structures produced in the 

PLGA-PEGDA-DTT photopolymer can be tuned by changing the UV dosages 

and the temperature used in the heating stage. Details can be found in my 

colleague’s thesis (Hughes-Brittain, 2013). Here we chose the optimum 

conditions to fabricate the embossed films for the following studies. 

As both PEGDA and DTT can be photocross-linked to form a hydrogel 

network which will swell in the presence of liquid (Hudalla et al., 2008), we 

speculated that our PLGA-PEGDA-DTT photopolymer would also swell. We 

has observed phase separation between the cross-linked thiol-acrylate network 

and the PLGA polymer binder in our previous studies indicating that the thiol-

acrylate network had diffused to form the ridges and leaving a higher 

concentration of PLGA in the grooves with a stiffer surface. Embossed PLGA-

PEGDA-DTT films were kept in culture medium up to 7 days and examined 

with an optical microscope. Dried samples (Figure 5.1 A & C) were created by 

removing from the medium at the 3- and 7-day time points and drying 

overnight in a convection oven at 80 ºC. The morphology of relief structures 

was still in order on day 3 for both dried (Figure 5.1 A) and wet (Figure 5.1 B) 

samples although the dried sample presented a surface texture with relatively 

flat ridges (the darker areas) while the wet sample showed swollen ridges (the 

brighter areas). By the 7
th

 day, neither the dried (Figure 5.1 C) nor the wet 

(Figure 5.1 D) samples exhibited clear relief structures leaving only traces of 

the previous textures on the majority of the surface. This swelling phenomenon 

is in accordance with the AFM measurements of the embossed film taken in 
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DPBS. Samples were measured after 2 hours kept in DPBS. The AFM results 

show that even after only 2 hours in DPBS, the relief structure is already 

swollen and has become extremely rough. In addition, the relief height has 

increased from an average of around 1.5 µm (average height) to a maximum of 

2 µm (Figure 5.2). 

 

Figure 5.1 Photoembossed PLGA-PEGDA-DTT films after 3 days in culture medium (A) dried 

(B) wet and after 7 days in the medium (C) dried (D) wet. Arrows indicate the ridge area.   
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Figure 5.2 AFM graph of PLGA-PEGDA-DTT films dry (black) and 2 hours in PBS (red) 

 

PEGDA with the higher molecular weight of 6000 was used in the 

electrospinning process as it is known to improve the chances of polymers with 

higher molecular weight to be spun. The obtained fibres were embossed 

through holographic lithography. As shown in Figure 5.3, PLGA-PEGDA-

DTT photopolymer fibres were successfully electrospun and photoembossed. 

However, the morphology of these fibres is not as uniform as that of the 

PLGA-TPETA fibres. 
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Figure 5.3 Electrospun PLGA-PEGDA-DTT fibres 

 

5.2.2 Degradation  

Samples were kept in culture medium in an incubator at 37 ºC in 95% air/5% 

CO2 and dried overnight in a vacuum at room temperature at each time point. 

The degraded surface of fully degradable PLGA-PEGDA-DTT films and semi-

degradable PLGA-TPETA films were examined with an SEM. The most 

visible changes observed in morphology at each time point are described below.  

In accordance with observations by an optical microscope, the embossed 

texture on PLGA-PEGDA-DTT films was still clear and orderly after 3 days in 
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the culture medium but with some uneven areas. There were numerous crater-

like depressions, sometimes several times the pitch size, various lumps or 

‘pimples’ with some smaller pores around and wrinkles along the sides of the 

ridges (Figure 5.4 A). As the experiment proceeded, the texture gradually 

become disordered in a variety of ways but in general, became shallower or 

even approaching a flat morphology. On the other hand, the embossed texture 

on PLGA-TPETA films appeared more durable and kept its general 

morphology up to 35 days (Figure 5.4 B D F). The degradation of both kinds of 

film is very much related to the behaviour of its ‘skin’. This is a thin, relatively 

smooth layer (white arrow) covering the surface of the films and once it 

isdisruped , large numbers of PLGA particles will be revealed (Figure 5.6). 

After 7 days, the PLGA-PEGDA-DTT film had not dramatically changed 

although showing more flat ridges and shallower grooves. Wrinkles alongside 

the ridges might have been caused by the drying process. PLGA particles had 

begun to appear in the grooves (Figure 5.5 A B). After 14 days, the peaks of 

some of the lower ridges had been dehisced from the centre (white arrow) 

exposing large numbers of PLGA particles underneath. Furthermore, PLGA 

particles appear to have become more uniformly dispersed on both ridges and 

grooves. This is probably because of the flattened profile which means the 

diffusion process was not intense in that area (Figure 5.5 C). By day 21, the 

‘skin’ of the PLGA-TPETA film in the groove area had begun to break 

revealing PLGA particles (Figure 5.4 D). After 28 days, PLGA particles had 

also appeared on the surface of high ridges as well as increasing in the grooves, 

which had previously looked smooth. Moreover, this space between the ridges 
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had become even smaller due to the swelling of the hydrogel network (Figure 

5.5 D). The typical hydrogel morphology with 3D pore structures was observed 

after 35 days, most of the pores being concentrated on the ridges (Figure 5.4 E). 

This reflects the phase separation between the cross-linked thiol-acrylate 

network and the PLGA polymer binder again. In the meantime, some ridges on 

PLGA-TPETA films had broken up and fewer PLGA particles are left at the 

bottom of the groove area appearing more numerously at the root of the ridges 

(Figure 5.4 F).  

The ridges seem to coalesce as they become even lower and, after 42 days, the 

ridges actually appear concave, being higher on either side of the former peak 

(Figure 5.5 E). Additionally, porous structures have appeared on the surface of 

these concave ridges and large ‘wells’, presenting a relatively smooth surface 

look like the surface of the centre of ‘craters’ come out in the first few days. In 

‘lumpy’ areas, the underlying hydrogel structure is occasionally visible as are 

PLGA particles (Figure 5.5 F). By Day 63, PLGA particles are also visible 

through cracks in the embossed texture which appear to have begun along the 

grooves (Figure 5.5 G) and after 70 days, PLGA particles have appeared on the 

surface of ‘lump’ (Figure 5.5 H). By day 77, many holes, which are believed to 

be associated with the cross-linked thiol-acrylate hydrogel structure of the 

substrate, have perforated the surface (Figure 5.5 I). In other areas, some area 

pieces of unattached ‘skin’ and scattered PLGA are the only features visible 

(Figure 5.5 J).  
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Figure 5.4 SEM image of degraded PLGA-PEGDA-DTT films (left column) and PLGA-

TPETA films (right column) on (A) (B) day 3 (C) (D) day 21 (E) (F) day 35. 
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Figure 5.5 SEM images of degraded surface with typical changes of PLGA-PEGDA-DTT 

films on (A) day7 (C) day 14, arrow indicate the ridge dehisced from the centre (D) day28 (E) 

day42 (F) day 49 (G) day 63 (H) day 70 (I) (J)day 77, (B) is a higher magnification image of 

the yellow square area in (A), arrow indicate the PLGA particals. 

 

 

Figure 5.6 PLGA particles under the smooth ‘skin’ on a PLGA-PEGDA-DTT film 
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Figure 5.7 shows a degraded PLGA-PEGDA-DTT film after 77 days of 

degradation in the culture medium kept in a 37ºC incubator. In some areas, the 

trace of the original relief texture can be seen with the naked eye on the 

underlying glass cover slip.  The ratio of the glycolide and lactic units in the 

PLGA used in this experiment was 1:1, a ratio has been reported which is to 

cause full degradation in 2 months (Catıker et al., 2000). In the center of the 

sample where the carbon adhesive tape is underneath, the black areas in this 

picture should therefore correspond to the original position of the grooves 

because the diffusion process in the photoembossing procedure resulted in a 

phase separation between the PLGA polymer binder and the cross-linked thiol-

acrylate network which, in turn, caused the PLGA in the ridge area to be 

protected by a thicker layer of the hydrogel.  

 

Figure 5.7 Degraded PLGA-PEGDA-DTT film 

Accelerated hydrolysis is carried out in 1 M of NaOH in DI-water at room 

temperature. Polymer bulks and any probable fragments are removed after 4 
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hours and then every 8 hours, washed with DI-water and then dried in a 

vacuum at room temperature before weighing. The PLGA-PEGDA-DTT 

photopolymer demonstrated a much faster degradation than pure PLGA, 

especially when it comprised the PEGDA with the higher molecular weight, 

which resulted in full degradation in 8 hours. The pure PLGA degraded at a 

relatively uniform rate while the degradation of the photopolymer comprising 

the PEGDA with the lower molecular weight began to slow down after 24 

hours when it had lost 80% of its mass. After 56 hours, only 4% of the PLGA-

PEGDA(258)-DTT was left while about 68% of the PLGA still remained. 

 

Figure 5.8 Mass loss during accelerated degradation of PLGA, PLGA-PEGDA(258)-DTT and 

PLGA-PEGDA(6000)-DTT. The numbers in parentheses represent the molecular weight of 

PEGDA, and the dash line represents complete photopolymer erosion. 
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5.2.3 HUVEC proliferation 

An MTS assay was used to quantify the proliferation of HUVECs as previously 

described in 2.6. In this case however, before seeding, the cover slips bearing 

the non-embossed and embossed photopolymer films were each divided into 

two groups. One group was treated in the normal way by first cleaning and 

then seeding with HUVECs. The other group of films, (which we called the 

aged group) were immersed in DPBS for 3 days before proceeding as before. 

Because no more swelling of the substrates was observed after 3 days. The 

MTS results (Figure 5.9) show that the proliferation of HUVECs on all the 

PLGA-PEGDA-DTT films was significant lower than on the pure PLGA film 

with the exception of those cells on the aged embossed polymer films on the 

first day. Additionally, HUVECs on the aged group of samples presented 

significantly higher attachment and proliferation throughout the experimental 

period compared with the corresponding samples in the normal group. This 

suggests that the ageing process helped to improve cell attachment on the 

PLGA-PEGDA-DTT films. However, unlike previous findings for PMMA-

TPETA and PLGA-TPETA films, in the majority of cases, there was no 

significant difference between the non-embossed and embossed photopolymer 

films in each group, the exceptions being in the normal group on day 2 and day 

7.  

The water contact angle of PLGA-PEGDA-DTT was measured at 64±4.12º 

(Figure 5.10). Moreover, with the large error factor of ±4.12º, the observable 
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water contact angle is imprecise. This might be caused by the swelling 

phenomenon during measurement. 

 

Figure 5.9 Proliferation of HUVECs (* and ** indicates the statistical significance) (A) 

HUVEC proliferation on glass cover slips, pure PLGA films, non-embossed PLGA-PEGDA-

DTT films, embossed PLGA-PEGDA-DTT films, aged non-embossed PLGA-PEGDA-DTT 

films and aged embossed PLGA-PEGDA-DTT films (B)HUVEC proliferation on day 1, (C) 

HUVEC proliferation on day 2, (D) HUVEC proliferation on day 3, (E) HUVEC proliferation 

on day 5, (F) HUVEC proliferation on day 7. 
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Figure 5.10 Typical contact angle measurements for photoembossed PLGA-PEGDA-DTT film 

 

HUVECs were also seeded on photoembossed PLGA-PEGDA-DTT fibres and 

examined with an epifluorescence microscope. Substrates were not specially 

coated with PLL-g-PEG but only washed 3 times with 70% ethanol and 3 times 

with DPBS before seeding. The epifluorescence microscope images (Figure 

5.11) show that, even without coating the substrate with PLL-g-PEG to prevent 

the cells from attaching to the glass cover slip, the HUVECs still preferred to 

attach to the fibres even in the regions of low fibre density.  
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Figure 5.11 Epifluorescence microscope images of HUVECs seeded on PLGA-PEGDA-DTT 

fibres stained for the (A) nucleus (blue), (B) cytoplasm (red) (The fibres are autofluorescent in 

both blue and red), (C) is a merged image of (A) and (B) 
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5.3 Discussion 

Due to their ability to swell in water without being dissolved, high water 

content and elastic properties (Nicodemus and Bryant, 2008), hydrogels are 

extensively investigated for the purposes of drug delivery (Hoare and Kohane, 

2008, Peppas et al., 2000, Peppas et al., 2006, Qiu and Park, 2001), biosensors 

(Miyata et al., 2002, van Der Linden et al., 2003), protein and polymer 

purification (Kim and Park, 1998, Galaev and Mattiasson, 2001) and tissue 

engineering (Lee and Mooney, 2001, Jen et al., 1996, Zisch et al., 2003). Early 

studies used natural materials, such as collagen, fibrin and alginate (Mikos et 

al., 1994, Cao et al., 1998, Sims et al., 1998, Perka et al., 2000, Lee and 

Mooney, 2001), to fabricate hydrogels and had some success in potential 

utilization. However, it is difficult to control the mechanical properties, 

gelation process and degradation rates of these natural materials, so artificial 

biomaterials with the ability to form hydrogels and with controllable properties 

attracted the attention of researchers. Poly(ethylene glycol) (PEG) is one of the 

most studied polymers that can form a degradable hydrogel without eliciting 

the immune response (Zalipsky and Harris, 1997). 

PLGA-PEGDA-DTT photopolymer was made by adding PLGA to (-PEG-

DTT-)nPEG obtained from the initial reaction between PEGDA and DTT as the 

polymer binder. When this photopolymer is subjected to the photoembossing 

process, a hydrogel network is formed as well as the relief structures. PLGA-

PEGDA-DTT can be made successfully into films and fibres and 
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photoembossed through contact mask photoembossing and holographic 

lithography, respectively. 

As a hydrogel, the photoembossed PLGA-PEGDA-DTT films used in our 

experiments displayed a typical swelling phenomenon in the presence of water. 

After only 2 hours in DPBS, the film surface had already become extremely 

rough. Any relief structure could be broadly maintained for up to 3 days but the 

morphology changed continuously throughout the observation period. 

Interestingly, the hydrogel in the ridge area gradually aggregated along either 

side of the original peak making a concave shape with the center of the ridges 

lower than the sides. 

The PLGA-PEGDA-DTT photopolymer exhibits a faster degradation rate than 

PLGA although both are capable of complete degradation. Additionally, the 

degradation rate can be tuned in various ways. First of all, the rate can be 

varied by changing the glycolide/lactic unit ratio used in the photopolymer 

mixture. As phase separation is observed after photoembossing, the 

degradation rate of the PLGA component can be very important in controlling 

the degradation time of the combined photopolymer. Secondly, the molecular 

weight of the particular PEGDA used can influence the degradation rate for, as 

we have found, the higher the molecular weight of PEGDA used the faster the 

photopolymer degrades (Figure 5.8). Additionally, the total amount of DTT in 

the network also greatly influences the degradation rate. The higher the amount 

of DTT involved, the faster the hydrogel degrades. Lastly, the rate of 

degradation is also limited by the solubility of DTT (Hudalla et al., 2008). 
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During the degradation process, a thin layer or ‘skin’ with a relatively smooth 

surface can be observed by SEM on the surface of the substrates (Figure 5.6). 

Where this ‘skin’ breaks, a weak point is created where degradation begins 

earlier than in other areas. Compared with semi-degradable PLGA-TPETA 

films, the surface morphology of photoembossed PLGA-PEGDA-DTT films 

changes more rapidly, losing some of its relief structure after only 7 days while 

PLGA-TPETA films retain their general morphology throughout the 

degradation period observed.    

Due to the phase separation of photoembossed PLGA-PEGDA-DTT films, 

PLGA particles first appear in the groove region rather than on the ridges 

because the diffusion process allows fewer monomers to remain in the former. 

This view is supported by the fact that when the depth of the ridges is low, 

indicating insufficient diffusion, PLGA particles will appear uniformly on both 

ridges and grooves. As degradation proceeds, the top of the ridges tends to split 

along their axes exhibiting large numbers of PLGA particles underneath. It 

appears that the material usually begins to degrade from where the stress is 

concentrated, i.e. where the film is least flat, such as at the top and root of 

ridges, the craters and ‘lumpy’ areas. One concern, illustrated by Figure 5.5 J, 

is that the photopolymer film might lose some fragments before they are 

completely hydrolysed during the degradation process and this is not a 

desirable complication in therapies.  

Unlike the performance of PMMA-TPETA and PLGA-TPETA films described 

in last two chapters, neither the attachment nor proliferation of HUVECs is 
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improved by this fully degradable photopolymer compared with pure PLGA 

films. Neither does photoembossed PLGA-PEGDA-DTT film exhibit cell 

attachment superior to its non-embossed equivalent. This suggests that the 

change in surface morphology caused by the characteristic swelling of this 

material plays a major part in its lack of efficacy. By comparison, the aged 

substrates tested showed better cell attachment and proliferation suggesting 

that it might be the rapid surface changes during swelling of the un-aged film 

that reduces the cellular affinity. Nevertheless, HUVECs show a preference for 

attaching to PLGA-PEGDA-DTT fibres, even when the substrate is not coated 

with PLL-g-PEG to stop cells attaching to the glass cover slip or when the fibre 

density is very low. It is known that electrospinning will increase the 

hydrophobicity of a material and it is probable that this process increased the 

water contact angle of the substrate to within the range that is suitable for cell 

attachment. Moreover, the fibre diameters are much smaller compared with the 

cells, thus the swelling of the material provides a rougher surface and enhanced 

the cell attachment.      

As cell attachment and proliferation can be improved by simply aging the 

substrates, this PLGA-PEGDA-DTT photopolymer has a lot of advantages for 

clinic applications. The degradation rate, surface topography features, 

wettability and stiffness can be all easily tuned according to specific medical 

requirements which make this material eligible to be made into customized 

grafts.   
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5.4 Conclusions 

A fully degradable PLGA-PEGDA-DTT photopolymer was successfully 

developed and photoembossed. The photoembossed films usually began 

degradation from stress points where the ‘skin’ is more vulnerable to splitting, 

leading to considerable loss of original surface texture. The degradation rate of 

this photopolymer can be tuned in a number of ways. However, this 

photopolymer films did not improve the attachment or proliferation of 

HUVECs compared with pure PLGA, although its performance can be 

improved by ‘aging’. There is still huge potential for the modification of this 

photopolymer into a desirable biodegradable material.  
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Chapter 6 Conclusion and future work 

6.1 Conclusion 

This research has made significant findings, as well as confirming others, 

relating to the potential utility of certain photopolymer media in bioengineering 

applications particularly for the regrowth of vascular tissue. The fabrication 

processes that may be used and some of the factors determining the 

effectiveness of these media were also investigated. 

In the UK alone, approximately 1 in 5 men and 1 in 8 women aged between 50 

and 75 have peripheral arterial disease, and around 28,000 people a year 

undergo a coronary artery bypass graft. There is a critical, clinical need for 

functional small-diameter conduits. Failures of vascular grafts are normally 

caused by the lack of a durable and adherent endothelium covering the graft, 

which leads to thrombus, especially when the diameter of the graft is below 6 

mm. A promising approach to overcome this issue is to create a functional, 

quiescent monolayer of endothelial cells on the surface of implants. The 

endothelium also acts to regulate the transport of substances across vessel wall. 

It is beneficial to create a surface that promotes the endothelialisation of the 

graft. Current synthetic vascular grafts have a number of limitations, including 

thrombogenicity, increased risk of infection and lack of growth potential. Due 

to the complex construction of the human body, customizable grafts are in 
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greater demand than ever. Patient specific requirement is not limited to 

vascular grafts, but also in other ones, such as in skin and bone replacements. 

Here, we present three durable (i.e. shelf life) and biocompatible materials with 

micro-structured surface topography that enhances cell attachment and promote 

cell proliferation and migration. These materials can be used for a range of 

medical applications, including vascular grafts. They can be easily fabricated 

and customized for patient specific needs with a low cost. 

Photoembossing is a relatively new, simple, environment-friendly and cost- 

effective technique to create surface topographies, as there is no etching step or 

mould needed. Photopolymer films can be successfully photoembossed 

through contact mask photoembossing and fibres photoembossed through 

holographic lithography. Furthermore, we are the first to introduce the 

technique to fabricating reproducible surface textures on electrospun fibres.  

We set up three systems: non-degradable PMMA-TPETA, semi-degradable 

PLGA-TPETA and fully degradable PLGA-PEGDA-DTT, to meet different 

requirements for potential utilization in bioengineering research and clinical 

therapy.  

Two polymer binders are used in these three systems, PMMA and PLGA, 

which are both confirmed to be biocompatible and already extensively used in 

bioengineering research and medical devices. 

PMMA-TPETA photopolymer represent an improvement in cell attachment 

and proliferation over PMMA. Moreover, photoembossed films also show 
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significantly improved cell attachment and proliferation compared to their non-

embossed equivalent. The 20 µm pitch photoembossed surface texture 

significantly accelerated cell migration in the wound healing assay while the 6 

µm pitch surface texture inhibited the cells from detaching.  

PLGA-TPETA photopolymer also shows an improvement in cell attachment 

and proliferation over PLGA, and as with PMMA-TPETA, photoembossed 

PLGA-TPETA films also exhibit significantly improved cell attachment and 

proliferation. PLGA-TPETA polymer fibres can be successfully 

photoembossed through holographic lithography without changing their fibrous 

structure. Fibre characteristics can be tuned via various methods - we used 

PLGA with different inherent viscosities to obtain fibres with different 

diameters. It was demonstrated that HUVECs begin to grow from intersections 

of fibres and that focal adhesions display a more aggregated organization on 

surface textured fibres while those on glass cover slips are more randomly 

dispersed, tending to the edge of the cell membrane. F-actin can be influenced 

by surface topographies of smaller sizes including smaller diameter fibres and 

the relief structure. 

The performance of the fully degradable photopolymer PLGA-PEGDA-DTT is 

more complicated, as some of its properties, such as biocompatibility and 

surface morphology, may vary over time. The photopolymer can be 

successfully created and processed into photoembossed film or fibre. Swelling 

of the material is observed, due to the hydrogel network formed by the 

photocross-linked (-PEG-DTT-)nPEG. Phase separation between the polymer 
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binder PLGA and the cross-linked thiol-acrylate network is homogenously 

dispersed with little pressure of large aggregates regions. Accelerated 

hydrolysis tests confirm that PLGA-PEGDA-DTT can degrade completely and 

it also shows a significantly faster degradation rate than pure PLGA. The 

surface morphology of PLGA-PEGDA-DTT films changes rapidly during 

degradation. Unfortunately, the cell attachment and proliferation of this fully 

degradable photopolymer film does not represent an improvement over pure 

PLGA, possibly as a result of the rapid change in surface morphology during 

swelling but it can be improved by simply pre-aging the material. Nevertheless, 

HUVECs show a preference to attach to the photopolymer fibres. Additionally, 

the degradation rate, surface topography features, wettability and stiffness of 

the obtained substrates can all be easily controlled and has great potential to be 

used clinically with the availability to be customised to meet different 

conditions.   

The relief structure obtained from photoembossing also changes the surface 

wettability of the substrates. Photoembossed PMMA-TPETA and PLGA-

TPETA benefit from this change, which changes their water contact angle to 

around 70º. However, photoembossed PLGA-PEGDA-DTT film does not 

display improved cell attachment compared to smooth film which suggests the 

change in surface morphology caused by swelling is the primary determining 

factor.  
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6.2 Future work 

As we have obtained photopolymers PMMA-TPETA and PLGA-TPETA with 

improved biocompatibility, modifications can be made in these photopolymers 

according to requirements. Both surface textures and fibre diameters can be 

made down to nano-scale. Moreover, other chemicals such as cell growth 

factors can be combined with the photopolymer. Additionally, the surface 

charge of the substrate can be considered with the aim of optimizing the 

surface properties for different cell types.  

Fibre development will continue to be explored. For example, fibres with 

uniformly distributed pitches aligned in one direction and exposed 

perpendicular to the interference pattern can produced anisotropic fibre mats 

that have been used in studies of tendon and ligament regeneration (Shang et 

al., 2010). 

In order to develop a successful fully degradable system, collaborating with 

researchers with a strong chemistry background would be very helpful in 

modifying the properties of PLGA-PEGDA-DTT to make it more useful in 

bioengineering research and clinical therapy as a gel-like fully degradable 

material. As this photopolymer can also be surface-textured and the 

degradation rate can be tuned, it would be ideal for the development of a drug 

delivery system (Hoare and Kohane, 2008, Peppas et al., 2000, Peppas et al., 

2006, Qiu and Park, 2001), biosensor (Miyata et al., 2002, van Der Linden et 

al., 2003), in protein and polymer purification (Kim and Park, 1998, Galaev 
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and Mattiasson, 2001) and tissue engineering (Lee and Mooney, 2001, Jen et 

al., 1996, Zisch et al., 2003). Moreover, the stiffness and elasticity can be 

studied in the following work as they are two important characters of the 

PLGA-PEGDA-DTT substrate, and both of them also have influence on cell 

culture.  

Stem cells can also be introduced into the following work. Stem cells are able 

to differentiate into various lineages, so that a reliable source to direct stem cell 

fate determination would have great potential for fundamental research and 

clinical therapy. Surface topography is reported to be able to guide the stem 

cells for their growth orientation and differentiation, as the feature size and 

shape can be precisely modified and is more durable than surface chemistry so 

that it is capable for the desired application. Dalby et al. (Dalby et al., 2007) 

presented that the human mesenchymal stem cells are stimulated to produce 

bone mineral on nanoscale disordered scaffold with significant differentiation 

profile compared with those cultured on planar substrate and treated with 

osteogenic media. Christopherson et al. (Christopherson et al., 2009) 

demonstrated that the 283 nm fibers increase 40% rat hippocampus-derived 

adult neural stem/progenitor cells in oligodendrocyte differentiation and 749 

nm fibres increase 20% in neuronal differentiation. Wingate et al. (Wingate et 

al., 2012) showed that based on the elasticity of the substrates which was 

determined by the kind of surface features in their experiment, mesenchymal 

stem cells can differentiation into either endothelial or smooth muscle-like cells, 

this indicates that the surface topography has great potential to be a tool for 

vascular tissue regeneration.Moreover, a system sorted by degradation rate, 
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surface topography features, wettability, stiffness and elasticity of the 

substrates can be set up as a data base. Different reactions of different cells 

cultured on different substrates with details mentioned before should be 

recorded. As the data base gets bigger, the optimum condition for each cell 

type can be estimated. This can lead to fewer unnecessary attempts, so that 

could greatly save the time to investigate a new product for clinic use.  
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