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Abstract 

The successful regeneration of damaged or injured tissues is strictly dependent upon the 

ability to control angiogenesis. The formation of new blood vessels from pre-existing ones 

is mainly regulated by the vascular endothelial growth factor (VEGF), a mitogen specific 

for endothelial cells. A number of therapeutic approaches are being pursued to control this 

process in pathological conditions, including the use of synthetic peptides which have 

shown their capacity to either promote or inhibit angiogenesis. However, their lack of 

stability and short half-lives have strictly limited their clinical applications. To address 

these limitations, here, both anti- and pro- angiogenic peptide sequences (WHLPFKC and 

YIGSR) were synthesised at the uppermost branching generation of poly-ɛ-lysine 

dendrons. The root of these hyperbranched peptides [dy-phenilalanine, (FF) and cysteine 

(C)] was designed to interact with either extracellular matrix components or with specific 

biomaterial (e.g. poly-l-lysine, PLL) surfaces, thus ensuring the correct orientation and 

high density presentation of these bio-active peptides to the biological environment. 

Peptide synthesis was performed using solid phase method on Tenta Gel NH2 resin by a 

microwave synthesiser and characterised by analytical HPLC, TLC and mass spectrometry. 

The results showed the ability to produce dendronised peptides with purity ≥ 85%. Their 

anti-angiogenic effects were evaluated on endothelial cell growth using a 2D model 

whereby FFG3K (WHLPFKC)16 induced cell apoptosis after 24 hours leading to a 

significant reduction in the proliferation at 48 hours. The 3D assay demonstrated that 

dendrons were able to penetrate into matrices of both collagenous Matrigel
TM

 and 

biomaterials (iGG-MA hydrogels and Ultrafoam
TM 

collagen scaffolds) and to induce tube 

inhibition and regression over 48 hours. These results were corroborated by in ovo and in 

vivo mouse studies whereby both blood vessel morphology and size were markedly 

affected. In contrast, by mimicking the basement membrane of a stem cell niche, 2D-based 

dendron substrates induced human mesenchymal stem cells (hMSCs) to form spheroids 

that maximally expressed (i) cell adhesion receptors (i.e. β-integrin and N-cadherin), (ii) 

stem cell markers and (iii) hypoxic regulators (i.e. HIF-1α). These bioactive functions 

directly increased the paracrine hMSC pro-angiogenic properties by the induction of their 

ability to synthesise VEGF, which stimulated endothelial cell sprouting in a Matrigel 

assay. Therefore, this novel class of dendrons seem to play a critical role in regenerative 

medicine applications while providing new insights into the molecular mechanisms of 

angiogenesis in regeneration processes. 
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CHAPTER 1. The Promise and Potential of Regenerative 

Medicine 
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1.1  Potential Impact of Regenerative Medicine 

 

1.1.1  Regenerative  Medicine 

 

In the late 1990s, the discipline of regenerative medicine emerged as a multidisciplinary 

field of science combining concepts and methodologies from a number of different 

scientific areas including stem cell biology, cellular therapy and tissue engineering (TE) 

(Polak, 2010). Regenerative medicine aims to repair, enhance or replace tissues and organs 

damaged by disease, trauma or congenital abnormalities (O’Brien and Barry, 2009). It 

employs the delivery of safe, effective and consistent therapies composed of living cells 

administered either alone or in combination with special designated materials including 

scaffolds or matrices (Fig. 1.1) (Langer and Vacanti, 1993). Regenerative medicine is 

considered as an alternative to organ transplantation since the applicability of the latter is 

limited by the problems of immune response, lack of donor organs and higher costs 

associated with surgical procedures (Khang, et al., 2010).   

 

 

 

 

 

 

 

 

Fig. 1.1  A typical tissue engineering approach for bone tissue regeneration. Cells and 

specific cues are encapsulated into material scaffolds and implanted into the body to 

support the regeneration of normal tissue functions (Image modified from 

www.btec.cmu.edu). 

 

To regenerate tissues or organs, regenerative medicine encompasses traditional methods 

and strategies of tissue engineering (TE). These include (i) isolation and expansion of cells 

in vitro and (ii) combination of cells and/or bio-signalling molecules on or within materials 

(Fig. 1.2) (Lee and Kaplan, 2006). 

 

http://www.btec.cmu.edu/
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Fig. 1.2 Main steps involved in TE (Image adapted from www.experimentation-

online.co.uk). 

 

1.1.1.1 Early Attempts in Regenerative Medicine  

 

Langer and Vacanti originally promoted the basic concept of regenerative medicine 

(Langer and Vacanti, 1993). In 1991, they treated a patient with a congenital malformation 

of the sternum with cartilage cells encapsulated in a polymeric scaffold (Tabata, 2007). 

However, the first actual clinical application dates back to 1981 when autologous patient 

cells were grown in vitro and seeded on biomaterial matrices to replace skin destroyed by 

severe burn damage (Altman, 1991). Consequently, Shuffelberg and Vacanti successfully 

demonstrated the regeneration of the distal phalanx of an amputated thumb using a coral 

based scaffold with bone cells (Santin, 2009). Whereas in 1998, Shinoka assessed the 

feasibility of a new tissue engineering approach using (polyglactin/polyglycolic acid) 

tubular scaffolds to regenerate pulmonary artery in vivo (Shinoka, et al., 1998). However, 

one of the iconic images of regenerative medicine was of a completely hairless mouse with 

a human ear on its back created by Vacanti and Chima in 1997 (Tabata, 2007) .  

 

1.1.2 Biomaterials 

 

At the first Consensus Conference of the European Society of Biomaterials (ESB) in 1987, 

a biomaterial was defined as “a non viable material used in a medical device, intended to 

interact with biological systems” (Ravaglioli, 1992). Traditionally, a biomaterial is  termed 

as a material capable to constitute parts of medical implants commonly employed in 
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medicine, surgery dentistry and veterinary medicine. In general, biomaterials are classified 

as either natural or synthetic materials. They are further divided into three distinct 

categories: 

  

I. Metals 

II. Ceramics  

III. Polymers 

 

Due to their diverse structures, metallic, ceramic and polymeric materials have different 

properties and functions which impact on their final clinical and therapeutic utilises.  

 

1.1.2.1 History of Biomaterials  

 

Biomaterial applications date back to antiquity when natural materials were applied to 

replace tissues lost during a disease or trauma (Hollinger, 2011). For instance, linen sutures 

were used as suture material by the early Egyptians and metal dental implants since 200 

A.D. as shown in  Fig. 1.3 (Ratner, 2004).  

                                                                                                                                             

Fig. 1.3 Example of biomaterial used in antiquity. Egyptian wooden toe used to replace 

an amputated toe, circa 1065-740 B.C. (Image adapted from Huebsch and Mooney, 2009). 

 

The use of biomaterials has markedly increased since the advent of synthetic materials 

provided better performance, functionality and reproducibility over the use of naturally 

derived materials (Hubbell, 1995). Iron, gold, silver and zirconia were the most common 

metal and ceramic devices that inspired surgeons to break new grounds in replacing 

diseased and damaged body parts (Dee, 2002). However, their applications were generally 

limited due to problems of infection (Barbucci, 2002). With a better knowledge of the 

immune system and foreign body reaction, a new era in biomaterial research rapidly 

emerged to assume a significant role in biomedicine (Hollinger, 2011). By the mid-
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nineteenth century, fracture fixation and joint replacement surgeries were successfully 

achieved following the advent of stainless steel and cobalt chromium (Atala, 2010). 

Among polymers, polymethyl-methacrylate (PMMA) and othermaterials such as silicone 

and polyacrylates became widely used for the replacements of damaged tissues including 

the cornea and sections of damaged skull bones (Huebsch and Mooney, 2009). Following 

further advances in molecular biology and genomics between 1990 and 2000, materials 

became critical components of the healthcare industries, including medical devices, dental 

application and drug delivery (Fig. 1.4) (Suh, 2000).  

                                 

Fig. 1.4 Timeline of biomaterial developmental history (Image modified from 

www.grin.com). 

 

The advent of TE and sophisticated computer technologies have also contributed in the 

development of sophisticated biomaterials for several clinical and therapeutic applications 

(Sun and Lal, 2002). The utilisation of computer-aided technologies in TE, for instance, 

has favoured the development of a new emerging field of computer-aided-TE (CATE) (Fig. 

1.5). It integrates advances in biology, biomedical engineering and information technology 

to TE applications (Rainer, et al., 2012). Combining computer assisted design (CAD) and 

manufacturing (CAM), CATE allows the development of the exact microstructure of tissue 

scaffolds for the proper simulation of severe pathological conditions such as critical size 

bone defects (Lin, Kikuchi and Hollister, 2004). 

 

http://www.grin.com/
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Fig. 1.5 The most common CATE applications (Image adapted from Sun, 2004). 

 

1.1.3 Classification of Biomaterials 

 

Biomaterials and their main contribution to biomedical applications will be hereinafter 

described with the main focus on polymers. A review of the basic concepts and principles 

pertaining to polymer structures, properties and synthesis will also be provided.  

 

1.1.3.1 Metallic Biomaterials 

 

Gold, titanium, stainless steel and cobalt-chromium are the most commonly used metallic 

biomaterials (Table 1.1). For instance, titanium and stainless steel are able to assist the 

hard tissue replacements of teeth and bone fractures (Ratner, 2004). Cobalt chromium has 

shown its valuable roles in devices such as vascular stents, cochlea and catheter implants 

(Temenoff, 2008). Metallic biomaterials are strong, resistant to fatigue and easy to  

sterilise. However, there is a considerable concern about their biocompatibility. After their 

implantation, metals may react with the body enzymes and acids that cause structural 

damages of the implant per se and induce harmful effects on the surrounding host tissues 

or organs, by the release of toxic ions or micro- or nano particulates (Park, 2003).  
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Table 1.1  Examples of metallic biomaterials and their clinical applications. 

 

 

 

 

 

 

 

 

 

 

 

1.1.3.2 Ceramic Biomaterials 

 

Ceramics are generally hard, heat-resistant and chemically inert compounds. Unlike 

metals, these materials have reduced performances when undergoing mechanical stresses 

such as those in tension or bending mode (Hench, 1993). They are also difficult to 

manufacture and are very susceptible to degradation and cracking or other defects (Park, 

2003). For all these reasons, these biomaterials have been employed less extensively than 

metals, but widely used in load-bearing biomedical applications in the orthopedic and 

dental implant fields.  Interestingly, sub-classes of ceramics termed bioceramics have been 

widely used for the replacement or repair of parts in the musculoskeletal systems (Atala, 

2010). The latter are classified as: (i) bioinert ceramics typically used as structural-support 

implants, (ii) bioactive or surface reactive ceramics which form direct chemical bonds with 

adjacent tissue and (iii) biodegradable ceramics that degrade upon implantation in the host 

tissue (Table 1.2) (Allcock, 2011).  

 

 

 

 

 

 

 

 

Metal Type  Applications 

Cobalt-Chromium and its alloys            Bone and dental replacement  

Gold                                                            Dental implants 

Platinum                                                    Electrodes 

Silver                                                           Antibacterial agents 

Stainless steel                                           Fracture fixation, stents and surgical tools 

Titanium and its alloys                       Bone and joint replacement, fracture,   

                                                                    dental implants and pacemaker    
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Table 1.2  Typical ceramic materials used in biomedical applications. 

 

 

 

 

 

 

 

 

 

 

1.1.3.3 Polymeric Biomaterials 

 

Polymers are large molecules, macromolecules, composed of numerous smaller monomer 

units. There are both naturally-occuring and synthetic polymers, which have been widely 

used in the manufacturing of medical devices (Table 1.3). Specifically, natural polymers 

are obtained from distinct sources either within the body (i.e. collagen) or outside the body 

(i.e. alginate, chitosan or cellulose). For instance, naturally based polymers derived from 

proteins (i.e. collagen, fibrin glue) and polysaccharides such as alginate and chitosan have 

been widely employed, among other applications, for the manufacturing of wound 

dressings (Atala, 2010). In contrast, synthetic polymers, such as those engineered in the 

form of hydrogels have shown their ability to swell in water and to retain a significant 

fraction of water (up to 99 %) within their structures without undergoing complete 

dissolution (Hong, et al., 2011). Due to their high water content, thus, hydrogels have been 

used for a variety of soft tissue applications (i.e. cartilage regeneration) (Allcock, 2011). 

However, the use of both natural and synthetic polymers has both advantages and 

disadvantages. The main advantage of natural polymers is their chemical composition and 

architectural structure which resemble that of native tissues (Park, 2003). Therefore, they 

may be either incorporated by the tissue or more easily remodelled in response to 

biological activities. However, the main disadvantage of these polymers is (i) availability 

of large amounts for clinical applications, (ii) relative low mechanical properties and (iii) 

capacity to induce an immune response upon implantation (Temenoff, 2008). In contrast, 

synthetic polymers may be (i) produced at a large scale, (ii) sterilised and (iii) modified in 

Ceramic Type Character 

Aluminia                                                                           Bioinert 

Pyrolytic carbon  

Zirconia 

Bioglass                                                                              Bioactive 

Hydroxyapatite (sintered at high temperature) 

Hydroxyapatite (sintered at low temperature)           Biodegradable 

Tricalcium phosphate (TCP) 
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their physical, mechanical and chemical properties to match the clinical needs (Dee, 2002). 

However, some synthetic materials, unless specifically treated, may not be able to interact 

with tissues in an active manner and thus not be able to support or to induce any tissue 

replacement or regeneration process (Allcock, 2011). 

 

Table 1.3  Naturally derived and synthetic polymeric biomaterials commonly used in 

medical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.3.4 Composite Materials  

 

Many materials may be combined with each other to form composite materials (Ratner, 

2004). In the field of biomaterials, composite materials have been studied and due to their 

potential higher performance and they are likely to find increasing use as biomaterials 

(Park, 2003). For instance, synthetic polymers used for bone regeneration such as 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA) were successfully combined with bio-

Naturally derived    

Alginate                                                      Wound dressings 

Chitosan                                                     Bone and dental implants, wound 

dressings 

Collagen                                                     Orthopedic tools, wound dressings  

Elastin                                                         Wound dressings 

Fibrins                                                         Hemostatic products, tissue sealants 

Glycosaminoglycan                                  Orthopedic  implants 

Hyaluronic acid                                         Orthopedic  implants 

Synthetic 

(Poly(ε-caprolactone)                              Drug delivery devices, sutures 

(Poly(ethylene)                                         Orthopedic joint implants 

Poly (2-hydroxyethyl methacrylate)     Contact lenses 

Poly (glycolic acid)                                    Drug delivery devices, sutures  

Poly (lactic acid)                                        Drug delivery devices, sutures 

(Poly(propylene)                                       Sutures  

                                                                    

   

                                                                            

                                                                                         

 

 

Polymeric Type Applications 
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active ceramics and used to create composite scaffolds, with a greater mechanical strength, 

that enhanced tissue formation (Montjovent, et al., 2008).  

The use of composite materials is commonly adopted for improving the bulk or the surface 

properties of biomaterials (Davis, et al., 2009). For example, in order to increase the 

mechanical properties of polyethylene polymers for knee replacements, carbon fibres have 

been successfully utilised (Voigt and Mosier, 2011). 

 

1.1.4 Polymer Chemistry 

 

1.1.4.1 Polymerisation 

 

The monomer units of a polymer react together by a specific chemical reaction termed 

polymerisation, as shown below (Fig. 1.6): 

                                    

 

 

 

Fig. 1.6  Example of polymerisation. Polypropylene polymer is produced by addition of 

structural units (n) of propylene.   

 

Polymeric chains are held together by covalent bonds along the backbone chain. 

Additional bonds may be formed through their side chains such as van der Waals and 

hydrogen bonds or through covalent bonds through cross links between chains (Temenoff, 

2008). The strengths of the non-covalent bonds between monomer side chains are 

relatively weak, but when sections of polymeric chains converge side by side they can 

form crystalline domains of relatively strong cohesion. The amount of these cristalline 

domains in a polymer determines its degree of crystallinity. For instance, paraffin has 

similar chemical structure of polyethylene (CH2CH2)n (Allcock, 2011). However, this 

polymer is able to completly crystallise due to its much shorter chain lengths. Interestingly, 

when the chains of paraffin become extremely longer of approximately several thousands 

repeating units, crystallisation is impaired (Barbucci, 2002). Each chain can be arranged 

into linear, branched and three dimensional network polymer depending on the 

functionality of the repeating units (Fig. 1.7) (Atala, 2010).  
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Fig. 1.7  Schematic representation of linear, branched and cross-linked polymers 

(Image modified from Atala, 2010). 

 

1.1.4.2 Polymer Synthesis 

 

For the production of synthetic polymers two main reaction processes known as addition 

and condensation polymerisation may occur. Addition polymerisation is a reaction in 

which unsaturated monomers are gradually added on an active site of a growing polymeric 

chain and no small molecules or atoms are removed. Upon this reaction, the double bonds 

of the monomers open up to form a continuous chain. In this instance, free radicals 

molecules with an unpaired electron form, are highly reactive and able to gain an 

additional electron from other compounds in order to reach their stability (Fig. 1.8) 

(Dumitriu, 2002). This process leads to the formation of covalent bonds that propagate the 

polymeric chain (Pearce, 1995). 

       

 

                                                                                                                                            

Fig. 1.8 Example of addition polymerisation. Free radical formation is due by the 

division of a molecule known as initiator, in this case benzoylperoxide, into two fragments 

along a single bond. 

 

 

 

Multi-
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In contrast, monomers for condensation (or step growh) polymerisation react together to 

form polymers by the elimination of some small molecules such as water. These monomers 

contain functional groups (i.e. alcohol, amine or carboxylic acid groups) instead of double 

bonds. Each monomer may have more than two reactive sites with at least two functional 

groups. During the reaction, water molecules are removed and an amide bond is formed as 

shown below (Fig. 1.9) (Temenoff, 2008): 

    

 

 

Fig. 1.9 Condensation polymerisation. This chemical reaction involves amide formation 

by eliminating a water molecule derived from two different monomers, H from an amine 

and an OH from carboxylic acid group.  

 

1.1.5 Physical Properties of Polymers 

 

The arrangement and chemical composition of the polymer chains as well as the 

environmental temperature will have a great impact on the final properties of the polymers 

and their behaviour when used for the manufacturing of medical devices. The following 

sections describe the main parameters affecting polymer behaviour.  

 

1.1.5.1 Molecular Weight and Composition 

 

Molecular weight is defined as the mass of a substance and is expressed in the unified 

atomic mass units (u). Polymer molecular weight is important as it will affect many 

physical properties of polymers. For instance, by increasing the molecular weight, 

polymeric chains may become longer and less flexible leading the material to gain rigidity 

(Atala, 2010). This is primarily due to the immobilisation and distribution of the chains. 

However, chain properties may be altered by chemical modification to give the desired 

features. Thus, substituting the backbone carbon of a polyethylene with oxygen a flexible 

polymeric chain may easily be created (Pearce, 1995). 

 

 



32 

 

1.1.5.2 Effect of Temperature 

 

Polymers may behave like a liquid, solid or glass depending on their temperature (Ratner, 

2004). Specifically, the amorphous nature of some polymers is strictly dependent on their 

glass transition temperature (Tg), the critical temperature at which the polymer changes its 

behaviour from glassy to rubbery consistency (Nicholson, 2011). This transition is unique 

and different for each amorphous polymer. Their polymeric chains appear long and 

disorganised, making their mechanical strength temperature-dependant (Ratner, 2004). 

Elastomers, for instance, are polymers which are able to distort through the application of 

force and when this force is removed, they return to their original shape (Temenoff, 2008). 

Basically, above their Tg,  they behave like rubbery-polymers as their chains are mobilised. 

When the temperature decreases, these chains are induced to stiffen intertwining to create a 

glass-like polymer (Fig. 1.10) (Nicholson, 2011). 

 

Fig. 1.10  Dynamic modulus (hardness) of an amorphous polymer as function of 

temperature (Image adapted from www.pslc.ws/macrog/tg.htm). 

 

Alternatively, those polymers that are crystalline may melt and appear very soft like a 

viscous liquid. They possess a melting temperature (Tm) that is generally higher than Tg 

(Atala, 2010). However, below the Tm, the polymeric chains of crystals appear to be 

ordered and held together by secondary forces, whereas above the Tm, the chains are 

randomly distributed (Allcock, 2011).                                          

Interestingly, some polymeric materials that contain crystalline regions may also have 

amorphous areas between the crystallites. These materials are known as semi-crystalline 

http://www.pslc.ws/macrog/tg.htm
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and commonly appear rigid at ambient temperatures while becoming deformable at 

elevated temperatures (Ratner, 2004). At the molecular level, the Tg of polymers is 

determined by the rotation of the –C-C- bonds in the main polymeric chain. This rotation is 

dictated by the interaction of the polymer chains through their side groups. Stronger side 

group inter/intra-molecular bonds limit the carbon-carbon bond rotation in the main chain 

and require more energy for this process to take place. Polymer Tm is the temperature at 

which the molecular interactions within a crystalline domain are disrupted. 

 

1.1.5.3 Polymer Chain Length 

 

The chain length of a polymer is defined as the degree of polymerisation. It is quantified 

by the number of monomer units forming the polymeric chain. The chain length may 

widely vary and will effect the physical properties of a polymer. For instance, polymers 

with longer chains appear normally rigid and more compact at their increasing temperature 

(Atala, 2010).  

 

1.1.6 Biomaterial Properties 

 

Despite the biomaterial type under consideration, many factors may influence its final 

clinical application. Some of these specific properties are summarised in Table 1.4.  

 

Table 1.4  A list of material properties typically required for clinical use. 

        

Each of these characteristics needs to be considered prior to developing an optimal 

biomaterial for a given implant type. 

Biomaterial properties 

Biocompatibile 

Non toxic 

Non-pyrogenic 

Non-carcinogenic 

Non-degradative 

 

 

Bulk properties 

Ductile 

Durable  

Fatigue strength  

Wear resistance 

Creep 

Yield stress 

 

 

 

Manufacturing 

Reproducible 

Available 

Inexpensive 

Stable 

Sterilisation 

Autoclave 

Radiation 

Dry heating 
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1.1.6.1 Biocompatibility and Degradation of Biomaterials 

 

A major concern in the development of a biomaterial is the biological response which 

determines the biocompatibility of the material (Shin, et al., 2007). A requirement of a 

biomaterial is that it must be accepted by the surrounding tissues and by the body after 

implantation (Hench, 1993). An update of this definition was recently offered and refered “ 

to the ability of a biomaterial to perform its desired function with respect to a medical 

therapy, without eliciting any undesirable local or systemic effects in the recipient or 

beneficiary of that therapy, but generating the most appropriate beneficial cellular or tissue 

response in that specific situation, and optimising the clinically relevant performance of 

that therapy” (Williams, 2008). Instead, an abnormal inflammatory response or allergic or 

immunologic reaction usually takes place. These reactions are only temporary and 

characterised by localised pain, redness and swelling (Temenoff, 2008). However, 

depending on the material type and implant site, other reactions may ensue such as 

immune system activation, complement activation, coagulation cascade and cancer 

(Williams, 2009). For instance, the degree of calcification of a dental implant is mainly 

dependent on the integration between biomaterial and surrounding tissues (Navarro, et al., 

2008). 

Many factors such as material shape, chemical and mechanical properties have been 

identified to influence the overall biomaterial compatibility and its suitability for specific 

clinical applications (Ratner, 2004). In the case of biodegradable biomaterials the host 

response to the implanted biomaterial has been also be found to be affected by the same 

degradation process. This is strongly dependent on the chemistry and mechanical 

properties of the implant site (Makadia and Siegel, 2011). Biodegradation is the process 

whereby a material is either degraded or water-solubilised by a specific process in the body 

in order to disappear from the implant site (Blitterswijk, 2008). However, metallic and 

ceramic biomaterials with the exception of calcium carbonate and tricalcium phosphate are 

non biodegradable (Atala, 2010). Polymers may be degraded by either hydrolysis or 

enzymatic digestion of the polymeric chains which decreases the molecular weight and 

induces the material to be resorbed by the body (Park, 2003). Commonly, natural polymers 

are degraded enzymatically, whereas synthetic polymers are subjected to hydrolysis 

(Narayan, 2009). For the purposes of biomedical applications, the retention of an 

implanted biomaterial in the body often causes the physical impairment of tissue 

regeneration or repair (Temenoff, 2008). Therefore, specific testing is often required to 
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accurately assess biomaterial degradation times and any possible inflammatory response 

(Table 1.5) (Dee, 2002).   

 

Table 1.5 The typical in vitro and in vivo methods adapted to test the efficacy of 

specific biomaterials for tissue regeneration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.6.2 Sterilisation 

 

In order to make materials which are suitable for clinical applications, biomaterials need to 

be able to withstand sterilisation processes such as gamma, irradiation, UV and ethylene 

oxide treatment or autoclaving (Dee, 2002; Park, 2003). For instance, steam sterilisation 

(autoclaving) is usually performed at 120⁰C and high pressure. Irradiation treatment by 

gamma rays using the isotope 
60

Co has become an accepted standard method to sterilise 

biomedical materials (Atala, 2010). However, this process has been found to deteriorate 

Tests Description 

In vitro 

Cytotoxicity                                                            To determine the toxicity of a material  

                                                                                 when in contact with a specific cell line. 

Hemocompatibility  To evaluate the materials’compatibility 

with red blood cells. 

In vivo 

 

Carcinogenicity To investigate any cancerous effect on 

cell-material interactions after a long 

term in vivo experiment. 

Implantation Material transplantation into living 

body. After a period incubation time, 

samples are examined to determine 

the in vivo response of the material. 

Sensitisation To determine the changes in skin 

colour after sub-cutaneous material 

implantation.  
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polymers since polymeric chains may be easily degraded or cross-linked at higher 

temperature (Allcock, 2011). In this respect, polymers, in contrast to metallic and ceramic 

materials, have been shown to have lower thermal and chemical stability (Meyer, 2009). 

This leads them to be more susceptible to the common sterilisation methods including 

chemical agents. However, the use of ethylene and propylene oxide gases has been 

considered as an adequate sterilisation method for polymers. It may be done at low 

temperatures and in a relatively short incubation time. More important it has been found 

not to alter material properties such as chemical composition and/or structure (Dee, 2002). 

However, the use of these sterilisation techniques is a cause of concern due to the toxicity 

of the compounds (e.g. ethylene oxide) that may remain entrapped within the polymer after 

sterilisation and later may be released into the body upon implantation.      

 

1.1.6.3 Processing Technique of Biomaterials 

 

The processing method of the biomaterial may also affect biocompatibility. Distinct 

techniques have been used which are capable of affecting the bulk properties of 

biomaterials such as mechanical strength and  surface properties. For instance, surface 

modification of catheters with specific antibiotics, minocycline and rifampicin, have been 

successfully employed to prevent any possible inflammatory response (Schierholz, et al., 

2002).  Processing has also been used to modify the material shape and size (Ratner, 2004). 

The latter is usually dictated by the properties of the tissue to be replaced. In this case, 

biomaterials used for skin applications may be engineered as sheets to improve their role as 

effective tissue replacements (Chan and Leong, 2008). 

 

1.1.6.3.1 Mechanical, Physical and Chemical Properties 

 

Bulk material properties include mechanical, physical properties and chemical 

composition. Specifically, mechanical properties such as strength and stiffness seem to 

play a critical role as they need to match those of the tissue to be replaced as closely as 

possible (Atala, 2010). Interestingly, tissues exhibit distinct mechanical properties in 

different directions (anisotropy). For examples, the femur supports more load along its 

length than in other directions as it is where a greater load is exerted during walking or 

standing (Allcock, 2011). In addition, fatigue properties are also critical for implants as 

they need to withstand repeated loading cycles to reproduce the desired function in the 
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body (Park, 2003).  Mechanical characteristics of a biomaterial are affected by the bulk and 

surface physical and chemical properties of the material. The first includes crystallinity 

which may alter the degradative properties of the material as well as its interactions with 

surrounding tissues (Dee, 2002). Chemical composition of the material surface may impact 

on the biological response and thus the successful integration of the implant. For instance, 

[poly-(etheretherketone)] (PEEK) polymers have been used to modify metallic biomaterial 

surface for bone regeneration (Temenoff, 2008). In order to allow integration between 

biomaterials and surrounding tissues, material surfaces have been modified by either 

proteins or carbohydrates (Park, 2003). In gene therapy approaches, nucleic acid 

derivatives (DNA or RNA) or drugs are also employed to lead specific cellular functions 

and tissue regeneration in a controlled manner (Shin, Jo and Mikos, 2003). Material 

surfaces may be modified through a variety of techniques as shown in Table 1.6.  

 

Table 1.6 Typical surface modification methods used of biomaterials.                 

 

    

1.1.6.3.2 Surface Material Properties 

 

On modified surfaces such as freshly plasma etched and highly reactive metal surfaces, the 

atoms may not be able to form bonding thus leading to the generation of an extra energy 

defined as surface tension. This energy is thermodynamically unstable and may be 

minimised by the adsorption of other atoms or molecules (Bhatia, 2010). Adsorption is the 

adhesion of molecules to a solid surface. This is distinguished from absorption which is the 

Surface Modification Biomaterials 

Biomolecule immobilisation                                   Metals, Ceramics and Polymers 

Ion beam etching (i.e. argon, xenon)                    Metals, Ceramics and Polymers 

Ion beam implantation (i.e. nitrogen)                   Metals, Ceramics and Polymers 

Photografting (UV and visible sources)                 Polymers 

Plasma etching and cleaning                                   Metals, Ceramics and Polymers 

(i.e. nitrogen, argon, oxygen)      

Radiation grafting                                                     Polymers  

Surface-active additives                                          Metals, Ceramics and Polymers  

UV irradiation                                                            Metals, Ceramics and Polymers 
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penetration of molecules into a material (i.e. water absorption into a sponge). Two distinct 

surface properties have the greatest effect on adsorption: (i) surface energy and (ii) surface 

charge. Surface charge may also affect the attraction or repulsion of an atom or molecule. 

This depends on both the charge of the surface and that of the molecule (Ratner, 2004). 

Materials can generally be described as having a surface which is either hydrophobic, 

“water-repelling”, with a low (or no) affinity for water or hydrophilic, “water-attracting”, 

with a high affinity for water (Fig. 1.11) (Atala, 2010).  

                     

 

 

Fig. 1.11  Adsorption of a drop of water on (a) hydrophilic and (b) hydrophobic 

surface.  

 

In addition, to the properties mentioned above, the physical properties of the biomaterial 

surface are also critical. These include steric constraints and surface roughness (Barbucci, 

2002). For instance, hydrophilic polymers such as poly (ethylene glycol) (PEG) grafted to 

a material surface may induce a decrease in protein adsorption (Allcock, 2011). This is due 

the high mobility and flexibility of the PEG chains, which reduce protein adhesion. The 

reduction in protein adsorption may also be attributed to the formation of a water shell (or 

layer) on the surfaces of the hydrophilic polymers that prevents protein adsorption (Allen, 

et al., 1999). On the other hand, a rough surface is able to induce adsorption by trapping 

molecules or ions in the pores of the surface (Temenoff, 2008). For instance, glassy 

polymeric carbons (GPCs) were prepared from phenolic resins using ion bombardment 

technique and used for the replacement of heart valves. Interestingly, this tool greatly 

enhanced the surface roughness and porosity of GPC and thus improving the biomaterial-

tissue interactions (Jenkins and Grigson, 1979).     

 

1.1.6.4 Biostability and Availability  

 

The biomaterials chosen must be readily available, inexpensive, easily processable and 

have a long storage life. Natural materials are usually abundant and biodegradable (Atala, 

2010). Their structure may limit, however, material modification and purification 

processes as well as the reproducibility of their engineering. These limitations, together 

with batch to batch variations, due to the natural variation in the composition of the raw 

a b 
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material, may have effects on the use of these natural materials in several fields of 

applications (Allcock, 2011).  

 

Synthetic materials may be readily available and in a wide variety of compositions. Using 

processing methods, their physical and chemical properties may be modified to improve 

both the activity and stability. The ageing of biomaterials which affects their stability 

during fabrication, sterilisation and use, may restrict the range of available materials 

suitable to specific clinical applications (Grover, 2012). Biostability is thus an important 

criterion to be considered prior to use a biomaterial as a medical implant (Angelova and 

Hunkeler, 1999). Moreover, in order for a biomaterial to become clinically and 

commercially viable, it needs to be cost effective to manufacture and suitable for industrial 

production. The development of scalable manufacturing product is critically important in 

ensuring the successful translation of a biomaterial from laboratory to the clinical 

environment (O'Brien and Barry, 2009). In this regard, the numbers of biomaterials used in 

medical devices have significantly affected their use. Innovation has regularly improved 

their safety and clinical efficacy marking their contributions to large distinct areas such as 

drug delivery and tissue engineering. Biomaterials have found their applications in a wide 

spectrum of medical implants and prosthesis for repair and regeneration of living tissues. 

Joint replacement, vascular grafts, heart valves, cranial plates and disc crest repair are 

some well-known examples of their clinical use (Table 1.7) (Ratner, 2004). Based on the 

most common polymers including polypropylene, polycarbonates and polysulphones as 

well as ceramics and metals such as stainless steel and titanium, biomaterials are actually 

used by surgeons with reasonable confidence and optimal performance in patients. 

However, such materials are not often compatible with the human body. They may cause 

potential complications including bacterial infections and blood clots. This has led to the 

development of new biomaterials with specific bio-active and bio-mimetic properties 

tailored to improve the biocompatibility and indeed the successful use of future medical 

devices as described in Sections 1.1.12 and 1.1.13 (Temenoff, 2008). 
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Table 1.7 The most common biomaterial-based medical devices (Table modified from 

Ratner, 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.7 Cell-Based Therapy 

 

Biomaterials interact with biological systems through the chemical and physical properties 

of their surfaces. These interactions lead to specific biological responses which determine 

the isolation or the integration of the implant (Shimizu, et al., 2003). Recently, great 

attention has been devoted to their use in cell-based therapies (Lanza, 2009). It is an 

innovative strategy that utilises cells to repair or regenerate damaged tissues or organs after 

injury, disease or congenital abnormalities (Suh, 2000). Cell-based therapy has been 

coupled with biomaterials to produce tissue engineering constructs. In this type of 

approach, biomaterials have been employed which are capable of supporting cellular 

adhesion, proliferation and most importantly lineage specific differentiation (see Section 

1.1.10) (Polack, 2010). Biomaterials may be combined with cells and/or signalling 

Skeletal system 
Bone plate for fracture fixation                Stainless steel, cobalt–chromium 
alloy 
Dental implants                                                         Titanium, Ti–Al–V alloy,  

                                                                       stainless steel, polyethylene 
Joint replacements (hip, knee)                               Titanium, Ti–Al–V alloy,  

                                                                       stainless steel, polyethylene 
Tendon and ligament screw               Titanium, polylactide 
 
Cardiovascular system 
Blood vessel prosthesis                                            Polytetrafluoroethylene, 
                                                                                     polyurethane 
Catheters                                                                    Silicone, polytetrafluoroethylene, 
                                                                                     polyurethane 
Heart valves                 Stainless steel, carbon 
 
Organs 
Artificial heart                  Polyurethane 
Heart–lung machine                Silicone rubber 
Skin repairs                  Silicone–collagen composite 
 
Senses 
Corneal bandage                 Collagen 
Contact lens            Poly (methyl methacrylate),  

Application 
Type of 

Biomaterials 
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molecules and act as (i) bioreactors where cells are manipulated in vitro, incorporated with 

materials and implanted into patient bodies’ or (ii) carriers of instructive cues that enhance 

cells inherently present in the body to contribute to the tissue regeneration in vivo (O'Brien 

and Barry, 2009). Alternatively, autologous cells are isolated, cultured in vitro and then 

injected into the injury site of the patient. This latter approach seems to be an attractive 

strategy for the regeneration of soft tissues, through minimally-invasive surgery (Hollinger, 

2011). However, such a conventional strategy has limitations such as immune rejection or 

lack of cell integration into host tissues with the consequent loss of their therapeutic 

efficiency (Tateishi, et al., 2007). As a trial to tackle this issue, cells were genetically 

engineered with viruses able to activate their biological functions (Gnecchi, et al., 2008). 

Although, this technology has been employed for the basic research of stem cell biology 

and medicine giving crucial knowledge and results, viral vectors cannot be used to treat 

patients given their toxicity and immunogenicity (Burdick, 2011). Thus, this strategy is not 

required from the clinical viewpoint of cell therapy. To overcome all these problems, cells 

may be incorporated with biomaterials. This ensures cells not only reside in a specific 

environment suitable for their survival within the body, but also to tackle the issue of an 

immune response such as inflammation and blood coagulation (Polak, 2010). Their 

valuable therapeutic efficiency makes biomaterials also excellent candidates in the 

progress of research and development of stem cell biology and medicine.  

 

Before discussing in more detail cell-based therapies, the following sections will review 

the basic components of the cell and its micro-environment. 

 

1.1.8 Cell Types and Functions 

 

A cell is defined as the smallest basic unit of life. Cells join together to form tissues that in 

turn compose organs. Each cell has a different set of functions including repair, growth, 

immunity and communication. Cells are found in two distinct groups un- (stem cells) and 

differentiated (committed) cells. Un-differentiated cells have the potential of acquiring 

tissue-specific cell phenotypes, whereas differentiated cells are those that are specialised in 

specific functions which may be performed in a certain organ or tissue (Temenoff, 2008). 

 



42 

 

1.1.9 Cellular Structure 

 

1.1.9.1 Cell Membrane 

 

Both differentiated and un-differentiated cells are separated from their external 

environment by the cell membrane. It is a bilayered structure composed of phospholipids, 

molecules with a hydrophilic (polar) head group and hydrophobic (non-polar) tail 

composed of fatty acids (Fig. 1.12).  

                             

Fig. 1.12 Typical structure of (a) a phospholipid bilayer and (b) a phospholipid. 

 

The cell membrane also contains a wide range of proteins which pass through the cell 

membrane, transmembrane proteins. Due to their both hydrophilic and hydrophobic 

domains, these proteins are distributed along the entire membrane. Transmembrane 

proteins may act as channels or carriers in order to maintain a well-defined chemistry 

within the cell. Specifically, transmembrane channel proteins form small pores in the 

phospholipid membrane and allow inorganic ions to pass through it. Transmembrane 

carrier proteins physically bind to the molecules that need to be transported from one side 

of the cell membrane to the other. Thus, the maintenance of cell membrane integrity is 

crucial to cell survival and interaction with the surrounding environment. It separates the 

interior of all cells (cytoskeleton) from the surrounding environment (i.e. the extracellular 

space). The cytoplasm has a unique chemical composition that may vary from that found 

outside the cell and thus has an influence on cell structure and biochemical pathways. 

In addition, the cell membrane represents the main point of contact between the 

extracellular and intracellular micro-environment. This ensures cells to be able to to 

communicate with other cells and their surroundings (Alberts, 2002). 
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1.1.9.2 The Glycocalyx 

 

The outer membrane surface is covered with a layer of glycol (carbohydrate) chain called a 

glycocalyx. This layer consists of proteoglycans, glycosaminoglycans (GAGs) and 

glycoproteins as well as adherent plasma proteins. Organised in a network of fibres, it 

helps cells to bind with other cells and to retain water. The glycocalyx protects cells 

against damages, provides intercellular adherence and elaborates specific chemical signals 

by which cells recognise each other. It also plays a critical role in regulating immune 

response and inflammation.  

Recent studies have reported its contribution to bind cells to extracellular matrix 

components such as collagen and to well-support tissue and organ maintenance (Alberts, 

2002). 

 

1.1.9.3 Cytoskeleton 

 

The cytoskeleton is the cellular skeleton contained within a cell’s cytoplasm. It consists of 

three kinds of protein filaments: actin microfibrils, intermediate filaments and 

microtubules. They are protein-based structures that may vary in length in response to 

cellular needs from stimuli received from the external environment.  

Actin filaments and microfilaments are solid and thin rods. They are present in muscle 

cells and are involved in muscle contraction. Microtubules are typically found in all cells 

and are thicker than microfilaments. The cytoskeleton aids the cells in maintaning their 

shape giving structural support. It also plays a key role in cell motility and in moving 

molecules within a cell (Gupta, 2004).  

 

1.1.9.4 Mitochondria 

 

Mitochondria are located into the cytoplasm and are cells’ source of energy. Their function 

is to convert energy into forms that are usable by the cell. They are also involved in cell 

division, growth and cell death. They have an unique two phospholipid membranes (Fig. 

1.13). Interestingly, the outermost membrane is smooth compared to the inner which is 

highly folded and surrounds the matrix space (Allcock, 2011). These folds called cristae, 

enhance the generation of cellular respiration by increasing the available surface area. The 

main steps of this process occur in the matrix due to its high concentration of enzymes. For 
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instance, glucose is broken down by enzymes in the matrix space. However, the final 

energetic product, adenosine triphosphate (ATP), is formed in the inner membrane 

(Temenoff, 2008). It is produced by redox reactions culminating in oxidative 

phosphorylation. Through this reaction ATP is in turn hydrolysed  to adenosine 

diphosphate (ADP), which is then recycled back by mitochondria to provide new ATP 

(Alberts, 2002). Through  simple chemical reactions, cells are able to produce in a safe and 

controlled manner quantity of energy sufficient to drive their required cellular processes.  

                                                         

Fig. 1.13 Schematic representation of mithocondria. The cristae are the narrow part 

between the two membranes while the matrix is the part enclosed by the inner membrane 

(Image modified from www.fararina.wordpress.com). 

 

1.1.9.5 Nucleus Structure and Functions 

 

The nucleus is a specialised organelle that contains genetic information or 

deoxyribonucleic acid (DNA) condensed into chromatin. The nuclear membrane or nuclear 

envelope consists of two phospolipid membranes that allows the nucleus to be separated 

from the rest of the cell. The outer membrane is connected with the inner membrane by 

specific pores called nuclear pores. These are proteins which are able to control the 

passage of only specific molecules in and out of the nucleus. Moreover, the outermost 

membrane is in contiguous with the endoplasmatic reticulum for protein synthesis (see 

Section 1.1.9.7). The latter is processed in a particular nuclear area called the nucleolus 

(Temenoff, 2008). 

 

 

 

 

http://www.fararina.wordpress.com/
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1.1.9.6 Deoxyribonucleic Acid (DNA) 

 

Deoxyribonucleic acid, DNA has an unique structure of double helix that carries genetic 

elements called genes. These contain codons that encode for specific amino acids which 

determine the final structure of a protein. DNA is a polymer of nucleic acid subunits 

consisting of a phosphate group, a sugar (deoxyribose sugar) and a base (Fig. 1.14). The 

bases can be either double (purine) or single ring structures (pyrimidine). Purine are 

adenosine (A) and guanine (G) whereas the pyrimidine are thymine (T) and cytosine (C) 

(Fig. 1.15). DNA is polymerised by condensation using a phosphodiester linkage as shown 

in Fig. 1.14. DNA structure is a three-dimensional structure in which the sugar and 

phosphate groups form a backbone while the bases are interiorly directed. This is critical to 

allow the formation of hydrogen bonds between bases on opposing chains, A with T and G 

with C, respectively. Moreover, in order to maximise base pairing, the two DNA  strands 

are antiparallel and thus aligned in the 3’ to 5’ direction while its complementary strand is 

in the 5’ to 3’ direction. The bases are the key role to the genetic information. A set of 

three bases comprises a codon which is directly related to protein structure  (Clark, 2012).  

                         

Fig. 1.14 The nucleic acids are polymerised by condensation to form a DNA molecule. 

The 3’ and 5’  (highlighted by black circles) indicate the carbon molecules on each sugar 

involved in the chemical reaction. This also designates the polymeric chain orientation 

(Image modified from www.biologymad.com).        
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1.1.9.7 Ribonucleic Acid (RNA)   

 

As with DNA, ribonucleic acid (RNA) is located in the nucleus. It is a polymer that shares 

many structural characteristics with DNA. However, RNA sugar, ribose, has an additional 

oxygen in position 2’ and the thymine base is substituted with uracil (U). In contrast to 

DNA, RNA has a single strand and thus does not form a helical structure (Fig. 1.15).   

 

Fig. 1.15 DNA and RNA in comparison. DNA and RNA have similar chemical structure, 

however, RNA is a single strand containing an uracil base that replaces the pyrimidine 

thymine base found in DNA (Image modified from www.biologymad.com). 

 

RNA acts as an intermediate for the genetic code found in DNA in directing protein 

synthesis. There are four types of RNA: transfer RNA (tRNA), messenger RNA (rRNA), 

ribosomal RNA (rRNA) and also small nuclear RNA (snRNA). In contrast to rRNA and 

tRNA, mRNA and snRNA are commonly located in the nucleus near expressed genes. 
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Whereas rRNA is only temporarily distributed in the nucleolus as a part of protein 

synthesis (Strachan, 2004). 

 

1.1.9.8 Endoplasmatic Reticulum 

 

As previously mentioned, the outermost section of the nuclear envelope is connected with 

the endoplasmatic reticulum (ER). It consists of long, flattened sheets of phospholipid 

membranes. The ER is separated into two separate, but connected units called the rough 

ER with ribosomes and smooth ER with out ribosomes. These are globular organelles 

containing two rRNA subunits and associated proteins. They play a critical role in the 

catalysis of the reaction in which mRNA, possessing the information derived from DNA, is 

used as a template to synthesise a specific protein during a process of translation. 

Subsequently, a protein is directed from the rough ER to the smooth ER which is in turn 

transfered to the Golgi apparatus. In the Golgi apparatus, a protein is further modified by 

adding or deleting specific molecules that tag protein for its final function (Fig. 1.16) 

(Alberts, 2002). 

                         

 

 

 

 

 

 

 

 

 

 

Fig. 1.16 Schematic representation of main steps involved in the formation of a 

protein (Image modified from www2.le.ac.uk). 
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1.1.9.9 Vesicles 

 

From the ER to the Golgi apparatus, a wide range of vesicles containing proteins may be 

found. When proteins need to be secreted, vesicles join the cell membrane and release their 

contents by a process called exocytosis. Vesicles can work to the opposite process known 

as endocytosis. It allows molecules to enter into a cell without passing through the cell 

membrane. During this process, specialised vesicles, lysosomes, contain hydrolytic 

enzymes for intracellular digestion of damaged cellular components and macromolecules 

(Temenoff, 2008). 

 

1.1.9.10 Cell Contacts  

 

Many cellular functions are mediated by cell-cell and cell-extracellular environment 

interactions. For instance, the transmembrane cadherins are responsible for cell-cell 

contacts while integrins are involved in both cell-cell and cell-matrix binding as described 

in Chapter 5, Section 5.1.2.3 (Pardi and Bender, 1991). Upon specific cues, both 

interactions may be rearranged and in turn influence cell proliferation, migration and 

differentiation (see Section 1.1.10).  

 

Cells interact with other cells by tight junctions, gap junctions and desmosomes. By tight 

junctions, adjacent cell membranes adhere to each other and prevent small molecules from 

passing between the cells. Gap junctions are hydrophilic channels that connect two distinct 

cell membranes. Desmosomes are mechanical attachments of two cells led by the 

association of cadherin receptors (Gupta, 2004). 

 

1.1.9.11 Membrane Receptors  

 

A wide range of cellular functions are regulated by specific proteins known as receptors. 

They are found on cell membranes and are involved in the transmission of chemical signals 

originating externally from the cells. By binding molecules (ligands), receptors direct in a 

controlled manner a set of cellular response such as adhesion and migration (Fig. 1.17) 

(Temenoff, 2008).  In addition the interaction of these receptors with the surrounding 

extracellular matrix has also been shown to induce gene expression control thus regulating 

cell funtion in response to environmental changes as described in Section 1.1.10. 
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Fig. 1.17 The three steps of cell motility. After determining a direction, a cell moves in 

that direction by extending a protrusion through the polymerisation of actin filaments at the 

leading edge. 

 

1.1.9.12 Extracellular Matrix (ECM)    

 

Extracellular matrix (ECM) environment is a fibre-reinforced matrix found in connective 

tissues such as cartilage, bone and tendon. Although its precise composition may vary from 

tissue to tissue, the primary components are fibrous structural proteins (i.e. collagen, 

laminins and fibronectin) surrounded by various molecules of glycoproteins and 

proteoglycans (Fig. 1.18). It also contains both free and sequestered soluble mediators such 

as growth factors (Harjanto and Zaman, 2013).  The ECM is involved in a wide range of 

functions including mechanical support for cell anchorage, cell orientation, cell growth and 

differentiation. Specifically, matrix elements widely affect the maintenance of cell 

morphology, proliferation and differentiation through binding with specific membrane 

receptors (i.e integrins) (Temenoff, 2008). 
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Fig. 1.18 Schematic representation of the mesh-network of ECM (Image modified from 

www.nature.com/nrc/journal/v3/n6/pdf/nrc1094.pdf). 

 

There are two types of matrices: (i) interstitial matrix and (ii) basal lamina. The first is 

produced by mesenchymal stem cells and contains collagen, fibronectin, hyaluronic acid 

and proteoglycans. Whereas, the basal lamina is produced by overlying parenchymal cells 

and contains a mesh-like collagen framework, laminin and proteoglycans (Ratner, 2004). 

Both matrices are turned over and remodelled in response to appropriate stimuli such as 

tissue which is injured and damaged (Allison, 2007). During this process, the components 

are digested and the amino acids are recycled back into the cells for later use. At the same 

time, the cells synthesise new matrix elements with the aid of specific proteins called 

enzymes (Temenoff, 2008). These catalyse chemical reactions by bringing the reactants 

physically closer and facilitating the formation of new bonds or the breakage of bonds at 

specific points (Alberts, 2002). In humans, matrix degradation is led by matrix 

metalloproteinases (MMPs). These receptors catalyse the cleavage of ECM components 

such as collagens and proteoglycans. The pieces of cleaved substrate are released and 

enzyme may attach to other molecules thus protracting the ECM digestion (Gupta, 2004).    

 

1.1.10 Cellular Functions  

 

Cell-cell and cell-ECM interactions widely influence the major cellular functions:  

 

I. Cell viability 

II. Cell proliferation 

III. Cell differentiation  

http://www.nature.com/nrc/journal/v3/n6/pdf/nrc1094.pdf
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IV. Migration.  

 

These contacts act via complex intracellular pathways that affect gene expression in the 

nucleus. The specific cellular functions are below described following with few examples 

of how these processes may be altered after biomaterial implantation.   

 

1.1.10.1  Cell Viability 

 

Dramatic changes in cell environment may lead cells to die. This is often caused either by 

changes in the chemistry of the enviroment (i.e. variation in pH and temperature) or due to 

the presence of specific molecules that expressly lead to cell death (Alberts, 2002). Cell 

death may ensue by necrosis or apoptosis. Necrosis and apoptosis are driven by a series of 

intracellular events including mitochondrial dysfunction, organelle disintegration, 

lysosomal rupture and ultimately cell membrane rupture. This leads dead cells to release 

specific factors that activate local inflammation and in turn an innate immune response. 

Apoptosis, defined also as programmed cell death, causes a number of changes in the cell 

nuclear structure, including condensation and fragmentation of chromatin, cell shrinkage, 

blebbing of the cell membrane and formation of apoptotic bodies containing nuclear and 

cytoplasmic materials. This cascade of events leads to the beginning of the programmed 

cell death, which is of extreme importance in embryogenesis and development as well as in 

the tissue remodelling and elimination of autoreactive immune cells (Elmore, 2007).  

 

1.1.10.2 Cell Proliferation 

 

Cell proliferation refers to the process of increasing cell numbers by mitotic division (see 

Section 1.1.10.2.2). It induces cells to become more specialised in terms of structure and 

function. Depending on their proliferation activity, cells are classified as labile, permanent 

and or stable. Labile cells such as stem cells and keratinocytes (skin cells) proliferate 

constantly. Permanent cells (i.e. cardiac muscle cells, photoreceptors and neurones) are 

terminally specialised. They cannot be replaced when lost as these cells have only a very 

limited capacity to divide. Stable cells are induced to re-enter in cell cycle upon specific 

cues. Examples of this group include fibroblasts in connective tissues, bone, liver and renal 

tubular cells (Porth, 2010). 
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1.1.10.2.1 Cell Cycle: Interphase 

 

The cell cycle consists of a interphase (G0, G1 and G2 phases) in which DNA and cellular 

organelles are made for cell division and a mitosis or phase M where cells divide. 

Specifically, cells grow and produce additional organelles in G1 phase whereas, DNA is 

replicated in S phase and proteins and structural cellular components in G2 phase. 

Interestingly, stable cells may enter in a G0 phase. During this period, cells are not able to 

increase in size or replicate, but specific signals may stimulate them to return to G1 and 

continue to proliferate. These cells  are termined quiescent or resting (Alberts, 2002). 

 

1.1.10.2.2 Cell Cycle: Mitosis 

 

Mitosis consists of four events: (i) prophase, (ii) metaphase, (iii) anaphase and (iv) 

telophase (Fig. 1.19). In particular, prophase is marked by nucleolus dissipation and 

chromatin condensation into chromosomes. This is induced through replication in two 

identical sister chromatids, in the S phase. Each chromatid is then  shifted in the nucleus of 

one of the daughter cells afer mitosis. The separation of two pairs of centrosomes leads 

thus to the mitotic spindle formation which is necessary for an equal division of the 

chromosomes in later mitosis (Ratner, 2004). Generally this process is frequent in tissues 

that require intensive renewal including epithelial tissue and bone marrow. In some adult 

tissues mitosis is almost absent, like nervous and cardiac tissues or low frequency where 

tissue regeneration is usually slow such as connective tissues (Kutz, 2002).  

 

Fig. 1.19 Representation of mitosis (Image taken from Encyclopedia Britannica 2008). 
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1.1.10.3 Cell Differentiation  

 

As mentioned above, many tissues include a specifc cell type called stem cells. These cells 

possess the ability to self-renew as well as to produce differentiated cells. They may be 

labile, stable and permanent and able to reproduce their own cell type continuosly. In 

addition, stem cells may divide to create either (i) multipotent cells that differentiate into 

specific cell types (i.e. hematopoietic stem cells (HSCs) and mesenchymal stem cells 

(MSCs)) or (ii) pluripotent cells in all cell types including embryonic stem cells (ESCs) 

(Fig. 1.20). Commonly, both stem cell types are induced to differentiate after a traumatic 

injury. They undergo a controlled set of alterations in gene expression and protein 

synthesis associated with lack of cell proliferation. Differentiation results thus in changes 

in cell morphology or phenotype (Gilbert, 2000). 

 

Fig 1.20 Cell Development. At the early stage of development, the zygote divides into 

identical totipotent cells and generates both pluripotent and multipotent stem cell types. 

 

It is known that these differentiation events are initiated and widely controlled by ECM 

components through their interactions with cellular membrane receptors (Ratner, 1996). 

Therefore, understanding how these cues may affect cellular responses is the platform to 

develop any cell-based therapeutic strategy. 

 

1.1.11 Stem Cell Niche 

 

Within tissues, stem cells reside in a complex three-dimensional microenvironment termed 

the stem cell niche (Caplan, 2009). The niche contains supportive cells and ECM 
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components that preserve and establish stem cell properties (Lai, et al., 2010). Its role is to 

retain cells in a quiescent state or to sustain their differentiation after an injury, disease or 

aging (Bobis, Jarocha and Majka, 2006). Typically, a niche is localised in a specific tissue 

containing a few (two or more) stem cells (Fong, 2007). For instance, skeletal muscle cells 

appear individually distributed under the basal lamina of distinct muscle fibres while 

multiple stem cells have been found as aggregates in the bulge of hair follicles (Morrison 

and Spradling, 2008). Interestingly, hair follicle (Fig. 1.21), bone marrow (Fig. 1.22), 

brain, testis and intestine stem cell niches (Fig. 1.23) share common features, structures 

and functions (O'Brien and Bilder, 2013). For instance, each hair follicle is composed of a 

bulge area where epithelial stem cells are located and maintained. These cells are 

multipotents and give rise to daughter cells capable to migrate for either differentiating in 

epidermal cells during wound repair or generating to hair-matrix progenitors, which further 

provide to the hair shaft (Li and Xie, 2005). 

 

Fig. 1.21 Epidermal stem cell niche. Stem cells are located in the bulge region of the hair 

follicle beneath that upon activation, undergo division and eventually migrate down to the 

sebaceous gland for inducing hair regeneration (Image modified from Li and Xie, 2005). 
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Fig. 1.22 Bone marrow stem cell niche. The stem cell niche is located on the surface of 

trabecular bone, where a small subset of supportive cells (i.e osteoblastic cells) may aid the 

regulation of cell proliferation, migration, and differentiation. Finally, differentiated cells 

migrate and infiltrate into blood vessel (Image modified from Li and Xie, 2005). 

                                    

Fig. 1.23 Intestinal stem cell niche. Stem cells are distributed at the fourth or fifth 

position above the Paneth cells (blue circles) from the crypt base of the intestine. 

Mesenchymal stem cells function as the niche (Image modified from Li and Xie, 2005). 

 

All niches are controlled by a dynamic system that constantly regulates stem cell fate 

according to specific local signals (Lutolf and Blau, 2009). In particular, several signalling 

pathways such as Notch and Wnt have been shown to be implicated in two distinct 
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mechanisms termed: (i) obligatory asymmetric division, in which a stem cell is retained in 

the same position while a daughter cell leaves the niche and eventually becomes a 

specialised cell and (ii) stochastic differentiation whereby stem cell population is 

maintained by a balance of repeated stem cell divisions (Lai, et al., 2010). 

 

However, the mechanisms involved in these processes are still unclear. It is well-known 

that the creation of gradients of distinct signals by ECM is essential for maintaining and 

establishing of the stem cell niche (Jones and Rando, 2011).  Understanding why and what 

induces cells to proliferate or differentiate is a challenge for the use of stem cells in tissue 

regeneration as described in Chapter 6.  

 

1.1.11.1 In vivo and In vitro Stem Cell Studies 

 

Current challenges in stem cell studies are in identifying and mimicking some of the 

specific signals provided by the native stem cell niche using distinct in vitro and in vivo 

approaches. In vitro, stem cells are commonly cultured in an environment whose main 

components are the medium, oxygen, pressure and growth factors. Each of these elements 

activates a complex network of signalling pathways culminating in the determination of 

stem cell fate (see Chapter 6) (van der Sanden, 2010). However, in vitro tests commonly 

are involved for the reconstruction and development of distinct niches through two-

dimensional (2D) or three-dimensional (3D) cell culture models (Campbell and Watson, 

2009). In contrast to the 2D method, which is widely considered as a necessary way to 

observe cell behaviour with reference to cell viability, proliferation and differentiation, the 

3D culture provides a better informative 3D structure directing cell activities (Derda, et al., 

2009). Both tests are routinely used, as they are relatively rapid, inexpensive and able to 

simplify the analysis of the system under observation. However, the in vitro methods may 

not provide an appropriate true representation of physiological conditions for two major 

reasons:  

 

I. Data may not give any information on immunorejection or toxicity response of the 

materials; 

 

II. Do not reflect the complexity of the in vivo environment and its interlinked events      

since in vitro tests usually employ only a single cell line.  
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Alternatively, in vivo models are advantageous from the viewpoint of the micro-

environment. It is likely that the body directly supplies most of the biological elements 

such as growth factors and cytokines as well as distinct cell types. Therefore, in vivo tests 

are usually considered as the necessary step prior to the clinical use of cultured stem cells 

(Tabata, 2009). However, in order to avoid some specific limitations such as immune 

rejection or lack of cell integration into host tissues with the consequent loss of their 

therapeutic efficiency, a wide range of biomaterials has recently been employed to mimic 

stem cell niche in a precise and controlled manner (Daley, Peters and Larsen, 2008). A 

more detailed explanation will be given in Section 1.1.12. Nonetheless, on-going research 

in many different fields including stem cell biology, nanotechnology and tissue 

engineering have been recently placed tremendous efforts in to develop novel regenerative 

strategies where stem cells, soluble factors, biomaterials or combinations thereof are 

strictly involved.  

 

1.1.12 Biomimetic Materials for Regenerative Medicine 

 

By definition, biomimetics is a novel approach to develop materials capable of triggering 

cellular responses and thus tissue regeneration by biomolecular recognition. This may 

easily be achieved by modifying a number of material design parameters including the 

surface or topography of the biomaterials themselves (Shin, Jo and Mikos, 2003). 

 

It is well known that the in vitro 3D culture is a potential strategy that allows the 

mimicking of certain features of the natural ECM and to reproduce the functions of the 

tissue that it is intended to replace or regenerate (Anderson, et al., 2011). However, due to 

its limitations, biomaterial technologies have recently focused on the development of 

biomimetic biomaterials (Nguyen, Schwartz and Murphy, 2011). Biomimetic biomaterials 

tend potentially to mimic one or more characteristics of the natural cellular 

microenvironment and to direct cell behaviour within tissues. They are commonly 

achieved by either (i) immobilisation of cell-binding peptides on biomaterials via chemical 

or physical methods or (ii) surface functionalisation using soluble bioactive molecules such 

as growth factors and plasmid DNA that are released from the materials to lead cellular 

responses (Shin, Jo and Mikos, 2003). In particular, the use of large molecules have been 

shown to successfully promote stem cell adhesion, proliferation and differentiation as well 
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as tissue regeneration (i.e. cartilage, bone, skin and myocardia) (Shimizu, et al., 2003; 

Santin and Philips, 2012). However, utilisation of short peptide sequences for surface 

modification has demonstrated a great potential over the use of the long chains (Shin, Jo 

and Mikos, 2003). The latter often tend to fold upon adsorption on the biomaterial surface 

inducing the receptor binding to be not sterically available (Zhuang, et al., 2008). In 

contrast, the short peptides are relatively more stable of the other one and less suitable to 

modification during the material production (Tabata, 2007). However, both bioactive 

molecules provide biological cues necessary to lead tissue regeneration as well as insights 

into cell-biomaterial interaction (Yuan, et al., 2011). Cell-biomaterial binding is a 

complicated phenomenon and despite enormous effort, its mechanisms are still unclear. It 

is known that distinct cell types use different attachment mechanisms on different surfaces 

that lead to the deposition of adhesive proteins secreted by them such as fibronectin and 

vitronectin (Shekaran and Garcia, 2011). This cellular activity is strictly dependent on the 

physicochemical properties of the biomaterial surfaces including hydrophilicity, surface 

chemical composition and charge as described in the following Chapters (Shi, 2004). Many 

chemical functional groups such as carboxyl and amine groups may also interfere with the 

final fate modulation of the attached cells on material surfaces (see Chapters 5 and 6) 

(Curran, et al., 2010). 

 

A variety of natural and synthetic biodegradable and biocompatible materials has thus been 

employed to mimic either the ECM or the complete hierarchical structure of the tissues or 

organs (Slaughter, et al., 2009). They have been fabricated in the form of solid foams, 

nanofibrous matrices, spheres or hydrogels in order to provide an optimal micro-

environment for cell migration, proliferation and differentiation (Shin, Jo and Mikos, 

2003). All these biomimetic materials have been engineered using specific technologies as 

shown in Table 1.8 demonstrating a higher degree of success.  
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Table 1.8 Some of the most common techniques used to develop biomimetic  

biomaterials for tissue regeneration. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Biomimetic biomaterials have also been designed to enhance material degradability by 

specific protease enzymes (Mao, et al., 2009). For instance, poly (lactic acid) (PLA), (poly 

(glycolic acid) (PGA) and their copolymers are commonly used in a wide range of 

biomedical applications for their better biocompatibility and biodegradability properties. 

Interestingly, both polymers have shown the ability to enhance PEG biodegradability 

(Drubin, Way and Silver, 2007) and bio-functionality with distinct peptide sequences 

capable to mimic metalloproteinase (MMP) action (Lutolf and Blau, 2009). For instance, 

MMP peptide-modified PLA-PEG scaffolds demonstrated ability in to assist the invasive 

characteristics of native ECM and cell migration via enzymatic MMP secretion (Zhu and 

Mahato, 2010).  

 

Detailed information on biomimetic materials and their use in tissue regeneration are 

discussed in Chapters 5 and 6. 

 

Technique Description 

Electrospinning             Production of fibres with diameters down to the sub-micron.  

A wide range of both natural and synthetic polymers have                 

been processed into electrospun nano-fibres and have been 

reported to be able to induce cell adhesion, proliferation and 

differentiation.                                    

                                                                                                                                                                                            

Self-assembly                Spontaneous organisation  of elements into 3Dstructures. 

Self-assembled materials are usually hydrogels suitable for                  

injection. They often consist of large pores which may limit cell 

incorporation, migration and proliferation.   

 

Phase Separation          Separation is a multi-component system in order to lower the 

system free energy. It allows production of nano-fibres 

scaffolds for cell adhesion and growth.                              
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1.1.13 Biomaterials as Carriers in Regenerative Medicine 

 

For regenerative medicine, biomaterials may be combined with cells and/or bioactive 

molecules such as growth factors, cytokines and chemokines.   

Molecules are able to accelerate cell-induced tissue regeneration in a precise and controlled 

manner (Fisher, 2006). Interestingly, these molecules may be (i) combined with 

appropriate biomaterials and released after material implantation or (ii) directly injected in 

solution into the site to be regenerated (Savage, 1999). This latter approach, however, is 

generally limited in its use since molecules may rapidly diffuse from the injected site and 

enzymatically digested or deactivated. In contrast, when incorporated into an appropriate 

biomaterial carrier, molecules are released in a precise and controlled manner and they are 

protected against proteolysis, to prolong their retention in vivo (Zippel, Schulze and 

Tobiasch, 2010). In addition, encapsulation of molecules into biomaterials is preferably by 

either physical or chemical immobilisation in order to avoid a lack of biological activity 

caused by the failure to release the biomolecule (Uebersax, Merkle and Meinel, 2009). 

 

Drug delivery systems (DDSs) have hence been specifically investigated as a new 

methodology to enhance the in vivo efficacy of therapeutic drugs (Allen and Cullis, 2004).  

For instance, due to their ability to be release over a time range of five days to three 

months, angiogenic factors (see Chapter 3) were successfully encapsulated into a gelatin 

hydrogel and employed for the regeneration of the coronary artery wall (Davis, et al., 

2005). 

 

Recent studies have reported that tissue regeneration may be also ensured by combination 

of biomaterial carriers with genes (Yang and El Haj, 2006). Generally, gene transfection 

carriers have been prepared using viral vectors (Shi, 2004). Viruses have shown their great 

capacity to enhance the level of gene expression and to activate the biological function 

within engineered cells (Drubin, Way and Silver, 2007). Specifically, viral vectors may be 

either injected directly into the patient (in vivo gene therapy), or integrated into harvested 

cells in vitro and then introduced in a targeted tissue (ex vivo gene therapy) (Strachan, 

2004). Virus vectors such as adenovirus, retrovirus, adeno-associated virus have been 

particularly employed for the treatment of genetic disorders (i.e. congenital blindness and 

muscular dystrophy) and cancer (Nienhuis, 2013). However, toxicity and immune response 
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problems make viruses unsuitable for clinical therapies (Lai, et al., 2010). Currently, a 

wide range of carrier biomaterials such as liposomes and polymers have been used to 

enhance the level of gene expression (Zhu and Mahato, 2010). Biomaterials have thus far 

shown their potential to be alternative systems for non-viral gene transfection (Gao, Kim 

and Liu, 2007). For instance, the injection of plasmid DNA onto immobilised into gelatin 

highly enhanced the in vivo therapeutic effects in nerve regeneration compared to those 

employed with virus transfection (Giacca, 2010). 

The gene transfection with biomaterials is also effective in enhancing stem cell-based 

tissue regeneration therapy and developing the basic research of stem cell biology and 

medicine (Ochiya, et al., 2001). Biomaterials carrying genes may be internalised within 

cells and enable the silencing effect of specific genes resulting in a cell function 

modification suitable for stem cell biology and future cell therapy (Fig. 1.24) (Shi, 2004). 

 

Fig. 1.24 Schematic representation of the use of biomaterial carriers in regenerative 

medicine both in vivo and in vitro.   

 

1.1.13.1 The Delivery of Bioactive Molecules 

 

In tissue regeneration, the secretion of cellular endogenous molecules such as cytokines 

and growth factors play a critical role. Depending on the size of the defects, however, 

bioactive molecule release may not be sufficient in quantity where by the addition of 

exogenous molecules seems to be strictly required (Shin, Jo and Mikos, 2003). In addition, 

without the protection through delivery systems, the injection of only bioactive molecules 
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may not ensure adequate physiological responses to injury (Davis and Leach, 2011). These 

molecules are often susceptible to degradation and may likely rearrange away from their 

desired defect sites. In order to achieve efficacy, large doses supplied at interval time 

periods may be required often associated with high costs and detrimental side effects (Dee, 

2002). Therefore, the choice of a specific delivery system plays a critical role in the rate of 

regeneration and functionality of tissues and organs (Shin, Jo and Mikos, 2003). In this 

regard, it is necessary to consider: 

 

I. The release kinetics of bioactive molecules and their potential bioactivities; 

 

II. The mechanisms determining the interactions and integration of the delivery system 

with the surrounding host environment; 

 

III. The need for a prolonged presentation of bioactive molecules that can ensure the 

adequate stimulation of the host cells towards migration, proliferation and 

differentiation into cell type or types. 

 

Therefore, designing systems for bioactive molecule delivery is not a simple task, as 

different tissues require the presentation of various factors at specific times and necessitate 

distinct release profiles (LaVan, McGuire and Langer, 2003). Bioactive molecules are 

actually encapsulated into porous solid scaffolds or incorporated into spheres. The latter 

strategy is known as a particulate system (Jeon, et al., 2011). It consists of microparticles 

(1–1000 μm) and nanoparticles (1–1000 nm) that may be directly injected into defect sites 

(Kubik, Bogunia-Kubik and Sugisaka, 2005). This system has been designed as an 

alternative approach to scaffolds and hydrogels for the delivery of bioactive molecules in a 

minimally invasive manner (Lee and Kaplan, 2006). It ensures severe advantages such as 

efficient particle dispersion, ease control in size distribution and possibility to create pores 

for variable release kinetics (Goldberg, Langer and Jia, 2007). However, particulate 

systems may be not suitable for all clinical applications. For instance, the particles often 

tend to collapse and thus limit a controlled tracking system during the treatment of 

neurological disorders (Zhong and Bellamkonda, 2008). In addition, surface coatings have 

been widely used for imparting resistance to protein adsorption and improving cell-

biomaterial interaction (Shin, Jo and Mikos, 2003; Meikle, et al., 1999). For instance, 

collagen-coated scaffolds have been produced for encouraging cell attachment as well as 
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delivering of growth factors after implantation (Slaughter, et al., 2009). In addition, 

heparin-functionalised poly (lactide-co-glycolide) (PLG) allowed the linkage of specific 

bioactive molecules such as bone morphogenetic proteins (BMPs). These surfaces were 

able to induce bone tissue formation to a greater extent than BMP-loaded unmodified PLG 

scaffolds (Naderi, Matin and Bahrami, 2011). This was likely due to a regulated retention 

of growth factors on surfaces, which in turn provided control over the rate of therapeutic 

delivery (Zhu and Mahato, 2010). This concept has wide applicability and represents a 

strategy that should be applied to future regenerative medicine technologies (Suh, 2000). 

To validate this hypothesis, several nanoscale surface modification approaches are 

currently under investigation to determine their effectively potential both in vitro and in 

vivo. Interestingly, nanoscale materials, components smaller than 100 nm are already 

appearing in commerce as industrial products and as novel drug delivery formulations 

(Beg, et al., 2011). For instance, nanoceramics are commercially available as new bone 

grafts or as implant coating materials (i.e. nano-HA paste-Ostim® from Obernburg) 

(Ravichandran, et al., 2009). More recently, dendrimers are emerging as potential 

therapeutic and diagnostic agents (i.e. ViVa Gel from Starpharma) for the treatment of 

severe viral infections such as HIV and herpes virus and cancer (McCarthy, et al., 2005). 

Therefore, due to their cytocompatibility, stability and efficacy properties, nanomaterials 

are considered as the next generation for the repair and regeneration of an orchestrated 

range of tissues and/or organs (Tomalia, 2009). 

 

1.1.14 Nanotechnology in Regenerative Medicine 

 

Nanomaterial research for regenerative medicine is emerged since it has been observed that 

natural tissues or organs originate from the assembling of structures of nanometre 

dimension and that cells directly interact with nanostructured features of the ECM.  

Nanoengineering has opened a new era in material science and biomedicine as it merges 

several traditional disciplines including engineering, biology and medicine together 

(Zhang, 2008). Although, the origin of nanotechnology can be traced back to a talk given 

by Richard Feynman in 1959, the term was only introduced by Taniguchi in 1974 (Sepeur, 

2008). Subsequently, nanotechnology has become the process and manipulation of 

materials at atomic molecular or macromolecular scales (Wilson, 2002). Generally, 

nanomaterials of approximately 0.2 to 100 nm, may be of metals, ceramics, polymers and 
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composites and be produced by standard physical and chemical methods such as 

electrospinning, phase separation, self-assembly processes and chemical etching (Köhler, 

2005). As a result, nanoengineering can be applied to a wide range of materials that may be 

useful to distinct clinical and therapeutic applications (Buzea, Pacheco and Robbie, 2007). 

For instance, nanoparticles of poly (ether-ether ketone) (PEEK) modified with titanium 

significantly improved the surface roughness of PEEK and dramatically enhanced bone 

regeneration after 4 weeks implantation (Wu, et al., 2012). Similarly, due to their small 

size and ability to cross the blood-brain barrier, polymeric nanoparticles coating with 

carmustine a chemotherapy drug (Gliadel® Wafer), have been successfully used for 

treatment of brain tumours (Laquintana, et al., 2009). Magnetic iron oxide nanoparticles 

have been utilised in magnetic resonance imaging (MRI) for detection of vascular diseases 

while buckyminsterfullerene (C60) containing carbon molecules were employed for the 

identification of cancerous cells (McAteer, et al., 2010). However, several reports have 

shown their potential to induce oxidative stress, inflammation, genetic damage and long-

term pathological effects (Yokel and Macphail, 2011).  Although, the synthesis of new 

nanostructures has led to improvements in the ability to provide a true biomimetic and bio-

functionalised microenvironment for tissue regeneration, challenges still need to be 

addressed. However, the limited understanding of how key cellular factors promote the 

assemblies of different tissues and in what way micro-environments control and guide cell 

activities seems may contribute to the development of novel nano-structured biomaterials 

with the intention of offering unique therapeutic benefits in regenerative medicine. 
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1.2 Original Contribution to Knowledge and Aim of the PhD 

Study 

 

A wide range of bio-active and bio-mimetic materials at nanoscale sizes and shapes have 

been recently used for the regeneration of several tissues such as cartilage, bone and skin 

(Davis, et al., 2009). They were able to recreate the complex interactions between cells and 

their microenvironment thus influencing tissue functions and integrity (Davis, Hsieh et al., 

2005). However, these approaches face significant limitations; among them uncontrolled 

angiogenesis has been identified as a cause of poor clinical outcome in many clinical 

applications. The establishment of a mature and well-organised vascular network is a 

critical step for the homeostasis and regeneration of living tissues, without which, this 

latter would degenerate and die (Kirkpatrick, et al., 2002). On the contrary, the invasion of 

blood vessels during the regeneration of an avascular tissue such as the cartilage generates 

a tissue of limited functionality (Scholz, et al., 2010).  

Angiogenesis, formation of new blood vessels, is a complex process tightly controlled by 

interplay of pro- and anti-angiogenic factors, which act either to promote or to inhibit 

blood vessel growth. The correct balance of these forces triggers the activation of one of 

the most potent angiogenic regulators, the vascular endothelial growth factor (VEGF). 

VEGF plays a critical role in both physiological and pathological angiogenesis through its 

binding to specific receptors on endothelial cell surfaces (Conway and Carmeliet, 2004). 

Recent studies have reported that VEGF is a key component of the repair and healing 

process. For instance, tissue-engineered scaffolds with VEGF were able to promote bone 

regeneration by controlling angiogenesis (Peng, et al., 2002). Similarly, the systemic 

delivery of anti-VEGF significantly enhanced the early stage of cartilage formation (Nagai, 

et al., 2010). However, its beneficial effects are limited by the rapid diffusion from the 

injected site that induced the formation of disorganised and haemorrhagic vessels with 

consequent problems of leakage and hypotension (Loffredo and Lee, 2008). As a result, the 

use of VEGF in various clinical trials is still restricted by lack of effective delivery systems 

and biomaterial carriers. 

 

Notable results have emerged with the use of bone marrow mesenchymal stem cells 

(MSCs) as a promoter of angiogenesis through their ability to secrete VEGF and other pro-

angiogenic factors (Caplan, 2009). The use of MSCs has markedly increased over the past 
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decades as they have clearly shown their potential in regenerative medicine and tissue 

engineering (Bobis, Jarocha and Majka,  2006). They are isolated from bone marrow and 

have the ability to self-renewal and differentiate into mesodermal lineages (i.e. adipogenic, 

osteogenic and chondrogenic). Moreover, the capability to isolate these cells from many 

adult tissue types, presents them as promising cell sources for tissue repair and 

regeneration (Lutolf and Blau, 2009). However, the potential for stimulating angiogenesis 

by MSCs has been investigated in a more limited manner. While sharing similar properties 

with ESCs, MSCs have the advantage of minimising ethical issues and legal liability still 

ensuring a lack of immune rejection upon implantation (Fong, 2007). Interestingly, MSCs 

reside in highly complex microenviroments termed the stem cell niche. This niche contains 

cellular and non-cellular components capable of maintaining MSCs in a quiescent state and 

supporting their differentiation in response to injury, disease or aging (Lai, et al., 2010). 

The mechanisms of how the niches control stem cell fate are still unclear. However, it is 

known that supportive cells and the basement membrane (BM) that is considered a portion 

of the specialised niche, directly regulate MSCs to secrete a range of bioactive agents such 

as cytokines and growth factors (Li and Xie, 2005). On the basis of this evidence, a large 

number of natural and synthetic materials designed to facilitate tissue repair and 

regeneration have been created and tested. For example, various polyacrylamide gel 

substrates that were coated with covalently bound tissue-specific BM proteins (collagen 

IV, laminin) were able to direct osteogenic and myogenic differentiation of MSCs (Engler, 

et al., 2006). In addition, MSCs injected into an infarcted heart have been shown great 

ability to promote both angiogenesis and myocardial regeneration. Interestingly, these 

studies reported the potential of MSCs to locally release growth factors (i.e VEGF) and 

induced formation of organised and mature vessels (Burdon, et al., 2011). 

 

However, despite these encouraging results, the use of MSCs as a form of angiogenic 

promoter is still debated because cells easily lose their therapeutic and proliferative 

capacity during their in vitro expansion. Although progresses have been made in the 

biomaterials field to enable differentiation of MSCs, no specific matrix components or cell 

types have been identified which are capable of retaining the MSCs in its native state and 

supporting their angiogenic activities under tightly controlled conditions. This is an 

extremely desirable property allowing the delivery of a consistent and reproducible supply 

of cells with uniform and predictable behaviours. It is well known that the loss of stem-like 

properties and spontaneous differentiation of MSCs in situ have been shown to contribute 
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to irregular vascular network formation (Smits, et al., 2005). In pathological angiogenesis, 

a large excess of pro- and anti-angiogenic factors leads to abnormal vasculature 

characterised by poor vessel perfusion and stability.  

 

Likewise, control of angiogenesis also includes the ability to inhibit the progress in the 

regeneration of non-vascularised tissues such as the cartilage. Anti-VEGF therapies have 

recently demonstrated promise in clinical trials focussing on cancer treatment. Although, 

anti-VEGF monoclonal antibodies have been FDA approved as anti-angiogenic drugs, the 

use of short peptides has recently attracted attention (Erdag, 2007).  They possess high 

specificity and affinity for their targets, low cost and good penetration within tissues due to 

the relatively small sizes of these peptides. As a result, significant efforts have been placed 

into developing synthetic peptides for the treatment of anti-angiogenesis-dependent 

diseases (Bae, et al., 2000). However, the majority of these molecules have not translated 

into clinical applications as they suffer from both short half-life and fast elimination from 

systemic circulation. 

 

To address stem cell activity in pro-angiogenic therapies and inhibition of VEGF activity 

in anti-angiogenic approaches, the present PhD project aims to: 

 

I. Develop a platform  technology based on synthetic biomimetic nanoscale matrices 

that can be flexibly adapted to produce in a highly reproducible manner 

therapeutically-effective synthetic bio-cues for tissue regeneration; 

 

II. Provide new insights into the biochemical and morphological cell responses when 

exposed to these synthetic bio-structural and bio-chemical signals. 

 

Nanoscale poly-ɛ-lysine dendrons have been thus designed, synthesised and assessed for 

their ability to act as angiogenic regulators for tissue regeneration. 

 

The potential to create biomimetic matrices capable of presenting specific bio-cues (i.e. 

anti-VEGF and laminin like-peptides) and to interact with either biomaterial substrates or 

ECM components allowed the synthesis and characterisation of a wide range of new 

materials with different physico-chemical and biological properties. These hyperbranched 

molecules have been obtained by a conventional peptide solid-phase method using a 
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microwave system and characterised by analytical analysis such as mass spectrometry, and 

HPLC (Chapter 2). 

 

The exquisite control of the peptide synthesis and the optimisation of their characterisation 

steps led to the production of novel dendrons that were able to:  

 

I. Inhibit blood vessel formation by blocking VEGF-mediated cell signalling pathways both 

in vitro (Chapter 3) and in vivo (Chapter 4). By interfering with the formation of 

VEGF/VEGFR complex, these dendrons were able to inhibit both endothelial cell 

proliferation and capillary formation through vessel regression. In addition, the tailored-

design of the material was likely to enable precise spatial and temporal control over VEGF 

blocker release providing new insights into the mechanisms of angiogenesis action.  

 

II. Angiogenesis promoting-capacities of MSCs via the development of artificial basement 

membrane. Peptide dendrons with a well-organised size and shape mimicked a non-woven 

mesh that provided specific binding sites for stem cell adhesion and proliferation similar to 

that of the basement membrane of a stem cell niche. They have been used to coat two 

dimensional (2D) tissue culture plates to create assembly properties of typical 3D spheroid 

cell culture models (Chapter 5). The innovative biomimetic stem cell control strategy 

provided a direct approach in maintaining cell potency while unveiling insights in the 

process of asymmetric stem cell division and factors augmenting MSC regenerative 

potential (Chapter 6). 

 

The use of these bio-functionalised and bio-mimetic dendrons with unique physical, 

chemical and biological properties seems to show promise in the field of regenerative 

medicine. These macromolecules could play a role not only in clinical applications 

focussing on tissue regeneration, but also become valuable tools for in vitro and in vivo 

models leading to a greater insights into the role of angiogenesis in tissue regeneration. 

The development of these models and indeed any further understanding in the formation 

and stabilisation of a mature vascular network would be of great value in developing future 

clinical and therapeutic approaches.       
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CHAPTER 2. 

Poly (ɛ-lysine) Dendrons as a Novel Class of Hyperbranched 

Synthetic Polymer in the Control of Tissue Regeneration 
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2.1 Introduction 

 

2.1.1 Dendrimers and its Derivatives 

 

The design of chemistries for biodegradable polymers has allowed the synthesis of specific 

macromolecules with unique physicochemical and biological properties (Angelova and 

Hunkeler, 1999). Dendrimers, from the ancient Greek “dendron” (tree), are an emerging 

and innovative class of hyperbranched synthetic polymers the use of which in regenerative 

medicine has shown a significant potential (Tomalia, 1991). The dendrimer name reflects 

the ordered, branched and three-dimensional features that resemble, at the molecular level, 

the architecture of a tree (Menjoge, Kannan and Tomalia, 2010). A typical dendrimer 

structure consists of three distinct structural regions: 

  

A multifunctional central core; 

Branched monomeric units organised in layers called “generations” (Gn); 

External groups designed to provide functionality to the dendrimer. 

 

Dendrimer synthesis results in a monodisperse three-dimensional globular structure 

characterised by a well-organised distribution of monomers (Hubner, et al., 2000) (Fig. 

2.1).  

 

 

 

 

 

 

 

 

 

Fig. 2.1 Basic structure of a dendrimer. The dendrimer size depends on the number of 

monomer layers and every layer added is represented by a generation (Gn). The number of 

external functional groups is typically termed 2n where n = dendrimer generation (e.g. G0 = 

2, G1 =4, G2=8, G3= 16). 
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When the functional core of the dendrimer is removed, a number of identical fragments 

called dendrons remain (Aulenta, 2003) (Fig. 2.2). The central core, internal and external 

functional units are interdependent and capable of creating a unique macromolecule with a 

specific shape, size and topology as well as flexibility (Svenson and Tomalia, 2005). The 

numbers of branching points which extend from the core to the periphery define the 

dendron generation G1-G2-G3 (Menjoge, Kannan and Tomalia, 2010). Dendrons of higher 

generations are larger macromolecules with more branches and end groups at their 

periphery than dendrons of lower generations (Walter and Malkoch, 2012).  

 

 

 

 

 

 

 

 

Fig. 2.2 Dendrimers and dendrons. Dendrimers are characterised by combination of 

unique structural dendron units.  

 

Due to their branched structure, dendrimers and dendrons exhibit properties substantially 

distinct to those of linear polymers (Lee, et al., 2005). An important area where linear and 

dendronised polymers exhibit distinct characteristics is their viscosity. It is well known that 

the intrinsic viscosity of a linear polymer is correlated with its molecular weight (Svenson 

and Tomalia, 2005). In contrast, dendrons exhibit a linear relationship at lower generation 

numbers followed by a smooth decrease in intrinsic viscosity at higher molecular weight 

(Bosman, Janssen and Meijer, 1999). Another important property of dendronised 

molecules is their high solubility. In a large number of organic solvents, dendronised 

molecules offer rapid dissolution over the use of linear polymers (Mong, et al., 2001). In 

addition, compared to linear polymers, dendronised multiple end groups potentially offer 

more control over the rate of cell adhesion and proliferation through the systematic 

variation of generation size, concentration, and end group chemistry (Hawker, et al., 1995). 

These distinguishing features of the dendronised macromolecules make them a reliable 

alternative to traditional polymers in a wide range of clinical and therapeutic applications 

(Sadler and Tam, 2002).  
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2.1.2 A Historical Perspective 

 

Although Flory has reported the first example of hyperbranched polymer in 1952, the 

synthesis of such macromolecules has only been described in the late seventies by 

(Tomalia 1985)chemical composition, however, the initial monodispersed synthetic 

molecules did not exhibit the unique properties that are now associated with the term 

“dendrimer” (Newkome, et al., 1998). In 1984, the synthesis and full characterisation of a 

novel class of poly (amidoamine) (PAMAM) polymers was proposed by Tomalia and 

colleagues (1985). The successful synthesis is actually a preferred commercial route to the 

Starburst® dendrimer family (Uppututri, et al., 1999). An important contribution in the 

expansion of the dendrimer synthesis was the approach introduced by Fréchet and Hawker, 

as well as the characterisation work performed by Turro and colleagues in 1991. They 

offered the opportunity to design and to create dendronised macromolecules by assembling 

linear and dendronised polymers in a precise and controlled manner (Hawker, et al., 1995). 

However, considerable progress in dendrimer synthesis has been made after the discovery 

of solid phase synthesis on TentaGel
TM

 resin by Swali and co-workers in 1997 (Swali, 

John Langley and Bradley, 1999). Finally, the term “dendronised polymers” was only 

adapted after the development of rod-like polymers with a conjugated backbone introduced 

by the Schluter’s group in the late nineties (Schluter and Rabe, 2000) (Fig. 2.3).  

 

 

 

 

 

 

 

Fig. 2.3 Timeline of the development in dendrimer chemistry. 

 

2.1.3 Dendron Synthesis 

 

Dendronised macromolecules comprise four main subgroups which are closely related to 

each other: dendrimers, dendrons, hyperbranched polymers, dendrigraft polymers and 

dendronised polymers (Frechet, 1994). They may be synthesised by either convergent (Fig. 
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2.4 a) or divergent (Fig. 2.4 b) assembly strategies (Schluter and Rabe, 2000). By 

convergent methods, macromolecules are built up from the periphery to the core unit; this 

is the outside inwards approach (Freeman, Chrisstoffels and Frechet, 2000). Their 

generation is strictly controlled by adding monomers to each functional group, which in 

turn leaves the end groups available to react again (Biricova and Laznickova, 2009). Using 

this method, dendronised molecules may correctly be developed, since by-products and 

impurities differ drastically in molecular mass and may be removed during the purification 

steps. However, due to their steric effects along the core, these macromolecules are not as 

large in size as those produced by divergent methods (Touzani, 2011). This is the reason 

why the convergent strategy is mainly used to develop lower-generation dendrons 

(Tomalia, Hall and Hedstrand, 1985).  

Divergent methods have been successfully employed in the production of dendronised 

molecules such as PAMAM (Tomalia, 1991). In contrast to the convergent synthesis, 

divergent synthesis proceeds stepwise from a multi-functionalised core outwards. An 

advantage of this method is the possibility of automation of the repetitive steps as well as 

the achievement of distinctive attainable high-molecular architectures (Bracci, et al., 2003).  

However, incomplete growth and side reactions may lead to imperfect dendrons. A 

strategy to minimise these side reactions and imperfections is to use large excesses of 

reagents (Aulenta, 2003).  

There are also a few other methods used for producing new dendronised structures, but 

they are only variations or combinations of these two main strategies (Touzani, 2011). 

When the synthesis is performed in the liquid phase the polymer branching leads to an 

open ball, spherical structure. In contrast, the use of a solid phase method provides a tree 

shaped structure also known as a dendron.  
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Fig. 2.4 Schematic representation of dendronised synthesis. Dendronised 

macromolecules assembled by convergent method (a) in which dendrons are grown 

separately and attached to the core in the final step and divergent (b) resulting in an 

exponential-like growth chain.  

 

2.1.4 Dendronised Polymers in Clinical Applications 

 

The ability to develop specific macromolecules with a well-defined shape and sizes has 

increased the use of dendronised polymers in a variety of medical applications such as drug 

delivery, gene transfection and imaging.  

The high level of control over their architectural design, clearly distinguishes dendronised 

molecules as unique and optimum carriers in those applications (Longmire, et al., 2011). 

Bioactive agents may either be loaded in the mesh of the dendrimer branched structure or 

attached to the surface groups (Patri and Simanek, 2012).
 
Depending on their molecular 

weight, guest molecules have shown to be selectively released from dendronised host 

(Stiriba, Frey and Haag, 2002). Moreover, dendrimers with high functional-group densities 
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and low solution-viscosities have made dendronised polymers useful as injectable sealants 

for the treatment of corneal wounds (Touzani, 2011). The success of these polymers as 

carriers or biomaterials is due to their biocompatibility and biodegradability properties 

(Svenson and Tomalia, 2005).  

 

Recent studies have reported that both profiles have been found to be concentration-, 

generation- and surface charge-dependent (Yang and Kao, 2007). For instance, lower 

generation dendrimers (G0 to G3) tend to exhibit considerably less cytotoxicity and intra-

cellular retention than higher generation dendrimers (Menjoge, Kannan and Tomalia, 

2010). Distinct effective strategies have been adapted for modulating or minimising 

dendrimer-related cytotoxicity issues. These involved optimising either their dimensions or 

enhancing dendrimer-permeation or retention for a desired local action (Chauhan, et al., 

2009). Alternatively, surface-functionalised dendrimers have shown their potential benefits 

as both drug delivery and gene-transfection agents (Svenson and Tomalia, 2005). In this 

regard, dendronised polymers as biosensors for DNA hybridisation hold great promise for 

the rapid diagnosis of genetic and pathogenic diseases. Such sensors rely on the 

immobilisation of single-stranded oligonucleotide probes that selectively recognise their 

complementary target sequence through hybridisation (Stiriba, Frey and Haag, 2002). In a 

similar manner, radiolabeled monoclonal antibodies with high specific activity have been 

prepared by their attachment to dendrimers with success (Anderson, et al., 2011). 

Dendronised polymers have been evaluated for other purposes including pharmaceutical 

and personal care applications (Sahoo, Parveen and Panda, 2007). For instance, combined 

administration of glucosamine and glucosamine 6-sulfate dendrimers increased the long-

term success of glaucoma filtration surgery by dramatically reducing scar tissue formation 

(Liu, Jones and Gu, 2012). Moreover, the recent use of PAMAM functionalised with 

antiperspirant deodorant compositions has been reported to successfully assist efficacy and 

self-skin tone activity (Menjoge, Kannan and Tomalia, 2010). Other dendrimer-based 

products have been proposed for cancer treatment and imaging agents (Lee and Nan, 

2012). It is actually clear that the use of dendronised polymers have been explored for 

various biomedical applications (Beg, et al., 2011). Their success has been due to the 

ability to limit important risk factors such as cost, large-scale availability, safety concerns 

and regulatory issues (Tomalia, et al., 2009). However, equally apparent is the need for 

further research to elucidate the role of both molecular weight and architecture as well as 

of the long-term biological effects and mechanisms of action. These investigations will 
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increase the commercial importance and crucial use of these polymers as novel strategies 

for diagnosis, therapeutic and theranostic applications.   
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Aim of the Chapter 

 

The aim of this chapter is to present a general methodology for the synthesis and 

characterisation of a well-defined class of G3 poly (ɛ-lysine) dendrons (G3K) with a di-

phenylalanine (FF) as a core molecule. It will favour stable binding and correct orientation 

of the FFG3K on either a biomaterial surface or ECM components (i.e. collagen) and  the 

ability to present docking sites for specific targeted molecules at their uppermost branching 

generation. These bio-chemical interactions were deemed to be important in order to 

improve their retention time and thus ensuring their prolonged effects in situ. Dendrons 

were obtained using a modified microwave based solid phase peptide synthesis method on 

Tenta Gel S (-NH2) resin, using an acid labile Rink amide linker to allow easy detachment 

of the FFG3K following completion of the synthesis. The reaction products were then 

purified by an optimised high performance liquid chromatography (HPLC) and thin layer 

chromatography (TLC) and characterised by mass spectrometry (MS). The ease of 

synthesis allowed the development of difficult peptide sequences, which may be of 

particular relevance in tissue regeneration. 
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2.2  Materials & Methods 

 

2.2.1 Solid Phase Peptide Synthesis (SPPS) by Microwave Synthesiser 

 

Solid phase synthesis is the most common method used for peptide synthesis. It allows the 

assembly of amino acids from the carbonyl-group side (C-terminus) to the amino-group 

side (N-terminus) of an amino chain by series of coupling and deprotection steps or from 

the N to the C terminus. The concept is outlined in Figure 2.5.  

 

The procedure above described is specific to a 0.14 mmole scale synthesis and is ensured 

to reach more than 90 % completion of each coupling step reaction guaranteeing a high 

yield and purity of the interested peptide.  

   

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 SPPS synthesis. SPPS on a Tenta Gel NH2 resin using Fmoc-α-amine-protected 

amino acid unit. The free N-terminal of an amino acid is coupled to the carboxyl group of 

the next amino acid, the Fmoc is then deprotected revealing a new N-terminal amine 

capable to react with a new amino acid residue. This coupling-deprotection-cycle is 

repeated until the desired peptide is achieved. 

 

 

In this work, the tethered poly (ε-lysine) dendrons of three (G3K) branching generation 

type were synthesised on a Tenta Gel S (-NH2) resin (Iris Biotech GmbH, UK) using a 9-

fluorenylmethoxycarbonyl (Fmoc) solid phase peptide method by a microwave synthesiser 
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(Biotage Initiator, UK). Dendrons were designed with di-phenylalanine (FF) as core 

molecules (Fig. 2.6).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Schematic representation of a chemical structure of dendron with di-

phenylalanine core (FF). 

 

The resin was placed inside a reaction vessel and swollen in N, N –dimethylformamide 

(DMF) (Fisher Scientific, UK) for 15 minutes. After intensive washes with 7 cm
3
 of DMF, 

the resin was attached to the C- group of a fourfold excess of a Rink amide linker (Iris 

Biotech GmbH, UK) sonicated with 3 cm
3
 of DMF and then mixed with 0.45 M O-

Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) and 33 % 

v
/v N,N-diisopropylethylamine (DIPEA) (Sigma Aldrich Co. Ltd, UK) used as activation 

agents. The reaction mixture was stirred with a magnetic stirring bar at 900 rpm and the 

coupling reaction performed for 7 minutes at 70 
o
C, power 50 watts and high absorption. 

The average pressure during the reaction run in DMF was 0 bar and monitored during the 

course of the reaction. The resin was then washed three times with 7 cm
3
 of DMF. Its base-

labile Fmoc-group was removed using 20 % 
v
/v piperidine (Sigma Aldrich Co. Ltd, UK) in 

DMF in an initial deprotection step at 40 
o
C for 30 seconds followed by washing with 3 x 7 

cm
3
 DMF and a final deprotection step at 60 

o
C for 3 minutes. Again a washing step with 3 

x 7 cm
3
 DMF was performed. The exposure of a new N-terminal amine allowed the 

assembly of a series of Fmoc-amino acids (Novabiochem, UK) as listed Table 2.1.  
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Table 2.1 Assembly sequence of FFG3K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After all amino acids were added by a series of coupling and deprotection steps, the 

peptide was allowed to stand for 30 minutes for a final deprotection under stirring at 900 

rpm and high absorption. Afterwards, it was transferred to a fritted syringe through a series 

of washes with 40 cm
3 

dichloromethane (Fisher Scientific, UK), methanol (Fisher 

Scientific, UK) and diethylether (Fisher Scientific, UK). The product of synthesis was then 

dried and weighed prior to being cleaved from the resin. 

 

2.2.2 Cleavage of Dendronised Peptides from Resin 

 

The cleavage of the final product is a critical step in peptide synthesis. The use of 

appropriate cleavage mixture ensures the complete separation of the synthesised peptide 

from its support while removing the protecting groups from the side-chains. One of the 

most commonly used cleavage mixture is TFA-based supplemented with free radical 

scavengers that prevent re-assembly or modification of the reactive sites of the peptide 

once de-protected.   

Addition 

Step 

Amino 

Acid 

 

No. Cycles 

(0.4mmol) 

Reactive 

Sites at Start/ 

End of cycle 

(mmol) 

Molar 

Excess 

Rink 

Amide 

Fmoc Rink 

Amide 

Linker 

1 0.1 / 0.1 4 

FF Fmoc-Phe-

OH 

1 0.1 / 0.1 4 

G0 Fmoc-

Lys(Fmoc)

-OH 

1 0.1 / 0.2 4 

G1 Fmoc-

Lys(Fmoc)

-OH 

2 0.2 / 0.4 4 

G2 Fmoc-

Lys(Fmoc)

-OH 

4 0.4 / 0.8 4 

G3 Fmoc-

Lys(Fmoc)

-OH 

8 0.8 / 1.6 4 
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Fmoc-protected groups of 50 mg FFG3K were removed using two distinct mixtures (i) 

94% 
v
/v trifluoroacetic acid (TFA) (Fisher Scientific, UK), 2.5 % 

v
/v deionised H2O, 1 % 

v
/v 

1-2 ethanedithiol (EDT) (Acros Organics, UK) and 2.5 % 
v
/v trisopropylsilane (TIPS) 

(Sigma Aldrich Co. Ltd, UK) and (ii) 88 % 
v
/v TFA, 5 % 

v
/v deionised H2O, 5 % 

v
/v phenol 

by weight (Sigma Aldrich Co. Ltd, UK) and 2 % 
v
/v TIPS at room temperature. All 

cleavage mixtures were prepared fresh prior to use.  

 

After three hours incubation, the solution was passed down a Pasteur pipette filled with 1 

cm of a glass wool and the crude peptide was collected in a tube containing 20 cm
3
 of 

chilled diethylether (Fisher Scientific, UK). The solution was then centrifuged (Denley 

BS400, UK) at 3500 rpm for 5 minutes to pellet the peptides. The diethylether was then 

decanted from the tube. Fresh diethylether 20 cm
3
 was added and the sample was vortexed 

to disrupt the peptide pellet. The procedure was then repeated twice more and the 

diethylether was subsequently decanted off. FFG3K was then freeze dried (Christ Alpha2-

4, UK), dissolved in ethanol (Fisher Scientific, UK) and filtered through a syringe filter 

with a pore diameter of 0.22 µm (GE Healthcare Amersham, UK) prior to characterisation.  

 

2.2.3 Peptide Characterisation by HPLC, MS and TLC 

 

High performance liquid chromatography (HPLC), thin layer chromatography (TLC) and 

mass spectrometry (MS) are today widely used in conjunction for the identification and 

characterisation of various large bio-molecules including dendrons. In particular, 

chromatography methods are utilised for concentrating and isolating the sample of interest 

which is then directed into the MS for molecular weight determination.  

 

2.2.3.1 High Performance Liquid Chromatography (HPLC) 

 

High performance liquid chromatography (HPLC) is one of the most commonly used 

analytical techniques for the determination of the peptide purity (Fig. 2.7). It induces the 

separation of a mixture of samples into components depending on their affinity with two 

distinct phases, solid and mobile phases.  
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In HPLC the sample is dissolved in a solvent and injected in a  mobile phase composed of 

one or more solvents that force through a column at high pressure. The small particles 

contained in the column (stationary phase) interact with the mobile phase and retard the 

passage of different compounds of the sample allowing their separation over time. A rapid 

separation may be determined by using thermostatically controlled column. A flow-

through device (UV detector) then detects the eluted compounds and sends its 

corresponding electrical signal to a computer data station. This latter converts the detector 

response into a series of peaks separated in time (retention time) in a chromatogram.  

 

Fig. 2.7 Block diagram showing the typical components of a HPLC equipment.   

 

For the analysis of FFG3K, the crude peptide was separated by a standard analytical HPLC 

method (Waters
TM

 717 plus Autosampler, UK) performed on a hydrophobic RP 18 column 

(150x4.60mm, Luna 3u C18 100 Å, Phenomenex, UK) at 25 
o
C (Column chiller Model 

7955, Jones Chromatography, UK). Chromatograms were recorded on UV detector (SPO-

6A, Shimadzu, UK) using the conditions elaborated in Table 2.2 and analysed by HPLC 

software, Total Chrom-TC Navigator.  
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Table 2.2 Chromatographic conditions of HPLC used for FFG3K purification. 

Eluents Solvent A: deionised water plus 0.1% 
v
/v 

TFA 

Solvent B: acetonitrile plus 0.1 % 
v
/v 

TFA  

Injection Volume 20 µL 

Gradient 0-15 minutes 95 % A and 5 % B to 20 

% A and 80 % B 

3 minutes 20 % A and 80 % B 

1 minute 0 % A and 100 % B 

1 minute 95 % A and 5 % B 

Flow rate 1 mL/minute 

UV-Detection Wavelength (nm) 223  

 

 

2.2.3.2 Thin Layer Chromatography (TLC) 

 

Thin layer chromatography (TLC) was used to separate compounds based upon their 

polarity and interaction with silica gel (stationary phase) and to assess the purity of the 

sample (M). To perform TLC (Fig. 2.8), peptide was loaded on a TLC plate (Riedel-de 

Haen, Germany) using a thin capillary tube and placed into a TLC chamber containing 20 

% 
v
/v deionised water plus 1 % 

v
/v TFA and 80% 

v
/v acetonitrile plus 0.1 % 

v
/v TFA (mobile 

phase). The solvent was left to move up the plate and when it reached the top, the plate was 

removed from the chamber and visualised with the aid of a UV light lamp at 230 nm (UVP 

Chromato-vue Cabinet, USA).  
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Fig. 2.8 Schematic of TLC setup. 

 

UV detection allowed visualisation of the TLC absorbents as green fluorescent spots which 

were used to calculate the retention factor (Rf) and indeed the peptide purity as shown in 

equation 1. The optimal ratio for any spots was considered between 0.2 and 0.8.  

    

Equation 1                  Rf  =      Distance travelled by the compound 

                                                 Distance travelled by solvent front 

 

2.2.3.3 Mass Spectrometry (MS) 

 

Mass spectrometry (MS) is a powerful tool for identifying analytes in terms of their 

molecular mass (Mr). All mass spectrometers share three important events termed ion 

production, ion transmission and ion detection. The samples of interest are first ionised 

through an ionisation source and lead via a series of electric and magnetic lenses to the 

detector. This process may require the use of a vacuum pump system which maintains the 

pressure within a constant range. It limits the number of ion collisions and the production 

of unwanted reaction products efficiently. After the sample has been ionised, the mixture 

of ions is directed into a mass analyser that separates ions and passes information to a data 

station for analysis and spectrum recording (Fig. 2.9). 
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Fig. 2.9  Main steps in mass spectrometry. 

 

In this work, the collected peak fractions of FFG3K were characterised by 

electrospray/ionisation-time of flight, ESI-TOF MS (Bruker microTOF, UK) according to 

a standardised method. Briefly, the peptide was dissolved in ethanol and pumped through a 

stainless steel capillary. A high voltage (4 kV) was applied to the tip of the capillary 

allowing the sample to be dispersed into a chamber of highly charged droplets. This 

process was aided by a co-axially introduced nebulising nitrogen gas flowing around the 

outside of the capillary at 0.4 Bar. The charged droplets were then desolvated through a 

series of several stages of decreasing pressure and directed to form a variety of products 

including positive ions. These were dragged through an ion chamber to an anode on the 

opposite side and accelerated into a mass analyser, the TOF. This latter has the potential to 

control the upper mass limit of ions measuring their transmission and their resolution.  The 

cascade of ions corresponding to each specific analyte was thus processed and translated to 

a molecular weight by detector systems (Fig. 2.10 a).  

 

Mass measurements were performed in a range of 50-3,000 Da referred to as the mass-to-

charge ratio (m/z). In the resulting mass spectrum the ordinate demonstrated the relative 

intensity or abundance while the abscissa indicated the observed ratio of mass to the 

number of charges on the ions (m/z). Each fragment is represented by a single peak. The 

number of peaks depends on the molecule size of the molecule injected. In ESI-positive 

ionisation mode, samples (M) give rise to multiply charged molecular-related ions 

typically labeled either with their charges (i.e. +2, +3) or as (M+nH)
n+ 

(Fig. 2.10 b). 

Therefore, the calculation of m/z values of peaks with multiply charged ions may be 

simplified as follows: 
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Equation 2:                         m/z = (MW+nH)/n 

                                         

                                        MW=molecular weight of the sample 

                                             n= number of charges on the ions 

                                             H= mass of a proton (1.008 Da) 

 

Fig. 2.10 Principal components of MS. ESI-TOF MS (a) and a typical) m/z spectrum (b) 

showing a Gaussian-type distribution of charged ions. Each peak represents the molecular 

weight of a specific product-carrying single (+1) and multiple (+2) charged ions (Image 

adapted from www.chm.bris.ac.uk). 

 

 

 

 

 

 

 

 

 

 

http://www.chm.bris.ac.uk/
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2.3 Results 

 

2.3.1 Synthesis and Characterisation of FFG3K  

 

Fmoc SPPS-assisted microwave peptide synthesis has demonstrated to be a valuable tool 

for the production of difficult sequences such as FFG3K. Despite its length, the branched 

peptide was routinely synthesised and efficiently analysed. However, in initial 

experiments, the use of TFA, water, EDT and TIPS (94:2.5:1:2.5) as cleavage mixture 

severely affected peptide isolation and purification. HPLC chromatograms showed 

multiple elution peaks and revealed the presence of several impurities. The elevated 

number of contaminant peaks substantially masked the peptide peak. These peaks appeared 

smaller at low peptide concentration of 0.01 mg/mL and greater at increased volume 

injection from 20 (Fig. 2.11) to 50 µL compared to those of the desired product. Moreover, 

the close proximity in retention time of the migrating impurities and peptide significantly 

prevented to collect fractions of FFG3K and to perform its purification.  

One study showed complete absence of signal during UV detection, probably due to low 

peptide concentration. However, these results did not substantially change when fractions 

of FFG3K were pooled together and re-injected onto an analytical column. The apparent 

relative abundance of peptide was encountered with a high percentage of impurities (data 

not shown).   
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Fig. 2.11 HPLC profile of the crude FFG3K cleaved with TFA, water, EDT and TIPS 

and analysed using 20 µL injection volume. The presence of many closely eluting peaks 

between 10 and 17 minutes significantly limited the detection and collection of the desired 

peptide.  

 

The high presence of impurities was also verified by MS analysis. This latter revealed the 

presence of a molecular ion with an increased molecular weight of 527 Da compared to 

that of the desired peptide (Fig. 2.12).  
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Fig. 2.12 MS spectrum of the crude FFG3K cleaved with TFA, water, EDT and TIPS. 

The arrow denotes the presence of a threefold charged molecule ion with MW 921.52 (+3) 

compared to that of desired peptide.    

 

It is possible that during the cleavage reaction some of the Rink amide linker (MW 539) 

connecting FFG3K via resin was not completely removed remaining linked to the crude 

peptide. 

 

To overcome these limitations, the purification protocol was modified. In particular, 

cleavage conditions were optimised by replacement of EDT with 5 % v/v phenol in order 

to avoid its malodorous and toxic properties. Moreover, variation in the percentage of 

TFA, TIPS and water (88:2:5) was employed. Thus, after completion of the peptide 

synthesis, FFG3K was treated with this solution leading to the isolation of a product with a 

degree of purity of 90 %. Analysing the resulting product with HPLC, only a large peak 

with retention time of 12.55 minutes was observed (Fig. 2.13 a). During the entire HPLC 

analysis, the presence of impurities or additives was not observed suggesting the complete 

detachment of linker from peptide (Fig. 2.13 b).  
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Fig. 2.13 HPLC of FFG3K.  Chromatogram of crude (a) and purified FFG3K (b) analysed 

at 223 nm with retention time of approximately 13 minutes.  

 



91 

 

Using similar analysis condition, the purity of the individual peak was confirmed by TLC. 

In this case, FFG3K appeared as a single spot on the TLC plates at Rf values of 0.73 (Fig. 

2.14).  

 

 

 

 

 

 

 

 

 

 

Fig. 2.14 TLC of FFG3K. Pencil enhancement of the UV image (a) and UV light 

irradiation of the TLC (b). Only one spot was observed with a Rf value of 0.73.  

 

Further investigation with ESI-MS revealed that the HPLC peak was generated by a 

product having a MW of 1097.72 Da. This value corresponds to a twofold charged ion 

with a total molecular weight of 2193.42. The value of (M+2H)
2+ 

was included into the 

equation previously described to obtain the experimental mass value of the synthesised 

molecule (see Section 2.3.3): 

 

                 1097.72 = (MW+nH)/n 

                 gives 1097.72 x 2 = MW + (2 x 1.008) 

                 and so MW = 2195.44 – 2.016 

                 therefore MW =  2193.42 Da 

 

The calculated MW 2193.42 is in agreement with the theoretical MW of FFG3K 2234 Da. 

Minor peaks might be attributed to possible fragments for the indicated sequence and/or 

system noise. However, the mass spectrum clearly shows a main broad peak likely 

corresponding to the desired product (Fig. 2.15).   
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Fig. 2.15 MS spectrum of purified FFG3K showing different ions carrying positive 

charges. The arrow denotes the doubly charged fragment ion with MW 1097.72 (+2).    
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2.4 Discussion 

 

In the last few decades, tissue engineering and regenerative medicine have focused on the 

development of clinically-performing biological substitutes that restore or improve 

damaged tissue and organ functionality (Zhang and Furumura, 2008). Dendrons have been 

shown to be a very valuable tool in this field of scientific research (Gupta, et al., 2006).  

 

Controlling their nanoscale size, shape, chemical and physical functionality, they have 

been explored in distinct clinical and therapeutic applications such as drug delivery, gene 

transfection and tumor therapy (Bai, et al., 2006). However, incomplete reactions, side 

products and impurities is one of the reasons why dendrons have struggled to be efficiently 

synthesised and ultimately commercialised (Kandhare, et al., 2012). Despite advances in 

their chemistry, peptide synthesis and purification have been limited by severe drawbacks 

such as low product yield, contamination and labour-intensive processing. To address these 

problems, alternative methods have been attempted and successfully applied (Zhang and 

Furumura, 2008). For instance, solid-phase peptide synthesis (SPPS) is the stepwise 

addition of amino acids to a growing polypeptide chain that is anchored via a linker 

molecule to a solid phase particulate support which allows cleavage and purification once 

the desired peptide sequence is achieved (Mitchell, et al., 2008). Since its discovery by 

Merrifield in 1965, SPPS has become hence the standard method for peptide synthesis 

(Merrifield, et al., 1965). However, intermolecular aggregation, steric hindrance, truncated 

sequence and time-consuming steps have been some of the main limitations correlated with 

this technique (Shin, et al., 2005).  

 

In an effort to improve this process, microwave synthesis has been introduced to become a 

widely accepted method to perform chemical reactions with high efficiency (Merrifield, et 

al., 1965). Interestingly, the first microwave-assisted SPPS have been produced by 

modification of domestic microwave ovens by Wang in 1991 (Pedersen, et al., 2012).  

Although their use demonstrated severe limitations such as a lack of control and 

reproducibility of the radiation source and power from oven to oven, high temperatures 

showed to be particularly suitable to improve speed and completion of all reactions during 

synthesis (Bacsa, et al., 2006). Particularly, the combination of the microwave method with 

SPPS has been considered to provide high degree of accuracy and reproducibility 
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(Rodriguez, et al., 2010). In according with these studies, hyperbranched polymers with a 

di-phenylalanine as core molecule (FFG3K) were obtained using SPPS on Tenta gel-NH2 

resin by an adapted microwave method. The optimised synthesis of FFG3K was obtained 

by the use of a typical Fmoc chemistry (Fig. 2.5), which allowed the successful synthesis 

of difficult peptide sequences (Fig. 2.15) with a high degree of purity (Figures 2.13 and 

2.14). The use of microwave methods dramatically reduced reaction times and improved 

coupling rates preventing formation of truncated and deleted peptide sequences. However, 

while no particular problems were encountered during the synthesis itself, the low 

solubility of FFG3K in both aqueous and organic solvents made its purification and 

characterisation initially difficult. MS data of the cleaved products (Fig. 2.12 black arrow) 

showed that inappropriate peptide detachment from a solid resin support is likely to have 

occurred during TFA cleavage when a cocktail of TFA : EDT : H2O : TIPS was used. The 

long peptide sequence was substantially skewed and masked by elevated number of 

contaminants that dramatically affected the product purity (Fig. 2.11). For the same 

reasons, recovery of the pure FFG3K following HPLC purification was very low and 

challenging. In an attempt to increase the peptide purity and synthesis, the cleavage 

mixture TFA : phenol : H2O : TIPS was found to be maximally efficient in inhibiting side 

product formation. The use of these reagents prevented undesired peptide fragmentation 

(Fig. 2.15) and direct FFG3K determination by HPLC and MS.     

 

Therefore, this chemistry provided a simple, rapid and efficient alternative to the common 

use of (N{(
α
)}-t-butoxycarbonyl) known as Boc-method. In contrast to Boc, Fmoc offers 

the advantage to use less caustic reagents and to separate the peptide product from soluble 

reagents by simple filtration and washing steps.  

 

Using this efficient method a wide range of dendrons were thus designed and created 

having chemical, physical and biological properties tailored for their final clinical 

applications as described in Chapters 3 and 5. In this regard, the fine control of the peptide 

synthesis and purification was exploited to obtain a dual-functionality. 

Previously, functionalisation of dendrons has been problematic, due to insufficient 

modification of the last branching generation and the use of chemistries that have been 

incompatible with the repeating units of the dendronised core (Calmark, et al., 2009). This 

has resulted in either low yields or the need to use a large excess of the reagents coupled 

with long reaction times (Diederich and Felber 2002). As reported above, the chemistry 
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used in this work allows the development of specific dendrons with the final intent of 

controlling angiogenesis in tissue regeneration (see Chapters 3 and 5). In general, these 

dendrons may be functionalised at the (i) core with distinct amino acid groups such as di-

phenylalanine (first functionality) and (ii) uppermost branching generation by specific bio-

cues including bio-ligands and growth factors (second functionality). In this regard, 

dendrons were designed to interact with a biomaterial or specific extracellular matrix 

(ECM) components at their root, but also to expose a higher number of bio-active motifs 

(sixteen) arranged at suitable positions for recognising target molecules. These offer the 

advantage of creating biomimetic and bio-functionalised materials targeted to support 

tissue-specific cell functions as illustrated in the next chapters. Therefore, dendrons may be 

used to effectively (i) coat biomaterial surfaces and (ii) control the release of specific 

growth factors such as VEGF.  

 

In the last two decades, surface modification of biomaterials has become an increasingly 

popular strategy to improve device multifunctionality, biocompatibility and 

biodegradability (Song and Kwon, 2011). Amongst the many approaches, modifications 

often involve the immobilisations of specific large biomolecules such as collagen, laminin 

and growth factors to direct cells to recognise the material surface (Witus and Francis 

2011). Similarly, short synthetic peptides, designed from the active sites of ECM proteins, 

have been widely immobilised or incorporated onto various well-defined surfaces such as 

polymers, hydrogels and nanofiber meshes (Choi, et al., 2010). Although, the use of these 

peptides have shown enormous benefits over the utilisation of whole naturally occurring 

proteins, dendrons may correctly expose an increased number of bio-active functionalities 

accessible for interactions with specific binding targets such as those involved in the 

angiogenesis-promoting capacities of mesenchymal stem cells (MSCs) as described in 

Chapter 6, Section 6.3.6. Most importantly, their specific dual-functionalisation leads them 

to mimic the typical meshwork-like architecture of the basement membrane (BM). 

Particular details on the BM and the potential of dendrons to simulate synthetic cell 

environments leading cellular responses will be given in Chapters 5 and 6. However, in 

vivo, BM consists principally of type IV collagen and laminin proteins. It appears as a thin 

sheet supported by regions of branching type IV collagen strands with narrow diameters 

ranging from two to seven nm. These consist of lateral association of monomolecular 

filaments that twist around each other into triple-helix forming an irregular polygonal 

network (Fig. 2.16). Interestingly, such polygons are stabilised by the presence of globular 
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domains produced through the contacting intersections of three or four collagen strands 

(Fig. 2.16 yellow arrow). The entire unit contributes hence to the formation, stability and 

functionality of BM (Yurchenco and Ruben, 1988). 

 

 

 

 

 

 

 

 

 

Fig. 2.16 Collagenous mesh of the BM. In BM, type IV collagen (a) forms a three-

dimensional mesh that provides the scaffolds for BM. Theoretically, dendrons on 

substrates (b) seem to simulate such architectural structure in a well-defined manner 

(Image modified from Yurchenco and Ruben, 1988).   

 

Therefore, the BM structure analysis has led to the assumption that both dendron 

architecture and bio-functionalities may accurately recreate the complex cellular 

environment and allow for a much deeper insight into cell behaviour and functions. They 

seem to better correspond to the natural matrices characterised so far and hence be 

considered as a model of artificial BM substrates in further cell biology studies and 

regenerative medicine approaches as described in Chapters 5 and 6.    

 

Likewise, dendrons may be used for the controlled release of growth factors (i.e. VEGF) 

which are essential for the formation of spatial and temporal gradients capable of 

regulating the various cell behaviours such as cell survival, migration proliferation and 

differentiation. This ensures elevated peptide stability and high production yield together 

with the potential to develop valuable biomaterials with an optimal bioactivity. These 

effects are more illustrated in the following Chapters 3 and 4.   

                                

It is well known that the combination of growth factors with biomaterial carriers widely 

increase their therapeutic efficiency (Park, et al., 2005). Generally, the therapeutic 

concentration of growth factors is maintained in the body by repeated drug administration. 
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This is known, however, to lead to severe side effects associated with initial elevated 

concentration and their rapid degradation (Davis and Leach, 2011). Indeed, high dose 

administration of growth factors results in transient and inadequate biological responses 

(Lee and Nan, 2012). For instance, the use of large quantities of VEGF triggers 

catastrophic pathological conditions such as ischemia, cancer and inflammation (Chapter 4, 

Section 4.1.3) (Willard and Herman, 2012). Controlled drug delivery system has recently 

developed into an attractive strategy to solve many of the problems related to the route of 

administration and delivering of factors (Uhrich, et al., 1999). Bio-functionalised polymers 

have been used to entrap bioactive molecules and to drive their release in a controlled 

fashion thus leading to the development of potential biomaterial carriers suitable for drug 

delivery applications as described in Chapter 3 and 4 (Shin, et al., 2007).   

However, a lack of material stability, reduced binding affinity and rapid growth factor 

degradation strictly limited their clinical use (Lee and Nan, 2012). In contrast, dendrons 

have recently attracted a great deal of attention as carriers for drug delivery. Generally, 

growth factors are either entrapped in a polymeric network and released upon pH and 

temperature variation or covalently linked with peptides liberated via degradation 

(Mendes, 2008). The innovative synthetic approach of this chapter elegantly demonstrates 

the possibility of designing dendrons capable of specific interactions with targeted 

bioactive molecules to enable or regulate cell functions as reported in Fig. 2.17. For a more 

detailed discussion on attributing information, see Chapter 3. 

                                

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                              

Fig. 2.17 Schematic representation of a biocomptent dendron that is able to display 
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growth factors and to interact with ECM. The ECM plays a critical role in storing, 

displaying and releasing growth factors. The controlled release of growth factors by ECM 

is essential for the formation of spatial and temporal gradients capable to regulate various 

cell behaviours such as proliferation, migration and differentiation.  

 

Indeed, by regulating dendron synthesis, it is possible to precisely control both their 

biological and chemical composition thus facilitating the tuning of their biocompatibility 

and pharmacokinetic profiles. Moreover, the potential to optimise their shape to mimic 

binding sites and to provide hydrophobic domains by the addition of di-phenylalanine 

groups at the root, may expand the pool of suitable biomimetic scaffold templates for 

tissue engineering.                                                                                   

                     

Long term tissue retention, targeting biospecific and stimuli-responsive effects are the 

main characteristics proposed by these dendrons in treating of disease-specific 

regeneration. 
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2.5 Conclusions 

 

The use of dendrons in clinical applications is strictly dependent on the precise control of 

their synthesis, functionalisation and biological responses.  

Microwave Fmoc-based SPPS is a valuable and fully automated tool that allows for the 

development of a range of dendronised peptides. It ensures the best control over structure 

formation and function at industrial-scale production. The exquisite ability to design and to 

create dendrons with suitable properties has a number of beneficial attributes: 

 

1. Reproducibility of the method with minimisation of batch-batch variations; 

 

2. Material surface property control by varying generation number and chemical  

composition;  

 

3. Dual functionality: 

I. At the root of the molecular tree allowing 

dendrons to interact with specific biomaterial 

surfaces or with macromolecules of the ECM 

thus obtaining correct orientation and 

presentation of the bioactive molecule; 

 

II. At the uppermost branching generation 

displaying a high density of biological motifs 

suited to increase its bio-interactions. 

 

These many critical features make (G3K) dendrons potential candidates for a wide range of 

biomedical applications such those involved in the regulation of angiogenesis for the 

regeneration of injured tissues as described in Chapter 3.  
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CHAPTER 3. Dendronised VEGF Peptide Blockers as 

Inhibitors of Angiogenesis in Tissue Regeneration 
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3.1 Introduction 

 

3.1.1 The Human Vascular System  

 

In the earliest stage of development, the embryo receives nutrients and oxygen as well as 

removal of waste products by diffusion (Kaplan, 1979). Subsequently, the formation of 

both a capillary plexus and a blood vessel network induces the embryo to rapidly transform 

into a highly vascularised organism (Lovett, et al., 2009). The term vasculogenesis refers 

to the initial events in vascular growth. It involves the migration of endothelial cell 

precursors (EPCs) (angioblasts) into discrete locations in which cells differentiate and 

assemble into solid endothelial cords, later becoming a plexus with endocardial tubes 

(Carmeliet, 2000). This plexus expands and remodels itself into a mature vascular network 

referred to as angiogenesis. Angiogenesis (Fig. 3.1) is characterised by sprouting of either 

new vessels from pre-existing vessels or longitudinal division of existing vessels (Conway, 

et al., 2001). These processes are led by EC activation and their migration and proliferation 

to develop new vessels. This morphogen/growth factor-driven activity also leads to the 

formation of anastomotic connections between vessels to form networks. The vascular 

network is then stabilised by secretion of the ECM (Davis and Leach, 2011). Larger 

arteries are structurally and functionally modified with the addition of a thick muscular 

layer, the media which gradually leads the acquisition of viscoelastic and vasomotor 

properties during a dynamic period known as arteriogenesis (Kirkpatrick, et al., 2002).   
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Fig. 3.1 Schematic representation of blood vessel formation. (a) Normal quiescent 

tissue, (b) sprouting angiogenesis, recruitment of bone marrow derived EPCs that (c) 

differentiate into ECs  or (d) intussusceptions also known as split angiogenesis whereby a 

new vessel is created by the elongation and splitting of an existing blood vessel into two 

new vessels (Image modified from Schmidt and Carmeliet, 2010). 

 

3.1.2 Angiogenic Regulators 

 

Given the complexity of the process of angiogenesis, it is remarkable that a single growth 

factor such as vascular endothelial growth factor (VEGF) may be capable of regulating this 

process so predominantly. It is widely accepted that VEGF remains a central 
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cytokine/growth factor that is able to profoundly affect several functional properties of 

endothelial cells (ECs) during angiogenesis (Carmeliet, 2000).  

 

VEGFs encompass a family of structurally related proteins that include placental-derived 

growth factor (PDGF), VEGF-A, VEGF-B,VEGF-C, VEGF-D and VEGF-E (Cross and 

Claesson-Welsh, 2001). Specifically, human VEGF-A exists as five different isoforms 

including 121, 145, 165, 189 and 206 with similar biological activities, but different 

bioavailability. The VEGF165 isoform is the most abundant and active form, and is often 

referred to as VEGF. It is secreted as a homodimer and has a moderate affinity for heparin 

that causes its sequestration in the ECM (Goodsell, 2003). VEGF is produced by several 

cell types including neuronal cells, endothelial cells, vascular smooth mucle cells and 

cancer cells (Byrne, et al., 2005). Particularly, endothelial cell functions are regulated via 

auto and paracrine VEGF pathways (Conway, et al., 2001).  

 

In response to hypoxia, VEGF exerts its angiogenic effects by binding to membrane 

tyrosine kinase receptors, VEGFR-1 (Flt-1), VEGFR-2 (Flk Kdr) and VEGFR-3 (Flt4) 

expressed commonly on endothelial cell surfaces (Conway and Carmeliet, 2004). 

Intriguingly, in gene knockdown studies there have been reports that VEGFR-2 knockout 

is lethal to the embryo as a result of vascular defects (Olsson, et al., 2006). This suggests 

that VEGFR-2 is critical for vascular biology. It is involved in the proliferative and 

mitogenic VEGF activities as well as vascular permeability. Whereas, VEGFR-1 is mainly 

involved in cell migration (Carmeliet, 2000) and VEGFR-3 has been identified as a critical 

factor for early development of lymphatic vessels (Takahashi, et al., 2004).  

 

3.1.2.1 VEGF Signalling Pathway 

 

Upon VEGF binding, VEGFRs exert their angiogenic effects during pathological and 

physiological condition (Kirkpatrick, et al., 2002). Activated VEGFRs undergo 

dimerisation and oligomerisation which activate their intrinsic tyrosine kinase action 

resulting into auto- and transphosphorylation on specific tyrosine residues in the 

cytoplasmic domain (Conway and Carmeliet, 2004). Specifically, VEGFR-2 leads both 

endothelial cell proliferation and migration through activation of extracellular signal-

regulated kinases (ERKs) and mitogen-activated protein kinases (MAPKs) and its 

association with cadherin (Olsson, et al., 2006). The latter releases phosphorylated β-
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catenin to translocate to the cellular nucleus and to mediate activation of specific genes 

critical for angiogenesis (Zhang, et al., 2008). Following VEGFR-2 phosphorylation, 

phosphatidylinositol 3-kinase (PI3K)-Akt pathway is also induced to inhibit the activities 

of specific molecules including caspases and Bad which are involved in the induction of 

apoptosis and often associated with severe angiogenic diseases such as aging and diabetes 

(Ekker and Bedell, 2009).  

 

Due to the complexity of the angiogenic process, several signal transduction pathways are 

activated by the binding of VEGF with VEGFR-2 as shown in Fig. 3.2.   

 

Fig. 3.2 VEGF and its related signalling pathways in the regulation of physiological 

angiogenesis (Image modified from Giles, 2001). 

 

 

3.1.3 Angiogenesis Process 

 

In a healthy adult, quiescent ECs are shielded from insults by the autocrine action of potent 

angiogenic molecules such as VEGF, angiopoietin-1 (ANG-1) and fibroblast growth 

factors (FGFs) (Carmeliet, 2000). These cells form a monolayer on the interior surface of 

blood vessels, the endothelium which is in direct contact with blood (Fig. 3.1 a) (Conway, 

et al., 2001). They are involved in very distinct and unique functions including the 

formation and remodelling of new blood vessels as well as immune cell recruitment 

(Goodsell, 2003). ECs are interconnected with each other by junction molecules such as 

VE-cadherin and claudins. They also interact with specific cells known as pericytes which 

inhibit ECs to proliferate upon VEGF and ANG-1 activation (Armulik, et al., 2005). Both 
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cells during a quiescent state share a similar basement membrane. However, when 

angiogenic signals are released by hypoxic, inflammatory or tumour cells, pericytes 

unleash themselves from the basement membrane through proteolytic ECM degradation 

mediated by matrix metalloproteinases (MMPs) (Ebrahem, et al., 2010). Beside nitric 

oxide (NO) and VEGF activation, vessels dilate while ECs are pushed to lose their cell-

contacts and to induce vasopermeability (Conway, et al., 2001). 

 

During matrix degration, proteinases are also persuaded to release specific growth factors 

such as FGF and insulin-like growth factor-1 (IGF1) which are essential for the 

intensification of the proliferative and migratory activities of ECs (Schmidt and Carmeliet, 

2010). In order to form a perfectly perfused tube, ECs are prevented from moving together 

by the selective activation of the DLL4 and JAGGED1 factors in a single cell, known as 

the tip cell. Using filopodia, the tip cell leads their neighbouring stalk cells to proliferate in 

response to VEGF gradients (Gerhardt, 2008). Depending on the local growth factor 

concentrations and gradients, ECs may thus resume their quiescent phalanx state and their 

interactions with pericytes, while protease inhibitors including tissue inhibitors of 

metalloproteinases (TIMPs) and plasminogen activator inhibitor-1 (PAI-1) facilitate new 

basement membrane deposition (Carmeliet, 2000). This is accomplished by endothelial cell 

intercalation with fusion of pre-existing vessels and the re-establishment of blood flow 

(Kim, et al., 2011). Indeed, the correct sequential path of events allows blood vessels to 

become functional, mature and stable (Fig. 3.3 a). Any disruption may induce vessels to 

regress and to become perfused (Fig. 3.3 b) (Conway, et al., 2001).   
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Fig. 3.3 VEGF gradient-driven regulation of angiogenesis. VEGF gradients control (a) 

the balance of tip cell migration and stalk cell proliferation during sprouting thus leading to 

the fusion of sprouts and to the re-establishment of blood flow. In contrast, disruption of 

VEGF gradients (b) may trigger the regression of pre-existing vessels and blood vessel 

defects (Image modified from Carmeliet and Jain, 2011).  

 

3.1.4 Angiogenesis in Regenerative Medicine 

  

In the light of the complex signaling network described above, many pathological states 

and diseases are actually traced down to subtle dysfunctions of components of this network 

(Carmeliet, 2000). For instance, by blocking MAPK signaling pathways both mTor and 

rapamycin inhibitors significantly reduced endothelial cell growth in vitro and prevented 

angiogenesis in vivo (Dormond-Meuwly, et al. 2011). 

 

The most successfully approach to modulate angiogenesis has been the use of compounds 

that directly act on VEGF signalling pathway (Bischoff and Griffioen, 2008). This idea is 

based on the fact that either under pathologic or physiologic conditions, its activation is the 

first process to take place during angiogenesis (Somanath, et al., 2009). Therefore, 

advances in the understanding of the role of VEGF in many physiological processes have 

currently given insights into the basis of adverse effects attributed to the use of VEGF 
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inhibitors for the treatment of severe angiogenic disorders such as diabetic retinopathy, 

macular degeneration and osteochondral defects (Roberts and Young, 2007). 

 

The concept of anti-angiogenic therapy was first proposed in the early 1970s as a method 

of restricting tumour growth by inhibiting blood vessel formation (Folkman, 1972). Since 

then, the research field of anti-angiogenesis rapidly expanded and represented an attractive 

therapeutic target for cancer, angiogenic diseases as well as tissue regeneration (Griffioen, 

2007). For instance, given the role of VEGF in bone development, VEGF inhibitors may 

play a critical role in treating a wide range of diseases or injuries including aging, arthritis 

and osteoporosis.   

 

Anti-VEGF therapies show promise in clinical trials and agents such as Sunitinib (Sutent, 

Pfizer), Sorafenib (Nexavar, Bayer) and Bevacizumab (Avastin TM, Genentech) have been 

recently approved by FDA (Food and Drug Administration) and demonstrated an ability to 

suppress angiogenesis by forming a complex with either VEGF or its receptors (Sharma, et 

al., 2011). Although these large molecules have been proposed for drug targeting, their 

clinical use may be limited because of their large size which precludes efficient tissue 

penetration, lack of specific interactions and elevated production costs (Chames, et al., 

2009).  

 

When taking into account all these factors, the demand to develop better angiogenesis 

inhibitors markedly increases. Synthetic peptides have been shown to represent an 

attractive alternative to large bio-molecules (Foy, et al., 2011). They have been identified 

by phage display method, a powerful technique for isolating peptides with specific 

biological and physical properties with iterative-aided cycles of phage selection and 

amplification (Molek, et al., 2011). Using this method, novel agonists and antagonists for 

anti-angiogenesis treatments have been recently tested. For instance, a synthetic peptide 

with the sequence HTMYYHHYQHHL was able to compete with VEGF binding to 

VEGFR-2 and to significantly reduce EC proliferation (Hetian, et al., 2002). In addition, 

synthetic peptides called VEFG-P3 (NC)2 and VEGF-P3 (CYC) of 76 and 96 residues 

respectively, were effective VEGFR-2 inhibitors and capable of significantly affecting 

both EC proliferation and migration both in vitro and in vivo (Vicari, et al., 2011). 

However, their clinical use has been relatively limited by their large number of residues, 
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which has cost implications when scaling up the synthesis of these peptides as well as for 

improving their binding affinity to specific molecules including VEGF and its receptors.  

 

Most recent, studies have assayed the relative importance of the short amino peptide 

sequence (≈ seven amino acids) (Park, 2003). They have recently attracted great attention 

for their low toxicity, high specificity and good tissue penetration due to their small size. 

Also, peptides may be easily combined either with several biomaterials (e.g. nanoparticles 

and liposomes) or therapies including radio-labeled molecules (Rosca, et al., 2011).  As a 

result, a wide range of small peptide fragments with similar anti-angiogenic properties of 

their parent proteins have been successfully produced. For instance, peptides of only seven 

amino acids with the sequence ATWLPPR has been found to specifically interact with 

VEGFR-2 and to abolish VEGF-induced angiogenesis both in vitro and in vivo (Binetruy-

Tournaire, et al., 2000). Similarly, WHLPFKC and WHKPFRF were able to interact 

directly with VEGF and to suppress endothelial proliferation in vitro. Forming a stable 

complex with VEGF, these peptides essentially blocked VEGFR-2 activation and any 

downstream relative signaling (Erdag, et al., 2007). However, the use of these and other 

short peptides is restricted by their relatively short half-life and lack of stability in vivo. As 

the use of these peptides is believed to bring clinical, safety and economical benefits over 

the utilisation of large bio-molecules, by enhancing their anti-angiogenic effects and 

retention time in target tissues their clinical success is worth being pursued.   
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Aim of the Chapter  

 

The purpose of this chapter was to synthesise a formulation of FFG3K as illustrated in 

Chapter 2 and to functionalise it with sixteen linear VEGF blocker peptide sequences 

WHLPFKC exposed on its uppermost branching generation. The rationale in the design of 

this type of dendron was to have a relatively high number of VEGF blockers in the 

regenerating tissue microenvironment and to increase their stability and interaction with 

the surface of a biomaterial such as ionic-crosslinked methacrylated gellan gum (iGG-MA) 

or proteins of the extracellular matrix. An assessment of the bioactivity of dendronised 

VEGF blockers was performed in vitro on human umbilical endothelial cells (HUVECs) 

where 2D tests evaluated both cell viability and proliferation and 3D models assessed their 

potential to control the formation of capillary-like structures. Both angiogenic assays 

offered insights into the efficacy and mechanisms of action of the hyperbranched VEGF 

blocker when compared to the known linear WHLPFKC sequence.  
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3.2  Materials & Methods 

 

3.2.1 Peptide Analysis 

 

3.2.1.1  Synthesis and Characterisation of Peptide VEGF Blockers 

 

Generation three poly (ε-lysine) dendrons (G3K) were designed to expose on the 

uppermost branching generation the linear VEGF blocker peptide (WHLPFKC) and to 

have a di-phenylalanine root (Table 3.1).  

 

As previously illustrated in Chapter 2, both linear (Fig. 3.4 a) and dendritic VEGF blockers 

(Fig. 3.4 b) were synthesised using a modified microwave based solid phase peptide 

synthesiser (Biotage, UK).  

 

Fig. 3.4 2D chemical structure of VEGF blocker peptides. (a) WHLPFKC (Trp-His-

Leu-Pro-Phe-Lys-Cys); (b) FFG3K (WHLPFKC)16. 
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Both WHLPFKC and FFG3K (WHLPFKC)16 were assembled (Table 3.1) on Tenta Gel S-

NH2 resin using an acid labile Rink amide linker (Iris Biotech GmbH, UK). The peptides 

were then isolated using 88 % 
v
/v TFA (Fisher Scientific, UK), 5 % 

v
/v deionised H2O, 5 % 

w
/v phenol (Sigma Aldrich Co. Ltd, UK) and 2 % 

v
/v trisopropylsilane (TIPS) (Sigma 

Aldrich Co. Ltd, UK) and characterised by analytical HPLC (Waters TM 717 plus 

Autosampler, UK), mass spectrometry (MS) (Bruker microTOF, UK) and TLC as 

described in Chapter 2. 

 

The MS data were analysed in conjunction with Protein/Peptide Prospector software v. 

5.7.2 http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct that 

assessed the possible presence of peptide fragments after characterisation.  

 

Table 3.1 Reagents used for the synthesis of FFG3K (WHLPFKC)16 using a phase 

solid method by Biotage synthesiser. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Addition 

Step 

No. Cycles 

(0.4 mmol) 

Amino Acid 

 

FF 1 Fmoc- Phe-OH 

 

G0 1 Fmoc-Lys(Fmoc)-OH 

G1 2 Fmoc-Lys(Fmoc)-OH 

G2 4 Fmoc-Lys(Fmoc)-OH 

G3 8 Fmoc-Lys(Fmoc)-OH 

W 16 Fmoc Trp(Boc)-OH 

H 16 Fmoc His(Trt)-OH 

L 16 Fmoc Leu-OH 

P 16 Fmoc-Pro-OH 

F 16 Fmoc-Phe - OH 

K 16 Fmoc-Lys(Boc)-OH 

C 16 Fmoc Cys(Trt)-OH 

http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct)that
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3.2.2  Toxicity Tests  

 

VEGF blocker toxicity was tested using 3T3 murine fibroblasts (ATCC, UK). Cells were 

grown in Dulbecco’s Modified Eagles’ medium (DMEM, PAA, UK) with the supplement 

of 10 % 
v
/v of foetal bovine serum (FBS, PAA, UK). At passage 23, 3T3 (3x10

4 
cells/well) 

were seeded in a 24-well plate and cultured in presence of both linear and dendronised 

VEGF blockers at equimolar concentration of 16.2, 1.62, 0.162, 0.0324 and 0.0162 nM, 

respectively. Cells were incubated at 37 ⁰C, under a 5 % CO2 and 95 % air flow in a 

relative humidity condition for 24 and 48 hours. At each time point, 3T3 were stained with 

Hoescht 33342 (excitation/emission 346/442, Sigma Aldrich Co. Ltd, UK) and propidium 

iodide (excitation/emission 535/617, Sigma Aldrich Co. Ltd, UK) (HPI) at a final 

concentration of 1 mg/mL. The use of these two dyes allowed the simultaneous 

identification of live, apoptotic and dead cells by an epi-fluorescence microscopy 

(Olympus microscope equipped with a Nikon D1X camera, UK). Viable cells were 

counted and their proliferation rate expressed as mean cell number/field (± standard 

deviation) from n=6.   

 

3.2.3 Two Dimensional (2D) Cell Studies  

 

3.2.3.1 Endothelial Cell Culture 

 

The anti-angiogenic potential of peptide and dendronised VEGF blockers was tested with 

human umbilical vein ECs (HUVECs). These cells were purchased from ATCC (UK) and 

were used from passage 20 to 24. HUVECs were routinely cultured in endothelial basal 

medium (F12K medium, PAA, UK) containing 0.05 mg/mL of endothelial cell growth 

supplement (ECGS, Sigma Aldrich Co. Ltd, UK), 0.1 mg/mL of heparin (Fisher Scientific, 

UK) adjusted to a final concentration of 10 % 
v
/v of FBS (PAA, UK) according to the 

manufacturer’s recommendations. 

 

 

 

 



113 

 

3.2.3.2  Endothelial Cell Viability and Expansion 

 

HUVECs (3x10
4
 cells/mL) were seeded in two separate 24 well tissue culture plates with 

either the linear blocker or the dendronised VEGF blocker at equimolar concentrations 

16.2, 1.62, 0.162, 0.0324 and 0.0162 nM of the blocking sequence. HUVECs without and 

with human VEGF165 spiking (hVEGF165, 4 ng/mL, Peprotech, UK) were used as negative 

and positive controls, respectively.  

 

Cell viability was assessed using 50 µL of Hoescht and propidium iodide (HPI, Sigma 

Aldrich Co. Ltd, UK) staining, ratio 1:1, imaged at x32 magnification using an epi-

fluorescence microscopy (Olympus microscope equipped with a Nikon D1X camera) after 

24 and 48 hours incubation. Cells were expressed as the number of viable cells/field of 

view. The mean ± standard deviation (n=6) were counted for each time point. 

 

3.2.4  Three-Dimensional (3D) Matrix Model 

 

3.2.4.1  In vitro Angiogenesis Assay  

 

The ability of both VEGF blockers to inhibit endothelial cell differentiation and capillary-

like structures formation was tested on an extracellular matrix, Matrigel (BD Biosciences, 

Bedford MA, UK). Matrigel is a basement membrane matrix prepared from Engelbreth–

Holm–Swarm (EHS) tumour cells, the primary components of which are type XIV 

collagen and laminin. Matrigel is a well known BM matrix to be able to induce tube 

formation upon endothelial cell proliferation.                           

                            

HUVECs were encapsulated in Matrigel (3x10
4
cells/200µL of commercial gel) under ice-

cold conditions and incubated for 30 minutes at 37 ⁰ C, under a 5 % CO2 and 95 % air flow 

in a relative humidity condition to allow the matrix solution to solidify. Once the gel 

underwent solidification, 1 mL of fresh HUVEC medium was added to each well in the 

absence or presence of one of the two VEGF peptide blockers with and without hVEGF165 

(4 ng/mL, Peprotech, UK) spiking as previously described. Cells were incubated for 24 and 

48 hours after seeding. Tubule-like formation was inspected under an inverted microscopy 

(Nikon Eclipse TE2000-U, UK) fitted with a digital camera (Nikon D1X, UK). In those 
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fields cell morphology was also evaluated for their ability to spread or to undergo blebbing 

while cell apoptosis was performed using HPI staining protocol mentioned in Section 

3.2.3.2. 

 

Internal negative controls were also performed where HUVECs were resuspended in 

phosphate buffered saline (PBS, Fisher Scientific, UK) and assessed as above.  

 

3.2.4.2 Human VEGF Enzyme-Linked Immunosorbent Assay (ELISA) To Measure 

Peptide-Binding Ability on Human VEGF165  

 

The human VEGF enzyme-linked immunosorbent assay (ELISA) kit is an in vitro method 

designed for the measurement of natural and recombinant hVEGF165 in serum, cell lysates, 

tissues and cell culture supernatants. This particular immunoassay utilises the quantitative 

technique of a “Sandwich” ELISA where the target protein (antigen) is bound in a 

“sandwich” format between the primary capture antibodies and the secondary detection 

antibodies. The capture antibodies are coated to the bottom of each well (Fig. 3.5, 1) and 

are monoclonal with a specific epitope on the hVEGF165 while secondary ones are 

polyclonal capable to bind to a variety of epitopes on the bound target protein (Fig. 3.5, 3). 

After incubation and “sandwiching” of the target protein, a peroxidase enzyme is 

conjugated to the constant heavy chain of the secondary antibody Avidin/Streptavidin-

Biotin interactions (Fig. 3.5, 4), allowing a colorimetric reaction to ensue upon substrate 

addition. When the substrate TMB (3, 3’, 5, 5’-Tetramethylbenzidine) is added, the 

reaction catalysed by peroxidase yields a blue colour (Fig. 3.5, 5) that is representative of 

the antigen concentration. Upon sufficient colour development, the reaction can be 

terminated through addition of stop solution (2 M sulfuric acid) where the colour of the 

solution will turn yellow. The absorbance of each well can then be read by a 

spectrophotometer, allowing for generation of a standard curve and subsequent 

determination of protein concentration. 
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Fig. 3.5 Schematic representation of sandwich ELISA. It is a common in vitro 

immunoassay used for detecting and measuring levels of specific proteins or antigens 

contained in a sample.  Detailed information on the assay is provided in the text. 

 

In this study, the ability of the two VEGF blockers to form complexes with VEGF 

molecules was evaluated by ELISA-hVEGF165 assay (R&D Systems, UK) of the cell 

supernatants derived from the 3D Matrigel model.  This assay determined the binding 

ability of linear and dendronised VEGF blockers on both endogenous and spiked 

hVEGF165. 

 

All samples were reconstituted with assay diluents and 100 μL were pipetted to each well 

of a 96-well tissue culture plate pre-coated with anti-human primary VEGF antibody. After 

2 hours incubation at room temperature, any VEGF present was bound by the immobilised 

antibody while any unbound substances were washed away with 300 μL of wash buffer. 

Samples were then treated with 100 μL of horse radish peroxidise-conjugated polyclonal 

secondary antibody for 2 hours at room temperature in the dark. Following a wash to 

remove any unbound enzyme-conjugated antibody, Avidin-HRP conjugate substrate 

solution was added to the wells before treating samples with 100 μL of TMB substrate 

solution for 20 minutes at room temperature. This ensured the production of a coloured 

product that was proportional to the amount of hVEGF165 bound to the primary antibody 

during the initial step. The colour development was stopped using 100 μL of stop solution 

provided by the manufacturer and measured at 450 nm using a spectrophotometer plate 
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reader (Biotek ELx800, UK). The assay was performed in triplicate and the results were 

calibrated using a VEGF standard curve using the equation reported in Figure 3.6. 

                         

Fig. 3.6 VEGF standard curve calibration used to determine the VEGF concentration 

in samples using UV spectroscopy at 450 nm. 

 

3.2.4.3 Endothelial Cell Tube Formation in Three-Dimensional (3D) VEGF Blocker-

Functionalised Gellan Gum Hydrogels (iGG-MA) 

 

Gellan gum (Fig. 3.7) is a polysaccharide produced by microbial fermentation of the 

Sphingomonas paucimobilis microorganism and commonly used as injectable formulation 

or material-based hydrogels in the food industry and biomedical field (Oliveira 2010). 

Recent studies have reported its ability in supporting cartilage formation by controlling 

angiogenesis after being chemically modified with glycidyl methacrylate using ionic-

crosslinking processes (Silva-Correria 2012).  

                                                                    

Fig. 3.7 Chemical structure of gellan gum. Gellan gum consists of a linear repeating 

tetrasaccharide unit composed of glucose, rhamose and glucuronic acids (Image was taken 

from http://www.kelco.com). 

 

In this work, methacrylated gellan gum hydrogels (iGG-MA) were kindly supplied by 3B's 

Research Group (University of Minho, Portugal) and combined with both linear and 

dendronised VEGF blockers. Their ability to inhibit angiogenesis was tested using an 

optimised 3D in vitro Matrigel model. 

http://www.kelco.com/
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Methacrylated gellan gum powder was kindly supplied by University of Minho, Braga 

(Portugal). The solution was initially dissolved with both VEGF blocker formulations in 

distilled water at the same concentrations used in the 3 D Matrigel assay (Section 3.2.5.1). 

Under continuous agitation at 42°C, a stable functionalised gellan gum solution was 

formed and deposited as droplets of 100 µL on the bottom of dry 24-well tissue culture 

plates (Fisher Scientific, UK). The samples were left at 4°C overnight to allow the 

hydrogel setting. Afterwards, HUVEC suspension (3x10
4
 cells/mL) was mixed with 

Matrigel in ice-cold conditions in a total volume of 200 µL for well as illustrated in 

Section 3.2.4.1. This volume was rapidly pipetted onto the VEGF blocker-modified iGG-

MA drops ensuring the complete embedding of the hydrogels into the 3 D matrix. The cells 

were incubated in 1 mL of HUVEC medium (Section 3.2.3.1) for 24 and 48 hours at 37⁰C, 

under a 5 % CO2 and 95 % air flow in a relative humidity condition. The ability of linear 

and dendronised VEGF blockers to control capillary like-structure formation was analysed 

by capturing images from six different fields for each experimental well using a phase 

contrast microscopy (Nikon Eclipse TE2000-U, UK) fitted with a digital camera (Nikon 

D1X, UK).  

 

To the purpose of monitoring the blocker release between iGG-MA and the surrounding 

Matrigel, a haematoxylin-eosin (H&E) staining was performed according to the protocol 

described in Chapter 4, Section 4.2.5. 

 

Non-functionalised iGG-MA were assessed with the same procedure and used as control. 

 

3.2.5 Statistical Analysis 

 

All cell culture experiments were conducted in triplicate. Results were statistically 

analysed using one-way ANOVA with Turkey’s and Dunnett’s tests. Differences in data 

sets were deemed to be significantly different when p < 0.05% at a 95% confidence 

interval. Error bars represent standard deviation. The n values have been given in the 

appropriate figure legends 
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3.3  Results 

 

3.3.1 Peptide Analysis 

 

3.3.1.1 High-Performance Liquid Chromatography (HPLC) 

 

After deprotection and cleavage from the resin, both crude linear peptide and dendronised 

VEGF blockers were purified by analytic HPLC to obtain the pure products. HLPC data 

showed a single elution peak corresponding to the desired product at 12.60 and 15.56 

minutes, respectively (Fig. 3.8 b-c). Methanol solution was used as reference (Fig. 3.8 a). 

The degree of purity was always of approximately 80% by weight.  
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Fig. 3.8 HPLC profile of methanol and both linear and dendronised VEGF blockers 

analysed at 223 nm. (a) Methanol; (b) WHLPFKC; (c) FFG3K (WHLPFKC)16. In all 

chromatograms is possible observed a small peak after 16 minutes suggesting the presence 

of artefacts or “noise” in the system. However, the retention time of both VEGF blocker 

peptides was of approximately 13 and 16 minutes, respectively. 
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3.3.1.2 Thin-Layer Chromatography (TLC) 

 

The optimised synthesis of both linear and dendronised VEGF blockers was also verified 

by TLC where Rf values of both molecules were approximately of 0.6 (Fig. 3.9 a-b). 

 

Fig. 3.9 TLC of purified linear and dendronised VEGF blockers. (a) WHLPFKC; (b) 

FFG3K(WHLPFKC)16. Both TLCs show a single spot that appeared dark on a light green 

background (black circle) when observed under a UV light at 230 nm. Their Rf values were 

0.71 for WHLPFKC and 0.59 for FFG3K (WHLPFKC)16.   

 

3.3.1.3 Mass Spectrometry 

 

Using mass spectrometry (MS) the molecular ions (M
+
) of appreciable intensities sufficient 

for the reliable assignment of molecular weight of both peptides were clearly observed 

(Fig. 3.10).   
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Fig. 3.10 MS of linear and dendronised VEGF blockers immediately after 

purification. (a) WHLPFKC; (b) FFG3K(WHLPFKC)16. The masses of major peaks 

correspond to the expected sequence molecular mass of both VEGF blockers.   
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3.3.2 Effects of VEGF Blockers on 3T3 Fibroblast Cells 

 

To verify the specific inhibitory effect of both linear and dendronised VEGF blockers on 

HUVEC cell growth and rule out any inhibition caused by toxicity, cytotoxicity tests were 

performed using 3T3 fibroblasts, cells that do not respond to VEGF stimuli. Both VEGF 

blockers were added to cell cultures at an equimolar concentration range of 0.0162 to 16.2 

nM. Figures 3.11 (a-b) show that the proliferation of 3T3 cells was not influenced by 

addition of VEGF blockers as no significant differences between treated and control cells 

were observed. Cell activity was significantly increased after 48 hours culture conditions 

and slower proliferating 3T3 cells were only slightly affected at concentration of 16.2 nM 

FFG3K (WHLPFKC)16. 

                                    

           

Fig. 3.11 Effects of linear and dendronised VEGF blockers on 3T3 fibroblasts at 24 

and 48 hours incubation. (a) WHLPFKC; (b) FFG3K (WHLPFKC)16. Data clearly 

showed that 3T3 proliferation was not inhibited in the presence of both VEGF blockers.    
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* Denotes statistically significant difference compared to 3T3 control (p < 0.001). Means ± 

SD, n = 6.  

 

3.3.3 Ability of Both VEGF Blocker Peptides to Induce HUVEC 

Proliferation 

 

HUVECs were grown in endothelial cell growth medium supplemented with either linear 

or dendritic blocker at distinct equimolar concentrations after 24, 48 hours plated. As 

shown in Figures 3.12 (a-b), both VEGF blockers blocked HUVEC proliferation at lower 

and higher concentrations [WHLPFKC 16.2 nM = 8.5±2.9 and 1.62 nM = 7.4±3.4 

cells/field; FFG3K (WHLPFKC)16 16.2 nM = 9.6±4.9
 
and 1.62 nM = 10.8±6.3 cells/field]  

compared to the control [22.3±8.4 cells/field] at 24 hours. After 48 hours, however, their 

VEGF-blocking action appeared to be less pronounced whereby an increase cell number 

was observed with the exception of 16.2 nM in samples treated with linear VEGF blocker 

[HUVECs 23.4±7.2; WHLPFKC 8.3±3.8 cells/field]. Indeed, dendronised VEGF blockers 

showed similar anti-proliferative effects, but still sustained and prolonged at both lower 

and higher concentrations over 48 hours culture conditions [16.2 nM = 13.7±2.9 and 1.62 

nM = 9.9±2.9 cells/field] (Fig. 3.12 b). Similar effects were observed in VEGF-spiked 

samples at 24 hours [HUVECs + VEGF = 22.3± 4.2;  WHLPFKC 16.2 nM = 8±3.1 and 

1.62 nM = 7±4.2 and FFG3K (WHLPFKC)16 16.2 nM = 14.3±4.9 and 1.62 nM = 11.6±6 

cells/field] and 48 hours [HUVECs + VEGF = 25±6.1;  WHLPFKC 16.2 nM = 8.3±3.8 

and 1.62 nM = 15.4±6.3 and FFG3K (WHLPFKC)16 16.2 nM = 12.7±5.8 and 1.62 nM = 

9.9±2.9 cells/field], respectively (Fig. 3.12 a-b).  
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Fig. 3.12 Effect of WHLPFKC and FFG3K (WHLPFKC)16 on the HUVEC 

proliferation without and with VEGF spiking at 24, 48 hours incubation.  (a) 

WHLPFKC; (b) FFG3K (WHLPFKC)16. *p ≤ 0.05 compared with HUVECs and HUVECs 

with VEGF. Data are mean ± SD where n= 6. 

 

The inhibition of this proliferation has been shown to be caused by immediate cell death 

within HUVECs (Fig. 3.13) where more apoptotic and necrotic cells were observed in 

samples treated with both VEGF blockers (Fig. 3.13 b, pink and bright blue colour). 
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Fig. 3.13 Example of HPI staining of HUVECs after 48 hours incubation in absence 

and presence of VEGF blocker. (a) HUVECs; (b) WHLPFKC. The presence of VEGF 

blockers caused a reduction in the number of viable cells (blue colour) and an induction of 

necrosis (pink/red colour) or apoptosis death (intense blue colour). Scale bar is 100 µm. 

 

3.3.4  Inhibition of Capillary-Like Structure Formation by VEGF 

Peptide Blockers 

 

The 3D Matrigel model was performed to test the anti-angiogenic potential of the two 

blockers in the absence and presence of VEGF. The incubation of the HUVECs in Matrigel 

directed to the formation of capillary-like structures (Figures 3.14 a-b), whereas treatment 

with both the linear and dendronised VEGF blockers led not only to the inhibition of 

angiogenesis, but also to the regression of (the) these tubes (Figures 3.14 e-f-g-h). When 

incubated with the either of the two blockers, significant difference was observed during 

the first 24 hours of treatment whereby dendronised VEGF blockers induced a decrease in 

tube network length, size, and junctions greater than that observed with the linear VEGF 

peptide blocker defined by single tubes joining together (Figures 3.14 e-g). Interestingly, 

these capillary-like structures appeared to gradually regress in the presence of dendronised 

VEGF blockers as well as WHLPFKC at 48 hours (Figures 3.14 f-h). However, the 

presence of a number of blebbing cells were only observed in samples treated with 

dendronised VEGF blockers after 24 and 48 hours incubation (Fig. 3.14 g white arrows). 

Whereas, under normal conditions, the networks were complex and highly branched 

(Figures 3.14 a-b), similar to those identified in cells treated with hVEGF165 (Figures 3.14 

c-d). Moreover, there was an apparent difference among the diameters of the tubular 

structures under the different culturing conditions, with endothelial tubes in the control 

being larger (Figures 3.14, b-d black arrows) than those found in presence of peptide 
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blockers (Figures 3.14 f-h black arrows). As expected, cells incubated in PBS as negative 

control entered an early apoptosis (data not shown). 

 

Fig. 3.14 Anti-angiogenic potential of VEGF blockers on tube formation in a 3D 

Matrigel model after 24 and 48 hours. (a-b) HUVECs; (c-d) HUVECs with VEGF; (e-f) 
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HUVECs with WHLPFKC; (g-h) HUVECs with FFG3K (WHLPFKC)16 blockers. The 

black arrows show the differences in size of the tubular structures between controls (b-d) 

and with both VEGF peptide blockers (f-h). White arrows show blebbing cells (g).  

 

The relatively rapid effects of the blockers on the encapsulated cells were also 

demonstrated when HUVECs were stained with HPI, whereby the number of apoptotic 

cells was higher in all VEGF blocker treated samples (Figures 3.15 c-d white arrows) 

compared to the controls (Figures 3.15 a-b). Specifically, cells treated with FFG3K 

(WHLPFKC)16 appeared to be organised into clusters and to form an irregular network of 

endothelial tubes after 48 hours incubation (Fig. 3.15 d white arrow).  

 

Fig. 3.15 Effect of VEGF blockers on HUVEC viability (HPI staining) in the 3D 

Matrigel model at 48 hours. (a) HUVECs; (b) HUVECs with VEGF; (c) HUVECs with 

WHLPFKC;  (d) FFG3K (WHLPFKC)16. A significant number of apoptotic cells indicated 

with white arrows, were observed in samples treated with both peptides compared to the 

controls.  

 

3.3.5 VEGF165 ELISA assay 

   
The levels of endogenous and spiked VEGF in the absence and presence of blockers was 

assessed using a VEGF ELISA kit on supernatants derived from the 3D Matrigel model 

(Fig. 3.14). The ELISA data showed that VEGF levels were progressively reduced in the 
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presence of the two blockers which were able to significantly reduce the concentrations of 

both endogenously produced and spiked VEGF of approximately 3000 pg/mL (Fig. 3.16). 

The progressive reduction also explains the regression of the capillary-like structures over 

48 hours.  

However, FFG3K(WHLPFKC)16 was not able to significantly reduce VEGF 

concentrations in VEGF-spiked samples at the concentration used (Fig. 3.16  red square).  

 

 

 

 

 

 

 

 

                                                                                                                                                        

 

 

Fig. 3.16 VEGF concentrations in cell culture supernatants in absence and presence 

of the VEGF blockers at 48 hours. Statistically different was observed from the 

HUVECs with and without VEGF165 at * p < 0.01 while WHLPFKC-treated samples (o) = 

p ≤ 0.05.  

 

3.3.6 VEGF Blockers Inhibited Tube Formation at the iGG-MA Material 

Interface 

 

As illustrated in Fig. 3.17, both linear and dendronised VEGF blockers were able to 

prevent HUVEC tube formation at 24 and 48 hours after plating. In particular, a more 

pronounced area of inhibition was observed in linear VEGF blocker-treated samples in 

which a relatively rapid diffusion of the peptides from the iGG-MA hydrogel to the 

surrounding Matrigel was demonstrated after 24 hours (Fig. 3.16 d). This trend was more 

pronounced at 48 hours (Fig. 3.17 e-f) compared to that of FFG3K (WHLPFKC)16 where 

tube inhibition was simply limited around the iGG-MA interfaces (Figures 3.17 g-h). This 

pattern was particularly evident in the micrographs at relatively high magnification 
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whereby the presence of round-shaped cells at the biomaterial interface suggested initial 

evidence of HUVEC apoptosis in both treated samples (Figures 3.17 d-e-i black arrows). 

At the same experimental points, non-modified material interface showed to be colonised 

by a well-organised and compacted network of capillary-like structures after 24 and 48 

hours of incubation (Figures 3.17 a-b-c).   

 

Fig. 3.17 Effect of linear and dendronised VEGF blockers integrated in iGG-MA on 

the formation of HUVEC tube structures at 24 and 48 hours. (a-b-c) iGG-MA; (d-e-f) 

iGG-MA with WHLPFKC; (g-h-i) iGG-MA with FFG3K (WHLPFKC)16. Dashed lines 

indicate the approximate position of the iGG-MA. Magnification is 100 (a-b-d-e-g-h) and 

50 (c-f-i) µm. 

 

The pattern of controlled angiogenesis in the VEGF blocker–modified iGG-MA is 

confirmed by the H&E stain of the samples (Fig. 3.18). An uptake of staining by the 

scaffold allowed the clear identification of the material boundary (Fig. 3.18 dash lines, red 

staining colour) thus showing the degree of contact between its surface and the capillary-

like network in both non- and functionalised hydrogels. Interestingly, an extent tube 
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formation covering the whole area of the inspection with clear establishing contacts with 

the iGG-MA surface was demonstrated in the control (Fig. 3.18 a black circle) compared to 

those treated with both linear and dendronised VEGF blockers (Figures 3.18 b-c). In the 

latter, the formation of pre-existing tubular structures around the hydrogel surface was 

forced to regress after 48 hours incubation (Fig. 3.18 c black arrows).    

 

Fig. 3.18 H&E staining of both untreated and functionalised iGG-MA samples at 48 

hours. (a) iGG-MA; (b) iGG-MA with WHLPFKC; (c) iGG-MA with FFG3K 

(WHLPFKC)16. Black arrows indicate an area of capillary-like structures in phase of 

regression at the biomaterial surface while circle evidences contacts between iGG-MA 

boundary and the tube network. Scale bar is 50 µm. 
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3.4 Discussion 

 

Angiogenesis is a complex process by which new capillaries are generated from existing 

blood vessels. This process is triggered by the release of pro- and anti-angiogenic factors 

that control the behaviour of endothelial cells. Specifically, cells are stimulated to invade 

and to migrate through the extracellular matrix and finally to form tubular structures at the 

site to be vascularised (Kirkpatrick, et al., 2002). However, this balance is lost in 

pathological conditions including rheumatoid arthritis, diabetic retinopathy and cancer 

(Conway, et al., 2001).  

 

Among the numerous pro-angiogenic factors, VEGF is known to be critical in the 

stimulation of angiogenesis (Carmeliet, 2000). Clinical therapies are commonly involved 

to either decreased VEGF levels or to block its receptors resulting in the inhibition of 

downstream signalling pathways such as MAPK and ERK (Kim, et al., 2011). All these 

classical strategies have currently offered possible approaches to control angiogenesis. 

However, the efficacy of any anti-angiogenic agents has been seen to be enhanced when (i) 

specifically directed towards ECs and (ii) retained in situ in the host tissue for a protracted 

timeframe. Numerous clinical trials are in progress that will try to expand the application 

of new VEGF pathway inhibitors (Wang, 2003). Synthetic peptides have currently shown 

their great efficacy in the treatment of vascular disorders such as cardiac ischemia, tissue 

grafts and cancer (Nugent and Edelman, 2003). The potential of using peptides as anti-

angiogenic drugs is still under investigation, but they have already been demonstrated to 

offer relatively lower manufacturing costs, less risk of an immune response and greater 

stability over the conventional anti-angiogenic inhibitors (Lien and Lowman, 2003). Erdag 

and co-workers have previously used this technique to screen a random heptamer peptide 

library displayed on the surface of phage for peptides that interacted with the whole VEGF 

molecule (Erdag, et al., 2007). The synthesised peptides with sequences WHLPFKC and 

WHLPFRF targeting VEGF binding site antagonised the autocrine VEGF effects on ECs 

in vitro. These peptides obstructed VEGF/VEGFR-2 interactions and inhibited endothelial 

cell proliferation and migration (Erdag, et al., 2007). Interestingly, these findings were 

supported by our studies that showed a distinct ability of both WHLPFKC and WHLPFRF 

sequences to form complexes with VEGF using optical waveguide lightmode spectroscopy 

(OWLS). WHLPFRF was found to bind growth factor at a molar ratio 5:1 compared to 
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WHLPFKC with molar ratio of 1:1 (Meikle 2011 unpublished data). However, the lack of 

stability of these peptides may restrict their use in the treatments of tumour and 

degenerative diseases. Thus, FFG3K were used in order to overcome these limitations and 

functionalised with high number of WHLPFKC for (i) avoiding steric congestion in 

dendron growth compared to WHLPFRF and (ii) enhancing its binding activity with VEGF 

and indeed angiogenesis regulation. In addition, in according with OWLS data, the anti-

angiogenic potential of FFG3K (WHLPFKC)16 was tested at equimolar concentration of 

approximately 1.62 nM of the linear form. 

 

In recent years, the use of dendrons has been proposed for use in various clinical 

applications such as MRI agents, drug delivery and molecular probes. Studies have also 

reported their great potential ability to control angiogenesis (Byrne, et al., 2005). Kasai and 

colleagues designed two anti-angiogenic/heparin–binding arginine dendrimers that 

mimicked the surface structure of endostatin. They have been synthesised from L-glycine 

connected to Wang resin by Fmoc-solid phase peptide synthesis using L-lysine (branching 

unit) and L-arginine (surface group). Interestingly, these dendrimers were able to inhibit 

both VEGF-induced endothelial cell growth in vitro and VEGF induced angiogenesis in 

vivo in a chicken embryo chorioallantoic membranes (CAM) assay (Kasai, et al., 2002).  

 

An intrinsic anti-angiogenic activity of dendrimers was also tested using anionic 

polyamidoamine (PAMAM) generation 3.5 dendrimers conjugated with D (+) glucosamine 

and D (+) glucosamine 6-sulfate. They were shown to block β-FGF2 mediated endothelial 

cell growth and neo-angiogenesis in human Matrigel and placental angiogenesis assays. 

When dendrimer conjugated with glucosamine or glucosamine 6-sulfate were used 

together in a validated corneal rabbit model, they were shown to increase the long-term 

success of the surgery from 30 to 80 % (Shaunak, et al., 2004).  

This data suggests that stable engineered macromolecules such as dendrimers may be 

tailored to have defined anti-angiogenic properties and they can be used synergistically to 

induce tissue repair and regeneration. Despite the fact that previous reports have 

demonstrated that anti-angiogenic activity may be an intrinsic property of some dendrimer 

molecules, this work shows the ability to synthesise and characterise complex molecules 

(Figures 3.8 c; 3.9 b; 3.10 b) that have the ability to penetrate collagenous matrices and to 

control angiogenesis in the absence of cytotoxicity (Figures 3.11 and 3.13).  
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Interestingly, both VEGF peptide blockers effectively interfered with VEGF signalling 

pathway and controlled endothelial cell behaviour in vitro. The simplest interpretation of 

these findings is that the anti-proliferative effects of both peptides resulted by blocking the 

binding of VEGF to its receptor. In accordance with this hypothesis, in concentrations up 

to 16.2 nM, dendronised VEGF peptides did not show any cytotoxic or anti-proliferative 

effects on these 3T3 cells confirming their selective inhibition on VEGF mediated 

functions on HUVECs (Fig. 3.11).  

 

These potential anti-proliferative effects of VEGF blockers unrelated to VEGF inhibition 

were tested using murine 3T3 fibroblasts that do not express VEGF receptors. When tested 

on these cells the VEGF blockers showed no cytotoxic effects thus proving that the 

inhibitory effect on HUVEC proliferation is caused by the specific blocking of the VEGF 

molecules rather than due to cytotoxicity. The inhibitory effects of dendronised VEGF 

blockers appeared to enhance their binding to VEGF with consequent apoptosis in 

proliferating HUVECs at concentrations in the low micromolar range at different times 

(Fig. 3.12). An inhibition of proliferation was observed within 24 hours followed by 

chromatin condensation in the nucleus and DNA fragmentation on those cells undergoing 

apoptosis until 48 hours (Fig. 3.13). It could be speculated that VEGF blockers were able 

to activate a DNA fragmentation factor (DFF). DFF is a heterodimeric protein composed 

of 45 and 40 subunits respectively (Liu 1999). Upon apoptosis, the cleavage of DFF45 by 

caspase 3 liberates the nuclease activity of DFF40 which in turn induces the activation of 

caspase-cascade signalling pathway. Caspases are aspartate–specific cysteine proteases 

involved in the induction, transduction and amplification of intracellular apoptotic signals 

(Xiao, et al., 2007). The caspases convey the apoptotic signal in a proteolytic cascade 

responsible for the cleavage of the key cellular proteins and death in cells undergoing 

apoptosis (Kilic, et al., 2009). Additional details on the caspase family and apoptosis are 

discussed in Chapter 4, Section 4.4.  

 

The inhibition of HUVEC proliferation could be also due to the restriction of cell cycle in 

the G0/G1 phase by degrading cyclin D1. It is known that the reduction of cyclin D1 and 

VEGFR2 may cause inhibition of cell proliferation and regression of capillary-like 

structure formation (Yoshihara, et al., 2010). These effects may explain the powerful anti-

angiogenic properties of both VEGF blockers. It is of interest that VEGF blockers induced 

apoptosis also followed by arrest in cell proliferation on HUVECs cultured onto a 
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laminin/collagen gel (Matrigel). In agreement with other studies, phase contrast images 

revealed that these structures were clearly discernible at 24 hours and remained intact up to 

2 days (Figures 3.14 a-c).  

 

In contrast, in the presence of both VEGF blockers the tube formation was minimally 

suppressed within 24 hours and completely regressed at 48 hours (Figures 3.14 e-f-g-h). 

This was supported by dramatic changes in the cell architecture, where cells failed to 

extend processes and to form cell-cell contacts used to establish the branched network 

(Figures 3.14 f-h). These cells exhibited a flattened morphology with very few capillary-

like structures confirming the ability of blockers to block invasion and tube formation. The 

VEGF blockers suppressed the capacity of the cells to undergo tubule assembly and 

network capillary formation by VEGF sequestering protein. This is likely to be due to the 

blocking of VEGF binding to its receptors in HUVECs. Investigating the mechanism by 

which blockers induced regression; HPI staining highlighted a preferential occurrence of 

chromatin condensation in the areas where tubular-like networks were formed (Fig. 3.15 c-

d white arrows). The relatively rapid effect of the blockers on the encapsulated cells shows 

that these macromolecules were able to penetrate collagenous matrices and to control 

angiogenesis within tissues. In addition, the retention time of dendrons within the gel 

appeared to be higher when compared to the linear one ensuring a prolonged VEGF-

blocking effect (Fig. 3.16). The combination of the cell morphology analysis (Fig. 3.14) 

with the measure of the levels of VEGF in the supernatants derived from the 3D Matrigel 

model (Fig. 3.16) suggests that the hydrophobic nature of dendronised VEGF blockers was 

likely to favour their interaction with proteins of the ECM. This ensured a higher level of 

FFG3K (WHLPFKC)16 retention within the 3D matrix. In according with this, ELISA 

assay data (Fig. 3.16) show that VEGF concentration in the supernatants of the 3D model 

was progressively reduced in the presence of the two blockers. The progressive reduction 

of VEGF also explains the regression of the capillary over 48 hours.  It seems that tube 

formation was initially stimulated by both endogenous and spiked VEGF, but the presence 

of blockers induced capillary-like structure regression with anti-angiogenic effect of 

approximately 3000 pg/mL. However, dendronised VEGF blockers were not able to 

significantly reduce VEGF concentrations in VEGF-spiked samples at the concentration 

used (Fig. 3.16, red square). Probably, their relatively hydrophobic nature was likely to 

favour their binding to most of EC proteins such as the collagen of the Matrigel, thus being 
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retained within the matrix and leaving a relatively higher amount of VEGF free in the 

endothelial cell growth medium.   

 

These findings are consistent with those from the 3D VEGF blocker-functionalised iGG-

MA hydrogel study (Figures 3.17 and 3.18).  

 

Aside from its widespread application in food and cosmetics, GG hydrogels have been 

recently shown their potential in several tissue engineering applications (Ferris, et al., 

2013). For instance, Oliveira and colleagues at the 3B's Research Group (University of 

Minho, Portugal) have shown the ability of GG hydrogels to efficiently sustain the deliver 

and growth of human nasal chondrocytes and to support the cartilage regeneration in a 

nude mice model (Oliveira, et al., 2010). This research group also proposed GG hydrogels 

as potential alternative implants for the formation of nucleus pulpous for the treatment of 

degenerative intervertebral disc (Silva-Correia, et al., 2011). Interestingly, these materials 

were produced by reacting low acyl-GG (LAGG) with glycidyl methacrylate (GMA) in 

order to enable the incorporation of methacrylate groups in GG structure and thus 

enhancing the mechanical and degradation properties of the biomaterial. The final product, 

termed iGG-MA, formed a more compact microstructure that has been shown to be (i) 

non-toxic and (ii) non-angiogenic in vivo (Silva-Correia, et al., 2012a). In the present 

study, the anti- angiogenic effects of iGG-MA hydrogels have been improved after their 

functionalisation with both linear and dendronised VEGF blockers. The contrast phase 

analysis demonstrates that when compared to the non-modified iGG-MA (Figures 3.17 a-

b), the presence of WHLPFKC and FFG3K (WHLPFKC)16 leads to a capillary-like 

structure regression around the hydrogel boundary (Figures 3.17 d-e-g-h). In particular, a 

more pronounced area of inhibition could be observed in the case of the biomaterial treated 

with the linear peptide (Figures 3.17 d-e-f and 3.18 b) compared to the dendronised blocker 

(Figures 3.17 g-h-i and 3.18 c). The latter, however, appeared to induce an early formation 

of the capillary-like structure around the hydrogel surface that was later forced into 

regression by the dendronised VEGF blocker (Figures 3.17 g-h-i and 3.18 c). The 

difference in their anti-angiogenic effect may be due to the faster rate of diffusion of the 

linear form from the iGG-MA hydrogel mesh that led to a more rapid efficacy after 24 

hours. This was confirmed by a series of morphological changes consistent with apoptosis 

(Figures 3.17 d-e black arrows). In a similar fashion, dendronised VEGF blockers 

modulated tube formation at 48 hours (Fig. 3.17 i black arrow). However, these data 
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certainly point to a potential role of FFG3K (WHLPFKC)16-functionalised iGG-MA in the 

temporal regulation of angiogenesis, as well as spatial control of endothelial sprouting. 

These fundamental issues may improve unsatisfactory outcomes in classical delivery of 

bioactive molecules whereby appropriate release of dendronised VEGF blocker from iGG-

MA might not only reduce the amount of anti-angiogenic drug required to achieve a 

desired effect, but also be a promising approach for more efficient and effective 

regeneration of tissues including cartilage and intervertebral disc.   

 

Indeed, the VEGF blocking is a promising option for stimulating vessel regression, which 

appears to be strictly correlated with cell apoptosis and death (Dimmeler  and Zeiher, 

2000). There is evidence to indicate that endothelial cell apoptosis may play a major 

regulatory role in a wide variety disorders and disease conditions (Kilic, et al., 2009). 

Additional aspects of which are given in Chapter 4. The use of VEGF blockers will benefit 

in the development of new approaches for clinical and therapeutic applications. Although, 

the underlying molecular pathway by which blockers promote cell apoptosis is still 

unclear, here findings indicate that a competitive relationship between VEGF blockers and 

VEGFR-2 takes place. 

 

In ECs, VEGF exerts its biological mitogenic activity responses through VEGFR-2. The 

latter phosphorylates ERK1/2 (extracellular signal regulated kinases) by activation of the 

MAPK (mitogen activated protein kinase) signalling pathway (Fig. 3.2), which acts in a 

coordinated fashion to allow the transfer of signals from the ECM to the cellular nucleus 

leading to the activation of specific targets and gene programs including those involving in 

angiogenesis (Cross and Claesson-Welsh, 2001). It is known that the cross-talk between 

members of MAPK family contributes to mediate the cell proliferation effects of VEGF. 

Specifically, the identified role of ERK is specifically seen for the stimulation of G1/S cell 

cycle events (DNA synthesis) by which cells are triggered to divide or terminally 

differentiate (Zhang, et al., 2008). Although it is generally thought that activation of ERK 

may confer a survival advantage to cells, there is a growing body of evidence suggesting 

that ERK inhibition may also contribute to cell apoptosis and death (Zhuang and  

Schnellmann, 2006). Specifically, ERK down-regulation leads to the formation of caspase 

3/DFF40 complex that translocates to the nucleus and transactivates transcription factors 

involved in promoting apoptosis (Petak, et al., 2006). To support the caspase cascade 
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activation, biochemical and morphological changes like DNA fragmentation and cell 

shrinkage occur in the dying cells (Kilic, et al., 2009). 

 

In the present work, the nucleus of apoptotic HUVEC had a characteristic “creased” 

nuclear morphology when stained using DNA dye (Fig. 3.15 d). Moreover, the presence of 

dendronised VEGF blockers led ECs to become non-adherent and to appear as blebbed and 

round-shaped (Fig. 3.14 g-h). Therefore, when grafted onto a dendron scaffold, 

WHLPFKC still retains its ability to inhibit cell proliferation and tube formation. Also, the 

ability of these dendritic peptides to interact with either ECM proteins or iGG-MA, lead 

them to be used as injectable formulation or in combination with other biomaterials and 

thus enhancing their potential in controlling angiogenesis in the regeneration of avascular 

tissues such as the cartilage.   
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3.5 Conclusions 

 

Since VEGF is the most significant molecule in the stimulation of angiogenesis, the 

disruption of VEGF/VEGFR-2 recognition has been suggested as a promising target for 

controlling angiogenesis in tissue regeneration. The data of this study show the ability of 

the FFG3K (WHLPFKC)16 to inhibit the angiogenic effects of VEGF on endothelial cells.  

 

In clinical applications, the use of short molecules has been limited by their relatively 

short-half lives and instability. To address these limitations, dendronised VEGF blockers 

have shown their capacity to form complexes with VEGF and to prevent angiogenesis. 

They provided in vitro evidence for anti-proliferative and apoptotic effects leading in the 

control of proliferation and regression of capillary like structures in HUVECs. The 

relatively hydrophobic nature of these functionalised peptides enhances also their potential 

to penetrate tissue and to be retained by both the ECM and iGG-MA biomaterials. This 

will tailor dendronised VEGF blockers to be used either in combination with most 

polymeric biomaterials-based hydrogels and scaffolds or with the proteins of the ECM to 

maximise their bioavailability and biological activity not only in vitro but also in vivo, as 

described in Chapter 4.  
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Chapter 4.  

In vivo Control of Angiogenesis by Anti-angiogenic Dendron-

functionalised Biomaterials 
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4.1 Introduction 

 

4.1.1 Structure and Function of Blood Vessels  

 

In the human body, the structural composition of blood vessels is quite similar throughout 

the cardiovascular system. The latter consists of arteries and veins which, as a consequence 

of the haemodynamics, undergo different mechanical stresses (Fig. 4.1) (Bjorklund, 2008). 

 

Fig. 4.1. Schematic representation of vascular system and its function. Through blood 

flow, oxygen and nutrients are constantly transferred to tissues via arteries (red colour) 

while veins (blue colour) remove catabolities and carbon dioxide through the lungs and 

kidney (Image modified from www.scientificpsychic.com/blog/?paged=3).  

  

Despite their biological functions, all blood vessels consist of three specialised layers 

divided in: (i) inner, (ii) middle and (iii) outer layer. In the arteries, the inner layer is called 

the intima and it is made up by a monolayer of ECs that provides haemocompatibility to 

the blood vessel preventing clot formation and mediating biochemical and cellular 

processes as, for example, the inflammatory cell extravasation. The middle layer is called 

the media and gives support to a dense and compact elastic internal membrane called the 

internal elastic lamina. The latter contains mainly smooth muscle cells, elastin and collagen 

proteins in the form of fibres. The internal elastic lamina membrane allows arteries to 

readily respond to local mechanical and metabolic demands. Whereas, the outer layer of 

http://scientificpsychic.com/blog/?paged=3
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the arterial media is termed external elastic lamina and is connected with the adventitia, a 

thick layer of connective tissue associated with nerves and vasa vasorum.  

 

Compared to arteries, veins carry blood under lower pressure and thus appear thinner, 

larger and less elastic. They consist of a thin layer of elastic tissue (layer middle) 

sandwiched between endothelium (layer inner) and connective tissue that represents the 

outer layer (Fig. 4.2) (Stille, 1998).  

 

Fig. 4.2 Anatomical structural differences between arteries and veins.  Despite their 

difference in size and structural features, both veins and arteries consist of three distinct 

layers or tunics that form the blood vessel walls and direct their functions (Image re-drawn 

from www.igbiologyy.blogspot.co.uk/2013/05/71-arteries-veins-and-capillaries.html).  

 

However, the actual exchange of oxygen, nutrients and waste between the bloodstream and 

tissues occurs in small vessels termed capillaries, which are involved in human body 

functioning and healthy, respectively (Fig. 4.3) (Scallan, Huxley and Korthuis, 2010). 

 

Fig. 4.3 Connection between arteries and veins through capillaries. Capillaries form a 

well-organised network of blood vessels involved in the main vascular functions such as 
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gas and nutrient delivery throughout the body tissues and organs (Image modified from 

www.igbiologyy.blogspot.co.uk/2013/05/71-arteries-veins-and-capillaries.html).   

 

4.1.2 Capillaries 

 

As illustrated in Chapter 3, capillaries play a critical role in angiogenesis (Chapter 3, 

Section 3.1).  

 

Capillaries have a diameter of approximately 8 µm and consist of an endothelial tube that 

is stabilised by a basement membrane (BM) and pericytes (see Chapter 3, Section 3.1.3) 

(Krogh, 1922). Relative to both arteries and veins, they do not have tunica media, but their 

structural arrangement facilitates the rapid and efficient exchange of diffusible substances 

between the bloodstream and surrounding tissues through pores located onto capillary 

walls (Krogh, 2012). Depending on cellular metabolic rate, the dimensions and thus the 

permeability of such pores may vary from tissue to tissue. For instance, muscle tissues are 

metabolically more active than cartilage and cornea and require an abundant supply of 

nutrients and oxygen, but their capillary pores are less permeable compared to those found 

in liver, spleen and bone marrow tissues (Stille, 1998).  

 

4.1.3 Pathological Angiogenesis 

 

During embryogenesis and pregnancy, capillaries are kept in quiescent physiological 

conditions by a balanced microenvironment of pro- and anti-angiogenic factors (Carmeliet, 

2000). However, abnormal angiogenesis may contribute to the pathology of numerous 

disorders including arthritis, diabetic retinopathy and macular degeneration as shown in 

Fig. 4.4 (Olsson, et al., 2006). For instance, abnormal angiogenesis is actually recognised 

as a key event in the formation and maintenance of the fibrous tissue (pannus) in 

osteoarthritis and rheumatoid arthritis (Pulsatelli, et al., 2013). The latter is a common 

inflammatory disease characterised by progressive cartilage degeneration resulting in 

severe functional limitations and a reduced quality of life (Pulsatelli, et al., 2013). Anti-

inflammatory drugs, analgesics as well as steroid injections are commonly used for 

controlling inflammation and minimising joint damage, but the specific causes of 

osteoarthritis and rheumatoid arthritis are still unknown (Fig. 4.4) (Hannan, 2012).  
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Fig. 4.4 Representation of osteoarthritis and rheumatoid arthritis (Image modified 

from http://www.samved-ortho.com/youmustknow.htm). 

 

In addition, diabetic retinopathy and age-related macular degeneration (AMD) are caused 

by pathologic proliferation and leakage of abnormal blood vessels in the central part of the 

retina, the macular. Disorders associated with such pathologies have not been fully 

investigated and treated, but risk factors including age, genetics, smoking and obesity seem 

to play a critical role in their development (Steidl and Hartnett, 2003).  

 

To date, it has become evident that excessive blood vessel growth contributes to the 

pathogenesis of many other inflammatory and autoimmune disorders including synovial 

joints and pyogenic granuloma, for which therapies and treatments still need to be defined 

(Carmeliet, 2003). 

 

4.1.4 Implantable Drug Delivery Devices for Anti-Angiogenic Therapy 

 

Although current advances in anti-VEGF therapy (Chapter 3, Section 3.1.4) has 

revolutionised the treatment of numerous angiogenic disorders, many questions 

surrounding VEGF inhibitors are still left unanswered such as delivery methods, route of 

administration and dosage with minimum adverse effects (Nagai, et al., 2010). 

 

The use of biodegradable implants (i.e. gels, scaffolds and nanoparticles) has recently 

shown great potential in various angiogenic conditions such as glaucoma and osteoporosis 

(Richardson, et al., 2001). In contrast to free delivery formulations, they offer several 

advantages including (i) biocompatibility, (ii) physical/chemical stability (iii) target-tissue 
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specificity and (iv) controlled and sustained drug release of a wide range of angiogenic 

factors including VEGF (McCoy, et al., 2010). 

 

The first implantable device was developed in 1992 whereby a non-biodegradable implant 

combined with ganciclovir was successfully used for macular degeneration treatment 

(Smith, et al., 1992). However, the first FDA-approved device in 2005 was  the 

fluocinolone acetonide intra-vitreal implant (Retisert®), which was found to significantly 

attenuate VEGF expression and inflammation in uveitis clinical trials (Brumm and 

Nguyen, 2007). 

 

Subsequently, implants based on synthetic polymers such as polylactic acid (PLA), 

polyglycolic acid (PGA) and polylactic-co-glycolic acid (PLGA) have shown their ability  

to deliver a wide range of drugs (i.e. dexamethasone) in a controlled and prolonged manner 

(Fournier, et al., 2003). However, recently their modification with synthetic anti-VEGF 

peptides (i.e. VEGF and VEGFR-2 blockers) has become the most common approach in 

developing novel implantable materials for controlling angiogenesis (Krishna and Kiick, 

2010).  

Compared to conventional drugs, which act on VEGF signalling pathways and their 

downstream effectors, peptides are derived from anti-angiogenic protein active sites, which 

effectively prevent angiogenesis. In addition, they show the ability to: (i) reduce side 

effects, (ii) increase solubility and (iii) limit batch-to-batch variations making implantable 

biomaterials more suitable for therapeutic treatments (Foy, et al., 2011). The ability to 

engineer biomaterials with specific peptides ensures not only the appropriate peptide 

activity, but also their sustained and localised delivery. For instance, TLTYTWS peptide 

has shown to inhibit angiogenesis in vivo and in vitro in a concentration-dependent manner 

when immobilised in collagen scaffolds. The latter, protected peptide against digestion and 

allowed a highly endured and restricted activity (Mueller, et al., 2009). However, further 

studies have reported that the lack of stability and functionality of these short peptides 

dramatically affected both the longevity and the biocompatibility as well as the angiogenic 

responses of collagen (Chan, Stahl and Yu, 2011). Although, the use of collagen scaffolds 

has become a popular approach for engineering microvasculature (Sabatino, et al., 2012), 

their biomedical applications have been restricted by inability to support long-term drug 

delivery. An alternative solution to the problem may be the development of new 

therapeutic agents that either enhance the efficacy of existing drug product or provide 
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additional therapeutic benefit to the biomaterials. This strategy may be a promising option 

to modulate angiogenesis and to ensure an adequate healing process.  

       

Therefore, combination of peptide delivery systems based on biodegradable implants may 

provide an exciting strategy for the controlled and localised delivery of anti-angiogenic 

agents after material implantation and indeed in the treatment of diseases accompanied by 

excessive angiogenesis. 

 

4.1.5 In vivo Models of Angiogenesis  

 

Due to the complexity of the angiogenic process and indeed to the necessity to develop a 

targeted anti-therapeutic response, in vivo studies have proven to be more informative than 

in vitro studies (Staton, et al., 2004).  

The use of animal models such as chicken embryo chorioallantoic membrane, rodent 

mesentery and mice sponge implantation assays have been considered as versatile, reliable 

and repeatable methodologies capable of facilitating search for therapeutic anti-angiogenic 

agents (Staton, et al., 2009). It is clear that no single model is able to elucidate the entire 

angiogenic process. Several differences including species, gender, age and tissue sites can 

compromise the validity of the results. However, most of these assays allow a perfectly 

quantitative and qualitative angiogenic analysis in terms of anti-agent responses as well as 

lengths of formed blood vessels (Norrby, 2006).  

 

Among these, the chicken embryo chorioallantoic membrane (CAM) model is perhaps the 

most widely used assay for the screening of both angiogenic and anti-angiogenic factors. 

Originally, it was employed to study the developmental potential of embryonic tissue 

grafts, but in 1974 Folkman and colleagues introduced CAM as an effective model system 

for a wide range of applications including cancer, biomaterials and photodynamic therapies 

(Tufan and Satiroglu-Tufan, 2005).  

 

CAM is a highly vascularised membrane formed by the fusion of the chorion and the 

allantois that serves as respiratory organ, to store waste products and to absorb calcium 

from the shell during bone development. CAM angiogenesis undergoes three phases of 

development. The early phase (Day 5 to Day 7) is characterised by capillary sprouting and 
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intussuscepted microvascular (IMG) formation (see Chapter 3, Fig. 3.1), during the 

intermediate phase (Day 8 to Day 12) its growth prevails. The latter phase gradually 

replaces the original capillary network, while chorioallantoids fuses with the entire shell 

membrane until its expansion is complete by Day 12 or 13 (Ribatti, et al., 2001).  

 

The CAM assay can also be carried out in ovo or in a Petri dish. Both techniques are 

relatively simple and the ease of access allows the direct monitoring of vascular growth by 

bio-microscopy at relatively reduced costs (Staton, et al., 2004). To assess the anti-

angiogenic or angiogenic activity of test substances, the compounds are either prepared in 

slow release polymer pellets (i.e. absorbed by gelatin sponges) or air-dried on plastic discs 

and then implanted onto the CAM. Several variants of the CAM assay including culturing 

of shell-less embryos in Petri dishes and different quantitative and qualitative methods (i.e. 

counting the number of vessels under a microscope andimage analysis) have been 

described and widely used for large-scale screening (Ribatti, 2008). 

 

Mammalian systems, however, are considered to be more representative for human 

pathophysiology than CAM. 

 

In 1987, Andrade introduced an assay in which angiogenic factors were injected directly 

into artificial sponges (i.e. polyvinyl alcohol, collagen and gelatin) and implanted into rats 

and mice (Norrby, 2006). Afterwards, the sponge implantation assays have been widely 

used for the evaluation of angiogenesis and anti- angiogenic agents (Staton, et al., 2009). 

 

 

In this method the sponge is prepared by using sterile absorbable gel foam and implanted 

subcutaneously into animals (i.e. rats, mice) after being anaesthetised. The animals are then 

sacrificed while the sponge materials are harvested and assessed by histological, 

morphometrical (vascular density), biochemical (hemoglobin content) tests or measuring 

the blood flow rate in the vasculature of the sponge using a radioactive tracer (Staton, et 

al.,  2004).  

 

Interestingly, the implantation of these sponge materials has been commonly associated 

with non-specific immune responses, which may induce a significant angiogenic response 

thus being suitable as a clinically-reflective in vivo model for angiogenesis. 
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Therefore, the use of in vivo angiogenesis assays has provided progresses in the field of 

angiogenesis. To date, these advances pertain primarily to anti-angiogenic therapies and 

hence their use provides an excellent basis for testing the potential of novel biomaterials 

that are designed for tissue regeneration and angiogenesis treatments. For instance, CAM 

assay was a promising model for the investigation of the tunable iGG-MA properties as 

nucleus polpuos substitues and angiogenic regulators in the treatment of degenerative 

intervertebral disc (Silva-Correira, et al., 2011). Moreover, subcutaneous mice 

implantation assessed the chondrogenic capacities of FDA-approved collagen-based 

scaffold (Ultrafoam
TM

) when combinated with mesenchymal stromal cells and articular 

chondrocytes (Sabatino, et al., 2012). Such model also revealed Ultrafoam collagen 

scaffolds are effective hemostatic agents.  

 

The basic concept of the success of both iGG-MA and Ultrafoam collagen materials is 

behind their structural and chemical composition that closely match those of the target 

tissues (i.e. connective tissues) upon which they are implanted. These properties have 

made them as well as suitable implantable systems for in vivo drug delivery (i.e. VEGF) 

(Chiu and Radisic, 2010). Therefore, the use of both iGG-MA hydrogels and Ultrafoam 

collagen scaffolds seems to offer unique experimental tools for the development of new 

bio-functional materials capable to direct the in vivo control of angiogenesis in tissue 

regeneration.   
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Aim of the Chapter 

 

The aim of this chapter is to assess the potential of FFG3K (WHLPFKC)16 to control 

angiogenesis in both in ovo and in vivo. In order to study and improve the mode of delivery 

of anti-angiogenic factors and indeed to deeply investigate their efficiency, two distinct 

polymers, iGG-MA (described in Chapter 3) and foam collagen scaffolds were used. The 

choice of both biomaterials was due to their ability to closely mimic the physical and 

chemical nature of the chorioallontoic membrane (hyaluronic acid-based) and connective 

tissue (collagen-based). 

 

The material modification was based on the ability of bioactive dendronised molecules to 

produce a characteristic interface between the biomaterial and surrounded tissues that (i) 

minimises tissue reactions after implantation, (ii) improves material stability and 

functionality and (iii) inhibites angiogenesis. The results showed potential to control vessel 

morphology as well as vascular formation and organisation. These anti-angiogenic effects 

were further investigated by histochemical and immunohistochemical staining (i.e. 

hematoxylin/eosin, vonWillebrand factor (vWF) and caspase-3) and quantitative analysis, 

including vessel diameter and length, offered insights into the efficacy of dendronised 

VEGF blockers in inducing vascular regression via VEGF inhibition.  
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4.2 Materials and Methods 

 

4.2.1 Animals 

 

CAM Model. White fertilised chicken eggs (Pintobar, Portugal) were incubated at 37 
o
C 

(Laboratory Incubator Series 8000, Termaks) for three days before being processed by the 

3B’s research group, University of Minho, Braga, Portugal. Afterwards, albumen of 2.5 

mL was extracted using a sterile syringe while the CAM of the fertilised egg was separated 

from the top part of the shell. This formed a small visible window (maximum of 15 mm in 

diameter) that allowed the ease of evaluation and access to the CAM. The hole was sealed 

using a transparent tape (50x30 mm; BTK) to prevent dehydration and further embryonic 

structure damages. The eggs were placed at 37 °C and 60 % humidity until day 10 of 

embryonic development. 

   

Mouse subcutaneous model. Four weeks old nude mice (CD-1 nude/nude, Charles River, 

Germany) were maintained in individual cages with food and water where temperature and 

humidity were constantly controlled by the Department of Veterinary (University Hospital 

of Basel, Switzerland) up to four days prior material implantation. 

In vivo mice experiments were approved by the Ethics Committed in Animal 

Experimentation and processed according to the guidelines of the Cantonal Veterinary 

Office (Basel, Switzerland) by University Hospital of Basel, Basel, Switzerland. 

 

4.2.2 IGG-MA and Collagen Disc Functionalisation with FFG3K 

(WHLPFKC)16  

 

Both iGG-MA and foam collagen scaffolds Ultrafoam
TM

, Avitene Swiss) were modified 

with FFG3K (WHLPFKC)16 at similar concentrations used for 3D in vitro studies (Chapter 

3, Section 3.2.5). Briefly, the dendronised-VEGF blocker was entrapped in iGG-MA 

powder as described in Chapter 3, Section 3.2.5.3.  

The FFG3K (WHLPFKC)16 was directly added on the top of each foam collagen sponge 

scaffolds with dimensions of approximately 6x4 mm for 30 minutes at room temperature 

and let impregnating the materials at room temperature for 20 minutes. Afterwards, 

collagen scaffolds with and without FFG3K (WHLPFKC)16 were incubated in Dulbecco’s 
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modified eagle medium (DMEM) cell culture medium (Gibco, Swiss) with 10 % w/v foetal 

bovine serum (FBS, Gibco, Swiss) at 37 °C and 5 % CO2 for 24 hour prior implantation. 

 

4.2.3 CAM and Mice Implantation  

 

Contribution to both in ovo and in vivo tests was related to the material preparation and 

histochemical and immunohistochemical analysis of the re-treated specimens. Whereas the 

implantation procedures were kindly performed by Dr Oliveira Miguel (3B’s research 

group, University of Minho, Braga, Portugal) and Dr Marsano Anna (University Hospital 

of Basel, Switzerland). 

 

CAM Model. iGG-MA discs were placed on the top of each CAM membrane (Fig. 4.5 a) 

and placed into the incubator until Day 4. The experiment was stopped by processing the 

samples as described in Section 4.2.4. 

 

Subcutaneous Mouse Model. Mice were anesthetised with a mixture of oxygen and 

isoflurane (range 1:2) and their skin wiped with 70 % 
v
/v ethanol solution (Agilent 

Technologies, Swiss). The scaffolds were then inserted into subcutaneous pouches (Fig. 

4.5 b) that were made with curved artery forceps through a 1 cm long dorsal midline 

incision. After replacing them back in the cages, mice were constantly monitored and 

sacrificed with CO2 at one week after the implantation. 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Both iGG-MA discs and collagen sponge scaffolds with and without 

dendronised VEGF blockers were implanted in CAM and mice, respectively. (a) iGG-

MA hydrogels; (b) Ultrafoam
TM 

collagen sponge scaffolds.  
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4.2.4 Preparation and Paraffin Embedded Tissues for Further 

Histological Analysis 

 

All iGG-MA discs and collagen sponge scaffolds (n= 6 for each group) surrounded by host 

tissues were harvested and immediately fixed with 4 % paraformaldehyde (Fisher 

Scientific, UK) for 4 hours at room temperature. Samples were placed in a plastic mould 

and embedded in paraffin after being dehydrated through a series of increasing ethanol 

(Fisher Scientific, UK) concentrations for 2 hours. The tissue blocks were allowed to cool 

for 2 hours and then carefully sectioned (5 µm) using a rotary microtome (Leica RM2135, 

Technologic Ltd, UK). To promote tissue adhesion, the paraffin sections were mounted 

onto gelatine-coated glass slides (VWR International Ltd, UK) and kept in an oven at 60 

°C overnight.  

 

4.2.5 Hematoxylin and Eosin for Vessel Morphology and Size Analysis 

 

The angiogenic response including vessel morphology, diameter and length of both iGG-

MA and collagen samples with and without dendronised VEGF blockers were examined 

using hematoxylin and eosin staining (H&E). H&E is the most widely used method in 

histology, it consists of two stains which are not classified as dyes as the molecules have 

no chromophore. Hematoxylin is a basic product that binds to negatively charged nucleic 

acids and has a deep blue-purple colour while eosin is pink and stains to eosinophilic 

structures including mitochondria and several cytoplasmic components (i.e. proteins). 

 

Paraffin sections were de-waxed with xylene (National diagnostic, UK) and ethanol (Fisher 

Scientific, UK) for 10 minutes, followed washing in water before being stained with 

hematoxylin (Sigma Aldrich Co. Ltd, UK) for 6 minutes at room temperature. After 

washing under running tap water, sections were dehydrated in 90 % 
v
/v ethanol for 10 

seconds, counterstained with eosin (Sigma Aldrich Co. Ltd, UK) for 1 minute and 

dehydrated in a graded series of ethanol rinses. Slides were soaked in 100 % 
v
/v ethanol 

and xylene for 3 minutes and then covered with a glass coverslip with DPX mounting 

medium (Fisher Scientific, UK). Stained tissues were observed under a phase contrast 

microscope (Nikon Elipse TE 200U, UK) at magnification x20 and x40 and images 

captured using a digitised camera (Canone LM Scope, UK).   
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4.2.6 Measurement of Vessel Diameter and Length 

 

As it is well-known that VEGF signalling controls both vessel size and diameter (Nakatsu 

2003), VEGF blockers were assessed for their ability to reduce elongation and the 

dimensions of formed blood vessels in both iGG-MA and collagen foam scaffolds with and 

without FFG3K (WHLPFKC)16, respectively. 

  

High resolution images of both in ovo and in vivo tissue samples were obtained on a Nikon 

Elipse TE 200U microscopy with an x40 object. Images (4368x2912 pixels) were assessed 

by Image J software (http://rsb.info.nih.gov/ij/). This is a widely accepted image-analysing 

program used in several biological studies including quantification and estimation of cell 

area and density.  

In this study, Image J was used to measure the length and diameter of the tested vessels 

using specific standard image-processing functions. In detail, a straight line was drawn 

across the vessel while measurements were automatically recorded. This created a profile 

which dimensions were determined by the average of separated measurements (n=9) 

performed at several distinct locations per vessel. In Image J, each value was automatically 

converted from pixels to micrometre and collected in a system unit (SI)-table, in which 

both vessel diameter and length measurements were recorded. Data was post-processed 

and further analysed in an Excel spreadsheet file.    

 

4.2.7 vonWillebrand Factor and Caspase-3 Distribution in Murine 

Histological Tissues 

 

The role of dendronised VEGF blockers-driven VEGF inhibition and indeed angiogenesis 

in vivo was assessed by (i) vonWillebrand Factor (vWF), an EC marker, and (ii) caspase-3, 

a crucial mediator of programmed cell death (apoptosis), in murine histological sections. 

Both markers have recently shown their involvement in vascular formation and regression, 

respectively (Fierlbeck, et al., 2003).  

 

Each tissue sample was initially de-paraffinised in three equilibration steps in xylene 

(National Diagnostic, UK) and passed through a series of increasing ethanol concentrations 

(Fisher Scientific, UK) for 10 minutes at room temperature. Sections were then blocked 

http://rsb.info.nih.gov/ij/
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with 5 % 
w
/v goat serum (Sigma Aldrich Co. Ltd, UK) for 40 minutes and incubated with 

monoclonal anti-mouse vWF (Millipore, UK) and anti-mouse caspase-3 antibodies 

(Abcam, UK), respectively diluted at 1:100 in sterile phosphate buffer saline solution 

(PBS, Fisher Scientific, UK). After an overnight incubation at 4 °C and washing in PBS, 

goat anti-mouse secondary antibody (dilution 1:100, Millipore, UK) was applied to the 

tissues followed by pre-formed streptavidin-horseradish peroxidase (HRP) conjugated-

solution (Millipore, UK) for 30 minutes at room temperature. Immunoreactivity was 

detected using diaminobenzidine chromogen reagent (Millipore, UK) incubated 5 minutes 

and counterstained for nuclei with haematoxylin staining (Sigma Aldrich Co. Ltd, UK) for 

5 minutes before clarification in ethanol and xylene for 3 minutes. The sections were 

mounted in DPX medium (Fisher Scientific, UK) and microscopically examined using 

Nikon Elipse TE 200U attached to Canone LM Scope camera at 20x and 40x 

magnification.  

 

A negative control was included for each run of immunohistochemistry whereby the 

primary antibody was replaced with PBS solution at a final concentration of 0.01 M (in 

PBS) (Fisher Scientific, UK).   

  

4.2.8 Statistical Analysis 

 

All results from both in ovo and in vivo experiments were tested for statistical difference 

using one-way analysis of variance (ANOVA). A p value of less than 0.05 was accepted as 

statistically significant for a 95% confidence interval while data were expressed as means 

± standard deviation (SD). Error bars represent standard deviation. The n values have been 

given in the appropriate figure legends. 
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4.3 RESULTS  

 

4.3.1 Study of the Anti-angiogenic Potential of Dendronised VEGF 

Blocker-functionalised iGG-MA Hydrogels in an in Ovo CAM 

 

Initial in ovo experiments were performed in order to gain insight into the dynamic effects 

of dendronised VEGF blockers on VEGF-mediated angiogenesis. Interestingly, both non- 

and treated iGG-MA materials were well-tolerated by the host tissue membrane after 

implantation. By H&E staining, the un-treated samples, however, revealed an increased 

cellularity (Fig. 4.6 a) compared to those modified with dendronised VEGF blockers. 

These cells were uniformity distributed and localised throughout all stained sections (Fig. 

4.6 b).  

Fig. 4.6 Cell number and distribution in both untreated and treated iGG-MA samples 

as determined by H&E staining. (a) Non-treated and (b) functionalised samples. Higher 
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number of cells was observed throughout of the control compared to FFG3K 

(WHLPFKC)16-treated iGG-MA samples. Scale bar is 100 µm.  

 

In the control, the higher cellularity was associated with the presence of elongated blood 

vessels that longitudinally converged towards the material at the material/tissue interface 

(Fig. 4.7 a). These appeared dilated, sinusoidal and containing erythrocytes (Fig. 4.7 a
1
). In 

contrast, this active angiogenesis process was not observed in treated-iGG-MA samples 

whereby capillaries were rounded, smaller and aggregated after 4 days implantation (Fig. 

4.7 b
1
). A lower number of blood vessels, which eventually disappeared at the 

implant/tissue interface, were also observed (Fig. 4.7 b). 

 

Fig. 4.7 Angiogenesis inhibition in hydrogels functionalised by dendronised VEGF 

blocker at day 4. (a-a
1
) Non-treated and (b-b

1
) functionalised samples. Disorganised 

capillaries were more visible in functionalised (b
1
) than in iGG-MA control samples (a-a

1
). 

This type of blood vessels was far from the biomaterial/tissue interface and showed a 

smaller size (b). Scale bar is 100 µm. 
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The ability of the dendronised VEGF blockers to inhibit angiogenesis was also reflected by 

their effect on blood vessel diameter and length (Fig. 4.8). By microscopic examination, a 

large number of elongated and dilated capillaries were only observed in the control 

samples (Fig. 4.8 a-b-c). Such enhanced organisation was lost in presence of dendronised-

VEGF blocker (Fig. 4.8 d-e-f), which promoted growth of vessels with distinct form and 

size after 4 days of implantation.   

Fig. 4.8 Functionalised iGG-MA hydrogels showed ability to reduce blood vessel size. 

(a-b-c) Non-treated and (d-e-f) functionalised samples. The presence of dendronised VEGF 

blockers dramatically affected both capillary blood diameter and length as well as 

morphology. Scale bar is 50 µm.   

 

The qualitative analysis were corroborated by blood vessel diameter and length 

measurements whereby the diameter was observed to decrease of approximately 9.51±2.7 

µm in functionalised compared to 16.6±2.2 µm in the control samples (Fig. 4.9 a). The 

average length per vessel was also higher in non-treated (36.2±13.6 µm) vs. the treated 

samples (13.17±2.7 µm) (Fig. 4.9 b). 
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Fig. 4.9 Dendronised VEGF blockers reduced vessel diameter and length. (a) Diameter 

and (b) length dimension. Data were evaluated by Image J and statistically analysed 

whereby values represent mean ± SD. *p values ≤ 0.05 than control. 

 

4.3.2 Study of the Anti-angiogenic Potential of Dendronised VEGF 

Blocker-functionalised Ultrafoam Collagen Scaffolds in the 

Subcutaneous Mouse Model 

 

Similarly to the in ovo studies, FFG3K (WHLPFKC)16 were used to functionalise 

commercially-available collagen scaffolds and showed inhibitory effects on angiogenesis 

in vivo in a mouse subcutaneous model. 

 

In the control samples, microscopic examination of the stained sections by H&E revealed 

that the overall neovascularisation dramatically increased after 1 week of implantation. 

Here, vessels appeared circular and flattened with lumens easily distinguished (Fig. 4.10 a) 

and associated with higher cellularity (Fig. 4.10 b black arrow). In contrast, smaller and 
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rounded neovessels (Fig. 4.10 c) tending to collapse (Fig. 4.10 c
1 

green arrows) were 

observed in dendronised VEGF blocker-functionalised samples. These morphological 

alterations were associated with a marked decrease in cell number within the scaffold pores 

(Fig. 4.10 d black arrow) and a tendency towards the formation of relatively open-pore 

structures within collagen implants (Fig. 4.10 d blue arrow). Interestingly, the latter were 

found to readily accommodate cells and to support tissue formation in the control samples 

after 1 week of implantation (Fig. 4.10 b blue arrow). 

  

Fig. 4.10 Inibition of angiogenesis by dendronised VEGF blocker-functionalised 

Ultrafoam collagen scaffolds. (a-b) Non-treated and (c-c
1
-d) functionalised samples. 

FFG3K (WHLPFKC)16 induced the formation of immature, leaking blood vessels (c
1
 green 

arrow) and reduced the number of cells (d black arrow) and tissue formation (d blue arrow) 

within functionalised implants compared to the control (b black and blue arrows). Scale bar 

is 100 (a-b-c-d) and 50 (c
1
) µm. 
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In addition, the dendronised VEGF blocker-functionalised samples were able to control 

both blood vessel elongation and dilatation, which reflected their ability to control blood 

vessel morphology (Figures 4.11 d-e-f). In contrast, well-elongated and dilated capillaries 

were observed in the control samples (Figures 4.11 a-b-c). 

 

Fig. 4.11 Dendronised VEGF blocker-functionalised collagen scaffolds controlled 

both blood vessel elongation and dilatation after 1 week of implantation. (a-b-c) Non-

treated and (d-e-f) functionalised samples. Dendronised VEGF blocker induced formation 

of capillary networks with unusual diameter and length as well as morphology compared to 

those in the control. Scale bar is 50 µm.  

 

Quantitative analysis of phase contrast micrographs confirmed the significant difference in 

terms of vessel diameter and length between the two tested samples of 17.8±5.7 and 

29.6±11.6 µm in the control and 8.9±3.3 and 14.3±4.7 µm in the dendron-treated samples, 

respectively (Fig. 4.12).  
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Fig. 4.12 Vessel diameter and length of both un- and functionalised collagen samples. 

(a) Diameter and (b) length dimension. Vessels dramatically reduced in both size and 

length in samples treated with dendronised VEGF blockers than without. * p ≤ 0.05 than 

collagen scaffolds. 

       

4.3.3 vonWillebrand Factor as Suitable Marker for Vascular Wall 

Formation 

 

vWF staining was performed to further determine whether VEGF deprivation by 

dendronised VEGF blockers was associated with vessel maturation and stabilisation. 

 

As shown from Fig. 4.13, control specimens displayed a dense perivascular network with 

an intact endothelial cell layer at 1 week. It showed a continuous pattern of staining 

defined by well-organised endoluminal layer of vWF endothelial cells (Fig. 4.13 a brown 

staining). All blood vessels formed walls of uniform thickness (Fig. 4.13 a
1
, black arrow, 

brown staining). To the contrary, vessels in the VEGF blocker-functionalised samples 
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displayed a weak and discontinuous vWF staining pattern (Figures 4.13 b-b
1
 blue arrow, 

purple staining). The latter was accentuated in vascular cells that gradually shed into the 

lumen of immature vessels (Fig. 4.13 b
1
 green arrow, brown staining). 

 

Fig. 4.13 vWF immunostaining in control and VEGF blocker-functionalised 

Ultrafoam collagen scaffolds. (a-a
1
) Non-treated and (b-b

1
) functionalised samples. 

Endothelial cell layers were stained with vWF (brown staining) which was observed to be 

continuous in the capillaries of control material (a-a
1 

black arrow) while scattered in both 

mature (b
1
 blue arrow) and immature (b

1 
green arrow) vessels of dendronised VEGF 

blocker-modified samples after 1 week of implantation. Sections are counterstained for 

cellular nuclei with hematoxylin (purple colour). Scale bar is 100 µm. 

 

4.3.4 Involvement of Caspase-3 in the Process of Vessel Regression by 

Dendronised VEGF Blocker  

 

In order to better understand the molecular mechanisms involved in vascular regression 

through dendronised VEGF blocker activity, caspase-3-mediated cell apoptosis was 

assessed as a marker of vascular regression by VEGF (Fierlbeck, et al., 2003).  

 

Histological examination revealed an activated caspase-3 staining in a large subset of 

apoptotic cells wrapped around the capillary walls in VEGF blocker-functionalised 

samples (Figures 4.14 b-b
1
, black arrow, brown staining). Interestingly, this 
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immunoreactivity was lost in the control blood vessels (Fig. 4.14 a), which exhibited an 

established phenotype as shown in Fig. 4.14 a
1
, blue arrow, purple staining. 

 

Fig. 4.14 Immunohistochemistry of activated caspase-3 in vascular apoptotic cells. (a-

a
1
) Non-treated and (b-b

1
) modified samples. Positive caspase-3 staining (brown staining) 

was only evident in blood vessels of samples treated with FFG3K (WHLPFKC)16 (b-b
1 

black arrow, brown staining) compared to the control (a-a
1
 blue arrow, purple staining). 

Sections are counterstained for cellular nuclei with hematoxylin (purple colour). Scale bar 

is 100 µm. 
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4.4 Discussion 

 

By in vitro studies, dendronised VEGF blockers have clearly shown their ability to inhibit 

endothelial cell proliferation and capillary-like formation providing new insights into the 

biological and molecular mechanisms of angiogenesis via VEGF pathway regulation (see 

Chapter 3). However, to better understand and evaluate the effect of these innovative bio-

functionalised materials, it was crucial to have suitable in vivo analyses.  

 

Classical angiogenesis is commonly studied by specific assays including CAM, rabbit 

cornea, Matrigel plugs and sponge implant models (Staton, et al., 2009). Among them, 

CAM is the most widely assay utilised to study in vivo biological processes including 

toxicity, gas exchanges, cancer and more recently angiogenesis (Ribatti, 2012). The latter 

are commonly evaluated using mammalian models (e.g. mice, rats and dogs) which, 

compared to CAM, are expensive, complex, time-consuming and may raise ethical issues 

(Auerbac, et al., 2003). In contrast, the CAM consists of the fusion of endodermal and 

mesodermal layers, in which a capillary network begins evolve from Day 3 of embryonic 

development and proliferates until the vascular system completes its growth on Day 18 

(Ribatti, 2008). This process is highly complex and regulated by angiogenic factors (i.e. 

VEGF, FGF and TGF) and endothelial cell activities (Ribatti, 2012). 

 

The CAM model has been recently used to study the morphofunctional aspects of the 

angiogenesis process in ovo and to investigate the mechanisms of action of both pro- and 

anti-angiogenic factors.  

 

Specifically, angiogenic inhibitors are a new innovative approach for therapeutic and 

clinical applications (Griffioen, 2007). Their effectiveness has been recently improved by 

the use of drug delivery systems (DDSs) which preserve their properties and prolong their 

short half-life in the tissue (Coelho, et al., 2010). In this context, both natural and synthetic 

polymers (i.e. collagen and gelatin sponges) treated with anti-angiogenic molecules have 

been implanted on growing CAM and tested for their ability to control blood vessel 

formation (Auerbac, et al.,  2003). For instance, amiloride, an anti-angiogenic drug, was 

effectively delivered in a site-specific manner when combined with calcium alginate gels. 

The delivery of amiloride resulted in the significant inhibition of angiogenesis when 
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compared to non-treated controls (Knoll, et al., 1999). Moreover, the neovascularisation 

induced via VEGF was blocked by the controlled peptidic VEGF receptor (sequence 

HTMYYHHYQHHL) released from PLGA-based nanoparticles (Sah, et al., 2013).  

One prominent success from such studies is the direct analysis of tissue reactions of the 

CAM to biomaterials. These are placed on top of the CAM membranes and constantly 

manipulated at the implant site without sacrificing the testing animals. 

 

Similarly, this study has tested the bio-activity of dendronised VEGF blockers in ovo. Due 

to its angiogenic capacity (Silva-Correia, et al., 2012) and physico-chemical properties 

similar to that of CAM, iGG-MA was choice as material of interest in this study for 

investigating insight into the anti-angiogenic potential of dendronised VEGF blocker in 

ovo. Interestingly, H&E staining revealed the decrease of cellularity and blood vessel 

formation in iGG-MA sections (Fig. 4.6 b). These effects were accompanied by striking 

changes in the vessel morphology (Figures 4.7 b-b
1 

and 4.8 d-e-f), with a dramatic 

reduction in diameter and length after 4 days incubation (Figures 4.9 a-b). The data 

demonstrate that the blocking of VEGF by the dendron might interrupt VEGF gradient that 

is required to promote angiogenesis. This is in accordance with previous findings (Silva-

Correia, et al., 2012) whereby iGG-MA hydrogels did not elicit any acute inflammatory 

response, but their modification with FFG3K (WHLPFKC)16 has shown in the present 

work to enhance their ability to control blood vessel formation when compared to a 

positive control (Figures 4.7 a-a
1
 and 4.8 a-b-c).  

 

The mechanisms involved in this process are still unclear, but it is likely to involve the 

interplay between VEGF and Notch signalling pathways. 

 

The Notch gene family consists of structurally conserved cell surface receptors 

predominantly expressed in the vascular endothelium. Notch receptors are dormant prior to 

being activated by ligand interaction. This induces a series of successive proteolytic 

cleavages which lead to the release of Notch intracellular domain, which translocates into 

the nucleus and acts as a cofactor for Notch target gene regulation (Fig. 4.15) (Lobov, et 

al., 2011). 
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Fig. 4.15 Notch signalling pathway. Upon ligand interaction, Notch is activated by two 

proteolytic Notch-cleavages termed S2 and S3, which induce Notch-intracellular domain to 

regulate targeted gene expression (Image modified from Weinmaster and Kopan, 2006). 

 

All Notch ligands such as Serrate and Delta-like ligands share some structural features: 

epidermal growth factor (EGF)-like repeats, an intracellular Notch binding domain and a 

transmembrane region. However, an extracellular cysteine-rich domain and insertions that 

interrupt some EGF-like repeats are common only to the Serrate family. In mammals, this 

consists of two members termed as Jagged1/JAG1 and Jagged2/JAG2 whereas Delta-like 

ligands (DLL)-1,-3 and -4 are predominantly expressed in mice (Lobov, et al., 2011).  

 

Relevant this study is the known effect of the Notch/Delta/Jagged systems that have 

recently shown to be involved in regulating normal and pathological mechanisms of 

vascular development (Fig. 4.16). For instance, alterations in DLL4/Notch inhibition 

resulted in an abnormal development of the retinal capillary network via VEGF up-

regulation (Blanco and Gerhardt, 2013). Moreover, dysregulation of Notch signalling is the 

underlying cause of diseases affecting the skeletal tissue, including Alagille syndrome, a 

disorder that allows blood vessel regression by JAG1 mutations (Zanotti and Canalis, 

2010).   
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Fig. 4.16 Schematic representation of the interplay between DLL 4/Notch and VEGF 

signalling pathways in controlling angiogenesis. Lack of VEGF expression via 

DLL4/Notch activation seems to lead to blood vessel remodelling and regression, 

respectively. In contrast, DLL 4/Notch inhibition by VEGF/VEGFR regulation induces 

endothelial cell survival, proliferation as well as vessel formation and organisation (Image 

modified from Yan and Plowman, 2007).   

   

Notch-mediated VEGF signalling has been reported to also play a critical role in 

determining lumen diameter as well as vessel length. Specially, these in vitro studies 

showed that increased vessel size was critically dependent on the local VEGF 

concentration. Low VEGF expression promoted the formation of both thinner and more 

rounded vessels compared to those produced under higher VEGF concentration, which 

appeared elongated and flattened (Nakatsu, et al., 2003).  

 

In this work, reduced vessel diameter and length (Figures 4.8 d-e-f and 4.9 a-b) could be, 

in principle, the result of the diminished VEGF availability caused by the blocking 

properties of the dendronised VEGF blockers. After 4 days of incubation, FFG3K 

(WHLPFKC)16 dramatically affected cellularity (Fig. 4.6 b) and vessel stabilisation 

precisely at the material/tissue interface (Fig. 4.7 b). These changes in VEGF availability 

led to a decrease in vessel shape where capillaries were smaller rather than longer and 

well-organised as observed in the control (Fig. 4.8 a-b-c).  

Such results are in agreement with recent studies whereby destabilised retinal vessels 

gradually regress instead of progressing into angiogenesis. The lack of VEGF expression 

via Notch appeared to be one of the determinants in this critical event (Gariano and 

Gardner, 2005).  

 

Therefore, it could be speculated that dendronised VEGF blockers are capable of activating 

Notch in order to drive the regression process within immature CAM vessels.  
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Interestingly, the anti-angiogenic effects of dendronised VEGF blocker in the CAM were 

similar to those observed in murine models. These results were expected as both chick and 

mouse contain similar genetic information. A comparison of the two genomes reveals that 

both have about 15,000 genes, and they share approximately 95 % of their genes with 

human (Emes, et al., 2003). 

 

These results for the first time demonstrate the in ovo efficacy of dendronised VEGF 

blockers to inhibit angiogenesis. When analysed together with the in vitro data obtained in 

Chapter 3, the findings here give confidence about the clinical potential of these novel 

VEGF blockers. Especially, thier ability to be uploaded in biomaterials hydrogels at 

nanoscale concentrations (1.62 nM) and to lead the regression of pre-existing pathological 

angiogenesis within a week of implantation. 

 

As per the CAM model, the choice of the biomaterial for this in vivo model was made in 

function of the characteristics of the host tissue that is mainly composed of type I collagen. 

Indeed, Ultrafoam
TM

 is a type I collagen scaffold of medical grade that is known to favour 

the penetration of blood vessels within its porosity and to elicit an inflammatory response 

typical of any collagen-based biomaterial.  

 

In this study, the collagen material functionalisation with FFG3K (WHLPFKC)16 was able 

not only to minimise tissue reactions after implantation, but also to induce angiogenesis 

inhibition. The mechanisms involved in this anti-angiogenesis process were initially 

attributed to a reduction in cell number in response to VEGF sequestration by FFG3K 

(WHLPFKC)16 (Fig. 4.10 d black arrow), but a tight association between vessel regression 

and cell apoptosis was observed (Figures 4.14 b-b
1
). It seems that lack of vWF (Fig. 4.13 

b
1
 blue arrow) consequently led to the capillary collapse (Fig. 4.13 b

1 
green arrow)

 
and cell 

apoptosis within vessels (Fig. 4.14 b
1 

black arrow). This is in agreement with previous 

studies in which apoptosis temporarily precedes vascular regression. They demonstrated 

that constitutive caspase-3 expression through VEGF depletion affected vasculature and 

apoptosis both in vitro and in vivo (Hoeben, et al., 2004).  

                                

Apoptosis is an active phenomenon resulting in cell death and it is crucial in regulating 

remodelling of tissues and organs (Alberts, 2002). Apoptosis has recently been associated 

with impaired angiogenesis leading vascular regression and remodelling (Kilic, et al., 



168 

 

2009; Dimmeler and Zeiher, 2000). For instance in damaged or injured tissues, endothelial 

cell apoptosis seems to inhibit nutrient supply through the blocking of new blood vessel 

formation and the repression of tissue regeneration (Kerr, et al., 1972).  

The apoptotic process is directed by caspases. A family of cysteine proteases the activation 

of which induces DNA fragmentation and cell death (Elmore, 2007). Among them, 

caspase-3, the active form of pro-caspase-3, is a key molecule in identifying apoptosis 

regulation. Caspase-3 is activated by several proteins including caspase-8-9-10 and 

caspase-3-activating protease (CPP32) (Alberts, 2002). All the activators are classified into 

two distinct pathways defined: (i) the mitochondria-dependent apoptosis that induces 

caspase-3 activities through caspase-9 stimulation and (ii) mitochondria-independent 

apoptosis, regulated by caspase-8 and 10, respectively (Kilic, et al., 2009).  

 

Both pathways lead to cell shrinkage, membrane blebbing, chromatin condensation and 

apoptotic body formation (Miyake, et al., 2012). 

  

In addition, the involvement of caspases in the process of endothelial cell apoptosis has 

been published (Dimmeler and Zeiher,  2000) emphasising the importance of this pathway 

in the control of angiogenesis (Fig. 4.17). 

                                    

 

 

 

 

 

 

 

 

 

 

Fig. 4.17 Apoptosis signalling pathway regulates angiogenesis via caspase-3 

regulation. VEGF signals appear to activate divergent intracellular signalling components 

including caspase 3, which influence vessel development through (a) mitochondria-

independent and/ or (b) mitochondria-dependent pathways (Image modified from 

cbm.msoe.edu/module2012/apoptosis). 
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The functional interplay between VEGF and caspase-3 has not been investigated in the 

present study. However, the results obtained support the hypothesis that an increased rate 

of apoptosis determined by VEGF depletion in the micro-environment contributes to the 

inhibition of angiogenesis and to the regression of pre-formed vessel (Fig. 4.14 b
1
). Using 

immunohistochemical techniques, apoptosis was significantly identified by caspase-3 

positive staining in samples treated with dendronised VEGF blockers compared to the 

control. The differences were more remarkable in small vessels (Fig. 4.14 b
1 

black arrow) 

suggesting that FFG3K (WHLPFKC)16  is a key determinant of programmed cell death. 

The latter is argued to be the cause of reduced vascular density as well as vessel diameter 

and length (Figures 4.12 a-b). It should be also noted that even if vessels displayed a weak 

and discontinuous staining pattern, vWF was clearly expressed by endothelial cells. This 

suggests that an amount of VEGF was still available and able to sustain a relative level of 

endothelial cell viability (Fig. 4.13 b
1
 blue arrow). However, vWF-positive endothelial 

cells were occasionally detected in unstable vessels, more often they appeared to shed from 

the vessel wall and most likely to dye (Fig. 4.13 b
1
, green arrow).  

Interestingly, vWF has recently been proposed as an indicator of endothelium damage. 

Boneu et al. (1975) were the first to propose the measurement of plasma vWF as an index 

of endothelial damage in vascular disease. Their hypothesis was based on the observation 

that patients with ischemic limb disease or septicaemia had vWF levels raised in 

proportion with the extent of vascular involvement (Boneu, et al., 1975). These effects 

were subsequently associated with denudation of the endothelium and exposure of a sub-

endothelial matrix, which enhanced the release of vWF from ECs (Horvath, et al., 2004). 

Collectively, the findings from these studies indicate that endothelial vWF deficiency 

inhibits angiogenesis. 

 

Nevertheless, the activation pathways that link both vascular regression and cell apoptosis 

remain unclear. Recent studies have reported that p38 MAPK activation, a stress-activated 

serine/threonine protein kinase regulated by stress stimuli including inflammation and actin 

organisation, which is able to control caspase activity in mice neurons (Campbell and Holt, 

2003). Perhaps, similar mechanisms of action might be present in endothelial cells and 

indeed blood vessels as well. 
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4.5 Conclusions 

 

Both in ovo and in vivo studies have shown the potential of dendronised VEGF blockers to 

control angiogenesis. Shutting off VEGF signalling pathway, FFG3K(WHLPFKC)16 was 

able to lead to cell detachment and apoptosis followed by vessel regression in a well and 

controlled manner. Thus, their innovative combination with specific hydrogel systems such 

as iGG-MA hydrogels and collagen scaffolds enhanced the anti-angiogenic activities of 

these VEGF blockers.  More important, they aid to fill the gaps in the current limited 

understanding of the distinct molecular and biochemical mechanisms involved in vascular 

regression. Here findings show for the first time the likely roles of two main signalling 

pathways (Fig. 4.18), and their intricate anti-angiogenic effects on vessel growth, diameter 

and morphology.               

 

 

 

 

 

 

 

 

 

Fig. 4.18 Speculative hypothesis about the mechanism of action of FFG3K 

(WHLPFKC)16 on blood vessel formation and stability. Dendronised VEGF blockers 

deplete the micro-environment of VEGF and as a consequence they may regulate vascular 

regression via either Notch-dependent signalling or caspase 3 (red arrows). The two 

processes may also be interdependent (dash arrows) and able to prevent VEGF expression 

and indeed vascular formation and organisation. 

 

Controlling the balance between apoptosis activation and VEGF-induced cell sprouting 

dendronised VEGF blockers appeared to dramatically drive destabilisation of the vessel 

thus not only blocking angiogenesis, but also leading to the regression of pre-existing 

vessels. 
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It is believed that a better understanding of these issues may be also critically important for 

preventing or treating diseases associated with stimulation of angiogenesis. This and the 

potential to use other types of dendronised peptides as innovative pro-angiogenic 

regulators highlights the clinical potential of this platform technology based on 

biocompetent dendrimeric systems an example of which will be presented in the next 

chapter.   
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Chapter 5.  

Development of Novel Bio-active Nano-Structured Materials as 

Promoters of Angiogenesis  
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5.1 Introduction 

 

5.1.1 Promoting Angiogenesis in Tissue Regeneration 

 

One of the fundamental principles underlying regenerative medicine is that “angiogenesis 

is essential for the appropriate development and tissue homeostasis” (Xu, et al., 2012). 

Concerted efforts to enhance vascular growth into engineered tissues have recently been 

focused on the delivery of specific biological factors (i.e. VEGF) and their potential to 

control endothelial cells as they play a key role in the process of blood vessel formation by 

sprouting (Jain, et al., 2005). Evidence suggests that the combination of angiogenic growth 

factors with either engineered scaffolds or transfected cells is able to support neovessel 

formation and stabilisation (Jabbarzadeh, et al., 2008). For instance, a fibrin matrix loaded 

with soluble VEGF has been shown to induce a direct cellular response, leading to the 

effective formation of a mature vascular network (Saik, et al., 2012). Similar results were 

reported with the implantation of human microvascular endothelial cells cultured on poly-

(L-lactic acid) (PLGA) and spiked with VEGF (Onuki, et al., 2008).  However, the 

efficiency of bioactive molecules such as VEGF is strictly dependent on the dose, gradients 

and kinetics of release and their use in biomedical application is limited by their complex 

tertiary structure, short biological half-life and elevated production cost (Lee and Shin, 

2007). In order to overcome these limitations, the transplantation of a variety of cell 

sources including endothelial cells, stem cells and pericyte precursors, were genetically 

engineered to overexpress angiogenic genes to provide an in situ protracted synthesis of 

angiogenic factor within the regenerating tissue (Watt, et al., 2010). For example, 

transfected mononuclear cells which give rise to endothelial progenitor cells, have been 

shown to enhance VEGF production and consequently to improve bone tissue regeneration 

(Tilling, et al., 2009). Despite promising results in animal tests (i.e. mice and rats), the 

translation of these research approaches into therapeutic treatments have been restricted by 

safety and immunogenicity concerns (Simara, et al., 2013).  

 

The use of bioactive polymeric materials has been shown to provide a promising 

alternative to the development of therapies capable of combining clinical efficacy to 

industrial sustainability and regulatory compliance. 
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Natural materials that are either derived from or analogous to the components of the 

natural ECM such as collagen, fibrin and alginate are commonly used in tissue 

regeneration (Park, 2003). For instance, fibrin is a natural component of clots formed in the 

wound healing cascade and offers both structural and biochemical cues to developing 

tissues (Atala, 2010). Fibrin showed the capability to induce endothelial cell tubulogenesis 

and bone formation both in vitro and in vivo (Cai, et al., 2013).  

 

Although natural materials have certain inherent biological advantages, synthetic polymers 

are often used as scaffolds because they allow more precise modification of various 

material parameters such as mechanical properties, degradation rates and drug delivery 

profiles. Alterations of material properties based on changes in molecular weights, 

chemical structures and crosslinking modes make synthetic polymers suitable for a wide 

range of regenerative medicine applications including bone and skin regeneration 

(Temenoff, 2008).  

 

Indeed, several synthetic polymers (i.e. PEG, PEGDA and PLA) have been developed as 

delivery systems for therapeutic angiogenesis. For instance, PEG scaffolds seeded with 

endothelial cells assisted nervous tissue formation regulating blood vessel ingrowth (Ford, 

et al., 2006). Similarly, PLGA scaffolds were combined with human mesenchymal stem 

cells (MSCs) and showed great promise in bone, liver and nervous tissue regeneration via 

angiogenesis control (Leong, et al., 2006; Yang, et al., 2010; Kruger, et al., 2011).  

 

However, a major disadvantage of such synthetic materials is the lack of cell-recognition 

signals (Serban and Prestwich, 2008). Manufacturing processes are now being developed 

which integrate into biomaterials, cell-adhesion peptides (i.e. laminin and fibronectin) 

which are known to be involved in cellular interactions (Metcalfe and Ferguson, 2007). 

Those, derived from basement membrane proteins, are potential candidates for 

incorporating cell-binding activity into scaffold materials for tissue regeneration (Yamada, 

et al., 2013). 
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5.1.2 Basement Membrane as Source for Scaffolding Materials 

 

5.1.2.1 Basement Membrane  

 

Basement membrane (BM) is a thin sheet of fibers that underlies the blood vessel intima 

(Yousif, et al., 2013). It comprises two layers, the basal lamina and the reticular lamina, 

and is composed of laminin, type IV collagen, nidogens and heparan sulfate proteoglycans 

(Fig. 5.1). These components assemble through a self-driven process (Kleinman et al., 

1986).    

 

Fig. 5.1 Basement membrane structure. The BM consists of a branching network of type 

IV collagen associated with a mesh of short interconnecting crosspieces corresponding to 

the laminin molecules. Such combinations form pores of 10 nm size. (Image modified 

from www.histology.leeds.ac.uk).    

 

BM provides a scaffold essential for regulating the ECs’ functions (i.e. proliferation, 

migration and morphogenesis) and organisation into blood vessels (Spenle et al., 2013).  

 

The specific mechanisms through which BM supports cell functions are complex and 

involve both an external structural support coordinating several signalling pathways within 

the cells through cell membrane receptors such as the integrins (McKee, et al., 2007). 

Moreover, during vascular morphogenesis, the BM serves as a 3D soft scaffold in which 

single and clusters of ECs can transduce mechanical forces to each other even at a 

considerable distance. Indeed, by generating mechanical contractile forces within BM, ECs 

are able to establish tension-based guidance pathways that allow them to form specific 
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interconnections critical for capillary morphogenesis and stability (Davis and Senger, 

2005).  

 

Therefore, through both mechanical and signaling functions, the BM affects many 

fundamental aspects of EC biology.  

 

There is evidence suggesting that both BM organisation and function are predominantly 

modulated by laminin in a dynamic fashion through its integrins receptors (McKee, et al., 

2007).  

 

5.1.2.2 Laminin 

 

Laminins are large non-collagenous glycoproteins. They are heterotrimers including the α, 

β and γ chains. The three-laminin chains contain both amino and carboxy-terminal 

domains, by which only those of the laminin α chains, particularly the larger globular 

domain (G-domain) localised in C-terminal region, interact with specific cellular receptors 

(i.e. integrin) thus controlling cellular responses (Fig. 5.2) (Halmann, et al., 2005).                                                 

 

Fig. 5.2 Representation of the laminin structure. The three-laminin chains are 

assembled into a coiled-coil structure that gives rise to a cruciform-shaped molecule 

(Image taken from www.studyblue.com).  

 

In mammals, there are five α, four β and three γ subunits which can combine to produce 

fifteen isoforms. They are encoded by a distinct gene through a specific molecular 
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mechanism that is still unclear. However, recent studies have reported the importance of a 

short peptide localised in C-terminal domain of the laminin γ chain (Macdonald, et al., 

2010). This seems to be crucial for the initial assembly of the β/ γ dimers with the 

subsequent incorporation of the-α chain. The sequential events induce the formation of a 

stable heterotrimer and its correct translocation in to the extracellular space (Aumailley, 

2013). 

 

Determining the function of each laminin isoform seems to be difficult. However, genetic 

knockout experiments have recently confirmed their critical role in EC sprouting and blood 

vessel stability (Simon-Assmann, et al., 2011). For instance, laminin-8 is one of the major 

laminin isoforms expressed in the vascular endothelial BM. Its deletion in mice has been 

shown to largely affect both vascular development and organisation (Zhou, et al., 2004). 

Mostly important, disrupting laminin induction caused inactivation of integrin receptors 

and indeed alterations in the structure of the same BM (Niland and Eble, 2012).  

 

5.1.2.3 Integrins 

 

Cues from BM proteins are mediated to cells by integrin adhesion receptors, a family of 

integral membrane glycoproteins (Niland and Eble, 2012). The name “integrin” refers to 

their ability to bind different macromolecules including ECM molecules, growth factors 

and cytokines and to support the integrity of the cytoskeletal-ECM linkage (Campbell and 

Humphries, 2011). This type of interaction is strictly dependent on the structural 

organisation of the relevant protein domains.  

 

Integrins are heterodimers comprising α-and β subunits. The-α subunit consists of distinct 

domains forming the molecular tail that supports the integrin head. This biospecific 

domain includes calcium (Ca
2+

) binding sites, which determine its low-ligand affinity. By 

contrast, the β subunit contains multiple globular domains including plexin-sempahorin-

integrin (PSI) and four cysteine epidermal growth factor (EGF) repeats that are linked to a 

cytoplasmic tail via a transmembrane domain. The key regions involved in ligand binding 

and recognition are in the β A-, head, that has a magnesium (Mg
2+

)
 
coordinating metal-ion-

dependent adhesion site (MIDAS) (Fig. 5.3) (Al-Jamal and Harrison, 2008). 
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Fig. 5.3 Representation of arrangement of integrin structural domain organisation. 

The rigidly connected PSI domain in the upper beta-3 leg forms a 70 Å separation between 

the knee of the α and β leg and plays a critical role during integrin activation (Image 

adapted from Al-Jamal and Harrison, 2008). 
 
   

 

In vertebrates, eighteen α and eight β integrin members have been identified which are 

capable to form 24 distinct heterodimers. Interestingly, despite the large number of α and β 

heterodimers, cells use only a restricted repertoire. Among them, six β1 integrin subfamily 

members (α1β1, α2β1, α3β1, α6β1, α7β1 and α9β1) and three αv subfamily members 

(αvβ3, αvβ5, αvβ8), have been described and provided insights into the molecular 

mechanisms indicating cell morphology and activities (i.e. adhesion, migration and 

differentiation) (Shattlin, et al., 2010).  

 

However, all members of the integrin family adopt a specific shape in response to the 

density, spatial and geometric arrangement of their ligands (Fig. 5.4) (Al-Jamal and 

Harrison, 2008).  
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Fig. 5.4 Two alternative integrin structures have been identified and named as open 

and closed. In the absence of ligand, both α and β subunit headpieces of the integrin face 

downwards to the membrane in a “closed” structure (a). Upon activation, their tails are 

induced into an extended conformation (b) that results in increased affinity and ability for 

ligand binding (c) (Image modified from Al-Jamal and Harrison, 2008).  

 

The structure of these subunits strictly affects the dynamic regulation of the integrin 

functions and provides specific bio-recognition in a cell-dependent fashion. In the case of 

endothelial cells, for instance, laminin-binding β1 integrins have been shown to be critical 

for the angiogenic process in health and disease (Rupp and Little, 2001). 

 

5.1.5 Artificial BM and Its Influence in Promoting Angiogenesis via 

Laminin-Integrin Interactions  

 

The ultimate goal in the design of biomimetic materials to promote angiogenesis and 

consequently tissue regeneration is to generate biocompatible scaffolds with appropriate 

biomechanical and chemical properties capable of controlling the adhesion, proliferation 

and differentiation of distinct cell types. Recent efforts have, thus, focused on the 

development of synthetic matrices targeted to support tissue-specific cell functions (von 

der Mark, et al., 2010).  

 

To date, several biomimetic matrices modified with bioactive ligands such as Arg-Gly-Asp 

(RGD), Tyr-Ile-Gly-Ser-Arg (YIGSR) and Ile-Lys-Val-Ala-Val (IKVAV) and angiogenic 

molecules (e.g. VEGF) have shown their ability to promote a well-organised vascular 
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network structures (Lutolf and Hubbell, 2005). For instance, poly(caprolactone) (PCL) 

scaffolds, have been modified with laminin-derived peptides (YIGSR and IKVAV) to 

encourage bone regeneration through controlled angiogenesis (Santiago, et al., 2006). 

Moreover, the adhesion-ligand YIGSR covalently coupled to the surface of tubular 

chitosan nerve guides successfully induced blood vessel formation and nerve regeneration 

(Straley, et al., 2010).  

 

Interestingly, recent studies have reported that adhesive peptide sequences are able to 

affect cellular activities, not only by different surface ligand density, but also by presenting 

bioactive ligands in such a way to enable or even trigger integrin clustering (Dogic, et al., 

1998). For instance, as shown by Arnold’s studies, fibronectin-modified polyethylene 

glycol (PEG) scaffolds were able to trigger osteoblast cell attachment and proliferation by 

inducing integrin clustering and the formation of focal adhesion sites (Bacakova, et al., 

2004). Moreover, a microfluidic system was fabricated to obtain laminin gradients and to 

control the orientation of neuronal cells axons towards the denser laminin concentrations 

(Dertinger, et al., 2002).  

 

However, the pathway through which the spatial organisation of these adhesive peptides 

can induce cell responses remains unclear. It is extremely difficult to study the effect of 

integrin aggregation on cell behaviour especially in consideration of the technical issues 

related to achieving the precise spatial positioning of the surface-bound ligands on 

biomaterial surfaces. There is a consensus that controlled integrin spacing is crucial to 

understand the cooperative effects of ligand-receptor clustering such as laminin-integrin 

bindings in angiogenesis (Davis, et al., 2005).  

 

To overcome these problems, 2D and 3D in vitro cell culture models have recently 

demonstrated their suitability for both scientific studies and clinical therapies. For instance, 

BD Matrigel™ is a solubilised basement membrane, isolated from the matrix of the murine 

Engelbreth-Holm-Swarm (EHS) tumour that contains a mixture of gelatinous proteins 

including laminin, type IV collagen and growth factors (for details see Chapter 3) (Dogic, 

et al., 1998). These matrices have been widely used in cell culture systems for studying 

angiogenesis and tissue regeneration (Fukushima, et al., 2008). Moreover, BD 

PuraMatrix™ Peptide Hydrogel is an alternative synthetic matrix that consists 

predominantly of peptides mimicking ECM components such as fibronectin and collagen 
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and allows the differentiation of several cellular types including hepatocytes, neurons and 

endothelial cells (Shivachar, 2008; Moradi, et al., 2012; Genove, et al., 2009).  

 

Although, the use of both animal and human-derived ECM molecules has shown great 

advantages in cell culture based-technology, their use is still limited by the lack of stability 

and batch-to-batch variations.  

 

A promising approach has been recently developed whereby poly (L-lysine) (PLL) linear-

polymers, routinely used to coat tissue culture plastic plates, were engineered with RGD 

sequences for PLA surface modification. PLL-GRGDS-modified PLA demonstrated 

ability in to encourage endothelial cell adhesion and proliferation over unmodified PLA 

substrates. Interestingly, such beneficial effects seemed to be strictly dependent on the 

surface concentration of RGD-modified PLL on PLA substrates. However, higher PLL 

concentration appeared to negatively affect cell behaviour, but this negative effect was 

gradually eliminated by increasing amount of RGD presenting-sequences (Quirk, et al., 

2001).  

 

Potentially, this surface modification strategy seems to provide an adaptable substrate onto 

which several bio-active motifs can be directly immobilised onto PLL surfaces and trigged 

for their final clinical use. It is believed that PLL may be a suitable biomaterial capable of 

(i) allowing high density motif presentation, (ii) ensuring strong cell adhesive properties 

and (iii) fine tuning of its physical-chemical and biocompatibility properties to specific 

applications. 
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Aim of the Chapter 

 

The aim of this chapter is to design and to synthesise a new class of biomimetic matrix 

with properties suitable to the surface modification of a wide range of biomaterials.  

The biomimetic approach was pursued at molecular level to resemble the main features of 

the BM as described in Section 5.1.2.1 whereby: 

 

I. The hyperbranched nature of the dendron could mimic the mesh-like 

structure of collagen type IV; 

 

II. The spaced presentation of a integrin-binding domain could mimic the 

presence of laminin intercalated into the collagen type IV mesh. 

 

This biomimetic matrix therefore consisted of a linear PLL polymer modified with 

dendrons of three generations (G3K) with a cysteine core (C) and sixteen bio-

functionalised linear laminin-peptide sequences (YIGSR) presented at the dendron 

uppermost branching generation [CG3K (YIGSR)16]. Their synthesis was carried out using 

an optimised microwave-based Fmoc solid phase peptide method as described in Chapter 

2. The dendrons were then characterised through conventional analytical analysis (HPLC, 

TLC and MS) and used to modify PLL by covalent coupling strategy.   

To the purpose of studying the matrix physical-chemical and biocompatibility properties 

without the effect of any other variable and in the view of its potential use as specialised 

substrate for cell culture, the coating of the dendron-modified PLL was optimised on tissue 

culture plastic wells. 

To prove successful material functionalisation and stable deposition on the bottom of tissue 

culture plates (TCP), quantitative and qualitative tests (i.e. protein assays and contact angle 

analysis) were performed on both non- and modified PLL. Un-coated TCP surfaces were 

used as negative control. 
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5.2 Materials and Methods 

 

5.2.1 Development of a New Class of Pro-Angiogenic Dendrons 

 

5.2.1.1 CG3K(YIGSR)16 Synthesis and Characterisation 

 

Using Fmoc solid phase peptide method, dendrons (G3K) with a cysteine core (C) and  

laminin linear peptide sequences (YIGSR) exposed on their outermost branching 

generation (Fig. 5.5) were assembled using a microwave based-Fmoc solid phase peptide 

synthesis method (Biotage Initiator,UK) as illustrated in Chapter 2, Section 2.2.1. 

             

Fig. 5.5 Chemical structure of CG3K (YIGSR)16. The dendron (a) was designated to 

expose higher number of YIGSR (b) on their uppermost branching generation, while the 

cysteine core was used to adapt the macromolecule to various types of reactions (i.e. 

peptide bonds or disulphide bonds) ensuring covalent grafting onto polymeric substrates. 

 

In order to avoid problems related to aggregation of the peptide to the resin, as previously 

encountered, the protocol was optimised as described in Table 5.1. 
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Table 5.1 List of conditions using for CG3K (YIGSR)16 assembly. The synthesis of 

CG3K (YIGSR)16 was performed using a  new method (i) by which reaction time and 

amount of reagents for each coupling and deprotection step were strictly reduced compared 

to the protocol followed in Chapter 2, Section 2.2.1 (ii). 

 

Upon completion of their synthesis, peptide products have been cleaved using 95 % 
v
/v 

trifluoroacetic acid (TFA) (Thermo fisher, UK), 2.5 % 
w

/v deionised H2O and 2.5 % 
v
/v 

triisopropyl silane (TIPS) (Sigma Aldrich Co. Ltd, UK) and analysed by MS, TLC and 

HPLC for purification and synthesis analysis using the same conditions illustrated in 

Chapter 2. 

 

5.2.2 Matrix Preparation 

 

5.2.2.2 CG3K (YIGSR)16 Modified-PLL  

 

The functionalisation of PLL (0.01% 
w
/v, Mw 70,000-150,000) (Sigma Aldrich Co. Ltd, 

UK) with CG3K (YIGSR)16 was performed by a conventional chemical synthesis method 

(Fig. 5.6).  

 

Briefly, the dendrons were dissolved in a 2-(N-morpholino) ethanesulfonic acid (MES, 

Sigma Aldrich Co. Ltd, UK) (0.1 M) buffer solution pH 6.5 and attached to the free PLL at 

a final concentration of 0.01 % 
w
/v through activation of dendronised carboxyl groups. The 

latter was previously activated with 10 mM N-hydroxysulfossucinimide (sulfo-NHS) and 4 

mM 1-ethyl-3-(dimethylaminopropyl) carbodiimide (EDC) (Sigma Aldrich Co. Ltd, UK) 

for 1 hour under continuous agitation at room temperature after being dissolved in a MES 

buffer solution at pH 6.5 (Sigma Aldrich Co. Ltd, UK) (Fig. 5.6).  
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Fig. 5.6  Schematic representation of CG3K (YIGSR)16-modified PLL with NHS and 

EDC crosslinking reaction (Image modified from www.piercenet.com).    

 

The PLL functionalisation was carried out under continuous stirring overnight. Then, the 

solutions were filtered through a 0.22 µm filter syringe to remove any impurities.  

 

A non-modified PLL was also prepared using the same procedure.  

 

5.2.2.3 CG3K (YIGSR)16-Functionalised PLL for Coating Tissue Culture Plate 

Surfaces 

 

At the completion of functionalisation process, 150 µL of both non- and modified PLL 

solutions were used to coat 24 tissue culture plate surfaces. The solutions were left to react 

for 1 hour at room temperature and then to air-dry overnight. The treated-wells were rinsed 

thoroughly with distilled water and sterilised by a 256 nm wavelength UV lamp (Perkins, 

UK) for 1 hour in a sterile tissue culture hood.     

 

5.2.3 Characterisation of Functionalised Matrices 

 

5.2.3.1 Quantification of Dendron-Modified Groups Reacting with PLL  

 

The effectiveness reaction between PLL and peptides was assessed by a colorimetric 

bicinchoninic acid (BCA) assay (Sigma Aldrich Co. Ltd, UK).  
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The principle of such sensitive method relies on the formation of a chromogenic complex 

between BCA and cupric ions (Cu
2+

) under alkaline conditions. The reaction induces the 

reduction of cupric to cuprous ions (Cu
1+

) and development of a purple colour which 

intensity is strictly dependent to the relative protein concentration. This seems specially to 

be enhanced when amino acid residues like cysteine, tyrosine and tryptophan are contained 

in proteins.  

 

Therefore, due to its relatively easy to perform and ability to measure proteins over a broad 

range of concentrations, BCA assay has been performed in this study for quantifying the 

amino groups reacting with bio-functionalised PLL.  

 

Firstly, BCA reagent was mixed with copper (II) sulphate pentahydrate solution at the final 

ratio 1:50 under continuous mechanical stirring. The addition of 200 µL of BCA reagent to 

10 µL of sample and standard solutions was followed by incubation at 37 °C for 30 

minutes. The binding between BCA and peptides was then measured at an absorbance of 

595 nm using a microplate spectrophotometer (Biotek ELx800, UK) and quantified using 

bovine serum albumin (BSA, Sigma Aldrich Co. Ltd, UK) as protein standard (Fig. 5.7). In 

brief, 250 µL of Bradford reagent (diluted at 1: 5 
v
/v with distilled water) was mixed with 5 

µL of each BSA standard and supernatant samples for 5 minutes in the dark at room 

temperature. The absorbance was measured at 595 nm using a spectrophotometer (BioTek 

ELx800, UK) and data were reported as mean± SD ± (n=3). 

                    

Fig. 5.7 BSA standard curve. BSA standard curve, ranging in concentration between 20-

2000 µg/mL by determination using UV spectroscopy at 595 nm, was obtained and used to 

verify the functionalisation of PLL with dendrons. 
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The colorimetric technique was also used to assess the stability of non- and modified PLL 

coatings. In this case, all surfaces were incubated with sterile water and analysed after 1, 7 

and 14 days of incubation using the same above protocol.   

 

5.2.3.2 Identification of CG3K (YIGSR)16 onto Modified-PLL Surfaces   

 

In order to corroborate the BCA data and consequently the CG3K (YIGSR)16-coated 

substrates, a ninhydrin test was also assayed.  

 

Ninhydrin (triketohydrindene hydrate) is a common reagent used to detect free amine 

groups contained in proteins and peptides. Its reaction with these molecules induce the 

development of characteristically coloured products intensity is proportional to the amount 

of detected-groups.  

 

To identify dendrons on functionalised-PLL surfaces, all surfaces were sprayed with 

ninhydrin solution, heated at 60 °C for 30 minutes and allowed to air-dry for at least 3 

hours under a chemical fume hood. These were then qualitatively evaluated using a tissue 

culture plate surface as negative control.  

 

The experiments were conducted in triplicate and repeated twice. 

 

5.2.3.3 The investigation of CG3K (YIGSR)16 Distribution onto Modified-Substrates 

 

The presence and localisation of dendronised peptides on functionalised PLL substrates 

was assessed by conjugation of CG3K (YIGSR)16 with fluorescein isothiocyanate (FITC). 

FITC is an amine reactive derivative of the fluorescein dye commonly used to label amine 

groups on peptides and proteins.  

 

The labelling reaction was started once CG3K (YIGSR)16 synthesis was complete. Peptides 

(0.005 mmol) were fluorescently conjugated by mixing a fluorescein-5-isothiocyanate 

solution (0.025 mmol) (FITC, Sigma Aldrich Co. Ltd, UK) with 0.05 mmol DIPEA (Fisher 

Scientific, UK) in 2 mL DMF (Fisher Scientific, UK) for 8 hours in the dark. The FITC-

conjugated CG3K (YIGSR)16 was then washed with DMF and allowed to air-dry before 
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being cleaved and attached to PLL (Fig. 5.8) using the same processes mentioned in Fig. 

5.6.  

 

 

 

 

 

 

 

 

 

                                                                                                                                                        

 

Fig. 5.8 Chemistry adapted for developing FITC-labelled CG3K (YIGSR)16. The 

dendron was modified with FITC molecules before being used for PLL functionalisation as 

above described.  

 

The peptide distribution on substrates was observed using an inverted microscopy 

equipped with a green wavelength fluorescence filter (Excitation/Emission 494/520 nm) 

(Leica RM2135, Technologic Ltd., UK) at magnification x10. Images were randomly 

taken for each experimental substrate and qualitatively analysed using non-modified PLL 

samples treated with and without FITC as positive and negative control. The latter was 

prepared using a similar procedure.     

  

5.2.3.4 Contact Angle 

 

The surface properties of non- and functionalised PLL were investigated by contact angle 

analysis.  

 

The contact angle is a common method for measuring the wettability of a surface (see 

Chapter 1). This is determined by applying a liquid drop onto surfaces and calculating the 

angle of its tangent at the intersection between the liquid/solid interface as showed in Fig. 

5.9. 
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Fig. 5.9 Representation of contact angle (θ) formed between a liquid drop and a solid 

surface. Contact angle values are generally classified as higher (a), less (b) and equal (c) 

than 90° (Image modified from www.attension.com/contact-angle).  

 

In this study, all samples were placed at a distance of 10 mm from a syringe containing 5 

mL of distilled water. After dropping 5 µL of liquid, the contact angles were automatically 

examined using a contact angle microscopy (Ast Inc., UK) attached to a CCD camera 

directly connected with a personal computer. 

 

At least three measurements were performed for each set of experimental condition and 

calculated using AutoFAST Imaging software.  

 

5.2.4 Statistical analysis 

 

Both BCA and contact angle data was tested using analysis of variance (ANOVA) and 

expressed as means ± standard deviation (SD). Statistical significance was accepted at p ≤ 

0.05.  

 

 

 

 

 

 

 

 

 

 

 

 

http://www.attension.com/contact-angle
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5.3 Results 

 

5.3.1 CG3K (YIGSR)16 Characterisation 

 

Peptide characterisation was performed with traditional methods such as HPLC, TLC and 

MS. These techniques showed the successful synthesis of CG3K (YIGSR)16 whereby the 

degree of purity for the peak isolated at 16 minutes was always higher than 91 % (Fig. 

5.10) with a TLC Rf of 0.7 (Fig. 5.11).  

         

        

Fig. 5.10 HPLC chromatogram of both non- and pure CG3K (YIGSR)16. (a) Crude 

and (b) pure dendrons. The presence of three impurities at retention time 10 (red arrow), 

15.5 (blue arrow) and 16.3 (green arrow) minutes with the respect to principle peak (16.1 
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minutes, purple arrow) was observed (a). These, likely formed during removal of 

protection groups in the final step of the synthesis, were not detected after peptide 

purification revealing a single peak with retention time of approximately 16 minutes.  

  

                                                                                   

Fig. 5.11 TLC of CG3K (YIGSR)16. The peptide purity was confirmed by detection of a 

single spot on the TLC plate with an Rf  value of 0.7.  

 

MS results (Fig. 5.12) confirmed the assembly of the full peptide sequence and indeed the 

ability of the optimised synthesis method to overcome problems related to peptide 

aggregation and impurities.   
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Fig. 5.12 MS analysis of CG3K (YIGSR)16. The main MS peak of the pure peptide was 

evaluated of 1437 (M+5H
+
) indicating a molecular weight corresponding to the protonised 

(5H
+
) peptide theoretical molecular weight and 413 m/z representing the IGSR sequence 

exposed on the uppermost branching generation of the dendrons. 

 

5.3.2 Determination of CG3K (YIGSR)16-modified PLL  

 

In this study BCA assay was used to assess the efficiency of PLL functionalisation with 

CG3K (YIGSR)16. 

 

The relatively high density of exposed functional groups recognised by the dye led to 

reading value above the upper absorbance limit of the spectrophotometer. In order to 

overcome these limitations, (i) samples, obtained after PLL modification, were diluted of 

10 fold and (ii) specific procedure time was used.  Consequently, by colorimetric 

determination, the total protein concentration was greater in CG3K (YIGSR)16-treated PLL 

samples that those with PLL only (Fig. 5.13). This is in accordance with theoretical 

assumption that the positive charges of PLL were dramatically increased after peptide 

grafting.  
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Fig. 5.13 Determination of PLL functionalisation with dendrons by BCA technique. 

The BCA results demonstrated that peptide was successfully grafted to PLL and the 

coupled amount was of approximately twofold over the control. Error bars represent the 

standard deviation (n=3). *p ≤ 0.05 than PLL. 

 

Following the same process, it was noteworthy that the concentration of peptides on the 

PLL surfaces was also 730±5, 838±1.4 and 821±5.2 µg/mL, after 1, 7 and 14 days 

compared to non-treated PLL, 163±6.3, 238±1.44 and 113±1.44 µg/mL, respectively 

(Figures 5.14 a-b).  
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Fig. 5.14 Stability of PLL coating surfaces without and with dendrons after 1, 7 and 

14 days of incubation. (a) PLL; (b) CGK (YIGSR)16-modified PLL. The addition of 

dendrons onto PLL surfaces did not affect material stability and properties after 1, 7 and 14 

days of incubation. Statistic differences were only observed within the groups of non-

modified-PLL. * p ≤ 0.05 against the control (PLL at 7 days). The data were obtained from 

three indipendent experiments.   

 

Indeed, the BCA results demonstrated the successfully functionalisation of the target 

molecule.  

 

 

b  
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5.3.3 Colorimetric and Fluorescent Analysis for Dendron-modified PLL 

Substrates 

 

To qualitatively detect the presence of dendrons onto PLL-functionalised surfaces, 

colorimetric tests were performed. The Fig. 5.15 shows that both non- and dendron-

conjugated PLL were able to react with ninhydrin and to develop typically coloured 

products. However, the yellow colour produced in this assay varied in intensity whereby 

the dendron-functionalised substrates produced a more intense colour compared to the non-

treated one. This was likely due to the presence of higher number of functional groups and 

their easy accessibility to the reagent showing the presence of CG3K (YIGSR)16 peptide in 

the modified PLL samples.  

  

No visible yellow reaction products were observed in the case of TCPs.  

 

            

 

 

 

 

Fig. 5.15 Ninhydrin test onto non- and CG3K (YIGSR)16-modified PLL substrates . 

(a) PLL; (b) CGK (YIGSR)16-modified PLL; (c) TCP. The staining was observed onto 

both non- and functionalised PLL substrates compared to the control (TCP). However, an 

intense yellow product was only observed on surfaces treated with peptides confirming the 

ability of these dendrons to attach PLL.   

 

The effective immobilisation of bioactive CG3K (YIGSR)16 on the surfaces was also 

visually observed by fluorescence microscopy. The modification of PLL with FITC in the 

presence and absence of dendrons was shown by detection of bright fluorescence spots 

over functionalised surfaces compared to those treated with PLL only (Fig. 5.16). A 

significant difference was detected with regards to the distribution of the green dots and 

their intensity. Fig. 5.16 b show clearly that they were randomly distributed and less 

intensively labelled compared to CG3K (YIGSR)16-conjugated FITC samples which 

exhibited distinct surface characteristics as illustrated in Fig. 5.16 c. Indeed, it was 

b a c 
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assumed that CG3K (YIGSR)16 peptide functionalisation of these substrates have been 

obtained.  

 

 

 

 

 

Fig. 5.16 Fluorescence microscopy images of functionalised surfaces labelled by 

FITC. (a) Non-labelled material, (b) FITC-labelled PLL; (c) FITC-labelled dendron-

modified PLL. The incorporation of FITC in samples allowed the detection of functional 

group distribution across the PLL surfaces. The staining of the dendron-modified PLL 

showed the higher density of the fluorescent probe appearing as an intense, uniform green 

fluorescence colour compared to the non-modified substrate. Scale bar is 100 µm. 

 

5.3.4 Contact Angle Measurements 

 

The contact angle of a water drop over the surface provides information about the 

wettability of the analysed sample.  

 

In this study, uncoated TCPs showed contact angles of approximately 32±1.5°, in 

accordance with the literature (Zuwei, et al., 2002). Contrarily, contact angle data 

demonstrated clear changes in the hydrophilic character of the PLL coating substrates 

whereby the non-modified PLL one demonstrated contact angles of 22±0.5°. Although not 

significantly different, the contact angle value decreased to 20±1.5° after their 

functionalisation with dendron thus suggesting a further increase in surface wettability 

(Fig. 5.17).  
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Fig. 5.17 Contact angle measurements of both non- and functionalised TCP surfaces. 

(a) TCP; (b) PLL; (c) dendron-modified PLL. TCP substrates exhibited water contact 

values significantly different than on the other two surfaces whereby coating appeared to 

be more hydrophilic without and with CG3K (YIGSR)16 modification. Each value was 

averaged from n=3, while error bars show the standard deviation (SD). * p ≤ 0.05. 
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5.4 Discussion 

 

In this study, new biomimetic matrices with the potential to control biological responses 

were produced. The base material consisted of linear PLL the side amino groups of which 

were modified with hyperbranched polymers such as CG3K (YIGSR)16.  

 

The synthesis of CG3K (YIGSR)16 was carried out using an optimised microwave based 

Fmoc solid phase peptide synthesis method. The modification of the method consisted of a 

reduction in (i) temperature values and (ii) coupling and deprotection reaction times 

whereby previously met problems related to resin aggregation and generation of impurities 

(see Chapter 2, Section 2.3), were successfully avoided. The benefit of this approach 

allowed the assembly of peptides with a high degree of purity (Fig. 5.10 b) suitable for 

functionalisation of specific synthetic biomaterials including PLL (Fig. 5.13). 

 

PLL is a homo-poly-amino acid commonly produced by bacterial fermentation, a process 

which may directly affect its chemical and biological properties (i.e. molecular weight, 

water soluble, biodegradable and biocompatible). Commercially, PLL is available in both 

linear and branched forms with molecular weights (MW) ranging from 5,000 to 150,000 

Dalton (Dos, et al., 2010).    

 

In this project, synthetically manufactured linear PLL (Sigma Aldrich, UK, MW 70,000-

150,000 Da) was successfully modified with peptide dendrons using a well-known 

coupling reaction leading to the formation of a covalent bond.  

 

The carbodiimide crosslinker chemistry is a rapid and simple method widely used for 

covalently attaching peptides and proteins to the surface of materials. It offers specificity 

and efficiency as well as stability of the molecule binding (Billiar, et al., 2001). 

Accordingly, the effective immobilisation of CG3K (YIGSR)16 (Figures 5.13 and 5.15 c) 

ensured the display of a high density of biological motifs (Fig. 5.16 c) suited to increase its 

bio-functionalisation and stability on PLL surfaces (Fig. 5.14 b). This was due to the 

chemical reaction performed between dendrons and PLL. Initially, dendronised carboxylic 

groups (-COOH) on cysteine were activated with EDC, while intermediate un-stable 

products were gradually released. This induced the binding of –COOH with the side chain 
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primary amino groups presented by each lysine to form an amide bond during the reaction. 

The latter was encouraged by the presence of sulfo-NHS reagent, which stabilised the 

formed-intermediate products, NHS esters, and allowed the achievement of a more 

efficient chemical conjugation between molecules (Fig. 5.16). The resultant CG3K 

(YIGSR)16-modified PLL solution was stable in aqueous solutions and suitable for 

modification of distinct material surfaces including tissue culture polystyrene (Fig. 5.15 c). 

Although the covalent grafting of the dendron was obtained through the involvement of the 

carboxylic group of the cysteine, the choice of this amino acid as molecular root of the 

dendron was made to make the biomimetic dendron suitable in the future to other types of 

materials where the binding could be pursued through the establishment of di-sulphide 

bonding. 

 

The surface modification technique used in this study appears to be a powerful and 

versatile tool which allows the homogenous functionalisation of biomaterial and tissue 

culture plate surfaces with peptide dendrons.  

 

PLL is a molecule routinely employed in tissue culture to coat plastics or glass to improve 

cell-material interactions through non-specific electrostatic bindings (Jacobson and 

Branton, 1977). This is due to its hydrophilicity and charge, which seem to encourage cell 

adhesion. For instance, PLL modified-PLLA surfaces enhanced the regulation of over 84-

cell adhesion molecules and ECM genes (i.e. COL16A1, and LAMA3) involved in the early 

mesenchymal stem cell attachment onto the polymeric substrates (Mao, et al., 2009). These 

data are consistent with the concept that cell-material interactions are guided by positively 

charged surfaces. However, it is well-known that elevated positive surface charge can 

reduce cell spreading and adhesion on biomaterials (Vladkova, 2010).  

 

Interestingly, studies have reported that this inhibition can be challenged by increasing the 

amount of bio-active motifs displayed to each PLL molecule (Quirk, et al., 2000). In this 

regard, peptide dendrons were shown to play a significant role not only in enhancing 

wettability (Fig. 5.17), but also in exposing a greater number of functionalities (i.e. 

YIGSR) (Fig. 5.5) suitable for tissue-specific cell functions in a orderly-spaced fashion.   

 

Control over the extent of the cell-material interactions has recently been accomplished by 

PLL functionalisation. Such modifications generally involve enriching PLL coatings with 
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specific ECM proteins or their functional analogues (Davis, et al., 2009). The benefits of 

these bio-active molecules (e.g. laminin and fibronectin) are related to their ability to bind 

several integrin sub-types and to control cell activities (Fig. 5.18) (Cavalcanti-Adam, et al., 

2008).  

 

Fig. 5.18 Integrin/laminin signalling pathway. Through integrin-laminin interactions, 

talin activation (green arrow) induces specific signalling pathway regulation including 

Rho, ERK1/2 and caspase-3 and controls cellular activities (e.g. adhesion, proliferation and 

differentiation) (Image has been modified from www.ajpgi.physiology.org and 

www.answersingenesis.org). 

 

Elucidating the effects of PLL modified with short peptides like YIGSR and RGD, recent 

studies have reported a direct impact on adhesion and migration of neurons, which led to 

early tissue formation compared to the non-functionalised materials (Ali, et al., 2013). 

However, one crucial finding of this research showed that these peptides are gradually 

desorbed from PLL-modified substrates after one week of incubation (Saneinejad and 

Shoichet, 1998). These effects could be ascribed to the lack of stability of the adsorbed 

peptides, which in turn causes lack of functionality and activity of the PLL-functionalised 

substrates (Straley, Foo and Heilshorn, 2010). As a result, both short peptides and proteins 

seem to be more suitable to promote cell adhesion rather than long-term proliferation and 

differentiation, which seem to be directly linked to material stability. In contrast, the 

covalent coupling of CG3K (YIGSR)16 to PLL significantly increased the substrate 

stability over a period of fourteen days of incubation in aqueous solution similar to those 

http://www.answersingenesis.org/articles/aid/v3/n1/laminin-and-the-cross
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experienced during cell culturing (Fig. 5.14). Although, limitation in the reproducibility of 

the coating was observed, here data confirmed that in the case of the dendron-modified 

PLL the values are far higher than on the PLL alone. Also, the number of positively PLL 

charged sites available for biological interactions (i.e. with cells) were substituted with 

biospecific linear laminin peptide sequences that were used for the tethering of the 

dendrons uppermost branching generation thus eliciting cell integrin recognition. As such, 

these dendrons seem to offer a versatile approach for regulating specific density and spatial 

distribution of YIGSR on substrates and indeed to control cell-contact guidance (Fig. 

5.19). 

                                        

Fig. 5.19 Schematic representation of CG3K (YIGSR)16-modified PLL for controlled 

integrin recognition of biomaterial surfaces. The inherently branched architecture of 

bio-functionalised dendrons aimed to favour an enhanced availability of YIGSR-ligands 

and their spatial organisation on PLL substrates.  

 

It is known that, through laminin interactions, integrins are induced to form distinct spatial 

patterns such as clusters or extended domains which determine several cellular activities. 

These formation processes have been recently studied in the framework of in vitro models 

by which the minimum number of ligand-receptor interactions has been demonstrated to be 

strictly dependent on (i) peptide surface density (Brandley and Schnaar, 2001), (ii) peptide-

to-peptide spacing (Massia and Hubbell, 1990) and (iii) nanoscale surface topology 

(Dalby, et al., 2007). For instance, fibroblasts on nanometric islands (13, 35 and 95 nm) of 

polystyrene and polybromostyrene polymers appeared in a relaxed conformation (Dalby, et 
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al., 2002). Moreover, polyethylene glycol (PEG) polymers engineered with YGRGD at 

concentration in the range between 1,000 to 200,000 ligands/µm
2
 and spatial presentation 

of approximately 50 nm favoured both adhesion and spreading of fibroblasts 

(Maheshawari, et al., 2007). These data and others subsequently led to the hypothesis that 

integrin clusters well-regulated such receptor-mediated cell-to-matrix interactions, which 

appeared to be more pronounced and had longer lifetimes in 2D assays than in more 

realistic 3D environments (Lepzelter, Bates and  Zaman, 2012).  

 

Indeed, given that both the concentrations of integrin-specific ligands as well as their 

spatial arrangement potentially influence the behaviour of cells with their nanometric scale 

distribution, in this study, new polymer systems were developed and were shown to be 

capable of allowing facile tethering of laminin-linear peptide sequences that are presented 

in an orderly-spaced manner (≈ 10 nm). These finely tuned biomimetic properties can also 

be exploited in in vitro models to enable investigations into the relationship between 

integrins and their ligands, hence providing insights about cell-material interactions. 

Application of CG3K (YIGSR)16 could allow rigorous future studies about the effects of 

specific bio-active sites on cellular functions such as adhesion, migration and proliferation. 

Moreover, by combining the well-organised bio-ligand exposure with the inherently 

intricate architecture of the dendron, CG3K (YIGSR)16 seems to closely mimic the 

meshwork of the native BM. As illustrated in Chapter 2, Section 2.4, Fig. 2.18, the 

nanometer dendron structures deposited onto a material surface form a network with pores 

of which well-accommodate bio-active ligands at high density. Interestingly, similar 

nanoscale features have been observed in other artificial BM that have been widely used in 

angiogenic studies (Staton 2009). For instance, the commercially available Matrigel 
TM

 

(BD Biosciences, UK) revealed a complex system of intertwined fibres and pores of 

varying size when viewed using scanning electron microscopy (SEM) (Staton, Reed and 

Brown, 2004). However, wide ranges of nanofabrication techniques and computer-

assisted-design-computer-assisted-manufacture (CAD-CAM) have recently enabled the 

synthesis of several bio-artificial matrices (Lin, Kikuchi and Hollister, 2004; Davis and 

Leach, 2011). Detailed description of the micro- and nanofabrication technology has been 

given in Chapter 1, Section 1.1.2.1, Fi.g 1.5 and Section 1.1.12, Table 1.8. Although, these 

matrices have shown promise in tissue regeneration as described in Chapter 1 Section 

1.1.12, many challenges still remain. One of the current limitations of tissue engineering is 

its inability to provide sufficient blood supply in the initial phase after biomaterial 
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implantation (Rouwkema, Rivron and van Blitterswijk, 2008). After implantation, blood 

vessels from the host generally invade the tissue to form a vascular network in response to 

signals that are secreted from the implanted cells (Kim and Mooney, 1998). However, this 

spontaneous vascular ingrowth is often hampered by inefficient nutrient diffusion to and 

from surrounding tissues, which limits the final integration and function of the engineered 

constructs (Rouwkema, Rivron and van Blitterswijk, 2008). Therefore, therapeutic 

angiogenesis has become a major research focus in regenerative medicine.  Most clinical 

trials have focused on the delivery of angiogenic growth factors (i.e. VEGF) either alone or 

in combination with distinct cell type capable of promoting angiogenesis (Hoeben, et al., 

2004). In this context, a large focus of interest is centred on the use of mesenchymal stem 

cells (MSCs) (Kasper, et al., 2009). Strikingly, it has been demonstrated that MSCs reside 

in a perivascular microenvironment or niche and hence interact with the BM through either 

interactions with adhesive molecules (i.e. laminin) or neighbouring cells including 

endothelial cells and pericytes (Saleh, Whyte and Genever, 2011). These studies suggested 

that MSCs are able to release angiogenic factors including VEGF and to communicate in a 

paracrine manner with vascular cells in order to regulate vessel formation (Ball, 

Shuttleworth and Kielty, 2004). Detailed evidences on MSCs, stem cell niche and their 

potential to promote both angiogenesis and tissue regeneration will be discussed in Chapter 

6. 

                                   

In vitro, MSCs are commonly cultured as monolayers on plastic dishes, which provide a 

simplified and adequate approach to studying MSCs and the interactions with their niches. 

However, such conventional tissue culture techniques are not able to effectively resemble 

the conditions experienced within a 3D native microenvironment (Rossi, et al., 2005). 

Distinct alterations have been identified when MSCs are grown in 3D compared to 2D 

forms including changes in cell morphology, replicative ability as well as differentiation 

capacity. These dramatic changes in cell activities are due to many external signals from 

different elements such those arise from BM components, nutrients, soluble agents and 

oxygen concentration (Hematti, 2007). Therefore, to better mimic the in vivo settings, a 

wide range of bio-artificial matrices have been used for stem cell culture and are discussed 

in Chapter 6, Section 6.1.3 (Lutolf and Blau, 2009). Despite their apparent potential in 

stem cell therapies, ongoing challenges remain in how to develop biomaterial approaches 

able to recapitulate the physical nanoscale size and the elaborate biological recognition and 

signalling functions of the BM.  For instance, large microfibre size, charge density and 
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lower nutrient diffusion rates have critically limited the use of bio-polymeric materials 

such as PLLA and PGA, PEG, alginates and agarose (Hasirci, et al., 2006). Similarly, 

animal-derived biomaterials including gelatine, collagen, fibronectin and Matrigel are also 

subjected to issues related to contaminations as well as batch-to-batch variations, all of 

which contribute to significant alterations in cell behaviour and activities (Liras, 2010).  

 

Although, stem cell therapies have greatly benefited from the above matrices, the 

innovative synthetic approach of this chapter elegantly shows the possibility of creating 

novel bio-active nano-structured matrices capable not only to control the spatial 

organisation of a high number of bio-ligands accessible for interactions with binding 

targets, but also to attempt to mimic the architectural features of native BM. The precise 

and controlled immobilisation of CG3K (YIGSR)16 on PLL surfaces offers the advantage 

of developing distinct bio-mimetic substrates targeted to support tissue-specific cell 

function including adhesion, proliferation and differentiation through integrin interactions. 

The latter is highly expressed in several stem cell niche systems and plays an important 

role in stem cell maintenance and activities. In particular, integrins aid to define and to 

shape the microenvironment in which stem cells reside (Ellis 2010). For instance, 

migrating HSCs use β1-integrin to interact with vascular cell adhesion molecule 1 

(VCAM-1), which is expressed on the endothelial cell surfaces. This binding has shown to 

promote the transit of HSCs through the endothelium and to be clinically relevant in terms 

of repopulating the stem cell niche following irradiation treatments (Laird, von Andrian 

and Wagers, 2008). In addition, studies have recently highlighted the importance of 

integrin-mediated stem cell adhesion and therefore, in the long-term maintenance and 

viability of MSCs within their niche (O’Reilly, Lee and Simon, 2008; Shen, et al., 2008). 

The mechanisms of how such receptors control stem cell behaviour are described in 

Chapter 6, Section 6.1.4. Nonetheless, the reconstitution of stem cell niches or biological 

systems with functional equivalents of specific tissues is clearly a challenging task. It is 

believed that the use of CG3K (YIGSR)16 will favour the development of distinct artificial 

microenvironments capable of deciphering the complex network of niche signals and 

indeed to control MSCs for several applications focusing on angiogenesis. Their key to 

success in this field is linked to the dendron capacity to integrate the building blocks of 

these complex systems including physical properties of the BM structure and spatial and 

temporal control of specific bio-active motifs into modular and scalable platforms for 

therapeutic and clinical translation. Indeed, by mimicking the in vivo behaviour of MSCs 
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with the control of in vitro conditions, these innovative substrates will shed light in a way 

that other conventional stem cell research techniques have not been able to reproduce so 

far.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



206 

 

5.5 Conclusion 

 

A new strategy to control cell behaviour at the biomaterial-tissue interface has been 

developed which showed to be highly compatible and stable when coupled to conventional 

PLL substrates. CG3K (YIGSR)16-modified PLL may be applied as an excellent matrix 

potentially useful in fields ranging from biomedical materials to tissue engineering 

scaffolds to in vitro tissue culture systems where cell control is achieved through the 

regulation of integrin at the nanometer scale.  

 

Although promotive effects of PLL have been recently enhanced by the incorporation of 

well-defined BM molecules (i.e peptides and proteins), the use of CG3K (YIGSR)16 may 

overcome the restrictions that limit their clinical and therapeutic applications. These 

dendrons have shown ability in enhancing the bioavailability and controlling the spacing of 

bio-functionalities in a BM-mediated contact guidance fashion.  

 

CG3K (YIGSR)16 seems to provide a novel platform technology for the regulation of 

complex regenerative processes (i.e. promoting angiogenesis in tissue regeneration) in 

which specific cells including MSCs seem to play a critical role. The potential of this type 

of substrate to control MSC activity is presented and discussed in Chapter 6. 
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Chapter 6. 

Poly-ɛ-Lysine Dendrons as a Synthetic Stem Cell 

Microenvironment for Controlling Angiogenesis in Tissue 

Regeneration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



208 

 

6.1 Introduction 

 

6.1.1 Role of Human Mesenchymal Stem Cells in Inducing Tissue 

Regeneration by Angiogenesis 

 

The formation of a new blood vessel network is a fundamental step in tissue regeneration 

(Boerckel, et al., 2011). Therapeutic approaches including cell delivery systems and 

pharmacological stimulation have recently been proposed to promote angiogenesis during 

tissue regeneration. Although not yet implemented at clinical level, cell-based therapy 

seems to be the preferred therapeutic choice for the delivery of the required angiogenic 

stimuli, in comparison to the delivery of soluble agents such as growth factors (i.e. VEGF 

and FGF), the continuous administration of which has been linked to hypotension, oedema 

and vascular leakage (Table 6.1) (Stephan and Irvine, 2011).  

 

In principle, cells have therapeutic capabilities that are distinct from those of molecules 

like growth factors or peptides. Once implanted, they can move to specific sites in the 

body, integrate molecular inputs and execute complex response behaviours, all in the 

context of a specific tissue environment. Thus, cells can offer exquisite sensitivity and 

specificity, which imparts a greater ability to limit off-target action (Table 6.1). These 

attributes have shown their potential to treat infections, cancers and tissue degeneration 

and indeed, to consider cells as therapeutic agents in various clinical trials (Fischbach, 

Bluestone and Lim, 2013).     

 

Table 6.1 Comparison between the use of cells and molecules in tissue regeneration.  

 

 

 

 

 

 

Great attention has recently been devoted to the use of human mesenchymal stem cells 

(hMSCs) (Caplan, 2009).  hMSCs have shown the ability to (i) differentiate into various 

cell lineages such as osteoblasts, chondrocytes and adipocytes, (ii) stimulate the 

PROPRIETIES  MOLECULES      CELLS     

Selectivity Molecular recognition                                 Complex response systems 

Distribution Diffusion or controlled  

transport 

Regulated cell migration process 

Dose Controlled at time of  

administration 

Cell decision-making: 

auto-regulation 



209 

 

proliferation of other cells and (iii) promote the regeneration of damaged tissues through 

the secretion of a variety of cytokines and chemokines including VEGF, FGF and TGF 

(Bobis, Jarocha and Majka, 2006).  

 

For instance, the controlled release of VEGF by hMSCs has been shown to promote the 

regeneration of vascularised bone (Kasper, et al., 2007). By therapeutic delivery of 

hMSCs, the development and stabilisation of blood vessel structures has been 

demonstrated to support wound healing in a well-regulated manner (Sorrell, Baber and 

Caplan, 2009). Moreover, secreted VEGF, FGF and TGF by hMSCs significantly 

contributed to the treatment of bone diseases such as osteogenesis imperfecta and 

osteoporosis and fractures (Caplan, 2009). 

 

Based on the above evidence, hMSCs have been shown to have a common mode of action 

consisting in: (i) migrating over the endothelial barrier, (ii) minimising the extent of the 

injured sites, (iii) inhibiting apoptosis, (iv) stimulating angiogenesis and (v) enhancing site 

specific tissue regeneration (Meirelles, et al., 2009). All the paracrine effects exerted by 

these multipotent cells seems to be strictly controlled by the release of specific bioactive 

factors (Fig. 6.1) which makes stem cells an attractive therapeutic approach in regenerative 

medicine (Bobis, Jarocha and Majka, 2006). Indeed, the use of hMSCs in regenerative 

medicine appears to increase healing because of their trophic and immunomodulatory 

properties and because they can be directly delivered to damaged areas in large numbers 

after in vitro expansion.  
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Fig. 6.1 Trophic effects of hMSCs. A broad range of bioactive molecules secreted by 

hMSCs including extracellular matrix components and pro-angiogenic growth factors 

determine their key role in tissue regeneration (Image modified from Meirelles, et al., 

2009). 

 

6.1.2 hMSCs Isolation Sources and in vitro Expansion 

 

hMSCs constitute a small quantity of the bone marrow cells (approximately 0.001%). 

Evidence shows that hMSCs also exist in adipose tissues, the eye, periosteum, tendon, 

periodontal ligament, muscle, skin and lungs (Meirelles, et al., 2009). Therefore, their use 

in clinical treatments requires their growth by in vitro or ex vivo culture (Kasper, et al., 

2007). 

 

hMSCs are originally isolated from bone marrow by aspiration of mononuclear cells. The 

latter are separated using density gradient centrifugation and cultured in medium 

supplemented with 10 or 20 % foetal bovine serum (FBS). After twenty-four hours, non-

adherent cells are removed and the adherent cells refreshed with culture media changes 

every 3-4 days. When the cells were 80 to 90 % confluent, they are trypsinised, aspirated 

from the plates and transferred into a new tissue culture plate (Hematti, 2011).  
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In vitro, hMSCs form a heterogeneous population of cells containing small spindle-shaped 

and flattened cells (Bobis, Jarocha and Majka, 2006). These rapidly grow and develop 

fibroblast like-colonies termed colony forming unit-fibroblasts (CFU-F) within 5-7 days 

(Fig. 6.2) (Augello, Kurth and De Bari, 2010).  

              

Fig. 6.2 Typical MSC morphology on tissue culture plate surface. In a monolayer 

culture, the hMSCs rapidly proliferate and form fibroblastic spindle-shaped colonies 

originally referred to as colony forming unit-fibroblasts (CFU-Fs). (a) Phase contrast and 

(b) SEM images. Scale bar is 100 µm. 

 

Currently, there is no standard culture method for this cell type and it is known that 

variations in culture methodologies can easily affect native characteristics and self-renewal 

properties of hMSCs (Grayson, et al., 2006). Thus, despite the similar morphology 

acquired by the cells in various culturing conditions, their cell behaviour may change 

because of a number of factors such as different source of cells, age of donor, density of 

the cells plated as well as medium type, serum and bioactive factors used (Hematti, 2007). 

 

6.1.3 The Use of Biomaterials for Stem Cell Culture 

 

The identification of optimal stem cell culture conditions is not easy and all the parameters 

mentioned above can affect the reproducibility of their expansion process. In addition, the 

testing of the isolated cells prior to their transplantation is considered an important step to 

ascertain their quality (i.e. multipotency) and consequently their therapeutic potential.  

 

hMSCs are commonly cultured in medium containing serum supplemented with 

recombinant growth factors and cytokines such as FGF and TGF derived from animal 

sources (Jung, et al., 2012). Thus, safety concerns including disease transmission (i.e. 

zoonosis and virus transportation) and low purity have severely restricted the use of 

a b 
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hMSCs for therapeutic applications (Liras, 2010). These limitations have recently been 

overcome by the development of both serum and animal- product free media suitable for 

extensive cell in vitro expansion and differentiation (Tekkatte, et al., 2011). Conversely, 

there is still a demand for substrates, which are capable of avoiding the differentiation of 

the cells into fibroblast-like cells and their consequent loss of multipotency. It is widely 

accepted that for both therapeutic and research purposes, biomaterial-based stem cell 

cultures are able to closely mimic the native micro-environment in which stem cells reside, 

could lead to the control of their phenotype (Lund, et al., 2009).  This environment usually 

termed the stem cell niche (Chapter 1, Section 1.1.11) has not yet been simulated by the 

large number of both natural and synthetic available biomaterials. These biomaterials are 

capable of directing the stem cell multipotent phenotype towards a specific cell 

differentiation pathway with an obvious advantage to the final clinical application. 

Alginate hydrogels, for instance, have been shown to induce chondrogenic differentiation 

(Herlofsen, et al., 2009), whereas poly-L lysine (PLL) materials have been demonstrated to 

direct neural stem cell fate (Stabenfeldt, et al., 2010). Such differentiation, interestingly, 

increased when PLL was modified with cell binding bio-active molecules such as laminin-

mimicking peptide sequences (i.e. YIGSR) (Rao and Winter, 2009).  

 

Since it is well established that the niche can directly elicit cell activities through ECM 

interactions, biomaterials have commonly been modified with ECM components (Chan 

and Leong, 2008). For instance, type I collagen-coated polyacrylamide directed 

differentiation of hMSCs into myoblast or osteoblast lineages (Rowlands, Rivron and van 

Blitterswijk, 2008). Similar results were observed when hMSCs were grown on RGD-

modified titanium scaffolds compared to un-treated surfaces (Ogura, et al., 2004).  

 

On the basis of this evidence, biomimetic biomaterial approaches (Chapter 1, Section 

1.1.13) have become powerful model systems to investigate the key biological signals 

involved in the maintenance of MSCs within their niche and in their further fate decisions.  
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6.1.4 Integrins as Essential Molecules in MSC Fate 

 

Many studies have reported that within tissues, a mixture of signals that reside in the niche 

regulate hMSCs (Caplan, 2009). The complexity of the niche is dependent on the tissue 

sources of the hMSCs. 

 

The niche exhibits a structural asymmetry whereby two cells, known as daughter cells, are 

induced upon activation to be either retained or to exit the niche (Spradling, Drummond-

Barbosa and Kai, 2001). This ability is ensured through the creation of a delicate balance 

between self-renewal and differentiation, which is strictly regulated by a large number of 

cues (Bobis, Jarocha and Majka, 2006). In particular, the asymmetric division of stem cells 

is now believed to be primarily controlled by integrin receptors located on the external 

membrane of MSCs (Preston, et al., 2003). The mechanisms of how such proteins control 

stem cell behaviour are still to be elucidated. However, it is known that supportive cells 

(e.g. osteoblasts) and the extracellular matrix (ECM) components such as laminin play a 

crucial role. Therefore, beside ECM-binding, integrins and their down-stream signalling 

via FAK, Ras and MAPK/ERK pathways are induced to modulate the key aspects of stem 

cell activities including proliferation, survival and differentiation (Fig. 6.3) (O’Reilly, Lee 

and Simon, 2008).  

 

Fig. 6.3 Integrin-ECM protein interaction. Through integrin engagement, ECM 

components including laminin induce downstream signalling integrin activation through 
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FAK, Ras and MAPK/ERK pathways, which lead to the transduction of specific molecules 

involved in stem cell activities and fate (Image modified from Wu, et al., 2012). 

 

The recent advances in understanding how integrins interact with the stem cell niche and 

regulate stem cell fate have led to the development of distinct bioengineering tools and 

nanoscale biomaterials for tissue engineering and regenerative medicine applications (Sun, 

Chen and Fu, 2012). This advancement is exemplified by their ability in identifying the 

extrinsic physical factors and their downstream intracellular signalling pathways capable of 

controlling stem cell functions (Wu, et al., 2012). For instance, MSCs cultured on the 

nanoscale gratings of poly (dimethylsiloxane) surfaces induced cells to elongate their actin 

cytoskeleton along the nanogratings and led to their neural differentiation (Sun, Chen and 

Fu, 2012). The importance of these reports was further highlighted by the observation of 

alterations of the RhoA pathway activation, which induced high cytoskeletal tension and 

were correlated with the precise geometric arrangement of bio-motifs (e.g. RGD) displayed 

on the engineered material surfaces (Ghosh, et al., 2007). In this context, Arnold and 

colleagues showed that a spacing of ≥ 70 nm between the adhesive gold nanodots coated 

with cyclic RGD peptides dramatically limited cell adhesion and actin formation (Arnold, 

et al., 2004). However, a dramatic increase in MSCs’ spreading was revealed when at least 

four RGD sites were spaced within 60 nm or less, with no dependence on peptide density 

(Schvartzman, et al., 2011). These studies pointed to the existence of a minimal matrix 

adhesion unit for peptide sites defined in space and stoichiometry and demonstrate the 

molecular sensitivity and dynamic organisation of integrins that seems to be strictly 

dependent to the local nanotopograhical signals presented by the extracellular 

environment.  

 

Therefore, the importance of the integrins as a regulator of certain intracellular 

biochemical pathways has been recently demonstrated in vitro at the nanometer scale 

(Lutolf and Blau, 2009). However, the control of the distribution and the co-localisation of 

multiple bio-active motifs in specific structures still poses a challenge in the field of 

material design and synthesis. Advances in this area are likely to be highly relevant given 

that it is the precise spatial distribution of bio-active motifs in tissues to determine stem 

cell behaviour. More broadly, their control at the single-molecule level can elucidate the 

role of factors regulating individual molecular interactions thus paving the way towards 

synthesis of biomaterials of tuned molecular architectures.  



215 

 

Aim of the Chapter 

 

The aim of this chapter is to validate the nanoscale matrices based on CG3K (YIGSR)16-

modified PLL to be used as either biomimetic functionalisation method at the surface of 

medical implants and tissue engineering constructs or specialised cell culture substrates. 

Toward this end and with the particular goal of stimulating angiogenesis, this chapter 

assesses the ability of these substrates to preserve multipotency and angiogenesis-

promoting capacity in hMSCs. The basic effects of these materials on cell behaviours were 

evaluated and compared with tissue culture plate (TCP) and non-treated PLL surfaces. 

 

Cell adhesion, proliferation, multipotency as well as cytoskeleton organisation and 

formation were investigated using distinct cellular markers including β1-integrin, N-

cadherin, Rho-A and Oct-4 by immunofluorescence staining and framed within the overall 

morphological features of the cells as observed by optical contrast phase images. These 

tests were revealed to be suitable for gaining insights into the molecular and functional 

mechanisms triggered by the dendronised substrates when applied to hMSCs’ culturing. 

The identification of well-defined culture substrate conditions based on CG3K (YIGSR)16 

has also led to an understanding of the underlying angiogenic processes, such as those 

involved in stimulating VEGF secretion by HIF-1 expression as well as to their ability to 

stimulate endothelial cell sprouting in a conventional in vitro essay. 
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6.2 Materials and Methods 

 

6.2.1 Human Mesenchymal Stem Cells (hMSCs) and Medium 

 

Both Poietics
TM 

cryopreserved human mesenchymal stem cells (hMSCs) and TheraPeak 

MSCGM-CD medium were supplied by Lonza (Walkersville Inc., EU). Before their 

shipment, Lonza group and its subsidiaries have tested all cell products including cell 

isolation, characterisation and quality control. As reported by the supplier, hMSCs were 

isolated from the posterior iliac crest of the pelvic bone from young donors aged 18-22 

years by bone marrow aspiration. The latter was usually performed with the addition of 

heparin to prevent clotting of the marrow samples. Cells were then collected by 

centrifugation and characterised for stem cell markers (e.g. CD14
-
, CD34

-
, CD44

+
, CD90

+
, 

CD105
+
) by flow cytometry and bacteria, mycoplasma and fungi contamination using 

traditional culture-based microbiological techniques (Table 6.2).  

 

Table 6.2 List of clusters of differentiation (CD) molecules used to identify MSCs. 

MARKER   FUNCTION 

CD14 Expressed on monocyte/macrophage surfaces and 

is involved in mediating the innate immune 

responses. 

CD34 Expressed on HSCs and is down regulated as they 

differentiate into mature cells. 

CD44 Expressed on MSC’ surfaces and mediates cell-

cell and cell-matrix interactions through its 

affinity for hyaluronic acid (HA) and ECM 

proteins. 

CD90 Expressed in neurons, fibroblasts, endothelial and 

MSC cells, and is involved in cellular adhesion, 

migration and tumour growth. 

CD105 Expressed in endothelial and MSC cells, is an 

auxiliary receptor for the TGF-β receptor 

complex, functioning in related signalling 

pathways. 

 

hMSCs were cultured at 37°C in a humidified 5% carbon dioxide (CO2) atmosphere in 

TheraPEAK MSCGM-CD medium (Lonza, EU) for 1 week. Cells were fed every 3 days 

and when 95 % confluent, they were detached from tissue culture plate and cryopreserved 

at passage 2 until required.  

TheraPEAK MSCGM-CD medium is a serum-free chemically defined-synthetic medium 

that guarantees the stable maintenance of both MSCs’self-renewal and pluripotency. 

Without the addition of any specific growth factors, TheraPEAK MSCGM-CD medium 
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appears to inhibit differentiation of these cells into osteoblast and chondrogenic lineage 

commitments until passage five.  

 

Herein, hMSCs will be called MSCs while TheraPEAK MSCGM-CD media as MSC 

medium. 

 

6.2.2 MSC Attachment and Adhesion on TCP, Non- and Dendron-

Modified PLL Surface 

 

Frozen MSCs (P2) were re-suspended in 5 mL MSC medium and centrifuged at 500 g 

(Fisher Scientific, UK) for 5 minutes. Cells were then counted using a haemocytometer 

counter, plated directly onto TCP, PLL and dendron-modified PLL surfaces (Chapter 5, 

Section 5.2.2) at a seeding density of 7000 cells/cm
2
 and incubated for 4 hours and 3 days 

at 37˚C in a 5 % CO2 humidified atmosphere. Their cell morphology was assessed by 

phase contrast microscopy (Leica DM2500, UK) whereas viability was assessed by epi-

fluorescence microscopy (Inverted Axiovert 25 Zeiss, UK). Images of the HPI-stained 

cells were acquired by digital camera (Sony, DSC575, UK). For details of the HPI staining 

protocol see Chapter 3, Section 3.2.4.2. 

 

6.2.3 MSC Expansion 

 

For cell proliferation experiments, MSCs were harvested as before and sub-cultured from 

passage two to four according to the suppliers’ instructions. In brief, cells were detached 

from substrates using 0.1 % 
w
/v trypsin/EDTA solution (PAA, UK) for 8 minutes at room 

temperature and centrifuged at 500 g for 5 minutes. Before being loading in a Bürker’s 

chamber for cell counting, MSCs were re-suspended in 1 mL MSC medium and repeatedly 

pipetted to break up any formed aggregate. The samples were then re-plated under the 

same standard culture conditions for seven days while their medium changed every 3 days.  

 

The initial seeding cell number in each subculture was the same (7x10
3
 cells/cm

2
) in each 

group. Whereas MSC growth was evaluated at each passage and expressed in terms of total 

cell number (x10
5
). 
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Spheroid dimensions were quantitatively evaluated using an Image J programme as 

discussed in Chapter 4, Section 4.2.6. Their size values were expressed as their average 

diameter size. 

 

6.2.4 Immunocytochemical Analysis of MSCs on Non- and Dendron-

Modified Surfaces 

 

Immunostaining was the technique of choice to test the ability of CG3K (YIGSR)16 to (i) 

encourage MSCs’ adhesion via integrin engagement, (ii) retain pluripotency through stem 

cell marker regulation, (iii) assess their tendency to migration through N-cadherin and (iv) 

promote MSC-angiogenic activity by modulating cytoskeletal and downstream signalling 

pathways (i.e. RhoA and HIF-1α).  

After 7 days of culture, the cells on TCP, non- and dendron-modified substrates were fixed 

using chilled methanol (Fisher Scientific, UK) for 20 minutes at 20˚C. Afterwards, MSCs 

were washed with phosphate-buffered saline (PBS, Fisher Scientific, UK) three times for 

five minutes. The samples underwent a blocking step minimising the non-specific 

adsorption of antibodies by their incubation with 1% 
w
/v bovine serum albumin (BSA, 

Sigma Aldrich Co. Ltd, UK) for 1 hour at room temperature. Cells were treated with 

primary antibodies as listed in Table 6.3 at 4⁰C overnight. Then, MSCs were washed with 

PBS and immunolabelled with secondary antibodies (Table 6.3) in the dark at room 

temperature for 1 hour.  

 

In each immunohistochemical experiment, a negative control was included with cells 

incubated without the addition of the primary antibody. 
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Table 6.3 Primary antibody used to characterise MSCs cultivated on distinct 

substrates. 

 

Cellular nuclei were stained with DAPI (Vector Laboratories, UK) and imaged with a laser 

scanning confocal microscopy (Leica TCS SP5, UK). Fluorescein isothiocyanate (FITC), 

Alexa Fluor 546 and argon-ion lasers were used and provided excitation at specific 

wavelengths between 400 and 650 nanometres.   

 

6.2.5 Study of Cytoskeleton Organisation 

 

Cell cytoskeleton organisation and the overall cell morphology were investigated by 

staining the actin filaments with rhodamine/phalloidin (Sigma Aldrich Co. Ltd, UK). 

Phalloidin belongs to a family of toxins isolated from the mushroom Amanita-phalloides 

and it is capable of binding F-actin with high selectivity. Its combination with the 

fluorescent rhodamine tag allows the visualisation of the cytoskeleton organisation.  

In this study, MSCs were fixed in 4% 
v
/v of paraformaldehyde (PFA, Fisher Scientific, 

UK) for 20 minutes and permealised with 0.1 % 
v
/v in Triton (Fisher Scientific, UK) 

diluted in PBS (Sigma Aldrich Co. Ltd, UK) for 10 minutes at room temperature. After 

Primary 

Antibody 

Primary  

Antibody 

Concentration 

Primary 

Antibody 

Supplier 

Secondary 

Antibody 

Secondary 

Antibody 

Concentration 

Secondary 

Antibody 

Supplier 

Monoclonal  

Mouse 

Anti-human 

Integrin β1 

1:10 RnD-

Systems 

(EU) 

Goat anti-

mouse FITC 

conjugated 

antibody 

1:100 Fisher 

Scientific 

(UK) 

Monoclonal  

Mouse  

Anti-human 

N-cadherin 

1:100 Abcam 

(UK) 

Goat anti-

mouse FITC 

conjugated 

antibody 

1:100 Fisher 

Scientific 

(UK) 

Monoclonal  

Mouse  

Anti-human 

RhoA 

1:100 Abcam 

(UK) 

Goat anti-

mouse FITC 

conjugated 

antibody 

1:100 Fisher 

Scientific 

(UK) 

Polyclonal  

Rabbit 

 Anti-human  

Nanog 

1:100 Abcam- 

(UK) 

Goat anti-

rabbit 568 

conjugated 

antibody 

1:100 Fisher 

Scientific 

(UK) 

Monoclonal  

 Mouse 

Anti-human    

Oct-4 

1:100 Abcam 

 (UK) 

Goat anti-

mouse FITC 

conjugated 

antibody 

1:100 Fisher 

Scientific 

(UK) 

Monoclonal 

Mouse 

Anti-human 

HIF-1α 

1:100 Abcam 

(UK) 

Goat anti-

mouse FITC 

conjugated 

antibody 

1:100 Fisher 

Scientific 

(UK) 
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rinsing with a washing buffer, cells were incubated with rhodamine/phalloidin staining 

solution (dilution 1:100 in PBS, Sigma Aldrich Co. Ltd, UK) for 1 hour at room 

temperature and then treated with a drop of DAPI (Vectashield, UK) for nucleus staining. 

Images were taken by a fluorescence microscopy (NIKON Elipse TE2000U, UK) using 

Alexa Fluor 546 at excitation/emission of 540/565 nm. 

 

6.2.6 Human VEGF165 Enzyme-Linked Immunosorbent Assay (ELISA) 

 

The potential of dendronised peptides to promote angiogenic activities and thus VEGF-

releasing capacity by MSCs was analysed by human VEGF165 enzyme-linked 

Immunosorbent assay (ELISA). 

 

After seven days of culture, cell supernatants were collected from all samples and used to 

quantify the levels of secreted hVEGF165 by cells using an ELISA kit (R&D system, UK) 

following manufacturer’s instructions (Fig. 6.4) as described in Chapter 3, Section 3.2.4.2.   

                                                                   

Fig. 6.4 VEGF standard curve measured by UV spectrometer at 450 nm. The VEGF 

standard curve was used to determine the amount of VEGF165 secreted by MSCs cultured 

onto TCP, PLL and dendron-modified PLL substrates after seven days of culturing for 

each passage. 

 

VEGF concentrations were normalised to total protein concentration in the medium using 

the Bradford protein assay protocol (Fig. 6.5) (BioRad Pierce, UK) illustrated in Chapter 5, 

Section 5.2.3.1.  
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Fig. 6.5 BSA standard curve absorbance measurements by UV spectrometer at 450 

nm. A standard curve was developed using series of known BSA concentrations in the 

range of 2 mg/mL and used to normalise the VEGF data of the ELISA tests.     

 

6.2.7 3D Matrigel in vitro Endothelial Cell Sprouting Assay 

 

The ability of VEGF secreted by MSCs to induce endothelial cell sprouting and 

stabilization was performed by the Matrigel assay described in Chapter 3, Section 3.2.5.1.  

  

HUVECs (P22, ATCC, UK) were initially expanded in a 75 cm
2
 culture flask in 

endothelial cell medium containing F-K12 medium (ATCC, UK) supplemented with 0.1 

mg heparin (Fisher Scientific, UK), 0.05 mg endothelial cell growth factor (ECGF, Sigma 

Aldrich Co. Ltd, UK) and 10 % 
w
/v foetal bovine serum (FBS, PAA, UK) for 4 days at 

37°C with 5 % humidified CO2. Afterwards, cells were detached from substrates with 0.1 

% 
w
/v trypsin/EDTA (PAA, UK) for 5 minutes at 37˚C, counted and encapsulated into 200 

µL of Matrigel (BD Biosciences, Bedford MA, UK) at seeding density of 3x10
4
 cells/mL. 

The gel was left to set for 20 minutes at 37˚C followed by the addition of 1 mL of 

endothelial medium with and without MSC-derived conditioned medium at a ratio 1:1. 

Cells were incubated under standard culture conditions for 5 days and observed for their 

ability to organise as capillary-like structures and relative stabilisation under phase contrast 

microscopy setting at 10x and 20x magnification from days 1 to 5.  
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6.2.8 Statistical Analysis 

 

In all experiments, data were expressed as means ± standard deviation (SD) and where 

appropriate statistically analysed using ANOVA test.  The level of statistically significant 

difference was defined at p ≤ 0.05.    
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6.3 Results 

 

6.3.1 MSC Adhesion, Proliferation and Morphology on Non- and 

Dendron-Modified Substrates 

 

To investigate whether CG3K (YIGSR)16-modified PLL substrates were able to encourage 

cellular attachment and adhesion, adhering-MSCs were counted after 4 hours and 3 days 

and imaged by phase contrast and fluorescence (Hoechst) microscopies (Fig. 6.6).  

 

HPI staining revealed that all MSCs were able to attach onto distinct substrates and to be 

viable after 4 hours of incubation (Fig. 6.6 Left panel). By Day 3, cells started to assume a 

typical spindle-shaped, fibroblast-like appearance on TCP (Fig. 6.6 b). Contrarily, cells 

grown onto both functionalised substrates appeared as round cells from Day 1 to 3 (Figures 

6.6 d-f). On the latter substrate, however, the cells were smaller than those adhering onto 

dendron modified-PLL and appeared isolated rather than organised as multicellular 

spheroids (Fig. 6.6 d). These were gradually formed in the case of the dendron-modified 

substrate (Fig. 6.6 f).  
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Fig. 6.6 MSC viability and morphology after 4 hours and 3 days. (Left panel: epi-

fluorescent microscopy; Right panel: contrast phase microscopy merged with epi-

fluorescence microscopy). (a-b) TCP; (c-d) PLL; (e-f) CG3K (YIGSR)16-modified PLL. 

HPI staining of nuclei (blue). Magnification bar is 75µm.  

                         

The results in Fig 6.7 indicate that in the early stages, cell attachment was more 

pronounced onto both non- and dendron-modified PLL surfaces (10.67±4.3 and 9.94±2.3 

cells/field) compared to the TCP (6±1.3 cells/field). The latter induced MSCs to adhere and 

to exhibit both elongated and rounded morphology within 2 days of culture. No significant 

difference in terms of numbers of adhering cells between non- and dendron-modified PLL 
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surfaces were observed (11.2±4.4 compared with 11.5±3.7 cells/field) (Fig. 6.7). 

Contrarily, MSCs adhered onto TCP substrates in a significantly higher number showing 

values of 20.6±4.4 cells/field (Fig. 6.7). 

                              

Fig. 6.7 Number of MSCs seeded onto TCP, non-modified and dendron-modified 

PLL after 4 hours and 3 days of incubation. Although functionalised surfaces 

encouraged MSCs to attach substrates, a higher proliferation rate was observed onto TCP 

with no difference between PLL and dendronised substrates, respectively. *p ≤ 0.05, mean 

±SD compared to TCP. 

 

6.3.2 Cytoskeleton Organisation of MSCs Seeded onto TCP, PLL and 

Dendron-Modified PLL  

 

The initial morphological observations were corroborated by cytoskeleton analysis using 

rhodamine/phalloidin staining after each cellular passage. 

  

By day 7, MSCs became fully attached to TCPs assuming flat, spindle-shaped with well-

developed F-actin fibres (Fig. 6.8 a). Focal adhesion complexes were readily observed as 

intense red spots along the edges of the cell body (Fig. 6.8 b yellow arrows). These cells 

were found to be more elongated and well-orientated throughout the cell main axis after 

passaging (Fig. 6.8 c). Although, individual cells grown on PLL substrates exhibited the 

typical fibroblast elongated shape, the F-actin fibres were less pronounced than those on 

TCP (Fig.  6.8 d yellow circle), and were completely absent within MSCs plated onto 

dendron-modified PLL substrates (Fig. 6.8 g-h). Rather they formed regular spheroids with 

smooth surfaces and indistinct actin-stress fibres (Fig. 6.8 g). However, spheroid cells 
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gradually dissociated into single MSCs which exhibited a fibroblast-like morphology and 

discontinuous F-actin filaments visible at P4 (Fig. 6.8 i).                                                      

                       

Fig. 6.8 Cellular cytoskeleton organisation of MSCs. (a-b-c) TCP; (d-e-f) PLL; (g-h-i) 

CG3K (YIGSR)16-modified PLL. Actin fibres (yellow arrow) were well-developed within 

MSCs seeded on TCP (a) and less pronounced or completely absent onto both PLL (d 

yellow circle) and dendron-modified PLL at P2 (g). These, however, developed with 

increasing culture time in accordance with their morphological changes. Scale bar is 100 

µm. 

 

6.3.3  MSC Proliferation 

 

The proliferation of MSC seeded onto TCP, and non- and dendron-modified PLL 

substrates was analysed by counting cells after seven days of incubation at each cellular 

passage.  
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Interestingly, MSC growth rate was found to be tightly linked to both morphological 

changes and cell cytoskeleton organisation, whereby a confluent monolayer of MSCs was 

only observed on TCP substrates from P2 through P4 (Fig. 6.9).  

 

Fig. 6.9  MSC confluence at day 7 of P2. (a) TCP; (b) PLL; (c) CG3K (YIGSR)16-

modified PLL. MSCs grown onto TCP were always 90% confluent compared to those on 

non-  and modified-PLL substrates after 7 day incubation. Scale bar is 100 µm. 

 

MSC growth was significantly enhanced on TCP than that on both non- and dendron-

modified PLL substrates at P2. This value dramatically increased from passage 3 to 

passage 4. Noticeably, cells onto dendronised substrates proliferated at a much slower rate 

than those on PLL (Fig. 6.10).    

                                          

Fig. 6.10 MSC proliferation onto the tested substrates. Cell number were higher on 

TCP than both modified PLL substrates throughout the four passages. This has been 

correlated with progressive changes in both shape and cytoskeleton organisation within 

cells.  

 

However, cells onto dendronised substrates aggregated rapidly and formed smaller 

spheroids after each passage (Figures 6.11 a-b-c).  
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Fig. 6.11 Spheroid formation on CG3K (YIGSR)16-modified PLL after passages. (a) 

P2; (b) P3; (c) P4. MSCs onto dendronised substrates formed 3D cellular aggregates, 

which varied dimensions during culture time. HPI staining of nuclei (blue). Scale bar is 75 

µm. 

 

In order to quantitatively evaluate the aggregate dimensions Image J programme was used 

to calculate their average diameter size (Fig. 6.12). It was observed that MSCs tended to 

yield larger spheroids that became bigger (Fig. 6.11 b), of approximately 8.83±0.01 µm 

within P3 (Fig. 6.12). Unexpectedly, MSC-spheroids tended to become elongated and 

smaller, 4.29±0.02 µm, at P4 (Fig. 6.12). This suggests that both number and size of the 

spheroids were affected by either cell proliferation or repeated trypsinisation steps, which 

it is well known to induce a stress response on culture MSCs. 

                             

Fig. 6.12 Spheroid dimensions of MSCs on dendronised substrates at P2, P3 and P4. 

MSCs cultured onto dendron-modified PLL substrates were able to form compact 

spheroids the dimensions of which dramatically increased from P2 to P3 and consequently 

reduced by half in size at P4. Cell spheroid sizes were measured from captured images 

using an Image J programme. Mean ± SD where n=6. * p ≤ 0.001. 
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6.3.4 β1 Integrin, N-Cadherin and Rho-A Localisation Within MSCs 

 

It is well known that both cell adhesion and cellular cytoskeleton organisation are critically 

regulated by two receptor systems including β1 integrin and N-cadherin through 

recruitment of Rho-A, a major regulator of the microtubule and actin formation 

(Huveneers and Danen, 2009).  

 

In this study, their engagement was investigated within MSCs onto TCP, PLL and 

dendron-modified PLL substrates by immunofluorescent staining. 

 

Although, a distinct staining pattern was observed, cells cultured onto distinct substrates 

were positive for all markers. Particularly, β-1 integrin (Fig. 6.13) was stained as punctuate 

pattern concentrated predominantly around the nucleus of MSCs cultured onto TCP at P2 

(Figures 6.13 A a
2 

yellow arrow). Thereafter, these effects were either no longer detected 

or additionally observed throughout cell cytoplasm (Figures A 6.13 b
2
-c

2
 yellow arrows). 

Similar results were observed in cells seeded onto PLL substrates (Figures 6.13 B d
2
-f

2 

yellow arrows). Contrarily, β-1 integrin was mainly detected at the periphery of all MSCs-

forming spheroids (Figures 6.13 C g
2
-h

2 
yellow arrow) and in the perinuclear region of the 

elongated cells at P4 (Fig. 6.13 C h
2 

yellow arrow).  
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Fig. 6.13 (A) β1-integrin expression and localisation of MSCs seeded onto TCP. β1-

integrin localisation  was found in both peri-nucleus and cytoplasm compartments of 

MSCs onto TCP throughout cellular passages (a
2
, b

2
, c

2
, yellow arrows). DAPI staining the 

nuclei (blue), β-integrin (green). Scale bar is 75 µm. 



231 

 

 

Fig. 6.13 (B) β1-integrin expression and localisation of MSCs cultured on non-

modified PLL. MSCs cultured on non-modified PLL showed similar β1-integrin staining 

pattern (d
2
, e

2
, f

2
, yellow arrows) observed in control cells. DAPI staining the nuclei (blue), 

β-integrin (green). Scale bar is 75 µm. 
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Fig. 6.13 (C) β1-integrin expression and localisation of MSCs on CG3K (YIGSR)16-

modified PLL substrates. β-integrin distribution  was mainly detected in the periphery of 

spheroids (g
2
, h

2
, yellow arrows) and around the nucleus of MSCs at P4 (i

2
, yellow 

arrows). DAPI staining the nuclei (blue); β-integrin (green). Scale bar is 75 µm. 

 

N-cadherin was detected in nuclear regions of all examined-MSCs (Fig. 6.14) and 

appeared to be more visible in cells adhered onto both TCP (Figures 6.14 A a
1
-c

1
 yellow 

arrows) and PLL substrates at P4 (Figures 6.14 B d
1
-f

2
). Whereas its localisation remained 
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constant in those seeded on PLL functionalised with CG3K (YIGSR)16 after passaging 

(Figures 6.14 C g
1
-i

1 
yellow arrows). 

 

Fig. 6.14 (A) N-cadherin expression and localisation of MSCs seeded on TCP after 7 

days of incubation. Nuclear staining of N-cadherin was detected in all examined MSCs 

seeded on TCP substrates (a
1
,b

1
,c

1
, yellow arrows). Cellular nuclei (blue); N-cadherin 

(green). Scale bar is 75 µm. 
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Fig. 6.14 (B) N-cadherin localisation of MSCs cultured on PLL. N-cadherin was 

detected in the nuclei of MSCs cultured on non-modified PLL substrates (d
1
, e

1
, f

1
, yellow 

arrows). DAPI staining the nuclei (blue); N-cadherin (green). Scale bar is 75 µm. 

 



235 

 

 

Fig. 6.14 (C) N-cadherin expression and localisation of MSCs on CG3K (YIGSR)16-

modified PLL substrates. MSCs on dendronised substrates showed a similar nuclear N-

cadherin pattern (g
1
, h

1
, i

1
, yellow arrows) to those stained with β-integrin suggesting their 

synergistic control over cellular adhesion. However, this expression was found to gradually 

decrease throughout passages  (i
1
, red arrow). DAPI staining the nuclei (blue); N-cadherin 

(green). Scale bar is 75 µm. 
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Rho-A regulation was uniformly distributed all over the nucleus and cytoplasmatic 

fractions of MSCs onto non-modified PLL substrates (Figures 6.15 B e
1
-i

1 
yellow arrows), 

but only slightly detectable within nuclei of those seeded on TCP from P2 through P4 

(Figures 6.15 A a
1
-d

1 
yellow arrows). Cells on dendronised substrates showed a 

considerable amount of Rho-A protein in the nuclear region and appeared to remain 

intense in fibroblast-like cells at P4 (Figures 6.15 C g
1
-i

1 
yellow arrows).  

Fig. 6.15 (A) RhoA expression and distribution within MSCs seeded on TCP. Rho-A 
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protein was observed in nuclei of cells adhering on TCP substrates (a
1
, b

1
, c

1
 yellow 

arrows). DAPI staining the nuclei (blue); Rho-A (green). Scale bar is 75 µm. 

 

Fig. 6.15 (B) RhoA expression and distribution within MSCs cultured on PLL 

substrates. On non-modified PLL, Rho-A localisation  was well-detected within the 

cytoplasm (d
1
,e

1
 yellow arrows) and nuclei (f

1
, yellow arrow) of MSCs from P2 to P4. 

DAPI staining the nuclei (blue); Rho-A (green). Scale bar is 75 µm. 

 

 



238 

 

 

Fig. 6.15 (C) RhoA expression and distribution within MSCs cultured on dendronised 

substrates. Dendronised substrates maintained an intense nuclear localisation of RhoA  

from P2 to P4 (g
1
, h

1
, i

1
, yellow arrows).  DAPI staining the nuclei (blue); Rho-A (green). 

Scale bar is 75 µm. 
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6.3.5 Stem Cell Pluripotency 

 

In order to determine whether altered distribution of β-1 integrin, N-cadherin and Rho-A 

could affect MSC pluripotency, the localisation of specific stem cell pluripotent markers 

including Oct-4 and Nanog was analysed. Specifically, Oct-4 and Nanog transcription 

factors induce expression of each other and are responsible for the maintenance of cell 

pluripotency and lineage specification of embryonic stem cells. However, recent studies 

have reported Oct-4 and Nanog as key regulators in maintaining MSC stemness (Alvarez, 

et al., 2010).  

 

In this study, immunofluorescence staining revealed that on TCP, MSCs showed 

perinuclear-cytoplasm distribution of the Nanog protein which strongly overlapped the 

localisation of Oct-4 at P2 and P3 (Figures 6.16 A a
3
-b

3-
c

3
 yellow arrows).  By P4, their 

Nanog expression became undetectable, while cells expressed only a cytoplasm staining 

for Oct-4 (Figures 6.16 A c
3
 yellow arrow). On PLL substrates, both markers were mainly 

localised in MSCs’peri-nucleus (Figures 6.16 B d
3
-f

3 
yellow arrows). Contrarily, Oct-4 and 

Nanog expression was co-localised within the nuclei of spheroid-forming cells onto 

dendronised surfaces (Figures 6.16 C g
3
-h

3
 yellow arrows). After multiple cellular 

passages, selective dissociation of cells from spheroids induced the re-distribution of both 

Oct-4 and Nanog from nuclear to perinuclear regions (Figures 6.16 C i
3
 yellow arrows).  
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Fig. 6.16 (A) Stem cell marker expression within MSCs onto TCP substrates after 7 

days of incubation. Both Nanog and Oct-4 were initially distributed in the nuclei (a
3
) and 

cytoplasm (b
3
) of MSCs cultured on TCP substrates. At P4, this immunoreactivity was 

either lost (Nanog c
1
) or only observed in the nuclei of the cells (Oct-4 c

3
 yellow arrow). 

DAPI staining the nuclei (blue); Nanog (red); Oct-4 (green). Scale bar is 75 µm.    
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Fig. 6.16 (B) Stem cell marker expression within MSCs onto non-modified PLL 

substrates after 7 days of incubation. Co-localisation of Nanog and Oct-4 at peri-nuclear 

levels was observed in MSCs cultured on non-modified PLL substrates from P2 to P4 

(d
3
,e

3
,f

3
, yellow arrows). DAPI staining the nuclei (blue); Nanog (red); Oct-4 (green). 

Scale bar is 75 µm.    
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Fig. 6.16 (C) Stem cell marker expression within MSCs onto dendron-modified PLL 

substrates after 7 days of incubation. Both Nanog and Oct-4 (yellow arrows) were found 

to be co-localised within the nuclei of spheroids (g
3
) suggesting a high transcriptional 

activity which remained well-detected in the nuclei of cells at P3 and P4 (h
3
, i

3
, yellow 

arrows). DAPI staining the nuclei (blue); Nanog (red); Oct-4 (green). Scale bar is 75 µm.    
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6.3.6 Effect of the Substrate on MSCs Angiogenic Pathway 

 

Stem cell maintenance is strictly regulated by a family of hypoxia-induced factors (HIFs) 

which play a critical role in angiogenesis. Particularly, HIF-1α has recently shown its 

ability in to control the angiogenesis-promoting role of MSCs through VEGF regulation 

(Alvarez, et al., 2010). In the present study, this pathway was linked to the effect of the 

underlying substrates and to their ability to affect cell morphology. HIF-1 was adopted as a 

marker of cell hypoxia, while the final angiogenic effect was proven by an in vitro 

angiogenesis assay based on endothelial cell sprouting performed in presence of medium 

spiked with the supernatants obtained from the culturing of MSCs adhering on the different 

substrates. This effect was linked to the hypoxia by the measurement of the levels of 

VEGF secreted by the cells 

 

When grown onto functionalised substrates, MSCs were found to be positive for HIF-1α. 

This staining was localised in the nuclear compartment both of individual rounded cells of 

PLL surfaces and of spheroids grown on dendron-modified PLL substrates (Figures 6.17 

B-C d
1
-e

1 
and g

1
-h

1 
yellow arrows), but sharply declined to undetectable levels in the 

monolayer of cells as they were repeatedly passaged onto TCP (Figures 6.17 A a
1
-b

1
-c

1 

yellow arrows). The remarkable accumulation of HIF-1α in the nucleus also decreased 

gradually in MSCs that were elongated and flattened upon passaging onto both non- and 

modified PLL substrates at P4 (Figures 6.17 B-C f
1
-i

1 
red arrows).  
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Fig. 6.17 (A) HIF-1 α localisation within MSCs seeded on TCP substrates after 7 days 

of incubation. HIF-1α was gradually lost in MSCs onto TCP throughout passages (a
1
, b

1
, 

c
1
, yellow arrows). DAPI staining the nuclei (blue); HIF-1 α (green). Scale is bar 75 µm.      
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Fig. 6.17 (B) HIF-1 α localisation within MSCs on non-modified PLL substrates after 

7 days of incubation. HIF-1α was mainly detected in the nuclear compartments of both 

clustered and individual MSCs  (d
1
, e

1
, yellow arrows), but decreased in those at P4 (f

1
, red 

arrow). DAPI staining the nuclei (blue); HIF-1 α (green). Scale is bar 75 µm.      
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Fig. 6.17 (C) HIF-1α localisation within MSCs seeded on dendron-modified PLL 

substrates after 7 days of incubation. HIF-1α was mainly detected in the nuclear 

compartments of both individual rounded MSCs and spheroids (g
1
-h

1
, yellow arrows)  but 

lost in cells that migrated farther away from spheroids at P4 (i
1
 red arrow). DAPI staining 

the nuclei (blue); HIF-1 α (green). Scale is bar 75 µm.      

 

Despite the relatively low expression of HIF-1α, MSCs onto TCP were able to release 

appreciable levels of VEGF (Fig. 6.18). ELISA data showed that the VEGF concentrations 
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in the growth medium of these cells was approximately of 378±8.2, 557±9.9 and 469±3.4 

pg/mg from P2 to P4, respectively. Similar results were observed in medium conditioned 

by MSCs on PLL surfaces, whereby VEGF levels were 290±0.2, 628±19.5 and 466±3.4 

pg/mg from P2 to P4. However, higher VEGF concentrations were detected in media 

conditioned by MSCs-forming spheroids. On P2 of spheroidal growth, VEGF quantity was 

approximately of 935±3.9 pg/mg while reached 966±2.7 and 766±1.9 pg/mg in P3 to P4, 

respectively (Fig. 6.18). 

              

Fig. 6.18 VEGF concentrations in media conditioned by MSCs and MSC-spheroids. 

MSCs onto both TCP and PLL released appreciable VEGF levels of approximately 400 

pg/mg. However, these were significantly elevated in medium conditioned by MSC 

spheroids where the VEGF levels increased up to 900 pg/mg from P2 to P4. * p < 0.05 and 

** p< 0.01 than TCP.    

 

6.3.7 Medium Conditioned by MSCs Induced the Formation of 

Functional and Stable Tubes in vitro 

 

The potential of secreted VEGF by MSCs to stimulate angiogenic tube formation was 

assessed in vitro on HUVECs encapsulated into Matrigel and cultured with medium 

conditioned by MSCs as either monolayer or spheroids.  

 

Unexpectedly, formation of visible and stable capillary-like tubular structures was 

observed within 5 days of incubation. HUVECs were initially encouraged to form rounded 

aggregates which adopted an elongated shape by Day 2. These appeared to be limited in 

cell-cell interactions and were equally distributed on Matrigel (Left panel Fig. 6.19). By 

Day 3, however, all cells continued to elongate and to anastomose with each other forming 

a capillary-like network (Middle panel Fig. 6.19). Although these tubular structures 
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initially seemed well-organised, only those growing in media derived from MSC-spheroid 

cultures appeared to be significantly larger and well-defined than the simple sprouting of 

the other samples observed at Day 5 (Right panel Fig. 6.19 q yellow arrows). Contrarily, 

VEGF secreted by MSCs onto both TCP and PLL induced formation of a thin capillary-

like network similar to the tubes in endothelial control medium (Right panel Fig. 6.19 c-f-i-

n yellow arrows).  

Fig. 6.19 Released VEGF by MSCs induced tube formation on Matrigel after 5 days 

in culture. Capillary tubes in (a-b-c) HUVEC medium; and 1:1 mixture of HUVEC 

medium with: (d-e-f) MSC media; (g-h-i) medium conditioned by MSCs on TCP; (l-m-n) 
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medium conditioned by MSCs on PLL and (o-p-q) medium conditioned by MSC on CG3K 

(YIGSR)16–modified PLL surfaces. The yellow arrows show the differences in size of the 

tubular structures between controls (c, f, i, n) than those observed in media derived from 

MSC-spheroid cultures at Day 5 (q). Scale bar is 100 (a-d-g-l-o) and 50 (b to q) µm.   
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6.4 Discussion 

 

One of the most ambitious objectives in the biomaterials field is to design materials that 

are able to mimic the cellular microenvironment or niche. The latter is a complex network 

of chemical and biological signals essential for stem cell functions, fate and finally tissue 

regeneration (Lai, et al., 2010).  

 

Recent studies have reported that engineered materials may effectively control both cell 

activities and properties (Lund, et al., 2009). Particularly, bio-mimetic scaffolds with 

appropriate chemical and physical structures seem to be capable to instruct cells to acquire 

their differentiated phenotype (Shin, Jo and Mikos, 2003). For example, self-assembled 

monolayers (SAMs) of alkanethiols modified with RGD linear peptides were able to 

induce osteogenic lineage of MSCs through integrin engagement (Cavalcanti, et al., 2008). 

Silane-functionalised surfaces with either carboxyl or amine groups promoted both 

osteogenesis and chondrogenesis (Toworfe, et al., 2009). In the light of these results, it is 

reasonable to suppose that both chemical moieties and peptides may be compliant for 

tissue regeneration by cell-based therapy. The latter seems to be directly controlled by the 

engagement of specific receptors such as the integrins, which regulate cell proliferation 

and differentiation in a well-controlled manner (Fig. 6.3). On the basis of this evidence, 

PLL surfaces were modified, in this work, with dendronised peptides functionalised with 

laminin peptide linear sequences and assessed for their potential to maintain their 

multipotent phenotype and to elicit MSC activities including a paracrine stimulatory action 

towards angiogenesis. 

 

Due to their ability to proliferate and differentiate into mesodermal lineages (i.e. 

adipogenic, osteogenic and chondrogenic), MSCs are considered as an attractive 

therapeutic approach for the regeneration of injured, diseased and damaged tissues (Bobis, 

Jarocha and Majka, 2006). However, despite their remarkable clinical potential, a 

sufficient cell number suitable for therapeutic effects can be obtained only through the in 

vitro culturing of MSCs prior to their transplantation in vivo (Caplan, 2009). 

 

In vitro, MSCs typically grown on either polystyrene tissue culture plastic or defined 

biological-substrates (i.e. Matrigel) in the presence of soluble factors including TGF-β, 
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FGF and ascorbic acid supplemented in liquid media. In these conditions, MSCs, form 

fibroblastic colonies of heterogeneous appearance, that extensively proliferate and generate 

their three major cell lineages. Moreover, in the presence of specific growth factors 

including VEGF and IGF, MSCs show the potential to differentiate into differentiated cell 

types such as neurons and endothelial cells (Nombela-Arrieta, Ritz and Silberstein, 2011).  

 

In an attempt to accurately recapitulate the in vivo behaviour of the cells and their complex 

microenvironment, recent efforts have largely been devoted to the use of polymeric 

matrices (i.e. alginate, chitosan and PEG) as three- (3D) dimensional in vitro culture 

systems (Kunz-Schughart, et al., 2004). When compared to the most common 2D culture 

techniques on biopolymers (i.e. Matrigel and BD BioCoat™ Fibronectin), they offer 

several advantages including the limited risk of pathogen transmission, reduced batch-to-

batch variation and scale-up production. More importantly, 3D cultures provide an 

appropriate regulatory environment for cell activities such as proliferation, survival and 

differentiation (Burdick and Vunjak-Novakovic, 2009). For example, PEG-hydrogels 

stimulated chondrogenic MSC differentiation both in vivo and in vitro (Chung and 

Burdick, 2009). However, functionally-modified PEG with either growth factors like FGF 

or peptide sequences including YIGSR (laminin) and RGD (fibronectin) demonstrated to 

be able to facilitate MSC fate decisions (Marklein and Burdick, 2010). A similar study 

showed the ability of chitosan scaffolds to enhance the proliferation and neural 

differentiation of MSCs via the presentation of epidermal growth factor (EGF) (Leipzig, et 

al., 2010). The importance of these reports was further highlighted whereby both bio-

adhesive molecules and growth factors were found to in-directly and directly activate an 

integrin downstream signalling pathway (Brizzi, Tarone and Defilippi, 2012). Therefore, 

due to the ability of CG3K to (i) closely mimic the meshwork structure of the BM of the 

native stem cell niche and (ii) provide critical cellular signals such as YIGSR capable to 

affect MSC behaviours, PLL surfaces were successfully functionalised as described in 

Chapter 5.  

 

Although, no significant difference was detected in terms of number of adherent-MSCs 

onto both non- and dendron-modified PLL, the latter demonstrated greater control on MSC 

adhesion (Fig. 6.7). Indeed, the effect was more pronounced at P3 as the cells of P2 were 

in a phase of recovery following freezing-thawing process. It was thought that the potential 

of such effects might be due to the combination of hydrophilic surfaces (see Chapter 5), 
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nano-scale topography and finely tuned laminin-integrin interactions. However, this ability 

to form spheroids was gradually lost over further passaging. It can be speculated that the 

treatment of the cells with trypsin damages the integrins of the cell membranes thus 

limiting the biospecific ability of the biomimicking dendrons to control cell organisation. 

This was supported by confocal analysis where cells were positive for integrins mainly in 

the areas of the spheroids contacting the material surface (Fig. 6.13). As a result of this 

substrate-driven bioligand/integrin interactions, MSCs adhered onto dendronised substrates 

forming tightly packed 3D spheroids rather than becoming spindle-shaped fibroblast-like 

cells as observed onto both TCP and un-treated PLL surfaces (Fig. 6.9). The localisation of 

these cell adhesion receptors was mainly revealed at the periphery of the early spheroids 

recovering from thawing at P2, but gradually extended to all the cells contacting the planar 

surface of the dendrons in the more mature spheroids of P3 (Figures 6.13 C and 6.14 C g
1
-

h
2
). This organised distribution was almost completely lost at P4 when spheroids lost their 

organisation and cells acquired a spread morphology similar to those of the other two 

control substrates (i.e. TCP and PLL). It is well known that integrins transduce the signals 

required to mediate certain aspects of cell physiology and morphology via Rho family 

(Clark, et al., 1998). The latter includes Ras-related C3 botulinum toxin substrate 1 (Rac1), 

cell division cycle 42 (Cdc42) and RhoA which are strictly involved in cell-cycle and 

cytoskeleton organisation, respectively (Fig. 6.20).  

 

Fig. 6.20 Cell-cytoskeleton formation upon Rho family activation within cells via 

integrin regulation. Rho signalling proteins act as key regulators of cell shape and 

adhesion by either restraining actin filament formation through RhoA expression or 
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stimulating cytoskeleton organisation into lamellipodial and filopodial structures during 

Cdc42 and Rac1 regulation, respectively (Huveneers and Danen, 2009).  

 

The links between integrin/N-cadherin activation and actin cytoskeleton organisation were 

attributed to the coordinated cross-talk between RhoA and Rac1 (Fig. 6.21). Notably, 

integrin-mediated adhesion induces the autophosphorylation of FAK and its interaction 

with Src receptors (Huveneers and Danen, 2009). This complex creates additional protein 

binding-sites involved in Rac1 and RhoA and their signalling cascades of downstream 

ROCK protein activation (Figures 6.21 a-b) (Ratheesh, Priya and Yap, 2013).  

 

Fig. 6.21 Regulation of cell spreading activities through Rho family members. Cell 

spreading is directly controlled by Rac 1, which antagonises RhoA expression and 

promotes actin-mediated protrusion. At later phases of this process, Rac1 expression 

decreases whereas RhoA leads the formation of both stress fibres and focal adhesions 

through direct interaction with coiled-coil-containing protein kinase (ROCK). This process 

is directly controlled by FAK-Src receptor complex (Huveneers and Danen,  2009). 
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Therefore, integrin-mediated RhoA regulation (Figures 6.15 C g
1
-i

2
) was suggested to 

inhibit cytoskeletal contractility (Figures 6.8 g-h-i) within MSCs adhering onto dendron-

modified PLL substrates. As spreading begins within P4, RhoA expression gradually 

decreased (Fig. 6.15 C i
2
) with concomitant actin fibre formation and focal adhesion 

maturation (Fig. 6.8 i) typical of cells on both TCP and PLL surfaces over P2 to P4 

(Figures 6.8 a-f). These events were also accompanied with decrease in N-cadherin 

expression, which induced MSCs to migrate away from spheroids and to become spindle-

shaped cells (Figures 6.8 i and 6.14 C i
2
).    

 

However, the role of Cdc42 in this process is still unclear. One possibility is that physical 

limitation on cell spreading may induce Cdc42 to control the signal transduction pathways 

involved in cell cycle regulation (Chapter 1, Section 1.1.10.2.2). Recent studies have 

demonstrated that either several cyclin-dependent kinases (Cdks) which control 

progression through the G1 phase of the cell cycle or integrin signalling may regulate 

Cdc42 expression (Roovers and Assoian,  2006). The specific molecular mechanism 

involved in this complicated set of events is determined by the ERK pathway (Olson, 

Ashworth and Hall, 1995). Although the crosstalk between integrins and ERK signalling is 

unknown, ERK translocation to the nucleus and its interaction with Elk-1 is crucial in the 

control of the G1-phase cyclin Cdk network. This in turn promotes cyclin A activation and 

S-phase cell cycle progression (Fig. 6.22) (Aplin, et al., 2001). 

                                                                      

Fig. 6.22 ERK signalling pathway and its involvement in cell-cycle progression. After 
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its translocation to nucleus, ERK interacts with Elf-1 molecules and activates a signalling 

cascade that induces cell cycle progression in G1 to S phases (Aplin, et al., 2001). 

 

Many studies have reported that cell spreading is necessary for efficient cell cycle 

progression and MSC pluripotency (Schwartz and Assoian, 2001). In agreement with this 

evidence, MSCs on CG3K (YIGSR)16 substrates slowly proliferated and gradually reached 

confluency compared with those adhered onto non-modified PLL and TCP surfaces (Fig. 

6.10). It may be speculated that inactivation of ERK was reduced in the cells adhering onto 

dendron-modified PLL, and that this effect was responsible for the relatively slower rate of 

proliferation. Contrarily, ERK expression was strongly stimulated within cells proliferating 

onto both PLL and TCP surfaces. Thus, the presence of CG3K (YIGSR)16 on PLL surfaces 

attenuated the effects of both cell spreading and proliferation, respectively.  

 

Noticeably, N-cadherin, a marker of cell migration, was also highly expressed at the 

periphery of the spheroids suggesting a mechanism of control of spheroid size over time. 

Indeed, although spheroid counts throughout cellular passages were not taken, N-cadherin-

positive cells migrated from the periphery of the spheroids and colonised new area on the 

synthetic biomimetic BM inducing formation of new cell clusters (data not shown). 

 

It could be also hypothesised that reduced ERK activity was able to enhance the efficiency 

of MSC pluripotency by promoting expression of both Oct-4  and Nanog markers (Figures 

6.16 C g
1
-
 
i
3
).  

 

The presence of these pluripotency markers was previously considered to be an exclusive 

characteristic of ESCs. Both Oct-4  and Nanog are expressed at high levels in ESCs and 

regulate the expression of other genes such as STAT3, FGF2 and TGF during 

developments. More recent reports have found these markers also in adult MSC, but the 

specificity of the antibodies used in these studies is not widely accepted (Alvarez, et al., 

2010). In any case, their downregulation in ESCs is correlated with the loss of pluripotency 

and self-renewal capacities and hence the beginning of subsequent differentiation steps 

(Kashyap, et al., 2009). Therefore, the presence of stemness markers at peri- nuclear levels 

suggests that MSCs adhering on CG3K (YIGSR)16 substrates had high transcriptional 

activity of these factors, hence retained a multipotent phenotype (Figures 6.16 C g
1
-
 
i
3
) that 

was instead lost in cells adhering on both PLL and TCP surfaces (Figures 6.16 A-B). The 
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latter showed a reduced pluripotent gene expression that markedly declined with in vitro 

passaging of MSCs (Figures 6.16 A-B a
1
-f

3
). The molecular forces that increase expression 

of stemness factors within spheroid-forming MSCs are intriguing, but unclear. However, in 

accordance with previous studies, cell shape and intracellular biochemistry have been 

demonstrated to enhance Oct-4 and Nanog expression and thereby their stem cell 

characteristics including the capability to secrete VEGF (Klingemann, Matzilevich and 

Marchand, 2008). 

 

VEGF expression is regulated by hypoxia inducible factor-1α (HIF-1α), a powerful 

stimulator of angiogenesis and tissue regeneration (Tammela 2005). HIF-1 is a dimeric 

protein that consists of two subunits (α and β) which are normally localised in distinct 

compartments, nucleus and cytoplasm, respectively. During hypoxia, HIF-1α is induced to: 

(i) migrate to the nucleus, (ii) bind HIF-1β and (iii) form a stable complex that directly 

regulates VEGF transcription and stabilisation (Semenza, et al., 1997).  

 

Interestingly, HIF-1α is actually the principal target in gene therapy as its regulation 

enhances VEGF production and thus triggers the angiogenesis process (Giacca, Simon and 

Johnson, 2004). For instance, transplantation of cultured MSCs-expressing HIF-1α into 

infarcted heart tissue contributed to cardiac myocyte regeneration and angiogenesis 

stabilisation (Pittenger and Martin, 2004). Moreover, by stimulating higher VEGF 

expression via HIF-1α regulation, well-functionalised blood vessels were formed after 

MSCs’ implantation (Chavakis and Dimmeler, 2010). 

 

Recent in vitro studies have also reported a possible involvement of HIF-1α in mediating 

the cross-talk between MSC and endothelial cells (EC) (Kasper, et al., 2007). Interestingly, 

free-floating MSCs forming-3D spheroids were found to stimulate EC proliferation and 

migration as well as tube-like formation to a much higher extent than those grown as 

monolayers. The underlying effects of these mechanisms appeared to be dependent on the 

VEGF and FGF signalling pathways via HIF-1α regulation that served as a mediator 

between cells (Kasper, et al., 2007).  

 

This suggestion is consistent with data reported in this study whereby increasing VEGF 

production (Fig. 6.18) and an intense HIF-1α expression by MSC spheroids (Figures 6.17 

C g
1
-i

1
) supported capillary-like structure formation (Figures 6.19 o-q). Noticeably, the 
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VEGF release from the spheroids was significantly higher compared to that obtained from 

MSCs cultured onto control substrates (Fig. 6.18). These findings were directly correlated 

with HIF-1α expression, which highly expressed throughout the 3D cellular aggregates 

(Figures 6.17 C g
1
-h

1
). However, the interpretation of these results remain complicated as 

cells adhered on both TCP and PLL substrates expressed appreciable VEGF levels (Fig. 

6.18), but did not show a possible paracrine role for HIF-1α-dependent VEGF synthesis 

throughout P2 to P4 (Figures 6.17 A a
1
-c

1
).  

 

As VEGF activation is generally correlated with increased HIF-1α induction in response to 

hypoxia, here results show an exception to this whereby the relatively high VEGF 

secretion might be caused by the higher cell density observed on both PLL and TCP 

surfaces from P2 to P4 (Figures 6.9 a-b). In this regards, recent studies have reported that 

cells, at confluence, released stresses (i.e. acidosis) that reduced both glucose concentration 

and the pH of the media leading to VEGF protein production (Weil, et al., 2009). In 

contrast, in this study HIF-1α was activated and recruited to participate in the 

transcriptional activity of VEGF in spheroids. Its expression was detected within the nuclei 

of cells, particularly in the interior of spheroids suggesting that these were hypoxic 

throughout the experimental time course (Figures 6.17 C g
1
-i

1
).  

Therefore, dendronised substrates seem to contain the complete set of biophysical cues 

required for developing spheroids with intrinsic low oxygen hypoxic microenvironment 

capable to preserve the stem cell multipotent phenotype.  

 

There are actually several contradictory studies regarding the effects of low oxygen levels 

on stem cell behaviour. It has been reported that hypoxia may promote either pluripotency 

or differentiation of MSCs (Basciano, et al., 2011). For instance, HIF-1α activation was 

found to maintain the undifferentiated MSC state via up-regulation of both Oct-4  and 

Nanog (Tsai 2011). Conversely, it potentiated neuronal and endothelial differentiation of 

MSCs by suppressing Oct-4  expression (Paulis, et al., 2010). Such a great controversy on 

the effects of hypoxia on the stemness may be derived from various factors including 

culture incubation time, source of cells, donors, growth factors and cell culture 

supplements. However, in this study, hypoxia-induced HIF-1α enhanced VEGF secretion 

by MSC spheroids and promoted capillary-like structure formation (Fig. 6.19).   

Particularly, the angiogenic potential of conditioned medium derived from both MSC 

monolayers and MSC spheroids provided sufficient biological factors suitable for affecting 
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EC responses in a 3D in vitro assay. The VEGF presence led HUVECs to (i) rapidly 

proliferate, (ii) align end-to-end and finally (iii) form tube-like structures (Figures 6.19 a-

p). These events, however, were more enhanced in HUVECs cultured in media derived 

from the MSC spheroid cultures. A remarkable increase in tubule complexity appears to 

promote both the structure and stabilisation of the capillary-like structures when compared 

to the control samples (Fig. 6.19 q).  It can be speculated that other pro-angiogenic growth 

factors (i.e. FGF) were released by the MSC and indeed present at higher levels in the 

medium contacting the spheroids. This evidence is in accordance with previous reports 

whereby co-release of VEGF and FGF promoted EC migration, proliferation and 

maturation of a complex in vitro vasculature compared to the delivery of VEGF alone 

(Richardson, et al., 2001). Therefore, distinct regulatory mechanisms appear to act on 

MSCs and to mediate their beneficial effects for therapeutic angiogenesis. 
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6.5 Conclusion 

 

MSCs have provided exciting prospects for tissue regeneration and therapeutic 

angiogenesis. However, their translation into therapeutic and clinical applications is still 

limited as MSCs easily lose their native characteristics and self-renew properties and 

consequently their regenerative capacities. In an attempt to overcome these limitations, 

MSCs were grown in a dendron-modified PLL substrate able to mimic features of the BM 

present in the stem cell niche. the dendrons offered a set of spatially ordered bio-ligands 

capable of controlling the pluripotency and angiogenesis-promoting capacities of MSCs in 

a well-controlled manner.  

 

This new technological platform encouraged spheroid formation and shed light on MSC 

behaviour in a way that other conventional culture systems have not been able to do. 

Indeed, due to the ability of CG3K (YIGSR)16 to recapitulate the elaborate biological 

recognition and signalling functions of the BM the potential of MSCs as therapeutics  to 

promote angiogenesis in tissue regeneration has been strongly supported. 
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7.1 General Discussion and Further Work 

 

The idea that the regeneration/repair of tissue following pathways as close as possible to 

the physiological consitions is strictly dependent on the either formation or inhibition of 

blood capillary blood vessels, has led in to development of innovative clinically-

performing biomaterials with bio-targeting properties for the control of angiogenesis. For 

instance, osteoarthritis and rheumatoid arthritis are common inflammatory diseases 

characterised by progressive cartilage degeneration resulting in severe functional 

limitations and a reduced quality of life (Pulsatelli, 2013). In addition, excessive 

angiogenesis and senescent endothelium contribute to the progression of several diseases 

including osteogenesis imperfecta and osteoporosis (Caplan, 2009). 

 

Recent advances in the understanding of the angiogenic process and in the identification of 

specific angiogenic growth factors have prompted the search for new therapeutically-active 

drugs and biomaterials.  

 

In 1989, Ferrara and Henzel cultured a population of follicular cells from bovine pituitary 

glands and discovered that the supernatants deriving from their culture medium strongly 

promoted endothelial cell growth. This discovery led to the isolation and sequencing of a 

mitogenic protein currently known as VEGF (Ferrara and Henzel, 1989).  Subsequently, in 

the 1970s, Folkman assumed that blockade of angiogenesis could be used as a strategy to 

treat cancer and other angiogenic disorders (Folkman, 1972).  

Afterwards, several studies demonstrated that VEGF is (i) produced during hypoxia, (ii) 

highly selective for endothelial cells and (iii) involved in multiple aspects of the 

angiogenic signalling cascade (Carmeliet, 2000).  

 

Thus, despite the complexity of the angiogenesis process and the potential redundant 

activity of the implicated growth factors, the most successfully approach to modulate 

angiogenesis has been the use of compounds that directly act on VEGF signalling pathway 

(Bischoff and Griffioen, 2008). This idea is based on the fact that either under pathologic 

or physiologic conditions, its activation is the first process to take place during 

angiogenesis (Somanath, et al., 2009). Therefore, numerous clinical trials and agents such 

as Sorafenib (Nexavar, Bayer) and Bevacizumab (Avastin
TM

, Genentech) have been 
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recently approved by FDA and demonstrated an ability to control angiogenesis by forming 

a complex with either VEGF or its receptors resulting in the regulation of downstream 

signalling pathways such as MAPK and ERK (Sharma, et al., 2011). Although these large 

molecules have been proposed for drug targeting, their clinical use may be limited because 

of their large size which precludes efficient tissue penetration, lack of specific interactions 

and elevated production costs (Chames, et al., 2009). Generally, the therapeutic 

concentration of growth factors is maintained in the body by repeated drug administration. 

This is known, however, to lead to severe side effects associated with initial elevated 

concentration of drugs followed by their rapid degradation (Davis and Leach, 2011). 

Indeed, high dose administration of growth factors results in transient and inadequate 

biological responses (Lee and Nan, 2012).  

 

Synthetic peptides have currently shown their great efficacy in the treatment of vascular 

disorders such as cardiac ischemia, tissue grafts and cancer (Nugent and Edelman, 2003). 

The potential of using peptides as angiogenic drugs is still under investigation, but they 

have already been demonstrated to offer relatively lower manufacturing costs, less risk of 

an immune response and greater stability over the conventional anti-angiogenic inhibitors 

(Lien and Lowman, 2003). Most recent, studies have tested the relative importance of the 

short amino peptide sequence (Park, Tirelli and Hubbell, 2003). For instance, a 

heptapeptide sequence-WHLPFKC has shown the potential to obstruct VEGF-VEGFR2 

interactions and to inhibit both endothelial cell migration and proliferation in a finely-

controlled manner (see Chapter 3) (Erdag, et al., 2007). In contrast, a fifteen amino acid 

peptide termed QK that mimicked the active domain of the native VEGF potentiated the 

endothelial cell response and indeed in vitro angiogenesis (D’Andrea, et al., 2005). 

 

Similar to peptides, aptamers (from the Latin aptus, to fit, and the Greek meros, part or 

region) have demonstrated their ability to bind specific angiogenic target molecules such as 

MMPs (Hoppe-Seyler, et al., 2004). Aptamers represent a short variable peptide domain 

presented in the context of a supporting protein scaffold. Similar with other entities (i.e. 

ribozymes and antibodies), they offer molecular recognition properties while offering the 

advantage of being (i) easily engineered, (ii) readily produced by chemical synthesis and 

(iii) susceptible to a limited or no immune response (Borghouts, Kunz and Groner, 2005).  

The typical structure of peptide aptamers is a short peptide region inserted within a 

scaffold protein. The short peptide region is responsible for binding its target protein and 
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the scaffold protein helps to enhance the binding affinity and specificity through restriction 

on the conformation of the binding peptide. However, only a few anti- and pro-VEGF 

aptamers have recently been demonstrated to be able to control the autocrine VEGF effects 

on endothelial cells both in vitro and in vivo (van Wijngaarden, Coster and Williams, 

2005). Among them, Pegaptanib is the only anti-angiogenic aptamer actually approved for 

use in humans by the FDA (Vinores, 2006). In general, non-engineered aptamers have 

shown instability and a transient action on VEGF blockade that limit their clinical use 

(Trujillo, et al., 2007). 

 

Controlled drug delivery system is an attractive strategy to solve many of the problems 

related to the route of administration and delivering of bioactive molecules (Uhrich, et al., 

1999). In particular, polymers have been used to entrap bioactive molecules and to drive 

their release in a controlled fashion thus leading to the development of potential 

biomaterial carriers suitable for drug delivery applications as described in Chapters 3 and 4 

(Shin, et al., 2007). Among them, dendrons are an emerging and innovative class of 

hyperbranched synthetic polymers the use of which in regenerative medicine has shown a 

significant potential (Tomalia, 1991). The success of these polymers as carriers or 

biomaterials is due to their 3D molecular architecture, capable of confining and releasing 

certain drugs under specific conditions (i.e. temperature and pH) (see Chapter 2) (Gupta, et 

al., 2006). In particular, nanoscale poly-ɛ-lysine dendrons with biomimetic and bio-

functionalised properties used in this work offer the advantage of not only controlling the 

release of specific docking sites for VEGF, but also of mimicking a non-woven network 

capable to provide specific binding sites for the modulation of several angiogenic 

signalling pathways. 

 

Dendron synthesis, characterisation and properties. In order to pursue the beneficial 

effects from both aptamers and peptides, in this study, dendronised peptides have been 

designed and synthesised as suitable angiogenic regulators for tissue regeneration. For the 

first time, the exquisite control of the peptide synthesis and the optimisation of their 

characterisation steps led to the production of novel hyperbranched poly(ɛ-lysine) 

dendrons with suitable properties that facilitated the tuning of their (i) architectural design, 

(ii) concentration-, generation- and surface charge-dependent, (iii) cytotoxicity (iv) long 

term tissue retention and (v) bio-functionality. In contrast to the linear polymers, these 

dendrons have been easily controlled in their molar mass, size, shape and periphery owing 
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to the strategy of synthesis. They were based on the amino acid lysine which is 

inexpensive, stable in solution and contains an alkyl amino side-chain capable to assist the 

introduction of numerous branching points and indeed the development of an asymmetrical 

branched unit. The latter was assembled using SPPS by a microwave based-Fmoc solid 

phase peptide synthesis on Tenta gel-NH2 resin as described in Chapter 2. Although, the 

combination of SPPS with the microwave method has initially proven to be an effective 

tool for the development of difficult peptide sequences with high degree of accuracy and 

reproducibility, problems related to resin aggregation and generation of impurities have 

been only avoided after optimisating the conventional microwave system (see Chapter 5, 

Table 5.1). The modification of the method consisted of a reduction in temperature values 

(< 60 ⁰C) during all coupling steps followed by deprotection of peptide with a cycle 

consisting of 2 minutes at room temperature. This resulted in complete removal of the 

Fmoc-group thereby preventing the degradation of the dendron which is well-know to be 

higher than 70 ⁰C (unpublished data). By reducing coupling and deprotection reaction 

times, the synthesis was also completed two times faster over the use of other conventional 

systems. 

Thus, the use of  the new microwave-assisted SPPS method allowed the assembly of 

peptides with a high degree of purity (Chapter 5, Fig. 5.10 b) and offered improvements in 

speed, chemical usage and synthesis efficiency. Most importantly, it allowed the assembly 

of dendrons with a dual-functionality. In general, distinct amino acids including di-

phenylalanine (see Chapter 3, Section 3.3) and cysteine (see Chapter 5, Section 5.3) were 

used as core molecules and presented at their root once the dendrons were cleaved from the 

resin (first functionality). This allowed them to interact either with several biomaterials 

(i.e. Gellan gum gel, Ultrafoam
TM

 collagen scaffolds) (see Chapters 3 and 4) or with 

extracellular matrix proteins like collagen (Matrigel
TM

) (see Chapter 3) allegedly through 

hydrophobic interactions promoted by the di-phenylalanine-based molecular root. 

Depending on the tissue regeneration target, the dendron uppermost branching generation 

were modified with specific bio-active molecules including VEGF blocker sequences and 

laminin-mimicking linear-peptide sequence (second functionality). The latter was exposed 

on the uppermost branching of the third-generation dendrons which are likely devoid of 

toxicity and capable to display a higher number of bio-active motifs (sixteen vs. eight at 

generation 2) arranged at suitable positions for recognising target molecules. This is in 

accordance with recent effective strategies that have been adapted for modulating or 

minimising dendrimer-related cytotoxicity issues by reducing either their dimensions or 



265 

 

increasing the amount of presenting-sequences (Chauhan, et al., 2009). For instance, lower 

generation dendrimers (G0 to G3) tend to exhibit considerably less cytotoxicity and intra-

cellular retention than higher generation (> G4) (Menjoge, Kannan and Tomalia, 2010). 

Moreover, PAMAM dendrimers of G5 were modified with cyclic RGD targeting peptides 

and successfully used as vectors for the delivery of siRNA to malignant glioblastoma cells 

(Waite and Roth, 2009).     

 

Therefore, microwave-assisted SPPS demonstrated to be a valuable tool for the production 

of difficult sequences such as FFG3K (WHLPFKC)16 and CG3K (YIGSR)16 with a degree 

of purity always higher than 80 % after HPLC purification (see Chapter 3 and 5, Figures 

3.8 c and 5.10 b, respectively). Their high solubility in both aqueous and organic solvents 

offered the advantage to sterile dendrons by simple filtration and thus to use the common 

unit operations frequently applied in the pharmaceutical manufacture of protein or peptide 

solutions. Considering the relatively lower therapeutic doses (nanomole scale) required to 

have any significant effect on the angiogenesis process (see Chapters 3 and 6), the scale of 

these batches also show the industrial feasibility of peptide synthesis. 

 

Indeed, the fine control of the dendron purification and characterisation presented in this 

study, demonstrate that both FFG3K (WHLPFKC)16 and CG3K (YIGSR)16 may (i) 

functionalise biomaterials, (ii) tune their biocompatibility and bio-activity, (iii) enhance 

their bioactivity by displaying biological motifs at high density in the microenvironment 

and making them more accessible to bio-specific-binding and (iv) act as angiogenic 

regulators.  

 

The use of dendrimers in relation to angiogenesis has been restricted to applications such 

as MRI contrast agents and carriers for anti-angiogenic genes (e.g. tissue inhibitor of 

metalloproteinase-2). Interestingly, these molecules have been previously described to 

exhibit anti-angiogenic activities both in vitro and in vivo (Knopp, von Tengg-Kobligk, 

Choyke, 2003; Vincent, et al., 2003). However, there have not been any previous reports 

on the dendrimer-promoted angiogenic capacity. 

  

The present study is based on the hypothesis of developing novel bio-active nano-

structured materials capable of not only inhibiting, but also stimulating angiogenesis in 

tissue regeneration.  
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Dendron as anti-angiogenic inhibitor. In the recent years, dendrons have shown their great 

ability to inhibit angiogenesis (Byrne, Bouchier-Hayes and Harmey, 2005). For instance, 

the local administration of anti-angiogenic/heparin-binding arginine dendrimers inhibited 

capillary expansion as well as stabilisation in the chick chorioallantoic membrane (CAM) 

assay (Kasai, et al., 2002). Treatment of glucosamine 6-sulfate-conjugated PAMAM in 

corneal rabbits resulted in a significantly increased survival time of 80 % over untreated 

control animals (Shaunak, et al., 2004). Although, these studies have successfully 

demonstrated the intrinsic anti-angiogenic properties of dendrimers, their mechanisms of 

action in controlling angiogenesis in tissue regeneration was never investigated. In 

addition, their effective in vivo use was shown to be limited by either lack of an optimum 

pharmacokinetic profile or systemic toxicity at biologically active doses ( > 20 µg/mL) 

(Vincent, et al., 2003). 

 

In this study, FFG3K (WHLPFKC)16 at non-citotoxic concentrations in the range of 0.0162 

to 16.2  nM was found to inhibit endothelial cell proliferation (Chapter 3, Fig. 3.12) and 

endothelial cell sprouting both in vitro (Chapter 3, Fig. 3.14 g-h) and in vivo (Chapter 4, 

Section 4.3). As it was shown for linear VEGF blocker in previous studies (Erdag, et al., 

2007), the ability of FFG3K (WHLPFKC)16 to control angiogenesis was likely to be due to 

the inhibition of VEGF binding to its HUVEC receptors. It has been reported that 

WHLPFKC is able to mimic a discontinuous binding site on the receptor, formed by 

residues (WxLP motif) that are distant in the primary VEGFR sequence, but in close 

proximity by tertiarty structure of the protein (Erdag, et al., 2007). This is in accordance 

with the VEGF crystal structure analysis that has been recently resolved (Muller, et al., 

1997). The ability of this peptide to induce a conformational change of VEGF thus 

preventing its binding to its receptor has also been postulated (Erdag, et al., 2007). Further 

work must be conducted to understand if this hypothesis is valid. However, due to the 

relative hydrophobic character, linear VEGF blockers was demonstrated to be capable of 

establishing a bond not only with VEGF165 at molar ratio of 1:1, but also with both type I 

and II collagen (Erdag, et al. 2007; Meikle, et al., unplished data). This may explain the 

analysis came from the combination of the cell studies (Chapter 3, Fig. 3.14) combined to 

the measure of the levels of VEGF in their supernatants (Chapter 3, Fig. 3.16). ELISA 

assay data (Chapter 3, Fig. 3.16) show that VEGF concentration in the supernatants of the 

3D Matrigel model was progressively reduced in the presence of both linear and 

dendronised VEGF blockers. Interestingly, the retention time of dendrons within the gel 
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appeared to be higher when compared to the linear one ensuring a relatively more 

prolonged VEGF-blocking effect (Chapter 3, Fig. 3.16). This suggests that the 

hydrophobic interactions between dendronised VEGF blockers and ECM proteins were 

stronger than those established with the linear WHLPFKC.  

The progressive reduction of VEGF levels also elucidates the regression of the capillary-

like structure over 48 hours. It seems that endothelial cell sprouting was initially stimulated 

by both endogenous and spiked VEGF, but the presence of blockers led not only to the 

inhibition of a network formation at 24 hours (Chapter 3, Figure 3.14 c-d), but also to their 

regression after 48 hours (Chapter 3, Figure 3.14 e-f). Although the method did not allow 

the quantitative evaluation of the structure regression, it appeared that dendronised VEGF 

blocker could induce cell blebbing, a feature typical of cell apoptosis, already at 24 hours 

(Chapter 3, Fig. 3.14 g). Whereas, the WHLPFKC had a similar effect only after 48 hours 

(Chapter 3, Fig. 3.14 f) even though the tube formation was minimally suppressed within 

24 hours and completely regressed up to 2 days (Chapter 3, Figures 3.14 e and h). The 

difference in their anti-angiogenic effect may be due to the faster rate of diffusion of the 

linear form from the gel mesh that led to a more rapid efficiency. Similar anti-angiogenic 

effects were observed in the case of the WHLPFKC-functionalised iGG-MA hydrogels in 

vitro (Chapter 3, Figures 3.17 d-e-f and 3.18 b). The latter induced a more pronounced area 

of inhibition compared to the dendronised blocker, which, in contrast, ensured a long-term 

anti-angiogenic efficacy (Chapter 3, Figures 3.17 g-h-i and 3.18 c). Probably, the relatively 

hydrophobic nature of FFG3K (WHLPFKC)16 was likely to favour their binding to most of 

the hydrophobic residues (i.e. methacrylate groups in the iGG-MA chain and 

phenylalanine, isoleucine, valine, methionine and alanine in the Type I collagen), thus 

being retained within the biomaterial matrix for longer period of time and becoming able to 

provide a more accurate spatio-temporal control of angiogenesis. 

 

The anti-angiogenic capacities of dendronised VEGF blockers to inhibit and revert 

angiogenesis was clearly supported by in ovo and in vivo studies. At nanoscale 

concentration (1.62 nM), FFG3K (WHLPFKC)16 induced vessel regression via VEGF 

inhibition by apoptosis induction. Using immunohistochemical techniques, apoptosis was 

significantly identified by positivity of the cells to the immunostaining for caspase-3 when 

dendronised VEGF blocker-functionalised Ultrafoam collagen samples were compared to 

the control (Chapter 4, Fig. 4.14). The functional interplay between VEGF and caspase-3 

has not been investigated in the present study. However, the results obtained support the 
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hypothesis that an increased rate of apoptosis determined by VEGF depletion in the micro-

environment contributed to the inhibition of angiogenesis and to the regression of pre-

formed vessel (Chapter 4, Fig. 4.14 b
1
). The differences were more remarkable in small 

vessels of dendron-functionalised biomaterials (Chapter 4, Fig. 4.14 b
1
 black arrow) 

suggesting that FFG3K (WHLPFKC)16  is a key determinant of programmed cell death. 

The latter is argued to be the cause of reduced cellularity as well as vessel diameter and 

length (Chapter 4, Figures 4.9 and 4.12 a-b) associated with a vWF deprivation (Chapter 4, 

Fig. 4.13 b
1
, green arrow). Although, the lack of suitable chicken antibodies limited the 

study of these pro-apoptotic effects in CAM model, reduced vessel diameter and length 

(Chapter 4, Figures 4.8 d-e-f and 4.9 a-b) could be, in principle, the result of VEGF 

availability by dendronised VEGF blocker activities. After 4 days of incubation, FFG3K 

(WHLPFKC)16 dramatically affected cellularity (Chapter 4, Fig. 4.6) and vessel 

stabilisation precisely at the material/tissue interface (Chapter 4, Fig. 4.7 b
1
). These 

changes in VEGF availability led to a decrease in vessel shape which capillaries were 

smaller rather than longer and well-organised as observed in the control (Chapter 4, Fig. 

4.8).  

 

Such results are in agreement with recent studies whereby destabilised retinal vessels 

gradually regress instead of undergoing angiogenesis. The lack of VEGF expression via 

Notch has been identified as one of the determinants in this critical event (Gariano and 

Gardner, 2005). Therefore, it could be speculated that dendronised VEGF blockers were 

capable of activating Notch in order to drive the regression process within immature CAM 

vessels. 

 

Thus, controlling the perfect balance between apoptosis activation and VEGF-induced 

vessel formation, dendronised VEGF blockers supported the fact that VEGF inhibition is 

one of the key events in preventing angiogenesis.  

 

Indeed, their combination with specific biomaterial systems enabled the development of 

innovative anti-angiogenic implantable biomaterials able to (i) enhance WHLPFKC bio-

activities and (ii) provide an additional therapeutic benefit to the iGG-MA hydrogels and 

Ultrafoam collagen foam scaffolds. Most importantly, the present study has contributed to 

fill the knowledge gaps in the understanding of the distinct molecular and biochemical 

mechanisms involved in vascular regression. Here findings show for the first time the 
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likely roles of two main signalling pathways and their intricate anti-angiogenic effects on 

vessel growth, diameter and morphology as described in Chapter 4.               

The choice of both iGG-MA and Ultrafoam collagen materials for this in vivo study was 

made in function of their similar chemical nature to the host tissues (i.e. collagen-based 

connective tissue and hyaluronic acid-based chick chorioallantoic membrane) and because 

their angiogenic capacity as recently reported (Silva-Correia, et al., 2012; Sundaram and 

Keenan, 2010). For instance, the angiogenic response of iGG-MA hydrogels was 

investigated by performing CAM assay. Results demonstrated that they were well-

tolerated, adhered firmly to the CAM and did not elicit any inflammatory reaction. Most 

importantly, iGG-MA hydrogels were able to control endothelial cell infiltration and blood 

vessel invasion during a week of implantation. This allowed iGG-MA to be applied by 

simple injection for the regeneration of tissues including cartilage and nucleus pulposus 

(Silva-Correia, et al., 2011). Collagen scaffolds are also appealing from both surgical and 

tissue engineering applications and suitable for material modification (e.g. with thrombin) 

in order to minimise their inflammatory response and penetration of blood vessels within 

its porosity. In this study, findings demonstrate that dendronised VEGF blocker represents 

a potentially useful biofunctionalisation for both iGG-MA hydrogels and Ultrafoam 

collagen scaffolds due to its ability to not only prevent blood vessel ingrowth within 

implants, but also to block angiogenesis and indeed regression of pre-formed capillaries. 

Results also showed that both implants were well-tolerated, with no observed toxicity and 

very little fibrous encapsulation of the implant (Chapter 4, Figures 4.6 and 4.10). 

Therefore, due to the properties of these new implantable systems to allow controlled and 

sustained-release of dendronised anti-angiogenic agents, their consideration as an 

alternative therapeutic option to treat locally distinct angiogenesis pathologies may not be 

so far away. It could be speculated that dendronised VEGF blocker-functionalised iGG-

MA hydrogels might be injected and used to treat uveitis, cystoid macular edema and 

macular degeneration. They may be also applied in clinics as a therapeutic agent to treat 

traumatic brain injury, which is characterised by excessive blood vessel and axonal 

sprouting. The low concentration of dendronised blocker slowly released from hydrogels 

implanted in the damaged brain might effectively favour neural tissue regeneration in 

which capillaries are confined to the cerebral cortex without invading the rest of the 

regenerating tissue. In addition, implantation of FFG3K (WHLPFKC)16-functionalised 

collagen scaffolds may improve health outcomes including reduction of symptoms and 

restoration of knee function in patients with meniscus injuries or tears.      
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However, while the mediators that are able to prevent angiogenesis have been the object of 

extensive investigation, only recently stimulation of angiogenesis has been taken into 

consideration.  

 

Dendron as phenotypic and pro-angiogenic regulator. It is well established that 

angiogenesis induction can be achieved in vivo by delivery of either specific growth factors 

including VEGF or distinct cell sources (i.e. stem cells) directly to the targeted site (Jain, 

2005). Although, both strategies, commonly known as therapeutic angiogenesis, have 

initially shown promise in the regeneration of several vascularised tissues including bone 

and skin, their clinical use is still limited (Chapter 6, Section 6.1) (Simara, Motl and 

Kaufman, 2013).   

 

The advent of regenerative medicine and tissue engineering (Chapter 1, Section 1.1.1) has 

led to the development of appropriate biomaterial-based microenvironments able to 

provide efficacious treatments for pathological angiogenesis (Chapter 5, Section 5.1.1) 

(Goldberg, Langer and Jia, 2007). These beneficial effects were markedly observed when 

matrices were combined with specific BM cues (e.g. laminin) (Saik, McHale and West, 

2012; Onuki, et al., 2008) to stimulate angiogenesis in tissue regeneration (Silva and 

Mooney, 2004). In particular, these bio-cues were able to attract cells relevant to tissue 

regeneration or hMSCs triggering their differentiation processes and making them capable 

of producing pro-angiogenic factors including VEGF (Kasper, et al., 2007). For instance, 

the presence of either MSCs or MSC-conditioned medium has been shown to promote 

dermal fibroblast responses (i.e. proliferation and migration) and to accelerate skin 

regeneration both in vitro and in vivo (Hocking and Gibran, 2010; Smith, et al., 2010). 

Moreover, conditioned medium from MSCs containing VEGF, βFGF and Angiopoietin-1 

was injected into acutely infarcted hearts and observed to increase capillary density and to 

decrease infarction size compared with controls (Takahashi, et al., 2006). 

 

However, lack of information on the signals that control MSC behaviour has made their 

clinical and therapeutic use highly challenging (Caplan, 2009).  

 

A large body of evidence suggests that hMSC activities are governed by a complex 

interplay between cell signals and stimuli from the stem cell niches (Lai, et al., 2010). The 

relationship between MSCs and their niches is highly dynamic and plays a critical role in 
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stem cell survival, proliferation, migration and differentiation (Lutolf and Blau, 2009). It is 

well established that such cellular processes are modulated via integrin activation and its 

downstream signalling pathways (see Chapter 6, Fig. 6.3) (Fong, 2007). Thus, in order to 

closely mimic this in vivo microenvironment and indeed better understanding its 

complexity, MSCs are commonly isolated from tissues and cultured on traditional 2D- and 

3D-culture systems (Campbell and Watson, 2009). However, progress in the development 

of 3D multicellular spheroid cultures have shown to allow precise investigation about 

hMSC biology.  

 

The spherical cellular aggregates were first introduced as an approach to understanding 

regulative morphogenesis. Later on, studies ranging from tumour to tissue regeneration 

have introduced 3D spheroid systems as an intermediate model between conventional in 

vitro cultures and experimental animal methods (Rossi, et al., 2005).    

  

In spite of these numerous applications, relatively little is known about the details of 

spheroid formation. Spheroids can be produced from many cell lines (i.e. embryonic stem 

cells, hepatocytes and cancer cells) under conditions that favor cell-cell and cell-matrix 

adhesion. For instance, recent studies have reported that collagen/β1 integrin interaction is 

required for the growth of embryoid bodies and their differentiation into cardiomyocytes 

(Zeng, et al., 2013). Moreover, dermal papilla cells were able to induce hair follicle 

neogenesis when transplanted as aggregates (Huang, et al., 2013).  

 

Technically, a single cell suspension is directly cultured on either (i) tissue culture plates 

coated with non-adhesive substances (i.e. agarose) or (ii) roller flasks and shakers, which 

stimulate cells to interact with each other rather than to attach material surfaces. The cells 

are then raised into the culture medium to avoid disaggregation and induced to form 

cellular spheroids.  

 

In contrast, using the conventional 2D cell culture technique, in this study, MSCs adhered 

onto CG3K (YIGSR)16 modified-PLL substrates gained the ability to spontaneously form 

3D spheroids (see Chapter 6, Fig. 6.11). These established stable cell-material interactions 

occurred through integrin engagement (Chapter 6, Figures 6.13 g
2
-i

2
), which induced 

MSCs to undergo morphological changes driven by an inhibition of the actin fibres 

(Chapter 6, Figures 6.8 g-i). In agreement with previous studies, these morphological 
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alterations appeared to be guided by members of the ROCK regulator family (Chapter 6, 

Figures 6.15 g
2
-i

2
) (Huveneers and Danen, 2009).  

 

It has recently shown that 3T3 fibroblast cells grown on fibronectin-coated plates elicited a 

transient Rho inhibition associated with robust and elongated fibre formation (Ren, Kiosses 

and Schwartz, 1999). Likewise, p190RhoGAP, an RhoA inhibitor, induced cell spreading 

and migration of rat fibroblasts seeded on a fibronectin substrates (Arthur and Burridge, 

2001).  

 

In this study, Rho-A was found to be inactivated and thus capable to enhance cell 

spreading induction within cells plated on TCP and PLL (Chapter 6, Figures 6.15 A a
2
-b

2 

and 6.15 B d
2
-e

2
). MSCs on these surfaces showed that β1 integrins (Chapter 6, Figures 

6.13 A a
2
-b

2 
and 6.13 B d

2
-e

2
) and N-cadherin expression were localised in focal points as 

reported in literature in connection to typical cell adhesion by spreading and in response to 

in vitro motility, respectively (Chapter 6, Figures 6.14 A a
2
-b

2 
and 6.14 B d

2
-e

2
). 

Interestingly, an activation of both N-cadherin and Rho-A was observed within the nuclei 

of these cells at P4 (Figures 6.14 A c
2
 and 6.15 B -f

2
). It could be speculated that this 

combined expression could lead to MSC differentiation into specific tissue cells as 

reported in recent studies (Arnsdorf, Tummala and Jacobs, 2009). However, further 

research need to be undertaken in order to validate this theory. In contrast, integrin-

mediated RhoA regulation (Figures 6.15 C g
1
-i

2
) inhibited cytoskeletal contractility 

(Figures 6.8 g-h-i) within MSCs adhering onto dendron-modified PLL substrates. As 

spreading begins within P4, RhoA expression gradually decreased (Fig. 6.15 C i
2 

yellow 

arrow) with concomitant actin fibre formation and focal adhesion maturation (Fig. 6.8 i) 

typical of cells on both TCP and PLL surfaces over P2 to P4 (Figures 6.8 a-f). These 

events were also accompanied with decrease in N-cadherin expression, which induced 

MSCs to migrate away from spheroids and to become spindle-shaped cells (Figures 6.8 i 

and 6.14 C i
2
) as described in Chapter 6.    

Collectively this data suggests that integrins and cadherins control Rho signalling in a 

comparable manner and alterations in Rho protein activity assist in a feedback mechanism 

cell-matrix and cell-cell interactions, respectively.    

Another interesting insight that emerged from these findings is that CG3K (YIGSR)16 

modified-PLL substrates were able to control the self-renewal and undifferentiated state of 

these cells as well as migration (see Chapter 6, Figures 6.14 g
2
-i

2
 and 6.16 g

3
-i

3
 ). The 



273 

 

mechanisms involved in such effects remain poorly understood due to the lack of specific 

molecular markers. However, several experiments on ESCs have recently suggested that 

adhesion molecules may control stem cell activities in a precisely defined manner (Lutolf 

and Blau, 2009). Mouse ESCs plated on integrin β1-coated PEG hydrogels, for instance, 

sustained proliferation and stem cell markers of expression (i.e. Oct-4  and Nanog) (Lee, et 

al., 2010). Moreover, it has been demonstrated that N-cadherin overexpression inhibits 

osteogenic differentiation, but promoted MSC migration (Shih and Yamada, 2012). Further 

in vivo studies revealed that such effects were strictly ERK signalling dependent (Xu, et 

al., 2013).  

  

Therefore, it could be speculated that dendronised substrates controlled MSC self-renewal 

as well as fate decisions via upregulation of both integrin and N-cadherin receptors. 

Alternatively, the asymmetric stem cell division likely played a critical role within MSC 

spheroids. 

 

During asymmetric division, two distinct daughter cells are generated in response to niche-

derived signals (Pereira, et al., 2001). The mitotic spindle (Chapter 1, Fig 1.19) seems to 

regulate such mechanisms in which their perpendicular orientation to the niche induces one 

daughter cell to be positioned at a maximum distance from the source of the signal. Thus, 

one or more cellular constituents are preferentially segregated into only one of the two 

daughter cells inducing them to acquire a distinct size as illustrated in Fig. 7.1. In this case, 

the two daughter cells are initially identical, but their exposure to distinct signals induces 

different fates including self-renew as well as proliferation and differentiation (Yamashita, 

et al., 2007). 

 

Fig. 7.1 Schematic representation of asymmetric cell division. Upon niche-derived 

signals (red), centrosomes migrate to the opposite pole and induce inheritance of specific 

cell fate determinants (green) within one of two daughter cells which will either proliferate 

or differentiate (DNA, blue) (Neumuller and Knoblich, 2009). 
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Interestingly, many of the key regulators of asymmetric cell division act as tumour 

suppressors (i.e. Notch and Wnt). Therefore, mutations in their gene expression may 

induce centrosomal malfunction that leads to a misorientation of the mitotic spindle 

preventing a correct segregation of the cell fate determinants (Neumuller and Knoblich, 

2009). This genomic instability then arises due to over-proliferation or indeed cancer. 

However, MSCs adhering on CG3K (YIGSR)16-modified PLL substrates were viable in 

this study (Chapter 6, Fig. 6.6) suggesting the potential of these dendrons to induce an 

higher-ordered pattern control on what appears to be an asymmetric cell division. It is 

likely that dendrons activate intracellular signals through integrin recognition as normally 

stimulated in the native niche and consequently control both asymmetric division and 

stress fibre organisation leading to the formation of the spheroids; the size of the latter 

being regulated through the ability of the cells at the periphery to migrate in the 

surrounding environment (Chapter 6, Fig. 6.8 i). However, the molecular mechanisms that 

regulated the migration as well as the programmed decline of the self-renewal potential 

within MSC spheroids from P2 to P4 are still unclear (Chapter 6, Figures 6.10 and 6.16 C 

i
3
). A reasonable explanation may be that the repeated trypsinisation steps used during cell 

passaging is likely to gradually damage cell integrins thus reducing their ability to interact 

with the laminin-like sequence of the dendron. 

 

Through the induction of spheroids, the BM-mimicking dendrons were also able to induce 

HIF-1α regulation hence the pro-angiogenic capacities of the MSCs (see Chapter 6, 

Figures 6.18 and 6.19). The angiogenic inducing potential of conditioned medium derived 

from MSC spheroids was demonstrated through stimulation of capillary-like structure 

formation in an in vitro Matrigel assay (see Chapter 6, Figures 6.19 o-q). These pro-

angiogenic effects were caused by higher levels of VEGF released by the spheroids into 

the medium (see Chapter 6, Fig. 6.18). When integrated in a spheroid, MSC acquire a more 

accentuated paracrine activity, which are currently considered of therapeutic potential in 

several clinical applications including the induction of angiogenesis in bone regeneration 

(Dohle, et al., 2011). This leads to the conclusion that by overexpressing desirable 

paracrine signals that promote angiogenesis, relatively few MSCs would be necessary to 

achieve effective therapeutic angiogenesis.  

   

Through the advantage of controlling MSCs’ behaviour at level of intracellular signalling 

pathways and by providing enhanced biological effects to cells and surrounding tissues, 



275 

 

CG3K (YIGSR)16 modified-PLL substrates may well provide a solution to reduce risks 

associated to the use of stem cell therapy in the field of regenerative medicine. This will be 

achieved by decreasing the number of cells needed for transplantation and the time and 

cost limitations associated to their in vitro manipulation. 

 

In an ideal situation, such systems may serve as “living drug delivery depots” (DDs) for 

sustained VEGF release. DDs appear in this context not only as a way to prolong the short-

half life of the growth factor, but also as a suitable platform to optimise the features of 

micro-environments in tissue regeneration. While the mechanism underlying the control of 

growth factor delivery by cells has not yet been entirely elucidated, this study demonstrates 

that the released VEGF concentrations were sufficient to enhance endothelial cell activities 

and to form a capillary-like network in vitro (see Chapter 6, Figures 6.19 o-q).  Therefore, 

this innovative dendron-based technological platform is believed to well mimic the 

dynamic biological release profiles characteristic of normal angiogenic processes.  

 

The use of CG3K (YIGSR)16 engineered-PLL offer many advantages that make their use 

for regenerative medicine and therapeutic control of angiogenesis attractive. Most 

importantly, these bio-artificial systems provide a high level of control with precisely 

designed physical-chemical properties at the nanoscale level. The innovative synthetic 

approach used in this study elegantly shows the possibility of creating novel bio-active 

nano-structured matrices capable not only to control the spatial organisation of a high 

number of bio-ligands accessible for interactions with cell receptors (Chapter 5), but also 

the ability to mimic the architectural and biofunctional features of the native BM (Chapter 

2, Section 2.4, Fig. 2.18). CG3K (YIGSR)16 engineered-PLL surfaces show the ability to 

regulate material functionalities including spatial organisation (see Chapter 5, Fig. 5.16), 

wettability (see Chapter 5, Fig. 5.17) and stability (see Chapter 5, Fig. 5.14) of specific 

bioactive adhesion motifs  leading to BM-mediated contact guidance.  

It is believed that the use of CG3K (YIGSR)16 will support the development of distinct 

artificial microenvironments capable of deciphering the complex network of niche signals 

and indeed to identify biochemical switches in MSCs that can be exploited for the safe 

therapeutic use of this cell type. Their key to success in this field is linked to the dendron 

flexible design that enables the integration of distinct biofunctionalities and indeed the 

formation of more complex systems capable to (i) mimic histological features such as the 

BM or (ii) be integrated into modular and scalable platforms ready for therapeutic and 
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clinical translation. Consequently, this innovative biomimetic method can be used for 

enhancing the biological activity of several types of conventional biomaterials beyond 

those used in this work as, for example, PLGA, PLA and alginate hydrogels.  

 

Therefore, the tailored physico-chemical and biological properties of dendronised peptides 

may be used for the development of distinct polymeric systems as effective tools for 

several regenerative medicine and pharmaceutical applications.  

 

However, even though these interesting results provide suitable guidelines for future in 

vivo studies, fundamental challenges need to be addressed. How do niches control MSC 

activity? How do MSCs control their asymmetric division within niche? How can extrinsic 

signals maintain the stem cells quiescent or direct their division? Can the levels of VEGF 

secreted by MSCs, as measured in this in vitro study, induce tissue regeneration in vivo?   

 

A major hurdle for the advancement of the described strategies into final clinical 

applications lies not in the biomaterial field, but rather in stem cell biology. The lack of 

suitable antibodies capable of recognising markers that specifically differentiate the single 

MSCs’ activities in vivo as well as the lack of live-cell imaging markers for real-time 

analysis such as morphology and adhesion strictly prevent their studies. Moreover, the 

absence of detailed genetic determinants capable to distinguish MSCs from their more 

specialised progenitors may well lead to different responses both in vitro and in vivo. To 

address some of these issues, advanced biomaterial technologies for controlling MSC 

behaviours as the one developed in this work, would give the opportunity to make 

significant steps forward in the knowledge of stem cell biology. It is believed that the use 

of these dendrons would not only simplify the complexity in studying MSCs and their 

niche, but would also allow a reduction of costs and time associated to animal 

experimentation, as recommended by 3Rs Scheme policy (Replacement, Refinement and 

Reduction of Animals in Research). These specialised substrates will also help in the 

elucidation of the tightly regulated process of angiogenesis that is under the control of both 

stimulatory and inhibitory molecules. Understanding the combined role between pro- and 

anti-angiogenic factors in the formation and stimulation of blood vessels has long been 

regarded as a possible method of controlling angiogenesis in tissue regeneration. Using 

both VEGF blockers and laminin-based dendrons it may be possible to customise with 

exquisite precision both the stem cell activity in pro-angiogenic therapies and the inhibition 
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of VEGF activity in anti-angiogenic approaches. Indeed, these novel therapeutic agents 

may offer solutions for personalising angiogenesis strategies and achieving better 

outcomes in guided tissue regeneration. 
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