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Abstract 

The self-assembly peptide hydrogels used as tissue culture scaffolds have drawn great 

attention in recent years. They have the advantages of natural polymer hydrogels including 

biocompatibility, biodegradability and the advantages of synthetic materials such as 

controlled structural properties and mechanical properties. Furthermore, the bioactive 

ligands which can promote bioactivities and control cell behaviours can be easily 

introduced to the peptide backbone through peptide synthesis. One particular self-assembly 

FEFEFKFK peptide was chosen in this project. 

FEFEFKFK peptide used in this project has been reported to self-assemble in solution, 

forming hydrogels with a 3D fibrous network structure above a critical gelation 

concentration. In this project, the self-assembly and gelation properties of FEFEFKFK 

peptide were further investigated, assessing the effect of pH and ionic strength on the self-

assembly and gelation behaviour. The biomimetic nanofibrous hydrogels of FEFEFKFK 

were also assessed for their ability to support human dermal fibroblast cells. The protocols 

of gel preparation were developed for both 2 dimensional (2D) and 3 dimensional (3D) cell 

culture. A short peptide sequence homoarginine-glycine-aspartate (hRGD) has been 

introduced onto the amide end of the self-assembly peptide instead of bioactive ligand 

arginine-glycine-aspartate (RGD), creating hydrogels with a fibrous network with 

functionalised groups at the fibre surface. The functionalised peptide hydrogels enhanced 

cell adhesion on gel surface, with cell interaction assessed using various imaging and 

spectroscopic techniques. A preliminary 3D cell culture study also showed potential of 

these peptide gels to be used for encapsulated human dermal fibroblast cell studies. 
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Chapter 1 Introduction  

1.1 Overview 

There is a great increasing interest in self-assembling peptide systems in recent years. As a 

material, peptides are naturally biocompatible and biodegradable. They can be easily 

synthesised and manipulated. Hydrogels formed by self-assembling peptides have shown 

great potential to be used in the field of tissue engineering. Peptide hydrogels are good 

candidates as tissue culture scaffolds as well as drug delivery vehicles. Some peptide 

hydrogels can also be directly injected into the tissues to create nanofibre 

microenvironments that promote cell recruitment.
1
 With the understanding of the  

self-assembly process and the gelation properties of peptide hydrogels, it helps tailoring 

the peptides for diverse biomedical applications. 

To further study the relationship between the conformations and functions of  

self-assembling peptides, various self-assembling peptide systems have been developed.  

To have a better control of the gel properties for further biomedical studies, it is essential to 

understand the self-assembly process of the peptide. The aim of the project was to deepen 

the understanding of the self-assembly process of FEFEFKFK peptide and to adapt the 

peptide hydrogel for being used as a tissue culture scaffold. Another objective was to link a 

functional peptide sequence onto this peptide and to assess the bioactivity of the 

functionalised peptide. 

This dissertation report has five chapters. Chapter 1 gives the literature review and the 

objectives of this project. A brief introduction to the extra cellular matrix (ECM) is given 

followed by the requirements of scaffold design to mimic the ECM. Due to the high water 

content and similar structural and mechanical properties to the ECM, various types of 

hydrogels have been used as tissue culture scaffolds. Here in this review, the  

self-assembling peptide hydrogels are emphasised. Different self-assembling peptide 

systems are introduced. 

Chapter 2 introduces the materials and methodologies used in the project. The basic 

mechanisms of the technology and the details of all the experiments are presented. It 

contains all the techniques for the characterisation of peptide synthesis and gelation 
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properties, as well as the techniques and assays for the assessment of bioactivity of the 

peptide hydrogels. 

Chapter 3 and Chapter 4 present all the results and discussions of this project. Chapter 3 

focuses on the study of the self-assembly and gelation properties of FEFEFKFK peptide 

and the influences of external stimuli such as pH and ionic strength. At the end, the 

preparation of hydrogels for cell culture studies is presented. Chapter 4 focuses on the 

synthesis and characterisation of the functionalised peptide hydrogel as well as the 

performance of the hydrogels in biological studies.  

Chapter 5 gives the general conclusion of this project and possible future work. 

1.2 ECM and cells 

Tissue engineering is commonly defined as "an interdisciplinary field that applies the 

principles of engineering and life sciences toward the development of biological substitutes 

that restore, maintain, or improve tissue function or a whole organ".
2
 Tissue engineering 

can be approached by: (1) replacing cells that offer the required function with isolated cells 

or cell substitutes; (2) delivering tissue inducing matter to the required position; (3) 

culturing cells in scaffolds.
3
 As it has such an important role in tissue engineering, tissue 

culture scaffold should be well designed to mimic the ECM in order to meet some basic 

requirements for tissue reconstruction. 

1.2.1 ECM 

Tissues are not solely made up of cells. Most tissues are composed of cells and large 

amounts of ECMs which fill in the extracellular space. Cells are packaged and protected by 

the ECM from external forces. The mechanical integrity, rigidity and elasticity of tissues 

are also contributed by the ECM. The mechanical functions are crucial especially to tissues 

like skin, tendons and bones. Besides the mechanical functions, the size and properties of 

ECMs can affect the transport of nutrients and cell migrations within the tissues. ECMs can 

also influence the cell viability, migration, orientation, proliferation, differentiation and 

even gene expression.
4, 5

 

Although different tissues have different ECMs, most ECMs are made up of similar types 

of macromolecules. Different proportions and variants of those macromolecules contribute 

to the different physical properties of different tissues. The main components of ECMs are 
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polymerized protein fibres. The dominant fibrous proteins are collagens. Those fibres form 

a 3-dimensional (3D) network which acts as a scaffold. ECMs are also made up of 

proteoglycans and non-collagenous glycoproteins. At the beginning of the formation of 

ECMs, the hydrophobic effect plays an important role in protein-protein interactions, 

whilst electrostatic interactions help the associations between protein and carbohydrate.
4
 In 

general terms, ECMs are polysaccharide rich gels with 3D fibrous network structure 

formed by protein fibres. 

The structural protein fibres are always decorated with some accessory proteins that serve 

specialised functions. Those proteins usually consist of hundreds of functional domains. 

Through years of study, some of the specific functions like cell binding can be localised to 

specific domains. One of them is a three amino-acid oligopeptide, arginine-glycine-

aspartate (RGD), which was recognised as a cell adhesion site in many ECM glycoproteins 

such as fibronectins.
5
 Fibronectins act as the linkages between cells and collagen fibres, so 

cells can migrate through the ECM. The ability of fibronectin to bind to cells is a great help 

during wound healing. For example, it can bind to platelets to assist blood clotting and it 

can help cells move to the injured tissue area.
6
 Fibronectin can also influence the cell 

morphology, differentiation and cytoskeletal organization which are all based on the ability 

to promote cell adhesion.  

Fibronectin was found to contain three structural units called type I, type II and type III as 

shown in Figure 1.1.
7
 

 

Figure 1.1 The general structure of the fibronectin polypeptide, location of its binding sites, 

and the alternatively spliced fibronectin variants.
7
  

Three different structure units were assembled in a specific order. Different combinations 
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of structure units represent different binding domains or ensure the correct spatial 

arrangements of those domains. The 10
th

 type III unit (10
th

 FnIII) marked as ‘Cell’ is the 

binding domain where fibronectin binds to integrin receptors on cells.
8
 From the structure 

of this unit, it can be seen that a short peptide sequence RGD was located at the apex of the 

loop (Figure 1.2). 

 

Figure 1.2 Ribbon representation of the 10
th

 FnIII unit, highlighting secondary structure 

elements and the RGD motif.
9
 

The position of this RGD sequence proved to be crucial for optimal cell adhesion. Being at 

the apex of the loop, the RGD sequence is extended from the centre of the molecule which 

ensures the exposure of RGD to the integrin receptors on cells. When the accessibility of 

RGD decreased, the cell adhesion was significantly weakened.
10
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To locate the cell adhesive domains in fibronectin, proteolytic and chemical cleavages were 

introduced. Initially the fibronectin was cleaved into 3 parts.
11

 The one that can promote 

cell adhesion was further degraded. A segment which is 40 times smaller than fibronectin 

was found to maintain the ability of cell attachment.
12

 With the help of smaller protein 

fragments and the synthesis of shorter peptides, the cell adhesion activity was finally 

localised. A tetrapeptide arginine-glycine-aspartate-serine (RGDS) was reported in 1984.
13

 

When arginine (R), glycine (G) or aspartate (D) was replaced by lysine (K), alanine (A) or 

glutamine (E) respectively, the substitutions had no cell adhesion activity. However, the 

changes in S did not affect the bioactivity.
14

 The RGD sequence was proven to be the cell 

binding site on fibronectin.  

1.2.2 Cell adhesion to ECM 

Cells bind to RGD through the integrin receptors on the cell membrane. An integrin is a 

transmembrane protein. It consists of two subunits, α and β. So far 18 α subunits and 8 β 

subunits have been discovered. From the combinations of these two subunits, a family of 

more than 24 integrins have been identified.
15

 The first integrin-binding site found was 

RGD in fibronectin
15

 and the fibronectin receptor was integrin α5β1.
16

 Later on, at least 7 

more integrins which can recognise the RGD sequence were identified and RGD was also 

found in many other cell-adhesion proteins.
17

 During the previous studies, fibronectin was 

cleaved into fragments. It was found that the RGD sequence on the large fibronectin 

fragment preferred to bind to α5β1 integrin, whilst the fragment with mainly the 10
th

 FnIII 

preferred to bind to αvβ13 integrin.
18

 It was inferred that RGD has a more rigid 

conformation in the large fibronectin fragment and RGD with more rigid conformation 

prefers to bind to α5β1 integrin. 

Figure 1.3 illustrates the integrin mediated cell attachment. On one side, integrins bind to 

adhesion proteins which also bind to structural proteins through other binding sites. On the 

other side, integrins bind to adaptor proteins which are attached to the cytoskeleton. Thus, 

the linkage between the cytoskeleton and ECM is established.
15
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Figure 1.3 An illustration of cell adhesion to ECM through ligand-integrin interaction.
19

 

This linkage between cell and ECM is crucial for many cell types. It was found that the cell 

growth, proliferation and even survival are dependent on the attachment to a scaffold.
20

 

Actively migrating cells need cell adhesion to the ECM for traction and guidance, whilst 

stationary cells need cell adhesion to the ECM for support and orientation.
4
 For most cell 

types, no cell adhesion to a substrate leads directly to cell apoptosis. 

1.2.3 Human dermal fibroblast cells 

ECMs are produced by cells. The largest volumes of ECMs are secreted by cells in 

connective tissues. Cells called fibroblasts are responsible for the secretion of most 

connective tissues. Fibroblast cells are usually not connected with neighbouring cells in the 

ECM and they respond to the external force to the tissue. Fibroblasts are favoured for cell 

culture studies because they are known to be the easiest of cells to grow in culture.
4, 20

 

The cells used in this project are human dermal fibroblast (HDF) cells. Morphologically, 

when grown in a monolayer, HDFs are flat, spindle-shaped; whilst in 3D environment 

HDFs are elongated and have many dendrites.
21

 HDFs that successfully attach to a scaffold 

will proliferate and secrete their own ECMs such as fibronectin and collagen I. A very 

important thing that needs to be taken into consideration before culturing HDFs is that 

HDFs have limited lifespan. The cultures stop proliferation after numerous passages and 
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morphologically cells become large and spread.
22

 This phenomenon is called cellular 

senescence. Cell cultures need to be taken before this occurs. The examples of the 

morphology of HDFs in two-dimensional (2D) cell culture are presented in Figure 1.4. 

 

Figure 1.4 Fibroblasts in culture. Left: sub-confluent culture at 5
th

 passage in which the 

cells are amoeboid and migratory. Middle: confluent culture at 5
th

 passage showing 

characteristic swirling pattern. Right: culture at 12
th

 passage showing senescent phenotype. 

Original magnification, 120X.
22

 

1.3 Scaffold design to mimic ECM 

In natural ECM, complex biomolecules and resident cells coexist within a 3D-network of 

interlaced protein-nanofibres. To mimic the characteristics of natural ECM, a scaffold 

needs to (1) imitate the structural architecture; (2) be biocompatible; (3) direct and control 

cell behaviour; (4) be simple.
23

 

To mimic the characteristics of natural ECM, a scaffold needs to be highly porous with 

suitable pore size and high surface area. The large pores can provide enough space for cell 

growth and vessel generation. The fibres should be small enough so one cell can reach a lot 

of fibres to find its 3D orientation. A scaffold material has to be not only biodegradable, 

but also degrade at a similar rate as the formation of new tissue. There are also mechanical 

integrity and biocompatibility requirements for scaffolds. Finally, a scaffold should have a 

good interaction with cells, such as cell attachment, growth, migration, differentiation, but 

not encourage any unfavourable tissue reaction.
23, 24

 

To promote cell adhesion to the scaffold material, bioactive ligands are commonly 

introduced. Among all the cell-adhesive ligands, RGD peptide is the most widely 

investigated. It was applied to various fields studying the cell behaviour in vitro or in vivo 

and designing scaffolds. The RGD sequence proved to be the cell binding site on 

fibronectin. However, it does not belong to fibronectin alone. RGD peptide was found in 

many other proteins as well. Compared with the whole proteins, short peptides have 

similar effects on cell behaviour, but are more resistant to denaturation and proteolysis, less 
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expensive, easier to be synthesised and modified.
23, 25, 26

  

In order to play the role of a cell adhesive ligand, the RGD sequence has to be strongly 

linked to the scaffold material, because cells can only attach to the scaffold when the 

binding point can bear the contractile forces.
27

 Not only this, the soluble RGD sequences 

would act like competitors to the immobilised RGD sequences. The soluble RGD 

sequences would bind to the integrin receptors on cells which reduces cell attachment to 

the immobilised RGD sequences on the scaffold.
28

 The best way is to covalently link RGD 

peptides to the polymeric scaffold. This can be achieved by grafting on the scaffold surface, 

grafting to the polymer chains and tailing to the polymer backbones.
23

 Before RGD 

peptides can be mobilised on the scaffold, functionalized polymer scaffolds need to be 

prepared. Various methods can be utilized to introduce the functional groups, including 

blending, co-polymerization, alkaline hydrolysis and oxidation. Then RGD peptides can be 

strongly anchored on the polymer via those functional groups. Disulphide bonds were 

found to be less stable compared to chemical bonds formed through other functional 

groups. Disulphide exchange may result in a reduction of immobilised RGD peptide which 

will lead to a decrease in cell adhesion.
27

  

Other variables that need to be taken into account before introducing RGD peptide into 

polymers are whether cell-adhesive interactions need to be 2D or 3D. The RGD sequence 

should be linked on the surface only or inside the scaffold accordingly. RGD modified 

peptides have been shown to optimize the performance of those surfaces for supporting 

cell adhesion.
29

 The surface modification technology makes it easier to control all the 

factors during academic research and may be helpful to gain the basic knowledge of cell 

behaviours. However, it is too far from the real environment in tissue and could not be 

used straightway as scaffolds. This can be overcome by bulk modification where RGD 

peptides are introduced into the whole material. Cells can be encapsulated into the 

biomaterials which can support cell responses just as in natural ECM and may even be 

injected into native tissues for tissue engineering applications.
26

 RGD peptides have been 

bulk immobilized into commonly used synthetic gels to study the interactions between the 

RGD sequence and cell functions.
30

 Those bulk modified gels can also be used for drug 

delivery,
31

 targeting tumour cells,
32

 bone regeneration
33

 and other biomedical applications. 

Before being linked to the scaffold material, RGD is commonly incorporated with other 

amino acids to form longer peptides. There are some factors that are known to affect the 
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performance of immobilized RGD peptides. The design of the RGD peptide sequence 

affects the bioactivity of the material. Different conformations of RGD peptides lead to 

different selectivity to the cell receptors.
34, 35

 The activity of RGD peptide depends on 

whether the C-terminal carboxyl group is blocked or not. For example, the activity may 

stay in such an order: RGD (inactive) <RGD-NH2<RGDS<GRGDSP.
36

 The density of 

RGD peptide needs to reach a minimum in order to affect the cellular response. If the 

average density is too low, a cluster of RGD peptide can also support cell adhesion.
37

 The 

amount of amino acids used as a spacer between RGD and the scaffold material will also 

affect the performance of RGD peptide. As discussed previously, the accessibility of the 

RGD sequence affects the ability of this short peptide to bind to the integrin receptors on 

cells. A long spacer helps RGD peptide form a cluster which increases the regional density 

of RGD peptide. A long spacer also ensures the RGD peptide can reach the receptors on 

cell surfaces. Both result in the promotion of cell attachment.
27

 However, too long a spacer 

will lead to a weak binding and make the cell behave oppositely, owing to the preference 

of tight binding to stiffer surfaces of cells.
38

 Using two amino acids as a spacer has been 

reported in most of the literatures. To sum up, all the factors that will affect the interaction 

between RGD peptide and the integrin receptor on cells should be taken into consideration 

during the scaffold design. 

The biochemical, structural and mechanical properties of the scaffold are all very important 

to determine the tissue functions. Although scientists realized the importance of the 

mechanical properties decades ago, it is only recently that a lot of studies have been 

performed on the effect of the scaffold mechanical properties. Sometimes they even have 

more impact than the chemical stimuli.
39

 A lot of dysfunctions and diseases can be related 

to the changes of the tissue’s mechanical properties; the mechanical properties of the 

scaffold materials can also affect the normal tissue development. Cells within developing 

tissues not only sense the external mechanical stimuli, but also sense the mechanical 

microenvironment around them. The response of cells to those mechanical signals depends 

on cell types.
40

  

To study the influence of scaffold mechanics on fibroblast behaviours, a variety of 

hydrogels have been used. In 1997, Pelham and Wang developed a collagen-coated 

polyacrylamide hydrogel to perform a direct demonstration on the influence of the scaffold 

mechanical properties. A series of chemically identical gels with the Young’s modulus 

ranging from 10 to 70 N m
-2

 were prepared. It was observed that 3T3 fibroblasts migrated 
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faster on the gels with low modulus. However, less cell spreading and more round cell 

shape were found on those gels.
41

 Using the same gel preparation method, a series of gels 

with the Young’s modulus ranging from 4.4 to 12.4 kPa were prepared by Guo and his 

colleagues. They found that 3T3 fibroblasts moved away from each other and spread on the 

stiffer gel surfaces, while on the softer gels, cells moved toward each other and formed 

tissue-like structures. This suggested that substrate mechanics can determine the direction 

of cell migration and association.
42

 

Later on, Ghosh and his colleagues developed a physiologically relevant ECM mimic 

composed of hyaluronan and fibronectin. The gels were prepared with elastic modulus of 

4270 Pa, 550 Pa and 95 Pa, as measured by oscillatory rheometry respectively,
43

 which are 

within the physiological range.
44, 45

 It was found that HDFs adapted a more stretched and 

organized phenotype on the stiffer gels. Faster cell migration was also observed on the 

softer gels. However, normal HDFs proliferation was only noticed on the stiffest gels.
46

 

More recently, in Brown’s group, plastic compressed collagen hydrogels were developed. 

A series of hydrogels were prepared with the Young’s modulus of 42 kPa, 143 kPa and 

2240 kPa which are also within the physiological range.
47

 HDFs were seeded on top of the 

gel surface and 3 times higher cell proliferation rate was observed on the stiffer gels 

compared to a compliant substrate.
48

   

All previous studies taken on gel surfaces for 2D cell culture showed that fibroblasts prefer 

stiffer gels with modulus within the physiological range. 

The successful encapsulation and cultivation of HDFs were also found in short  

peptide-based bioactive hydrogels (elastic modulus ranging from 4 to 10 kPa),
49

 

chemically cross-linked Chitosan/Pluronic hydrogels containing fibroblast growth 

factor/heparin (elastic modulus ranging from 20 to 40 kPa),
50

 alginate particle-embedded 

fibrin gel (compress modulus 1.3 kPa)
51

 and concentrated collagen hydrogels (elastic 

modulus ranging from 50 to 290 Pa).
52

 However, the effect of hydrogel mechanics on cell 

behaviours was not investigated in those 3D cell culture conditions. In recent studies, a 

series of collagen gels cross-linked by poly(ethylene glycol) dissucinimidyl ester with 

compressed modulus ranging from 0.7 to 2.2 kPa were developed. In vivo study showed 

that HDFs encapsulated in the stiffer gels had less cell spreading and low growth rate but 

formed dermis-like tissue, while HDFs encapsulated in the softest gel generated scar-like 

tissue.
53

 This suggested HDFs prefer the stiffer gels within the physiological range in both 
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2D and 3D environment. 

A simple spring model was used to explain the reaction of cells to the stiffness of the 

matrix. The matrix material is assumed to be isotropic and is the spring in the model which 

follows Hooke’s Law: F = - kx. F is the cellular force to stretch the material, x is the 

displacement of the material, and constant k represents the intrinsic property of the 

material which is related to its shear modulus. A softer matrix has a smaller k, so small 

force is enough for cells to pull the gel surface to a certain distance; while the stiffer matrix 

has a relatively larger k, so much larger force is needed for the stiffer gels.
38

 

It can be clearly seen that the control of the gel network strength is crucial to determine the 

tissue function. To control the gel network strength, it is important to understand what can 

affect the gel network strength. A gel is a system which forms when a polymer is  

cross-linked through chemical or physical bonds that can entrap a large volume of fluid. 

The gel network strength is directly related to the strength of the cross-linking junctions, 

the number of the junctions and the strength of the segments between the junctions. It has 

been noticed in many gel systems that increasing the strength of the cross-linking 

junctions
54, 55

 and the number of the cross-linking junctions
56-58

 resulted in the increase of 

gel strength. Thicker fibres between the junctions were noticed to increase the gel 

strength,
55

 while in another system, the gel strength decreased with increasing fibre 

diameter. This could be due to the increase of the fibre rigidity which leads to the decrease 

of the strength of the cross-linking junctions and the number of the junctions.
59

  

The gel network strength can also be affected by the gel concentration. Theoretical models 

for the chemical gels have been developed and the power law relation between the 

modulus and the concentration (      ) was found in nearly all systems studied. The 

modulus and the concentration in the physical gels also fit in the power relation. The 

exponent   relies on the conformation of the segments between the network junctions.
60

  

A model based on F-actin gels was developed by Mackintosh et al. The exponent   is 11/5 

for the semi-flexible fibrils when the fibril persistence length is much smaller than the 

mesh size of the gel network, while the exponent   is 5/2 for the densely cross-linked gels 

when the fibrillar segment length is equivalent to the mesh size.
61

 

Another theoretical model for the chemical gels was developed by Jones and Marques.
62

 In 

that theory, the exponent   was determined by the fractal dimension (  ) of the segments 
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linking at the network junctions.    is defined as: 

          

Equation 1.1 

where   is the end to end distance of the segment and   is the contour length. For a system 

with frozen junctions, the power law is expressed as: 

                    

Equation 1.2 

while for a system with a freely hinged network, the relation is expressed as: 

                 

Equation 1.3 

The fractal dimension can indicate the compactness of the segments linking at the network 

junctions: the higher the value of    the more compact the structure.
63

 

This theory was successfully applied by Guenet to several thermo-reversible gels which 

belong to the family of physical gels.
64

 a physical gel is able to go through phase 

transitions between liquid and solid states due to external stimuli such as temperature,
54, 65

 

pH,
66

 ionic strength,
67

 electric field,
68

 solvent composition
69

 and light.
70

  

External stimuli used in this project are temperature, pH and ionic strength, hence the gels 

respond to these three stimuli were discussed. 

The most common thermoreversible hydrogels are modified cellulose hydrogels.
54

 

Copolymers composed of poly(ethylene oxide) (PEO)-poly(propylene oxide) (PPO) and 

their modified forms form another common type of thermoreversible hydrogel.
71

  

Poly(N-isopropyl acrylamide) (PNIPAAm) is also a commonly used polymer to prepare 

temperature responsive hydrogels. PNIPAAm was grafted onto a hydrophilic backbone and 

acted like cross-linking junctions responding to the temperature stimulus.  

Poly(acrylic acid) (PAA),
72

 poly(vinyl alcohol) (PVA),
73

 polyacrylamide
74

 and cationic  

poly(N,N-dimethylaminoethyl methacrylate) (PDMA+)
65

 have been used to graft 

PNIPAAm side chains. 

pH responsive gels are composed of ionisable polymers with a pKa value between 3 and 

10. Weak acids and bases such as carboxylic acids, phosphoric acids and amines can be 

good candidates as the ionisable groups. Classical monomers include acrylic acid (AAc),
75
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methacrylic acid (MAAc),
76

 maleic anhydride (MA)
77

 and N,N-dimethylaminoethyl 

methacrylate (DMAEMA).
78, 79

 Another well studied model microgel is 

poly(EA/MAAc/BDDA) (ethylacrylate, methacrylic acid and 1,4-butanediol diacrylate).
80

 

Here BDDA is the cross-linking monomer and can be replaced by ethyleneglycol 

dimethacrylate (EGD)
81

 and poly(ethylene glycol) dimethacrylate (PEGD)
82

. Later on, this 

model microgel was used to form gel composites which also exhibited pH-dependent 

swelling.
83

 A dual pH responsive gel was also developed based on this model microgel.
84

 

FEFEFKFKFEFEFKFK peptide was reported to form hydrogels in the presence of salt 

while remaining highly soluble in pure H2O.
67

 Other gels that respond to a change in ionic 

strength also often include ionisable monomers such as itaconic acid
85

 or methacrylamido 

propyl trimethyl ammonium chloride (MAPTAC)
86

. Some cellulose derivatives can also be 

used to form ionic strength sensitive hydrogels.
87

 

The reversibility of physical gels gives them a great advantage with many applications 

such as in drug delivery or in tissue engineering. 

1.4 Hydrogel as scaffold in tissue engineering 

Both synthetic materials and natural macromolecules have been used as scaffolds. Even 

some inorganic materials are involved in bone and mineralized tissue engineering studies. 

Materials used as tissue culture scaffold can be divided into two categories: materials used 

in a solid state and materials used in a gel form.
3
 The most common materials used in a 

solid state include linear aliphatic polyesters,
88-91

 some other synthetic polymers including 

polyphosphoester,
92

 polyphosphazene,
93

 poly(propylene fumarate),
94

 polyanhydride
95

 and 

poly(ortho esters),
96

 natural macromolecules including collagen,
97

 silk,
98

 polysaccharide
99

 

and processed ECM materials,
3
 inorganic materials

100
 and  composite materials.

101
 

Materials used in a solid state usually do not dissolve or melt in the tissue culture media or 

body fluid. However, the surgery is needed when those materials are implanted in vivo and 

it is difficult for those materials to fill tissue defects with an irregular shape.
102

 Materials in 

a gel form can overcome those issues and compared to the solid state materials, hydrogels 

have high water content which provides a hydrated 3D microenvironment for cell culture 

in which it is easier to incorporate cells with bioactive molecules.
30

 Water plays an 

important role in the ECM which is the major component of connective tissues. It is the 

reason that connective tissues are flexible, resilient and can withstand external pressure. 
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Connective tissues have high water content, such as 80 % water in cartilage and 60 % 

water in tendon. The water content in hydrogels can be over 99 %, which is a better mimic 

of ECM compared to the solid-state materials.
4
 

Hydrogels used as scaffolds can come from natural materials, synthetic polymers or even a 

hybrid which may have the advantages of both the natural materials and synthetic 

materials.
103

  

1.4.1 Natural materials 

Hydrogels of natural origin are attractive because of their similarity to the ECM, good 

biological performance and chemical versatility.
104

 The most commonly used natural 

materials are derived from mammalian ECM including collagen, hyaluronic acid (HA), 

fibrin, alginate and chitin. 

Collagen is the most abundant component in native ECM and is one of the earliest natural 

materials used as a mimic of the ECM. Unmodified collagen has been used in porous solid-

state as mentioned before as well as in a gel form. Collagen gels have been used for the 

regeneration of vocal cord,
105

 the repair of spinal cord
106

 and the restoration of cartilage 

defects.
107

 Cells can be suspended in collagen solutions at room temperature and then 

gelation occurs at 37 °C. By this way, collagen gels with encapsulated cells can be used  

in situ.
108

 

HA is another natural material being widely used as a tissue culture scaffold. It presents in 

all mammals, especially in soft connective tissues. It can be degraded by enzymes in the 

body and by reactive oxygen intermediates. Unmodified HA has a high rate of degradation 

which is its important advantage. Cells encapsulated in HA can be easily recovered by the 

degradation of HA.
108

 

Fibrin also shows promise as an injectable scaffold. Commercially fibrin hydrogels are 

produced by the combination of purified allogeneic fibrinogen and purified thrombin. The 

big advantage of fibrin hydrogel is that fibrinogen can be gained from the patient’s own 

plasma, thus there is less risk of a foreign body reaction. There are some other advantages 

including high efficiency of cell seeding and even cell distribution. There are also some 

disadvantages such as the high degradation rate, the low mechanical strength and the 

shrinkage of hydrogels when cells form flat sheets.
109
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Alginate extracted from brown seaweed algae has been widely used for cell encapsulation. 

It is a linear block copolymer composed of D-mannuronic acid (M) and L-guluronic acid (G) 

residues. The ratio of M:G is determined by the origin of alginate and the ratio of M:G can 

affect the pore size of the hydrogel, the stiffness of the hydrogel and the cell adhesion to 

the hydrogel. Multivalent cations can be used to trigger the gelation process which gives 

alginate the potential to gel in situ. The big disadvantages of alginate gels are the poorly 

regulated degradation and poor cell adhesivity.
108, 110

 

Chitin and its derivatives are another category of materials that have attracted great 

attention in recent years. They have been used as tissue culture scaffolds for the 

regeneration of bone and cartilage and for wound care. Chitin has good biological activities 

including biodegradability, biocompatibility, non-toxicity and especially promotion in 

wound healing. The only disadvantage is its poor mechanical properties.
111

 

1.4.2 Synthetic polymers 

Synthetic polymers are also used to form hydrogels used as tissue culture scaffolds. The 

structure of the polymer networks can be easily controlled on the molecular scale. The 

properties of hydrogels such as the rate of biodegradation, the mechanical strength and the 

bioactivity can be easily manipulated.
112

 

Hydrogels which are made of poly(ethylene glycol) (PEG) and its derivatives are one of 

the most widely used synthetic scaffolds. PEG gels were used as scaffolds for tissues like 

bone, cardiovascular, cartilage and vascular. PEG is a hydrophilic polymer which results in 

the inhibition of protein binding and cell adhesion. The advantages of PEG are the 

biocompatibility, limited immunogenicity and low antigenicity. Because of the inert 

properties, PEG gels can be used to prevent unwanted cell/scaffold interactions. On the 

other hand, to promote cell behaviour, bioactive ligands have to be introduced to the 

polymer network.
108, 113

 

PVA is another well known synthetic polymer used for tissue engineering. As with PEG, 

PVA gels can also be obtained by photopolymerization, which provides hydrogels with the 

potential to be used in situ. PVA has no cell adhesivity but it has pendant alcohol groups 

which can be binding sites for biological molecules.
108

 PVA hydrogels have a higher 

degradation rate than PEG hydrogels, thus PEG/PVA copolymer hydrogels are commonly 

used to control the degradation rate. PVA hydrogels also have other good properties such as 
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higher mechanical strength, low coefficient of friction and similar structural properties to 

cartilage.
114

 Those show PVA hydrogels have a great potential to be used for articular 

cartilage replacement and indeed a PVA hydrogel named Salubria
TM

 is already in the 

market as such a replacement. 

Another common synthetic polymer is PNIPAAm. The most important characteristic of 

PNIPAAm hydrogel is the thermal responsive behaviour. PNIPAAm hydrogel has a lower 

critical solution temperature (LCST) which is around 32 °C and may vary by 

copolymerising with other comonomers. Below the LCST, PNIPAAm is hydrophilic while 

above the LCST, it becomes hydrophobic. This special property of PNIPAAm hydrogels 

can be used to control the cell adhesion to the polymer hydrogel.
115

 Like all other synthetic 

materials, the biggest problem for PNIPAAm is the non-biodegradability which can only 

be solved by copolymerization with other comonomers or the usage of biodegradable 

cross-linkers. 

1.4.3 Designed peptides 

Both synthetic materials and natural macromolecules have been used as scaffolds. Natural 

materials have advantages of being bioactive, being biocompatible and promoting cell 

functions. However, the disadvantages are also very obvious. Their physical properties, in 

particular the mechanical properties, are difficult to control and they have a high possibility 

of contamination and a short life time. There are also issues such as unpredictable 

degradation behaviour, reproducibility from batch-to-batch and possible denaturation 

during manufacturing and processing.
116

 On the other hand, synthetic gels are easier to 

design and manipulate, but biocompatibility and biodegradation is the primary concern. 

The toxicity of the small molecules introduced during the synthesis and after the 

degradation should also be taken into consideration. Further modifications are also needed 

to mimic native ECM. One of the most important modifications is introducing binding 

ligands into the system, with the active peptide sequence linked to the synthetic gel 

materials.
30

 This lead to the development of peptide based hydrogels which exploit the 

natural self-assembly capability of these molecules. Among all the synthetic gels,  

self-assembled oligopeptide hydrogels have attracted a lot of attention because they 

combine the advantages of both natural and synthetic materials. Furthermore, the active 

peptide sequence can be easily introduced through peptide synthesis.  
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1.5 Self-assembling peptides 

1.5.1 Amino acids 

Amino acids are the building blocks of peptides. There are 20 α-amino acids in nature. 

They have a common structure as shown in Figure 1.5 A with only one exception: proline 

shown in Figure 1.5 B. R is the side group which differs in every amino acid.
117

 

A 
O

OH

H2N

H R

 B  

HN

COOH
 

Figure 1.5 A) The common structure of amino acid; B) the structure of proline. 

Thus 20 amino acids can be classified by different types of R as listed in Table 1.1.
118

  

Table 1.1 20 Natural amino acids and their structures. 

R Amino acid 
Three letter 

code 

One letter 

code 
structure 

alkyl 

glycine Gly G 
H2N

COOH  

alanine Ala A 

H2N

COOH  

valine Val V 
H2N

COOH  

leucine Leu L 

H2N

COOH  

isoleucine Ile I 
H2N

COOH  
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hydrophobic 

non-polar 

phenylalanine Phe F 
H2N

COOH  

tryptophan Trp W 

H2N

COOH

NH

 

proline Pro P HN

COOH  

hydroxyl 

serine Ser S 

H2N

COOH

OH

 

threonine Thr T 
H2N

COOH

OH

 

tyrosine Tyr Y 
H2N

COOH

OH

 

sulphur-

containing 

cysteine Cys C 

H2N

COOH

SH

 

methionine Met M 

H2N

COOH

S

 

second amino 

histidine His H 
H2N

COOH
NH

N

 

lysine Lys K 

H2N

COOH

NH2
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arginine Arg R 

H2N

COOH

N
H

NH2

NH

 

carboxylic 

acid 

aspartic acid Asp D 

H2N

COOH

COOH

 

asparagines Asn N 
H2N

HOOC

NH2

O  

glutamic acid Glu E 
H2N

COOH

OH

O

 

glutamine Gln Q 
H2N

COOH

NH2

O

 

The aromatic rings in F and W can introduce π-π stacking interactions which is one of the 

driving forces of peptide self-assembly.
119, 120

 Enzyme introduced peptide degradation also 

often occurs at the site next to these amino acids. The special structure of P makes it a 

bending or twisting site in the peptide structure. Sulphur containing amino acid C can form 

disulphide bonds between each other which is key to the 3D structure of the peptide 

molecule. Amino acids with hydrophilic side groups can introduce charges to the whole 

peptide molecule. The electronic interactions between peptide molecules is another 

important driving force of peptide self-assembly.
118

 

1.5.2 Peptide formation 

One peptide bond can be formed by a simple condensation reaction between two amino 

acids as illustrated in Figure 1.6.
121
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NH2

OH

O

NH2

OH

O

NH2

N

OH

O

O

HR1 R1

R2R2

-H2O

peptide bond  

Figure 1.6 The illustration of the formation of one peptide bond. 

The structure of a peptide has four levels.  

The primary structure of a peptide molecule is the peptide sequence often named by listing 

the amino acid from the N-terminus to the C-terminus. 

The secondary structure is the stereo organization of the primary structure including  

α-helix, β-sheet and turn. The first two structures are illustrated below. 

  

Figure 1.7 The illustration of the structure of A) α-helix;
121

 B) parallel β-sheet and  

C) anti-parallel β-sheet.   

Hydrogen bonding plays an important role in the stabilization of the secondary structure. 

α-helix is the most common conformation of peptide molecules. Hydrogen bonds form 

(B) 
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between amino acids in the same molecule. On the other hand, β-sheet structure forms 

through hydrogen bonding between amino acids in different molecules. The hydrophobic 

effect also plays an important role in the formation of β-sheet. β-sheet can be further 

divided into two classes: the parallel β-sheet and the anti-parallel β-sheet. Turns are the 

positions where a peptide molecule folds and turns are the reason that peptide molecules 

can form a compact conformation.
121

 

The tertiary structure is a 3D organization of the secondary structures. This structure is 

more easily affected by the external forces such as hydrophobic forces, electrostatic forces 

and van der Waals forces rather than being governed by the intrinsic properties alone. The 

quaternary structure is the 3D arrangement of more than one peptide molecule. This 

structure is stabilized by similar forces as the tertiary structure and is important for proper 

protein functions.
121

  

1.5.3 Self-assembling peptides systems 

A lot of self-assembling peptide systems have been developed. With the understanding of 

the relationship between the peptide conformation and the function, the peptide systems 

can then be tailored for specific applications. Here several self-assembling peptide systems 

are classified by the structure of the peptide. 

Peptides with aromatic structure 

The shortest self-assembling peptide is aromatic FF, first identified by Gazit and 

colleagues.
122

 This dipeptide was found during the study of Alzheimer’s β-amyloid 

polypeptide. It can self-assemble into nanotubes with a micro-scale persistence length and 

a remarkable mechanical strength. Combined with their biocompatibility and good thermal 

and chemical stability, these peptide nanotubes show a great potential to be used as 

biosensors.
123

 Later the discovery of their high stiffness made them more attractive to be 

used for biocompatible nanodevices.
124

 By the modification of the amine group, Fmoc-FF 

was discovered and recognised as the smallest structural unit to form amyloid-like fibres. 

This peptide was found to form a rigid gel in aqueous solution. The rigid gel was then 

assessed for its biocompatibility as a tissue culture scaffold.
125

 

Parallel work on Fmoc-FF peptide has been done by Ulijn et al.
119

 It was found that with 

the help of hydrogen bonding and π-π stacking, dipeptides linked with Fmoc groups can 
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self-assemble into hydrogels with a fibrous network under physiological conditions. These 

gels have been proven to support 3D chondrocyte cell culture.
126

 

The self-assembly process and the mechanical properties of the peptide hydrogel were 

found to be controlled by the change of pH.
127, 128

 The mechanical properties can also be 

affected by the alternation of peptide sequences.
129, 130

 The control over the mechanical 

properties could be very useful when tailoring the gel properties for further applications.  

Bioactive ligands can also be introduced to the dipeptide system. A recent study showed a 

RGD modified system was created by simply mixing Fmoc-FF and Fmoc-RGD solutions 

together which were then adjusted to pH 7 and left at 37 °C for the gelation to occur. 

Fmoc-RGD contributed to the formation of fibrous network from π-π stacking. By using 

pure Fmoc-FF gels and Fmoc-FF/Fmoc-RGE gels as control, the RGD modified gels 

showed a support for cell adhesion and proliferation for dermal fibroblast cell culture.
49

 

Peptides with surfactant-like structure 

Stupp and Hartgerink worked on peptide-amphiphile (PA) molecules which are made up of 

a peptide head and an alkyl tail. The hydrophobic tails gather together forming a 

hydrophobic core, and peptides help to form fibrous strands through hydrogen bonds 

forming the outer surface of a rod-like structure.
131

 The gelation is triggered when 

polyvalent ions are added into the system, which is the case in the physiological 

environment.
132

 Cells can be mixed in the PA solutions and then cultured in the 3D 

environment after the gelation has been triggered.
133

 Cell migration, proliferation and 

differentiation were observed within the hydrogel.
134

 

Bioactive ligand RGD can be introduced to the peptide end which stays on the outer 

surface of the rod. SHED and DPSC cell lines were used and the results of cell culture 

show that both dental stem cell lines are compatible with the modified system; and cell 

adhesion, proliferation and differentiation are also promoted.
134

 

Peptides with α-helix structure 

This system was developed by Woolfson and colleagues. The structure of α-helices bring 

side chains of amino acid residues three or four apart together. When those side chains are 

hydrophobic, α-helices gain amphipathic structures which can then self-assemble in 

aqueous solution via the hydrophobic effect and bury the hydrophobic side chains in the 
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middle of helical bundles which are also called helical coiled coils. This mechanism is 

illustrated in Figure 1.8.
135

 

Most of the coiled coils are presented by a heptad repeat shown in Figure 1.8 C. The 

hydrophobic amino acids are often assigned to position   and   while the polar amino 

acids are located at other positions. It can be easily seen from the heptad repeat that 

residues from position   and   will form the hydrophobic side of the helix. More α-helices 

with such structure can assemble into a left-handed supercoil through the hydrophobic 

association. There may be two, three, four or even more α-helices that come together, and 

the assemblies can be either parallel or anti-parallel.
136

 

 

Figure 1.8 Images of (A) a dimeric coiled coil illustrating the left-handed supercoil, (B) the 

knobs-into-holes interactions, ‘hole’ residues are shown in grey and labelled with their 

positions in the heptad repeat, the ‘knob’ residue is shown in black. (C) heptad repeat.
135

 

Hydrogelating self-assembling fibres (hSAFs) was designed in the Woolfson lab. These 

hSAFs form physically cross-linked self-supporting hydrogels in water. The alternation of 

peptide sequence can affect the thickness of fibres, the gelation process and thus the gel 

properties.
137

 This is a big advantage as the gel properties can be tailored for different 

applications. Another advantage of this gel system is that the gelation only occurs on 

mixing. Therefore the assembly process is well controlled as well, and the gels can be used 
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for in situ applications. In vitro studies were taken to assess the bioactivity of these 

hydrogels and promising results were gained giving hSAFs a great potential to be used as a 

mimic of the ECM.
138

 

Peptides with β-hairpin structure  

Pochan and Schneider made MAX1 (H2N-VKVKVKVKV
D
PPTKVKVKVKV-CONH2), a 

20 amino acid peptide. This peptide shows a random coil structure when dissolved in water, 

and then it can be triggered to fold to a β-hairpin structure and form a rigid hydrogel by 

adding Dulbecco's modified Eagle’s medium (DMEM), a cell culture medium. The  

self-assembly process is demonstrated in Figure 1.9.
139

 

 

Figure 1.9 MAX1 folding and self-assembly
139

 

MAX1 is composed of many valine and lysine residues. The side groups of lysine will be 

positively charged if pH < 7. The repulsion forces make MAX1 molecules stay in an 

extended conformation. The external stimuli such as increasing the pH or adding salts will 

result in a decrease of the repulsion force, therefore triggering the molecular folding. 

Further molecular self-assembly is driven by the hydrophobic effect of valine residues and 

the intermolecular hydrogen bonding.
56

 A series of MAX1 type of peptides were designed 

and the various external stimuli including pH, salt, temperature and enzyme were used as 

gelation triggers.
59

 The gelation process and the mechanical properties of MAX1 type 

peptides can be affected by the variation of the peptide concentration, the change of pH, 

temperature and ionic strength.
140-142

 The potential of this type of hydrogel to be used in 

cell culture has also been assessed.
139

 

Peptides with β-sheet structure  

The most well studied self-assembling peptides are the ones with β-sheet structure. Several 

groups are working on the development of this type of peptide system. 
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Zhang and his co-workers have developed one type of peptide named “ionic 

complementary peptides”. This kind of peptide has an alternating hydrophobic and 

hydrophilic structure, which forms β-sheet rich fibres in aqueous solution. The first ionic 

complementary peptide AEAEAKAKAEAEAKAK (AEAK16-II) was discovered from a 

yeast protein named Zuotin.
143

 In aqueous solution, the hydrophobic residues of A come 

together burying the two hydrophobic surfaces in between two peptide sheets as shown in 

Figure 1.10. The positively and negatively charged hydrophilic surfaces also pack together 

through ionic interactions. The peptide fibres with β-sheet stack were obtained accordingly. 

By increasing the repeat units of AEAK16-II from 2 to 4, AEAKAEAKAEAKAEAK 

(AEAK16-I) can be obtained. By substituting E with D and K with R, two more ionic 

complementary peptides RADARADARADARADA (RADA16-I) and 

RARADADARARADADA (RADA16-II) were gained. The self-assembly processes for 

all four peptides are the same and are illustrated in Figure 1.10.
144

 

 

Figure 1.10 β-Sheet forming short peptides with alternating ionic complementary 

properties: peptide sequences of 4 β-sheet 16-mer peptides, including the commercially 

available RADA16-I (PuraMatrix™). Structure and assembly of RADA16-1 peptide into 

fibres and nanofibrous scaffolds (electron microscopy image of RADA16-I is shown).
144

 

These peptide gels were found to support cell attachment of various mammalian cells. 

Some of the gels have also been shown to support cell proliferation, differentiation,
145

 

active migration and the extensive production of their own ECM.
146

 Among them, the most 

studied peptide is RAD16-I, which is commercially available now and the trade name is 

PuraMatrix.
147

 

Zhang and his group designed a series of self-assembling peptides modified by biologically 

active motifs for specific cell culture studies. One example is coupling pure peptide 

RADA16-I to a lot of motifs including RGD containing peptide DGR (DGRGDSVAYG) 

and PRG (PRGDSGYRGDS). Compared with the pure peptide, this designer peptide 
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proved to considerably encourage mouse pre-osteoblast cell proliferation, differentiation 

and migration. Compared with natural materials with lots of unidentified components like 

collagens, the experiments with the designer peptide gels are more controllable and 

reproducible.
148

 

A shorter peptide with eight amino acids was developed later. A different self-assembly 

model was proposed. Instead of stacking, FKFEFKFE peptide formed fibres with a  

left-handed helix conformation with one hydrophobic surface and one hydrophilic surface. 

Two fibres come together driven by the hydrophobic effect and form a double helix. The 

construction of the double helix was shown in Figure 1.11.
149

 This model was confirmed 

by the observation of the helical ribbon intermediate during self-assembly as well as by an 

analysis of the intermediate using molecular dynamics.
150

  

 

Figure 1.11 Molecular modelling and simulation of a left-handed double helical β-sheet.
149

 

To understand the self-assembly process and to control the gelation, the amino acid 

sequence was systematically varied. This series of oligopeptides self-assembled in salt 

solution and formed hydrogels above a critical salt concentration. It was noticed that 

increasing side-chain hydrophobicity decreased the critical salt concentration.
151

 This is in 

good agreement with the molecular model as the hydrophobic effect is one of the driving 

forces during the gelation. It was also found that increasing the number of repeat units first 

decreased than increased the critical salt concentration.
151

 Increasing the number of repeat 
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units not only increases the hydrophobic effect but also increases the entropic effect as the 

peptide is longer. It was believed that the result was due to the competition between the 

two effects.
151

 The shear modulus of those gels was also measured. A reverse trend of first 

increasing then decreasing of the shear modulus by increasing peptide length was observed. 

This could be due to the competition of increasing the area of interaction between 

molecules and decreasing the molecules effective length because of possible folding back 

of the longer molecules. However, there was no significant difference among peptides with 

varied hydrophobic side chains or peptides with varied charged side chains.
152

 Another 

attempt to vary the peptide sequence was to truncate one terminal amino acid. This small 

modification dramatically changed the self-assembly process. FKFEFKF formed thin 

fibrils (~3.7 nm) and broad nanotapes (~19.2 nm); while KFEFKFE only assembled at 

neutral pH.
153

 

Another aspect which can affect the self-assembly and gelation process of FKFEFKFE is 

the pH of the system. It was found that by increasing the pH of the system from 3.5 to 4.0, 

the time of gelation was decreased from hours to minutes. However, the mechanism of 

gelation remained the same.
154

 The sensitivity of self-assembly to pH and ionic strength of 

the solution are due to the ionisable side chains. 

FKFEFKFE can be functionalised prior to self-assembly with polyethylene glycol groups 

to inhibit bacterial motility
155

 or with an epitope to modulate adaptive immune 

responses.
156

 Bioactive ligand RGD can also be introduced to FKFEFKFE. A nanoribbon 

structure was obtained when coated by RGD segments. The functionalised nanoribbons 

showed great potential to be used as a selective intracellular drug delivery carrier.
157

 RGD 

modified FKFEFKFE peptide was also used to study the influences of the matrix stiffness 

and the binding site density on microvascular network formation of endothelial cells and 

the morphology of human mesenchymal stem cells. By mixing the normal FKFEFKFE 

with RGD modified FKFEFKFE in different ratios, the gel stiffness was altered in the 

range between ~60 to 6000 Pa. It was found that no network formation and little cell 

elongation was noticed in the gels without RGD modified FKFEFKFE. When RGD was 

present, increased cell number and cell length were noticed within the stiffer gels. Robust 

microvascular network formation also occurred but the extent of this formation decreased 

with the increasing gel stiffness.
158

 Those studies show a great potential of FKFEFKFE to 

be used for biomedical applications. 
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The peptide used in this project is FEFEFKFK which is another variation of FKFEFKFE 

sequence. Instead of the alternation of positively charged side chains and negatively 

charged side chains in FKFEFKFE, FEFEFKFK has two negatively charged side chains 

together and two positively charged side chains together. As a member of the ionic 

complementary peptide family, FEFEFKFK was postulated to have a similar self-assembly 

and gelation mechanism as FKFEFKFE. TEM and AFM were used to visually confirm the 

presence of fibres in FEFEFKFK solutions. Further analysis of the TEM images revealed a 

regular helical fibre or twisted structure. The existence of the anti-parallel β-sheet structure 

was confirmed by FTIR.
58

 FEFEFKFK can form gels above 7 mg ml
-1

. Using small angle 

neutron scattering (SANS), FEFEFKFK was found to form fibrillar structures with radii of 

1.7 nm below the critical gelation concentration. The mesh size of the gel network was 

derived above the critical gelation concentration ranging from 15 to 30 nm depending on 

the gel concentration.
159

 The stiffness of FEFEFKFK hydrogels was examined with an 

oscillatory rheometer and it can be easily altered by varying the peptide concentration. The 

hydrophobic effect of peptide side chains on the self-assembly and gelation properties was 

also investigated by replacing F with L and V. Similar network topologies were found for 

each peptide. However, the stiffness of hydrogels was dramatically changed: the lower the 

hydrophobicity, the higher the elastic modulus. The biggest difference between the high 

elastic modulus and the low elastic modulus reached up to 100 times at the same gel 

concentration.
57

 

Similar to FKFEFKFE, FEFEFKFK can also be functionalized by introducing a polymer 

or peptide sequence to FEFEFKFK molecule prior to self-assembly. Previous studies 

showed that FEFEFKFK was successfully conjugated with PNIPAAm to form a reversible 

double thermoresponsive hydrogel which has a LCST at 30 °C and a melting temperature 

at 75 °C.
160, 161

 The mechanical properties of this conjugated FEFEFKFK gel can be 

manipulated by mixing with normal FEFEFKFK in different molar ratios.
162, 163

 

Combining the responsive behaviour and the tuneable mechanical properties, hydrogels of 

the mixture can be good candidates for tissue engineering or drug delivery system. 

FEFEFKFK can also be functionalized with short peptide sequence such as 6 histadine (H). 

The mixtures of H functionalised FEFEFKFK and normal FEFEFKFK in the presence of 

nanogold particles were examined with TEM. As the nanogold particles can covalently 

bind to H, the positions of the nanogold particles indicated the presence of H 

functionalised FEFEFKFK which confirmed the well distributed incorporation of H 
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functionalised FEFEFKFK throughout the fibrillar structure.
164

 HHHHHH was believed to 

stick out of the edge of peptide fibrils.
57

  

Bovine chondrocytes were used to test the biocompatibility of FEFEFKFK hydrogels. 

Cells stayed round and alive in 2D and 3D cell culture environments. The deposition of 

ECM was also observed under both cell culture conditions. This study showed FEFEFKFK 

hydrogels can be good candidates as scaffolds for cartilage tissue engineering.
165

 

The Aggeli group also designed peptide with the β-sheet structure. This peptide system 

showed a concentration dependent self-assembly behaviour. As shown in Figure 1.12, 

peptides with one hydrophobic and one hydrophilic surface adopt a β-strand conformation 

and form anti-parallel β-sheet tapes at low concentrations. When the concentration 

increases, the hydrophobic surfaces attract each other and form ribbons. Further increasing 

concentration results in stacks of ribbons forming fibrils. Fibrils eventually twist together 

forming fibres. Fibres can entangle to form hydrogels.
166

 Among all developed peptides, 

the most studied one is QQRFEWEFEQQ (P11-4). It can self-assemble to form fibres with 

an anti-parallel β-sheet tape structure at pH 4.2 when the concentration is below 10 mg ml
-1

. 

When the concentration is higher than 10 mg ml
-1

, it can form a hydrogel in cell culture 

medium which can then be used as an injected scaffold in tissue engineering.
147

 

 

Figure 1.12 Short amphiphilic β-sheet peptides that self-assemble into anti-parallel 

nanotapes and further aggregate into ribbons and higher order structures. In a recent 

paper, shorter sequences (P9-6 and P7-6) with aliphatic hydrophobic resides (in green) 

were demonstrated to form fibrillar structures. (C) Trans-mission electron micrograph of a 

P11-4 gel in water (6.3 mM, pH 3) showing semi-rigid fibrils andfibers.
144
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Chapter 2 Materials and methodology 

2.1 Introduction 

In this chapter the materials and methodology applied to the study of self-assembly and 

gelation properties of peptides for biomedical applications will be described. Both the 

basic theories of the techniques and the general procedures will be covered. All of the 

techniques used in this study can be classified into three groups: peptide synthesis and 

characterisation, peptide hydrogel preparation and characterisation and cell culture studies. 

They will be introduced in this chapter accordingly. 

2.2 Peptide synthesis and characterisation: 

2.2.1 Materials 

All chemicals were used as received unless otherwise specified.  

Fmoc-Lys(Boc)-Wang resin (100~200 mesh, loading: 0.66 mmol g
-1

), Fmoc-Phe-OH, 

Fmoc-Lys(Boc)-OH, Fmoc-Glu(OtBu)-OH and 2-(6-Chloro-1H-benzotriazole-1-yl)-

1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) were purchased from 

Novabiochem Co. and stored at -4 °C. 

 N, N-dimethylformamide (DMF 99.8%), N-methylpyrrolidone (NMP 99%), piperidine 

(99%), anisole (99%), N, N'-Diisopropylethylamine (DIPEA ≥99%), trifluoroacetic acid 

(TFA 99%), dichloro methane (DCM 99.9% biotech grade), diethyl ether, acetonitrile 

(HPLC grade with 0.1% formic acid and 0.01% TFA) were obtained from Sigma-Aldrich 

Co.. 

Ethanol absolute was supplied by Fisher Scientific. 

Kaiser Test solutions A and B were prepared by A. Miller’s group. 

2.2.2 Solid phase peptide synthesis (SPPS) 

To synthesise an acquired peptide, the primary structure was designed first then amino 

acids were coupled one by one from one end of the peptide backbone to the other. The 

strategy taken in this study was to start from the C-terminus of the peptide design and to 
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end at the N-terminus, which is illustrated in Figure 2.1: 
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Figure 2.1 The multi-step process of peptide synthesis. Y
1
 = amino-protecting group; Y

2
 = 

carboxyl protecting group; R
1
, R

2
 = amino acid side chains.

1
 

Firstly, to ensure the acquired peptide bond formations and to avoid the unwanted side 

reactions, amino acids were selectively protected. This included the side chain protection 

and the protection of the end functional groups. In the case presented here, the C-terminal 

amino acid should be C-protected, while the second amino acid should be N-protected. In 

this study, to protect the C-terminus of the first amino acid of the designed peptide 

sequence, said amino acid was connected to an insoluble polymer (Wang resin) through its 

carboxyl group. 

A        

H2N
O

O

R0
                B       

HO
O

4-Benzyloxybenzyl alcohol resin (Wang resin)  

Figure 2.2 Structure of A) C-terminal amino acid linked to the resin; B) Wang resin 

This peptide synthesis technology is known as solid phase peptide synthesis (SPPS).
1
 

Secondly, the protecting group of the amide group of the first amino acid was removed.  
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Figure 2.3 The mechanism of the Fmoc deprotection.
1
 

In the mean time the carboxyl group of the second amino acid was activated to provide a 

reactive intermediate.  
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Figure 2.4 The mechanism of the activation and coupling reaction.
2
 

This allows the coupling reaction, followed by the formation of peptide bond. One round 

after the other, the deprotection, activation and coupling were repeated until the designed 

sequence of the peptide formed. At the end of the synthesis, the product was dissolved in 
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the final cleavage cocktail while the insoluble polymeric support could be easily removed 

by filtration. In the meantime, all the protecting groups of both end groups and side groups 

were cleaved and the target peptide with the native primary structure was obtained.  

In this study, SPPS was performed on a ChemTech ACT 90 peptide synthesiser. In a 

standard synthesis of the FEFEFKFK peptide, ~ 2.5 g Fmoc-Lys(Boc)-Wang resin 

(100~200 mesh, loading: 0.66 mmol g
-1

) was pre-soaked in 30 ml DCM to allow the resin 

to swell. After 2 hours, 20 ml NMP was used to replace DCM to allow further swelling of 

the resin for 1 more hour. The reaction vessel was then emptied and a 30 ml mixture of 

piperidine and NMP with a ratio of 2:1 was added for 20 minutes to expose the amide 

group for the coupling step. A cleaning step was taken after the deprotection step. The resin 

beads were rinsed with 20 ml NMP for 5 times to wash out all the deprotection chemicals. 

A Kaiser test was performed to confirm the success of the deprotection.
3, 4

 Once the 

success of the deprotection step was confirmed, the second amino acid Fmoc-Phe-OH and 

HCTU were weighed at an 8 fold excess of the mole number of the K residue, and then 

dissolved in 40 ml DMF. The mixture solution was added into the reaction vessel along 

with 20 ml DIPEA and the coupling reaction was performed in the dark for 1 hour. The 

same cleaning step was taken followed by another Kaiser test. Once the coupling step was 

confirmed to be successful, the new cycle of the deprotection and coupling was repeated 

until the full length of the designed peptide was obtained. After the deprotection of the last 

amino acid, a final cleaning process was carried to ensure all the resin beads were clean, 

dry and ready for the cleavage. The resin beads were rinsed 3 times with 20 ml DMF for 

15 minutes each time; followed by 2 times with 20 ml ethanol for 10 minutes each time 

and finally 2 times with 20 ml DCM for 10 minutes each time. The reaction vessel was 

gently agitated during the whole process. After the final cleaning, the resin beads were left 

to dry overnight. A 20 ml cleavage cocktail of TFA and anisole with a volume ratio of 19:1 

were mixed with the beads and agitated for 3 hours to cause a complete reaction. The 

product solution was then added into a large excess of cold ether drop by drop. The peptide 

product precipitated in the cold ether and was separated by centrifugation. The purification 

of peptide product was undertaken by repeated precipitation in the cold ether and repeated 

centrifugation. Finally, the peptide product was dissolved in the distilled water, freeze dried 

and stored at -4 °C in a powder form.  

Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass 

spectroscopy combined with reversed phase high performance liquid chromatography  
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(RP-HPLC) were used to prove the peptide was correctly synthesised as well as prove the 

purity of the peptides. 

  

Figure 2.5 MALDI-TOF mass spectrum of FEFEFKFK in positive reflectron mode. The 

number beside each peak represents the molecular weight of [M-H]
+
. 

Figure 2.5 is the mass spectrum of FEFEFKFK. In this experiment, the electron charge was 

positive, so the value for the peak is the value of the molar mass of a cation associated 

molecule. The highest peak indicates the molar mass/charge of the major component 

within the analyte which is close to the molar mass 1121.3 g mol
-1

 of FEFEFKFK in 

theory.
5
 This proved the major component within the product was FEFEFKFK. The small 

difference could be caused by the peak assignment during the calibration process. During 

the experiment, a standard sample was tested with the other samples. The molecular weight 

of this standard sample was known. After the experiment, the spectrum of this standard 

sample was analysed first. The values of the peaks on the spectrum were assigned to the 

known molecular weight of the standard sample. This is the calibration process. The values 

of the peaks on other spectra were calculated automatically. 

Figure 2.6 exhibits the HPLC graph of FEFEFKFK, the peak area of which shows the 

proportion of each compound in the sample solution. Associated with the results of the 

mass spectroscopy, the highest peak can be assigned to FEFEFKFK and the percentage 

area of the largest peak among all peaks was used to estimate the purity of the peptide. 

Thus the designed peptide products with purity over 85 % were confirmed by HPLC and 
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mass spectroscopy (MS). 

  

Figure 2.6 HPLC graph of FEFEFKFK. 

The SPPS was not 100 % efficient. The impurities after peptide synthesis might have 

resulted from the miscoupling during the synthesis. Impurities with smaller molar mass 

could be peptides missing one amino acid or two; while impurities with larger molar mass 

could be peptides coupled with one more amino acid or two compared with the desired 

sequence. Because K was directly linked to the resin and the other K was coupled in the 

first two steps, K was unlikely missing in the process. As the peptide backbone grew longer, 

some molecules might have been hidden under other molecules or self-assembly would 

have occurred which also reduced the exposure of amino acid at the end of the peptide 

molecule. Thus one or two amino acids would appear missing on the final peptide 

molecule. On the other hand, the early deprotection of the end amino acid and a great 

amount of excess amino acids could result in one or two more amino acids appear on the 

final peptide molecule. When all the peptide molecules were dissolved in aqueous 

solutions, the short molecules incorporated into the fibrils and became the defects or 

branching points; while the long molecules stuck out of the edge of the fibrils or folded 

back which could inhibit the assembling of other molecules. The long molecules were not 

long enough to act like branches so a decrease of gel network strength was expected 

compared to the product with the higher purities. Although purities of peptide powder were 

slightly different between batches, the properties of peptide hydrogels, in particular 

mechanical showed no significant differences. This means the effects of the impurities on  

self-assembly and gelation properties of FEFEFKFK between batches were negligible. 
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2.2.3 Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass 

spectroscopy 

MALDI-TOF was used to detect the molar mass of the peptide synthesised. In this project, 

reflectron detector and positive mode was used. In the experiment, after the sample plate 

was loaded, the whole system was vacuumed. The sample was directly exposed to a laser 

beam. After desorption and ionization, the analyte ions were accelerated in a field-free 

flight tube where high voltage was applied. The smaller ions travelled faster and reached 

the detector earlier, which was recorded as an electrical signal and transferred to intensity 

versus molar mass spectrum and showed on the computer screen. The molar mass of the 

analyte was indicated by the peaks. 

The concentration of the sample for MALDI-TOF MS is around 1 pmol peptide in 1 μl 

distilled water. To prepare the sample solution, 1 mg peptide was dissolved in 1 ml distilled 

water and then 1 μl of this solution was diluted into 1 ml distilled water. This final solution 

had the right concentration. From the name of MALDI-TOF MS, matrix plays an important 

role in the experiment. It prevents the decomposition and association of the analyte and 

promotes the ionization of the sample.
6
 α-cyano-4-hydroxy-cinnamic acid was used as 

matrix which was dissolved in a mixture of acetonitrile, distilled water and formaic acid 

solution (2 % v/v) at a ratio of 10:9:1. 1 μl peptide solution and 1 μl matrix solution were 

mixed, dropped onto a metal plate and dried in fume cupboard. Finally, the sample plate 

was placed inside the MALDI-TOF instrument and ready for tests. 

2.2.4 Reversed phase high performance liquid chromatography (RP-HPLC) 

An HPLC system consists of a stationary phase (column) and a mobile phase (solvent). 

When the sample is injected into the system, it is carried by the mobile phase flowing 

through the stationary phase. The different affinities between the sample components to the 

mobile phase and to the stationary phase result in the separation. The sample component 

attracts to the stationary phase and has a longer retention time, thus coming out of the 

column at the last. The sample component attracting to the mobile phase comes out of the 

column very quickly. When a non-polar material is chosen to be the stationary phase, the 

HPLC system is called RP-HPLC. When using this technique, the component with the 

highest hydrophobicity has the longest retention time. 

A Dionex Ultimate 3000 HPLC was used to characterise the purity of the synthesised 
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peptide. The sample was prepared by dissolving 0.5 mg peptide in 1 ml distilled water and 

0.5 ml acetonitrile solvent mixture. 100 μl of sample solution was injected into the system. 

The flow rate was kept constant at 1 ml min
-1

. 

2.3 Gel preparation and characterisation: 

2.3.1 Gel preparation and phase diagram 

Three different sample preparation methods were performed for different studies. 

1) Solutions and gels for transmission electron microscopy (TEM), small angle X-ray 

scattering (SAXS), Fourier transform infrared spectroscopy (FTIR) and the mechanical 

properties tests of the samples with no pH or adjusted ionic strength. 

Peptide powder was weighed, mixed with a certain amount of distilled water to gain the 

acquired concentrations and vortexed. The mixture was then left in the oven at 90 °C. The 

sample vials were taken out 1 hour later to be vortexed again to ensure a homogenous gel 

and then put back into the oven. Followed by another 2 hours in the oven, the sample vials 

were then taken out and left on the bench. Transparent peptide solutions or hydrogels were 

observed during the cooling period until they reached room temperature. Without adding 

any NaOH or NaCl to the system, these samples had an original pH of 2.8. The 

experiments taken on these samples were performed at pH 2.8 at room temperature unless 

specified otherwise. 

2) Solutions and gels for studying the pH effect. 

1 M NaOH solution was prepared first. Distilled water was then mixed with 1 M NaOH 

solution at different volume ratios which resulted in a series of NaOH solutions at different 

concentrations. Peptide powder was weighed, mixed with a certain amount of NaOH 

solution to gain the acquired concentration and to get close to but slightly lower than the 

targeted pH. The sample vials were then vortexed and the mixture was left in the oven at 

90 °C. Sample vials were taken out 1 hour later to be vortexed again to ensure a 

homogenous gel and then left on the bench to cool down. Once the samples were at room 

temperature, a pH meter was used to measure the actual pH value of the samples. 

Additional μl of 1 M NaOH solution would be added if necessary to reach the targeted pH. 

The samples were usually prepared with more than 1 ml. Compared to the sample volume, 

the effect of the additional drops of NaOH solution on the peptide concentration was 
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negligible. Samples were then put back into the oven. Following by another 2 hours in the 

oven, the sample vials were then taken out and left on the bench. Peptide solutions or 

hydrogels were observed during the cooling period until they reached room temperature. 

The experiments done on these samples were performed at different pH levels at room 

temperature without any salt in the system unless specified otherwise. 

3) Solutions and gels for studying the ionic strength effect.  

2 M NaCl solution was prepared first. Distilled water was then mixed with 2 M NaCl 

solution at different volume ratios which resulted in a series of NaCl solutions at different 

concentrations. Peptide powder was weighed and mixed with a certain amount of NaCl 

solution to gain the acquired peptide concentration at the desired salt concentration. The 

sample vials were then vortexed and the mixture was left in the oven at 90 °C. The sample 

vials were taken out 1 hour later to be vortexed again to ensure a homogenous gel and then 

put back to the oven. After another 2 hours in the oven, the sample vials were then taken 

out and left on the bench. Peptide solutions or hydrogels were observed during the cooling 

period until they reached room temperature. The experiments done on these samples were 

performed at pH 2.8 at room temperature with different salt concentrations unless specified 

otherwise. 

The samples for SANS tests were prepared in D2O instead of H2O. All other procedures 

were the same as mentioned above. 

The experiments were usually performed on the next day after the samples were prepared.  

The preparation of gels used in cell culture will be discussed later. 

Three different types of phase diagrams were mapped out corresponding to three sample 

preparation methods. The sample vials were held in a hot water bath at a certain 

temperature for 15 minutes. The phase forms were recorded and then mapped out. For the 

samples prepared by method 1, the phase forms were recorded at different temperatures. 

For the samples prepared by methods 2 and 3, temperature was fixed to 25 °C. The pH 

value of the sample or the salt concentration of the sample was mapped against the sample 

concentration. 
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2.3.2 Transmission electron microscopy (TEM) 

In the TEM instrument, an electron beam is generated by a field emission gun. Then 

electrons are accelerated inside a vacuum chamber and then run towards the sample. 

Electrons passing through the sample layer can be detected. The characteristics of the 

sample can be derived from the analysis of the density, phase and periodicity of the 

transmitted electrons. On the TEM images, the dark areas represent the thick sample areas 

or heavy atoms; whist the bright areas have no sample. A thin sample layer at micron-scale 

is needed for a good observation under TEM. The samples like the peptide fibres are at 

nano-scale which appear transparent for electrons. Thus, a stain solution which contains 

heavy metal compounds is needed. The heavy metal atoms are attached to the fibre 

surfaces which appear dark under TEM while the fibre itself appears bright. This provides 

a good contrast for the observation of fibres morphology.
7
 

A JEM'1220 electron microscope was used to characterise the structure of peptide 

hydrogels. 1 mg peptide was dissolved in 1 ml distilled water to prepare peptide solution at 

1 mg ml
-1

 concentration. The carbon coated face of copper grids was placed on top of 10 μl 

sample drop for 10 seconds, which was then blotted on filter papers. The grid was moved 

to a 10 μl distilled water drop for another 10 seconds and blotted again. Finally it was 

moved to a 10 μl drop of staining solution (4 wt% uranyl acetate) for 1 minute and blotted. 

The completely dried samples were then tested. 

The micrographs obtained using TEM were analysed by ImageJ software. The diameters of 

random individual fibres were measured and the average diameter was used to present the 

size of the peptide fibre. 

2.3.3 Small angle scattering (SAS) 

In a small angle scattering (SAS) experiment, a sample is hit by a collimated, 

monochromatic beam and the beam scattered by the sample is monitored (Figure 2.7).  

 

  

 

Figure 2.7 Illustration of a SAS experiment. 
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Given by the de Broglie relation, the neutron wavelength       , where   is the size of 

the wave vector (    ). In an elastic scattering, the wavelength of the incident beam (  ) is the 

same as the wavelength of the scattered beam (  ), which also means    
         

      . The 

scattering vector      (or the momentum transfer) is defined as        
        

    . The size of it ( ) 

is given as a function of the scattering angle ( ):
8
 

         
          

 
 

Equation 2.1 

The scattered intensity for any isotropic sample is given as a function of  : 

               

Equation 2.2 

where   is a constant and relates to the instrumental parameters and the contrast factor ( ) 

of the scattered sample;    is the transmission of the scattered sample;    is the thickness of 

the scattered sample;      is the scattering function. Both coherent scattering and 

incoherent scattering are included in     , where the latter part does not contain any 

structural information of the sample and should be subtracted before data modelling. Thus
9
 

           
       

Equation 2.3 

        can be described by 

                  

Equation 2.4 

where      is the form factor which comes from the intra scattering of the same objects 

and contains the structural information of the scattering objects;      is the structure 

factor which comes from the inter scattering of the distinct scattering objects. In order to 

gain structure information of the scattering objects, experiments should be performed on 

diluted solutions where the scattering objects do not interact with each other, which means 

     is negligible. Thus 

                        

Equation 2.5 
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where   is the contrast factor of the scattering object,   is the concentration of sample 

solution and       is the form factor with no concentration and molar mass dependence.
9
 

  used in this project is calculated by: 

2

2)(

p
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m

NaYa
K


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Equation 2.6 

where pa  is the scattering length of the peptide, which is the sum of the scattering length 

of each atom in one peptide molecule; sa  is the scattering length of the solvent, which is 

the sum of the scattering length of each atom in one solvent molecule; Yps = vp / vs is the 

molar volume ratio, and the molar volume of one peptide molecule is the sum of the molar 

volume of each amino acid; pm  is the molar mass of one peptide molecule; 

   = 6.022  10
23

 is the Avogadro Number. The difference of   used in SANS and SAXS 

is due to the scattering length. In SAXS, the scattering length is proportional to the atom 

number, thus it has a better contrast between atoms with a bigger difference on the atom 

number. However, the scattering length in SANS has nothing to do with the atom number. 

It is well known that hydrogen has a negative scattering length while deuterium has a 

positive scattering length.
10

 This is a big advantage for examining biomaterials. The 

difference between the scattering lengths can also be used to study system with two objects. 

H2O and D2O co-solvents can be used. By varying the ratio between H2O and D2O, the 

scattering length of the co-solvent can be altered. Thus one object in the system could be 

studied by screening the other object. This has been successfully applied in the study of a 

mixture of FEFEFKFK and polymer conjugated FEFEFKFK.
11

 

The samples for SANS were prepared in the same way as explained in Section 2.3.1, 

except distilled water was replaced by D2O. Experiments were carried out on both D22 in 

ILL Grenoble and in FRM Munich. By studying the scattering pattern, the structural 

properties of the samples can be revealed. It can be used as a complementary technique to 

TEM. 

2.3.4 Fourier transform infrared spectroscopy (FTIR) 

Every pair of neighbouring atoms in any molecule has a unique vibration frequency. When 
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the frequency of an infrared photon matches the unique vibration frequency, this pair of 

atoms will absorb the photon and get into an excited high energy level. The vibration 

frequency of pairing atoms can be affected by the conformation of the molecules and by 

the interactions between molecules. Thus by recording the absorbance frequency, 

characteristic IR spectrum can be obtained for any testing material. By comparing the 

spectra of the testing samples to IR spectra of the known samples, the intra and inter 

molecular structure of the testing samples can be discovered. The secondary structure of 

peptide can be presented by characteristic absorbance peaks within the amide I vibration 

zone, which is in the range of 1600-1700 cm
-1

.
12

 

The OMNIC software was used to fit the bands in the amide I region to determine the  

β-sheet content of the peptide samples. To find the position of each peak, band 

deconvolution and second derivative spectra were used. Comparing with the assignments 

of peaks from the literature,
12-14

 positions of peaks were assigned and fixed and a Gaussian 

function was applied to fit the original spectra. The full width half height of the bands was 

fixed to 6 and no baseline was chosen to get the best fit. The β-sheet content was estimated 

by the percentage area of β-sheet peak among all the secondary structure peaks. 

A Thermo Nicolet 5700 spectrometer was used to study the peptide secondary structure in 

hydrogels. Solutions and hydrogels with different concentrations were prepared as 

described in 2.3.1. A background spectrum of distilled water was subtracted from all 

samples’ spectra. Spectra were acquired in the 400 to 4000 cm
-1

 range with a resolution of 

2 cm
-1

 over 128 scans. 

2.3.5 Rheology 

An oscillatory rheometry is often used for the rheology tests of the hydrogels. For a stress 

controlled rheometer, a stress varied sinusoidally is applied to the testing sample and the 

responding strain is recorded. For a Hookean solid, there is no phase difference between 

the applied stress and the responding strain; for a Newtonian fluid, the responding strain is 

completely out of phase. For a hydrogel, the phase difference in terms of phase angle ( ) is 

between 0 º and 90 º. If   is between 0 ° and 45 °, the gel has a solid-like behaviour whist 

  between 45 ° and 90 ° indicates the gel is liquid-like. The complex shear modulus (  ) is 

defined as    stress/strain. The elastic property of hydrogels is presented by the elastic 

modulus (  ) which is defined as            . The viscous property of hydrogels is 

presented by the viscous modulus (   ) which is defined as             . The phase 
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angle ( ) is defined as              . Thus, for a gel with solid-like behaviour, 

          ,       ; while for a gel with liquid-like behaviour,         , 

      . When         ,       , this was considered the gel breaking point. The 

viscoelastic property of hydrogels can then be presented by these values and relationships 

between    and    . 

                      

Figure 2.8 Rheometer with a parallel geometry 

The mechanical property of peptide hydrogels was measured on an AR-G2 rheometer (TA 

instruments, UK) with a 20 mm diameter parallel plate geometry (Schematic representation 

was shown in Figure 2.8). During the process, the hydrogels were scooped out from the 

vial with a spatula and then loaded in the centre on the sensor plate. The upper plate was 

lowered down to a distance of 200 μm from the lower plate. A small amount of hydrogels 

were left in the gap between the two parallel plates while the excess hydrogels were 

removed with a spatula and recycled by the freeze drying technique. A solvent trap was 

utilized to decrease the evaporation of water and keep the concentration of the hydrogels 

constant. 3 minutes of relaxation time was allowed for the recovery of the hydrogels from 

being pressed by the plate.  

Four different types of the rheological oscillation test were carried out. 

1) Amplitude sweep 

An amplitude sweep was taken for each new sample to determine the linear visco-elastic 

region (LVR) of the sample.  The variation of the shear modulus with the increase of strain 

was recorded at an oscillation frequency fixed at 1 Hz at 20 °C. Temperature was set to 

37 °C for the gels used in the cell culture studies. In the LVR, the shear modulus is 

independent from the strain. For all samples tested, the LVR is below the strain of 5 %. 

Rotating plate 

Sample 

Sensor 

Peltier temperature control 
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When the strain > 10 %,        was observed for all samples which indicated the gel 

was broken. 

2) Frequency sweep 

A frequency sweep was taken in the LVR of all samples. A fixed strain of 1 % (in the LVR) 

was chosen in all frequency sweep tests. The variation of shear modulus and        with 

the increase of frequency were recorded at 20 °C and repeated at least 3 times for each 

sample. Temperature was set to 37 °C for the gels used in the cell culture studies. The 

independence of the shear modulus and        from the frequency was observed at the 

frequency lower than 5 Hz. The average value in this linear range was calculated to 

represent the mechanical properties of the peptide hydrogels. The error bars indicated the 

standard deviations of data obtained from the repeating experiments. 

3) Temperature sweep 

A temperature sweep was taken in the LVR of all samples. A fixed strain of 1 % and a 

fixed frequency at 1 Hz were chosen where the shear modulus was independent from the 

strain and frequency. 25 mg ml
-1

 FEFEFKFK peptide hydrogel was heated up from 25 °C 

to 85 °C at a heating rate of 5 °C min
-1

 then cooled back to 25 °C at the same rate for one 

cycle. The cycle was repeated twice. 

4) Time sweep (recovery) 

A time sweep was taken in the LVR of all samples. A fixed frequency at 1 Hz was chosen 

where the shear modulus was independent from the frequency. There were three stages 

during the recovery tests. In the first stage, the shear modulus was recorded with time for 

5 minutes at a fixed strain of 1 % which is in the LVR of the peptide hydrogels. In the 

second stage, a strain of 150 % was applied for 5 seconds to break the gel which was 

confirmed by the sharp decrease of    (where         ). In the third stage, a fixed strain 

of 1 % was applied again to record the change of the shear modulus with time after the 

breakage. Temperature remained at 20 °C during all tests. 

2.4 Cell culture and assays 

2.4.1 Materials  

Dermal fibroblast (C-013-5C human adult) was purchased from Cascade. 
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Dulbecco’s modified eagle’s medium (DMEM, 21885), fetal bovine serum (FBS, 21885), 

0.25 % trypsin-EDTA (25200), Dulbecco’s phosphate buffered saline (DPBS, 14190-250 

no Ca
2+

/Mg
2+

) were purchased from Gibco. 

Fibronectin (F2006 human plasma), bovine serum albumin (BSA, A7906), Triton® X-100 

(T8787), dimethyl sulfoxide (DMSO), Antibody: anti-rabbit LgG (C2306) were purchased 

from Sigma. 

Prolong antifade+Dapi (P36391), Live/dead assay (L3224), fluorescein phalloidin (F432) 

were purchased from Invitrogen.  

Paraformaldehyde (30525-89-4) was purchased from Fisher. 

Antibody: anti-α5β1 (MAB1969 Mouse anti-human) was purchased from Chemicon. 

Antibody: anti-fibronectin (ab32419 Rabbit anti-human) and anti-collagen I (ab21285 

Rabbit anti-human) were purchased from Abcam. 

2.4.2 Cell culture 

HDFs were cultured in the cell culture medium consists of DMEM pre-mixed with 10 % 

FBS and 1% antibiotic-antimycotic solution. When confluent, cells were detached using 

trypsin (0.05%)-EDTA·4Na and transferred into a falcon tube. The cell culture medium 

with 10 times of the volume was added to neutralise the trypsin. Cells were centrifuged and 

the trypsin solution was removed. The cell pellet was re-suspended in the fresh cell culture 

medium and adjusted to the required cell concentration before seeding on or into the 

peptide hydrogels. A haemocytometer was used to count the cell numbers and calculate the 

cell concentrations accordingly. 

After the initial seeding, cell morphology was observed under the Leica DM IL optical 

microscope while cells were still growing on or in the peptide hydrogels. The micrographs 

were taken with the attaching camera at different post culture days. The magnification of 

20X was used unless specified otherwise. 

2.4.3 Fluorescence microscopy:  

In the fluorescence microscope, filtered light with a certain wavelength hit on the samples. 

Electrons absorbing the incident photon will jump into a high energy level and then when 
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electrons drop back to the ground energy level, a photon with lower energy will be emitted.  

The emitted photons can be recorded which can reveal the molecular arrangement of the 

tested samples.
15

 

The fluorescence microscope Nikon ECLIPSE 50i with different excitation filters was used 

as an observation method in the F-actin staining assay, Live/Dead assay and 

immunostaining assays. 

2.4.4 F-actin staining 

fluorescein isothiocyanate (FITC )-conjugated phalloidin combined with the fluorescence 

microscopy was used to the observation of F-actin. During 2D cell culture, 4 % (w/v) 

paraformaldehyde was left on top of the gels for 30 minutes to fix the cells. The fixing 

solution was then removed and the gel surface was rinsed 3 times with PBS. Cells were 

permeablized by 0.5 % (v/v) triton X-100 in PBS solution and left at 4 ºC for 5 minutes. 

The solution was again removed and the gel surface was rinsed 3 times with PBS. 

50 μg ml
-1

 FITC-phalloidin solution was added and the samples were left in the dark. 

3 hours later, the stain solution was removed and the samples were transferred onto 

microscope glasses and mounted with DAPI Prolong
TM

 gold antifade reagent. A Nikon 

ECLIPSE 50i fluorescence microscope was used for the observation of F-actin. F-actin 

was stained green by FITC and observed with a filter of 495 nm and cell nucleolus was 

stained blue by DAPI and observed with a filter of 340 nm. For cells cultured in 3D 

environment, the hydrogels were soaked in the FITC-phalloidin solution overnight.  

2.4.5 Cell counting 

To dissolve the gel, 1 ml cell culture medium was added into one cell culture well. The 

partially broken gels and cell mixture was then transferred into a 2 ml vial and  gently 

vortexed to further break down the gels, gaining a homogeneous cell suspension. 10 μl cell 

suspension was diluted with 10 μl trypan blue solution, staining the dead cells. The cell 

numbers in the diluted cell suspension were then counted using a haemocytometer and the 

cell concentrations and cell numbers in the original well were calculated accordingly. 

2.4.6 Live/Dead assay 

A live-dead assay uses the stain solutions to stain live cells and dead cells with different 

colours, so the cell viability can be easily observed under the fluorescence microscope. In 
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the assay kit, there are two solutions: calcein AM and ethidium homodimer-1 (EthD-1). 

Calcein AM can penetrate membranes of the living cells then be cut to calcein by the 

enzyme within the living cells. Thus the living cells appear green under the fluorescence 

microscope. EthD-1 can only get into the dead cells and stain the cell nuclei which results 

in the observation of the dead cells in red under the fluorescence microscope. 

Cell viability was tested using a Live/dead assay. 300 μl PBS containing 0.6 μl of 4 μM 

EthD-1  red assay solution and 0.15 μl of 2 μM calcein AM white assay solution was 

incubated on top of the gels for 20 minutes in the incubator at 37 °C. The staining solution 

was removed and the gels were transferred on to the microscope slides.  The samples were 

mounted with Prolong gold anti-fade reagent, covered with the glass cover slips and 

observed using a Nikon Eclipse 50i fluorescence microscope with excitation filters of 

494 nm (green, calcein) and 528 nm (red, EthD-1). 

2.4.7 Immunostaining assay 

The secretion of ECM molecules can be detected by the immunostaining assays. The 

deposition of ECM molecules was tested after 1, 3, 5, 7 and 14 days of cell culture. The 

same cell fixing and permeabilization process as F-actin staining were performed. Instead 

of laying the staining solution after the permeabilization, 1 % BSA in DPBS solution was 

used to block cells for 6 hours. The blocking solution was changed every 2 hours to ensure 

efficient blocking. The blocking solution was then replaced by the antibody solution. The 

primary rabbit anti-human fibronectin antibody was diluted 100 times in 1 % BSA solution 

(or the primary rabbit anti-human collagen I antibody was diluted 40 times in 1 % BSA 

solution) to gain the primary antibody solution. The gels were soaked in the antibody 

solution overnight at 4 °C. The antibody solution was then removed and the gels were 

rinsed 3 times with 1 % BSA solution and left in 1 % BSA solution for 1 hour. This was 

repeated 3 times to ensure no antibody solution was left in the system. The secondary 

antibody solution was then added. The secondary antibody solution was produced by 

diluting a Cy3-conjugated sheep anti-rabbit LgG antibody into 1 % BSA solution at a ratio 

of 1:100. After 6 hours, the secondary antibody solution was removed and the same 

washing step was repeated to ensure no secondary antibody solution was left in the system. 

The samples were then transferred onto microscope glasses and mounted with Prolong 

antifade reagent with DAPI. The samples were then observed under a Nikon Eclipse 50i 

fluorescence microscope with excitation filters of 547 nm (red, Cy3) and 340 nm (blue, 
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DAPI). The same protocol was used for both 2D and 3D cell culture. 
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Chapter 3 Self-assembly and gelation properties of 

FEFEFKFK peptide 

In this chapter, the studies of FEFEFKFK peptide self-assembly are presented. The gel 

properties of this peptide in particular the rheological properties were investigated. For a 

better control of the gel properties and further understanding the peptide self-assembly, the 

effects of pH and ionic strength on FEFEFKFK peptide were studied.  A protocol for using 

this peptide hydrogel as 2D cell culture scaffold was developed with the understanding of 

the self-assembly and gelation process. The primary cell culture tests showed that the gel 

properties need further improvement for a better performance in the cell culture studies.  

Therefore the bioactive peptide sequence was introduced and the studies of self-assembly 

and gelation properties of the functionalized peptide are presented in the next chapter. 

3.1 FEFEFKFK peptide 

3.1.1 Self-assembly of FEFEFKFK peptide 

In the polymers and peptides group, a library of eight amino acid peptides has been studied. 

The number of the amino acids was chosen based on a compromise between the cost, time 

and properties. Among all octapeptides, the ionic-complementary FEFEFKFK peptide 

(Figure 3.1) was selected for this project as it is known to form hydrogels with 3D fibrillar 

network structures in aqueous solutions. It is the mostly studied peptide among all the 

other peptides synthesised in the group, and has become the best candidate for biomedical 

researches.
1-7
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Figure 3.1 The molecular structure of FEFEFKFK peptide at neutral pH. 
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In the design of the FEFEFKFK peptide, glutamic acid and lysine were used to provide the 

negatively and positively charged side groups, respectively.  Phenylalanine was used to 

provide the non-charged side group. The alternation of hydrophobic and hydrophilic amino 

acid was designed to tune the properties of the peptide. The charged side groups and  

non-charged side groups also provide peptides with one hydrophobic surface and one 

hydrophilic surface which aid the peptides to form β-sheet structures in water (Figure 3.2). 

A self-assembly model was previously proposed for similar peptide FKFEFKFE.
8
  

 

Figure 3.2 Schemes of an anti-parallel β-sheet structure formed by FEFEFKFK peptide 

(A—top view; B—side view);
5
 Schemes of the formation of the fibres by FEFEFKFK 

peptide (C).
8
 

Figure 3.2 A and B show the self-assembly of an anti-parallel β-sheet structure taken by the 

FEFEFKFK peptide fibres. The anti-parallel β-sheet structure formed through hydrogen 

bonding of the peptide backbones. The hydrophobic side chains of phenylalanines stayed 

on one side of the fibres while the hydrophilic side chains of glutamic acids and lysines s 

remained on the other side of the fibres. In the case of FKFEFKFE (Figure 3.2 C), the 

hydrophobic effect draws two fibres together which left the hydrophilic side groups outside 

the fibre surfaces. 

To confirm the same self-assembly process occurred on the FEFEFKFK peptide, samples 

were prepared for the FTIR and TEM studies. The secondary structure of FEFEFKFK 

peptide was examined by FTIR. The samples at concentration of 10, 30 and 40 mg ml
-1

 

were tested. The strong sharp peaks around 1625 cm
-1

 represent the  presence of β-sheet 

structures. It was observed that the height of these peaks increased with increasing sample 

A 

B 

C 
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concentrations. Although the sample at 10 mg ml
-1

 was a solution, the presence of β-sheet 

structure indicates that the self-assembly process had already occurred. 

 

Figure 3.3 FTIR spectra of peptide hydrogels at concentrations of 10, 30 and 40 mg ml
-1

 

all at pH 2.8. 

The peak fitting analysis in the amide I region was  processed for FEFEFKFK peptide at 

concentrations of 10, 30 and 40 mg ml
-1

. The fitted FTIR spectrum of FEFEFKFK peptide 

at concentrations of 40 mg ml
-1

 is presented in Figure 3.4 (A).  

A B 

   

Figure 3.4 (A) Peak fitted FTIR spectra of FEFEFKFK peptide at concentration of 

40 mg ml
-1

 at pH 2.8. (B) The percentage peak area of the peak at ~ 1625 cm
-1

 in the amide 

I region area as a function of peptide concentration. 

In the amide I region, the positions of IR vibrations depend on the secondary structures of 

1800 1700 1600 1500 1400

(cm
-1
)

10 mg ml
-1

30 mg ml
-1

40 mg ml
-1

1740 1720 1700 1680 1660 1640 1620 1600 1580

0.00

0.02

0.04

0.06

0.08

0.10

A
b

s
o

rb
a

n
c

e

Wavenumbers (cm
-1
)

 original

 1589

 1626

 1654

 1673

 1684

 1696

 1707

 1718

 1734

0

10

20

30

40

50

0 10 20 30 40 50

Concentration (mg ml
-1

)



Chapter 3                                Self-assembly and gelation properties of FEFEFKFK peptide 

86 

peptides. Two characteristic peaks of the anti-parallel β-sheet peak were observed for each 

tested sample.  These were the strong sharp peaks at ~ 1625 cm
-1

 and the weak peaks at 

~ 1684 cm
-1

.
9, 10

 The peak at ~ 1673 cm
-1

 was identified as residual TFA from the peptide 

synthesis.
11

 The proportion of β-sheet structure in all the secondary structures adopted by 

the peptide was estimated at 

 
  

    
      

Equation 3.1 

where    is the area of the peak at ~ 1625 cm
-1

 and      is the sum of the area of all the 

peaks in the amide I region. As presented in Figure 3.4 B, the % area of β-sheet peak 

increased with increasing peptide concentrations. 

TEM was used to visualise the formation of peptide fibres.  

 

Figure 3.5 TEM micrographs of the diluted FEFEFKFK peptide hydrogel at pH 2.8. Boxes 

were used to indicate the presence of branched fibres; while circles were used to point out 

the entanglement of the fibres. The scale bar represents 50 nm. 

The image analysis showed that the fibres had an average diameter of 3.5 nm. This 

confirms the previously proposed model, which concluded that the fully stretched length of 

the peptide backbone  was approximately 4 nm.
5
 Both the branched fibres (boxes) and the 

entanglement of fibres (circles) were observed on the TEM images. Due to the drying 
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process during the sample preparation, all the peptide fibres were flattened and 

accumulated on the surface of the carbon grid. Although this observation is not conclusive 

evidence, it highlights the possible ways of the fibre association. 

Both the TEM and FTIR results confirmed the previous studies on FEFEFKFK peptide.
3, 12

 

This peptide can self-assemble in aqueous solution and form fibres with an anti-parallel  

β-sheet secondary structure. Currently, most of the previous research focused on the 

peptide solution, where the system is dilute enough to help gain the detailed structure 

information of peptide fibres and  allow understanding of the self-assembling process. 

Although it is proved that FEFEFKFK peptide can form hydrogels in aqueous solutions, 

the gelation process and the hydrogel properties  have not been previously fully 

investigated. Therefore this project will focus on the studies of the gelation process and the 

hydrogel properties of FEFEFKFK peptide. 

3.1.2 Gel properties 

To help understanding the formation of the fibrillar network and  gelation process, the 

fibrillar model developed by Guenet was studied.
13

 In the Guenet fibrillar model, single 

fibril form at very low concentration, and connect to each other when the concentration 

increases. Some microgels of finite size form at concentrations just below the critical 

gelation concentration (Cgel), and an infinite network forms when the Cgel is reached.  This 

will affect the mesh size and network elasticity as the concentration increases. When the 

concentration increases, the mesh size is expected to decrease, but the network structure is 

independent from a local point of view. 

 

Figure 3.6 Schematic presentation of the fibrillar model suggested by Guenet. Cgel stands 

for the critical gelation concentration. ξ stands for the mesh size.
13

 

In this project, the physical forms of the peptide and water mixtures were determined by 
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turning the sample vials upside down.  The samples were called gels if they were  

self-supporting as shown in Figure 3.7 B. If the samples flowed to the bottom of the vials, 

they were called solutions. If the samples were self-supporting without any disturbance but 

flowed slowly to the bottom of the vials after a gentle pat on the vials, they were 

considered either a weak gel or a viscous liquid. The phase diagram of FEFEFKFK peptide 

was mapped out in this way. The physical forms of peptide and water mixtures at different 

temperatures were recorded. As shown in Figure 3.7 A, temperature is plotted against the 

peptide concentration. The dark grey circles represent the gel form; the light grey circles 

represent a weak gel or a viscous liquid, and the empty circles represent the liquid form. 

A 

 

B 

 

Figure 3.7 The phase diagram of FEFEFKFK peptide, where samples in the form of 

solution (empty circle), weak gel/viscous liquid (light filled circle) and gel (dark filled 

circle) were recorded. All samples were prepared at pH 2.8 (A), FEEFFKFK at 40 mg ml
-1

 

forms a self-supporting transparent hydrogel at pH 2.8 (B). 

The Cgel of FEFEFKFK peptide at 25 °C is between 15 to 20 mg ml
-1

. The area between 

the grey and white circles indicates the range where Cgel falls into. The Cgel increases when 

the temperature rises. For the peptide hydrogels at a fixed concentration, when temperature 

rises, the gels begin to melt. All the gels at concentrations above 20 mg ml
-1

 were thermally 

stable at physiological temperature 37 °C. The gels with concentration higher than 

50 mg ml
-1

 were thermally stable up to 85 °C. At all concentrations, the melted gels could 

reform when cooled down again. This thermal reversible behaviour indicates that our 

peptide hydrogels are physically cross-linked. The hydrogel formation can be originated 

from a physically entangled network structure. 

In the system studied in this project, the fibres correspond to the peptide rich phase  and the 

solvent is the peptide poor phase. Under the influence of temperature, the system will 

undergo a transition between a liquid and a gel. For a constant concentration, the 
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temperature at the transition point can be called the critical gelation temperature (Tgel). As 

shown in Figure 3.7 A, the Tgel increased with increasing peptide concentrations. 

According to the Guenet fibrillar model, this was caused by the increase of the fraction of 

disordered materials at higher temperature, and the  increase in Cgel  when temperature 

rises could be attributed to this. 

In the FTIR studies, fibres with the anti-parallel β-sheet structure were found in both the 

peptide solutions (10 mg ml
-1

) and the peptide gels (30 mg ml
-1

 and 40 mg ml
-1

). The 

existence of β-sheet fibres below the Cgel is in agreement with the Guenet model. 

Such theory could be also applied to the TEM study of FEFEFKFK peptide. The  

cross-linked network structure was virtually proved using TEM as seen in Figure 3.5 . The 

TEM studies over a range of concentrations also confirmed the local network morphology 

remain unchanged.
12

 However, due to the drying process during the sample preparation, 

microscopy cannot provide the fibre or mesh sizes of the network in the hydrated state. 

Small angle scattering (SAS) techniques were used to overcome this issue. 

Both SANS and SAXS were used to study the structure of the peptide hydrogels. The 

absolute scattering intensity (IA) was plotted against   value as well as the normalized 

scattering intensity (IN) against   in the logarithmic scale for different concentrations. As 

seen in Figure 3.8, the scattering intensity increases with increasing gel concentration. A 

maximum or shoulder on the scattering curve appears in the 10 mg ml
-1

 to 50 mg ml
-1

 

concentration range which is also known as the structure peak. The presence of the 

structure peaks indicates that the inter-particle effect was not negligible, which suggests the 

matters studied were too dense to draw information regarding single fibres. The scattering 

curve of sample at 5 mg ml
-1

 does not show any maximum, and the sample at 5 mg ml
-1

 is 

the only sample dilute enough to study the structure information of peptide fibres. The 

previous study on the fibre structure was also taken at this peptide concentration.
3
 However, 

the structure peaks can provide approximate geometrical information about the hydrogels. 
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Figure 3.8 (A) SANS spectra of the FEFEFKFK peptide. The plot of IA against q at 

40 mg ml
-1

 (∆), 20 mg ml
-1

 (●) 10 mg ml
-1

 (○) and 5 mg ml
-1

 (▲); (B) SAXS spectra of 

FEFEFKFK peptide. Plot of IA against q at 30 mg ml
-1

 (│) and 50 mg ml
-1

 (─); (C) SANS 

spectra of the FEFEFKFK peptide. The plot of IN against q in the logarithmic scale at 

40 mg ml
-1

 (∆), 20 mg ml
-1

 (●) 10 mg ml
-1

 (○) and 5 mg ml
-1

 (▲);(D) SAXS spectra of 

FEFEFKFK peptide. The plot of IN against q in the logarithmic scale at 30 mg ml
-1

 (│) and 

50 mg ml
-1

 (─). All the experiments were taken at pH 2.8. 

Single structure peaks  similar to those presented here were commonly detected when 

using SAS techniques to  analyse the structure of fibrillar networks.
14

 The detection of the 

network structure at 10 mg ml
-1

 (below Cgel) indicates a fibrous network formed before 

gelation occurred, which is in agreement with the Guenet model. The Bragg’s law can be 

applied to determine the approximate value of the characteristic distance of the network ( ) 

from the    value (  value at the maximum or bump position on the scattering curve):
14-16
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where the value of   was estimated as an approximate gel mesh size.
3, 5, 15

  

By combining the results gained by SANS and SAXS, the    value at the maximum or 

shoulder position on the scattering curve and the value of the corresponding gel mesh size 

  were measured and presented in Figure 3.9.  

 

Figure 3.9 Plot of the q* value (circle) and the mesh size d (triangle) against peptide 

concentration from SANS (solid) and SAXS (empty) scattering curves. Error bars are the 

standard deviation. All the experiments were taken at pH 2.8. 

Although the  * value and mesh size d were obtained by two techniques, the same trend 

against sample concentration was observed. The data obtained by two techniques were in 

agreement with each other. The    value increased from 0.22 to 0.56 nm
-1

 when peptide 

concentrations increased from 10 to 50 mg ml
-1

, while mesh size   decreased from 29 to 

11 nm with increasing concentrations. This observation confirmed the interpretation of the 

meaning of   and is in agreement with the fibrillar model. The fibre density was expected 

to increase with increasing peptide concentrations; therefore a decrease in mesh size was 

anticipated. The value of   did not only match the magnitude of the mesh size observed 

under TEM in the previous studies, but also matched the value of size   previously 

reported.
5
  The values of mesh size obtained from either TEM or SAS were estimations.  

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0

5

10

15

20

25

30

0 10 20 30 40 50 60

q
* 

(n
m

-1
) d

 (n
m

)

Concentration (mg ml
-1

)



Chapter 3                                Self-assembly and gelation properties of FEFEFKFK peptide 

92 

So far in this section, both the morphlogy and the structure of the fibres and the network 

were studied. FEFEFKFK peptide could self-assemble in aqueous solutions and form 

fibres with the anti parallel β-sheet secondary structures. The fibre density increased with 

increasing peptide concentration. When the peptide concentration reached the critical 

gelation concentration, the transparent hydrogels would form with densely crosslinked 

fibrous network structure. 

3.1.3 Rheological properties of peptide hydrogels 

 The rheological properties of this peptide need to be studied as it is an important character 

of hydrogels. The study of the peptide hydrogel network and structure may also help  in 

understanding the deformation mechanism and mechanical properties of peptide hydrogel 

during the rheological studies. The rheological tests of FEFEFKFK peptide hydrogels 

under the different parameters are presented in this section. 

3.1.3.1 Amplitude sweep 

The linear viscoelastic region (LVR) is the region where Gʹ and Gʹʹ are independent from 

the strain or stress applied; most rheological studies need to be conducted in this region. 

The first step in this rheological study is to determine the LVR of the FEFEFKFK peptide 

gels, and an amplitude sweep is usually performed for this purpose.  

Figure 3.10 shows the strain sweep curves of the FEFEFKFK peptide hydrogels at 

different concentrations. At the low strain range (below 1 %), the elastic modulus Gʹ, 

viscous modulus Gʹʹ and tanδ are independent or slightly dependant from the strain. This 

low strain range is the LVR. The gel can be classified tougher, the greater the LVR can 

extend to the higher strain range. Otherwise, the gel would be  deemed brittle.
17

 In the LVR, 

Gʹ is higher than Gʹʹ, tanδ<1. When Gʹ dominates the LVR, the matter studied can be 

referred to as a gel with a solid-like behaviour.  
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Figure 3.10 Plot of elastic modulus (Gʹ, ●), viscous modulus (Gʹʹ, ○) and tanδ (×) of 

FEFEFKFK peptide at 20 (red), 30 (blue) and 40 (green) mg ml
-1

 as a function of strain 

from 0.1 % to 100 % at 1 Hz at 20 °C in the logarithmic scale. All the experiments were 

taken at pH 2.8. 

As peptide concentration increases, the value of tanδ decreases, which means peptide gels 

at higher concentration show more solid-like behaviour. As shown in Figure 3.10, the 

values of Gʹ in the LVR of all samples are below 100 Pa. With such small modulus, these 

FEFEFKFK gels are considered as weak gels. As the gel concentration increases, values of 

both Gʹ and Gʹʹ increase, which indicates that stronger gels form at a higher gel 

concentration. When the strain is above 2 %, both Gʹ and Gʹʹ begin to decrease; however, 

Gʹ decreases faster than Gʹʹ resulting in a crossing point of the two data sets. This crossing 

point is called the breaking point of the gels. The value of tanδ is 1 at this point, where 

Gʹ=Gʹʹ. The strain at this point is called the yield strain. No concentration dependence of 

the yield strain was observed for this peptide, and the gel breaks when the strain is higher 

than the yield strain. Gʹʹ dominates the higher strain range, which suggests the gel behaves 

more liquid-like after the breakage. 

3.1.3.2 Frequency sweep 

The strength of the peptide hydrogels were studied with frequency sweeps, which 

monitored the response of the hydrogels to an increasing frequency at 1 % strain at room 
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temperature. 

Frequency sweeps of FEFEFKFK peptides at a range of concentrations above the Cgel are 

presented in Figure 3.11. Gʹ is higher than Gʹʹ at all the concentrations in the frequency 

range studied confirming the solid-like behaviour observed previously with the amplitude 

sweeps. The value of tanδ<1 in the frequency range also confirmed the testing samples are 

in the gel form. In the lower frequency range below 10 Hz, both Gʹ and Gʹʹ of the 

hydrogels are independent from the frequency of concentrations above 30 mg ml
-1

. For the 

gels at 25 and 30 mg ml
-1

, both Gʹ and Gʹʹ have weak dependence on frequency.  
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Figure 3.11 Plot of elastic modulus (Gʹ, solid), viscous modulus (Gʹʹ, empty) and tanδ(×) 

of FEFEFKFK peptide at 25 (black), 30(red), 35 (green), 40(blue), 45(cyan), 50(purple), 

55(navy) and 60 mg ml
-1

 (olive) as a function of frequency from 0.1 to 10 Hz at 1 % strain 

at 20 °C in the logarithmic scale. All the experiments were taken at pH 2.8. 

The independence and very weak dependence on frequency in the lower range  indicates a 

network possessing a long relaxation time and relatively permanent junctions.
15

 This 

rheological behaviour was studied by Ferry.
18

 In Ferry’s theory, the plot of shear modulus 

as a function of time or frequency can show characteristic shapes for different polymeric 

systems. Eight polymeric systems were chosen for the illustration of different molecular 

responses: 1) a dilute polymer solution; 2) an amorphous polymer of low molecular weight; 

3) an amorphous polymer of high molecular weight; 4) an amorphous polymer of high 

molecular weight with long side groups; 5) an amorphous polymer of high molecular 

weight below its glass transition temperature; 6) a lightly cross-linked amorphous polymer; 

7) a very lightly cross-linked amorphous polymer and 8) a highly crystalline polymer. The 
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independence and very weak dependence on frequency in the lower range was often 

observed on system No.7. In the example given by Ferry, the number-average molecular 

weight of the polymer was only 4 times higher than the molecular weight between  

cross-linking points, but 30 times higher than the molecular weight between coupling 

entanglements. This demonstrates that on average, there were only a few cross-linked 

points on every initial molecule, while the branched structures were extensively 

entangled.
18

 For the FEFEFKFK peptide system, densely cross-linked fibres were observed 

by TEM. Most of the junctions were caused by fibre entanglements while some were 

caused by branching fibres.
4
 This network structure was similar to what is defined as a 

very lightly cross-linked amorphous polymer system. 

To compare with the characteristic pattern in Ferry’s theory, the stress relaxation modulus 

(    ) of FEFEFKFK peptide was calculated by the method of Ninomiya and Ferry:
18

 

                                         

Equation 3.3 

where ω is the frequency and      .
19

      was plotted against   in Figure 3.12. 

     at all studied concentrations show a similar trend with increasing  . In the short time 

range,      is decreasing and then flattens with increasing t. This range is called the 

transition zone and the value of      at the beginning of the plateau is called the plateau 

shear modulus (  ). Since the relaxation time of the system was long, when in the 

transition zone, the entanglement points could be seen as fixed. Relative motions could 

only happen between network junctions instead of configuration rearrangements in the 

long distance range.  
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Figure 3.12 Plot of the stress relaxation modulus G(t) as a function of t for peptide at 

concentrations of 30, 40, 50 and 60 mg ml
-1

 at 20 °C in the logarithmic scale. All the 

experiments were taken at pH 2.8. The value of G(t) at the beginning of the plateau is 

called the plateau shear modulus (GN). In the long time range, G(t) was approaching the 

equilibrium state, which is called the equilibrium shear modulus (Ge). 

 

Figure 3.13 A) The plot of GN against gel concentration; B) The plot of GN against gel 

mesh size d. All the experiments were taken at pH 2.8. 

Using the data extracted from Figure 3.12,    was plotted as a function of gel 

concentration in Figure 3.13 A. It can be seen that    increases with the increasing gel 

concentration.    is roughly inversely proportional to the distance between the 

entanglement points.  As the distance between entanglement points can be considered as 
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the mesh size,  using the value of the mesh size observed by SAS (Figure 3.9),    was 

plotted against the gel mesh size d (Figure 3.13 B). It can be seen from Figure 3.13 that the 

gel mesh size decreases with increasing gel concentrations. This is in agreement with the 

SAS results and the Guenet fibrillar model discussed in Section 3.1.2.
13

 The gel 

mechanical strength is related to the gel network structure and gel concentration. 

The plateau region corresponds to the slow relaxation zone of gel. In this long time range, 

     was approaching the equilibrium state, which is known as the equilibrium shear 

modulus (  ). The slight decrease of      from     to     in the slow relaxation zone 

could be attributed to the slippage of entanglements on the fibres with loose ends, enabling  

the long distance configuration to be rearranged.
18

 

It was observed that the relationship between      and   followed a power law with an 

exponent of 0.09 to 0.31 for concentrations of 60 mg ml
-1

 to 30 mg ml
-1

. These exponents 

were found to be close to the exponents of the solvent-induced synthetic polymer gels 

rather than the crystallization-induced synthetic polymer gels or chemically cross-linked 

polymer gels.
19

 This indicated the network junctions of the peptide hydrogels were more 

likely to be physically entangled, and can be broken and possibly reformed under stress. 

From Figure 3.11, it can also be seen that as the gel concentration increases, both Gʹ and 

Gʹʹ increase while tanδ decreases with increasing gel concentrations. The relationship 

between Gʹ, Gʹʹ and the gel concentration (C) are presented and discussed below. 

The average values of Gʹ and Gʹʹ in the frequency independent region were calculated and 

used to represent the viscoelastic properties of the gel. As seen in Figure 3.14, Gʹ increases 

with the increasing gel concentrations, which suggests that the gels were stronger at higher 

concentrations. Gʹʹ also increases with the increasing gel concentrations but at a slower 

rate. The difference between Gʹ and Gʹʹ increased from less than 2 to 7 fold at the highest 

gel concentration. This indicates a stronger gel and a more solid-like behaviour at higher 

gel concentrations. 
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Figure 3.14 Plot of elastic modulus (Gʹ,●) and viscous modulus (Gʹʹ,○) of FEFEFKFK 

peptide as a function of concentration (C) in the logarithm scale. n represents the slope of 

the fitted line. The solid line (─) represents a fitting of Gʹ against concentration. The dash 

line (─ ─) represents a fitting of G’’ against concentration. All the experiments were taken 

at pH 2.8. 

The values of Gʹ ranging from 10 Pa to 450 Pa are on the same order of magnitude of other 

biopolymer hydrogels such as actin,
20

 fibrin
21

 and collagen.
22

 The values of Gʹ and the 

concentration of peptide hydrogels followed the power law (     ); however, two 

different slopes (exponent ) were observed.       was obtained for the concentrations 

below 45 mg ml
-1

 and     for the concentrations above. Two different slopes were also 

observed by data fitting of Gʹʹ. A sharp increase from 1.4 to 5.5 of the slope from fitted Gʹʹ 

data was also noticed for concentrations above 45 mg ml
-1

. 

As introduced in Chapter 1, Jones and Marques’s theory
23

 was successfully applied to 

several thermo-reversible gels by Guenet.
13

 When applied to the FEFEFKFK peptide 

system, for the rod-like structures such as the FEFEFKFK fibres,     , which leads to 

       , while          . 

In the case presented here, the slope in low concentration range is 1.8, which is between 

1.5 and 2, and indicates an intermediate situation. The similar exponents were also 

observed  in other thermoreversible gel systems including PMMA, agarose and 

carrageenans.
19

 The Jones and Marques theory was developed to explain the rheological 
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behaviours of thin and rigid fibres in chemically cross-linked gels. This could be the reason 

why the theory can also be applied to thermal reversible gels. The other condition of the 

theory is that the mesh size of the fibrillar network is larger than the cross sections of the 

fibres and network junctions. As discussed in the previous sections, a roughly estimated 

mesh size of the FEFEFKFK peptide at 50 mg ml
-1

 was 11 nm, while the average fibre 

diameter was around 4 nm. This could be the reason why an exponent of 9 observed in the 

high concentration range did not fit in the theory, and where the Jones and Marques theory 

might not be applicable. Such high exponent has not been reported for any gel system, and 

it does not fit into known models. However, if discussed under the frame of Jones and 

Marques theory, a higher fractal dimension will lead to a higher exponent. A higher fractal 

dimension means a more compacted structure between network junctions. As the 

concentration reached 50 mg ml
-1

, the distance between network junctions was about 3 

times longer compared with the average diameter of fibres. At a lower gel concentration, 

the distance between network junctions could be 7 times longer than the average diameter 

of fibres.  The denser network structure at 50 mg ml
-1

 could be the reason for the dramatic 

increase of gel strength. However, such dense network can also lead to another possibility, 

and according to the fibrillar model,
13

 microgels form before the Cgel. When peptide 

samples were prepared in oven, the gels at the concentrations lower than 40 mg ml
-1

 

including 40 mg ml
-1

, could be melted (Figure 3.7). The fibres were evenly distributed in 

the whole system. However, when the gel concentration increased to 50 mg ml
-1

, the gels 

could not be melted in the oven. Therefore, the gelation could occur locally once the 

peptide was mixed with distilled water, but the temperature was not high enough to allow 

the peptide fibres to be well distributed in the whole system. Although transparent gels 

were obtained, higher peptide concentration could exist locally within the gels.  The sites 

with higher fibre density could act like reinforcements to other parts of the gel network, 

resulting in a dramatic increase of the gel network strength. 

3.1.3.3 Temperature sweep 

In Equation 1.3, the term kT indicated the elasticity of a network formed by freely hinged 

junctions which would be affected by the change in temperatures. Since FEFEFKFK 

peptide system could be in an intermediate state between freely hinged junctions and 

frozen junctions, it was interesting to investigate the rheological behaviour of FEFEFKFK 

hydrogels under the influence of temperature. The experiments were undertaken in the 

LVR at 1 % strain and the frequency was fixed at 1 Hz.  
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As shown in Figure 3.15 A, B and C, FEFEFKFK peptide at 25, 30 and 40 mg ml
-1

 was 

heated up from 25 °C to 85 °C at 5 °C min
-1

 and then cooled back to 25 °C at the same rate 

for one cycle. The cycle was repeated twice. 
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Figure 3.15 The plot of elastic modulus (Gʹ, solid) and viscous modulus (Gʹʹ, empty) of the 

FEFEFKFK peptide at 25 (A), 30 (B) and 40 (C) mg ml
-1

 as a function of temperature in 

the logarithmic scale. All the experiments were taken at pH 2.8. Gʹ was marked red when 

the gels were heated up and blue when the gels were cooled down. The squares (■/□) 

represent the 1st heating and cooling cycle; the circles (●/○) represent the 2nd heating and 

cooling cycle; the triangles (▲/∆) represent the 3rd heating and cooling cycle.  

During the whole temperature sweep, all Gʹ is higher than Gʹʹ which indicates a gel form 

of the sample. This is different from what was observed when mapping the phase diagram. 

This is because when determining a gel form by the tilting method, depending on the vials 

where samples are in, the weak gels could be considered as liquids. To look into each step 

of the temperature sweep, the gels at 25 mg ml
-1

 is discussed in more details. During the 

first heating step, Gʹ of 25 mg ml
-1

 slowly decreased with increasing temperature until 

65 °C, and Gʹ then began to increase with increasing temperature. The Gʹ value at 85 °C at 

the end of the 1st heating was greater than the Gʹ value of the original gel. During the 1st 

cooling step, Gʹ was independent from temperature. It should be noticed that the 1st 

heating step in this experiment was actually the second time the samples were heated, as 

A         B 

C 
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the real 1st heating was taken place during the sample preparation. Gʹ remained nearly 

constant during the next two heating and cooling cycles, with only a small increase after 

each cycle.  

The rheological behaviour reflects the conformation rearrangements of the fibres forming 

the network. From the previous discussion, we know that at 1 Hz, long distance 

conformation can be rearranged. The high temperature has the same effect on the 

conformation rearrangements as long relaxation time. During the 1st heating step, when the 

temperatures increased, not only the segments within the entanglement points could 

rearrange, but also the entanglement points linked to loose ends could slip. This caused the 

elasticity of the network to reduce slightly. From the phase diagram of the FEFEFKFK 

peptide (Figure 3.7), the critical gelation temperature at 25 mg ml
-1

 was approximately 

65 °C. This was also the temperature at which Gʹ began to increase. Above 65 °C, the gels 

could turn to viscous liquids, with the constant oscillation shear causing conformation 

rearrangements of all fibres. The fibres were oriented along the direction of the shear force, 

which led to a higher elasticity of the network. During the 1st cooling process, higher 

orientation of the fibres was maintained, corresponding to the constant higher Gʹ value.  As 

there was no further variation of Gʹ, the increase in the network elasticity was permanent. 

During the following two heating and cooling cycles, more fibres could be oriented 

causing small increases in the Gʹ value. The small Gʹ value increase could be due to the 

slight evaporation of the solvent. 

3.1.3.4 Time sweep (recovery) 

It was postulated in the previous sections that the entanglement junctions of the network 

can be destroyed and reformed under shear stress. It is known that the gels can be broken 

under high shear stress, and in most biomedical applications, the gels will be deformed or 

broken during the transfer. It would be interesting to investigate whether the network 

structure of the gels could reform after a deformation or  after being broken. 
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Figure 3.16 Plot of elastic modulus (Gʹ, ○) of FEFEFKFK peptide at 25 mg ml
-1

 as a 

function of time at 20 °C at pH 2.8 in logarithmic scale. The inset is the magnified form of 

data from 280 to 360 seconds to give a closer look of the initial recovery process. 

The recovery tests were taken at 1 % strain and 1 Hz as a function of time. The original 

mechanical property of the gel was recorded first. Then a 150 % strain was applied for 

5 seconds to break the gel, which was confirmed by  a sharp decrease of Gʹ (where  

Gʹ < Gʹʹ) and  tanδ>1. A 150 % strain was chosen because it was larger than the yield 

strain  ensuring  gel breakage. The recovery process was monitored after the breakage. 

FEFEFKFK peptides at different concentrations were tested. As can be seen in Figure 3.16, 

for the hydrogels at 25 mg ml
-1

, the first plateau at early time points marked the original 

mechanical strength of the hydrogel. The sudden drop of Gʹ was due to the breakage of the 

gel. The rebound of the mechanical strength was observed in less than 10 seconds after the 

applied strain was reverted back from 150 % to 1 %. A slow and steady recovery process 

was recorded after the initial 75% recovery. The gel recovered back to its original strength 

in less than 10 minutes. As discussed in the fibrillar model, the peptide gel network formed 

by microgel  linkage before the critical gelation concentrations. The physically linked gel 

network could be broken by melting or applying the shear force, which was suggested to 

be similar to the reverse of the gelation process. Therefore the recovery process of the 
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peptide hydrogel after being melted or broken by shear force was postulated to be similar 

to that of the gelation process when the gel fractures into the smaller gel pieces and then 

reconnects through the physical entanglements. A thorough research was conducted on a 

similar peptide gel system by Pochan’s group studying the mechanism of self-healing 

property in self-assembly peptide systems. Their study indicated that the gel network broke 

into large (>200 nm) hydrogel domains, which were percolated immediately resulting in 

the immediate reforming of the hydrogel during the recovery process.
24

 A similar process 

could have been  adopted by the FEFEFKFK hydrogel. 

The recovery process of the peptide hydrogels proved that the gels were physically  

cross-linked, and the network junctions could reform after being destroyed. This recovery 

property provided the peptide hydrogel the possibility to be used as injectable materials. 

3.2 pH and ionic strength effect on FEFEFKFK gel properties 

3.2.1 Introduction 

In Section 3.1, the gelation properties of the FEFEFKFK peptide were discussed. The gels 

showed a potential to be used as tissue culture scaffolds. In the previous section, all the 

samples were prepared in distilled water without any modification to the system. However, 

the tissue culture enviroment in vitro is more complicated. Tissue culture media are 

commonly used to mimic the body fluid environment and to provide nutrients for cells in 

the studies of tissue culture scaffolds. They usually contain various organic and inorganic 

salts, among which NaCl has much higher concentration than all the other salts;
25

 resulting 

in NaCl being used to study the stability of the FEFEFKFK peptide hydrogels in the 

presence of salts. The role of some salts in tissue culture media is to provide pH 7 buffer 

solutions, which are vital physiological conditions for in vitro tissue culture studies and in 

the body. The stability of peptide hydrogels under the influence of pH was the other main 

factor considered in the project. In this chapter, the self-assembly and gelation properties of 

FEFEFKFK peptide under the effect of pH and ionic strength are discussed. 

3.2.2 pH effect 

3.2.2.1 Results 

The peptide solutions and hydrogels at different concentrations were adjusted to various 
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pH values between pH 3 to pH 12. The phase diagram was mapped out. As observed in the 

last chapter, at pH 3, the Cgel is between 10 to 20 mg ml
-1

. A clear liquid was obtained 

below the Cgel. At 10 mg ml
-1

, a clear solution was observed at pH 3. A clear gel was 

obtained by increasing the pH of the 10 mg ml
-1

 clear solution from 3 to 5. As seen in 

Figure 3.17 A, the clear gels formed below pH 6. The gels gradually became cloudy when 

the pH of the gels was increased until pH 7. Further increases in pH resulted in the gels 

becoming clearer again at pH 9. However, at pH 11, the gels turned into liquids. The 

transition of the physical properties of the peptide gels as a function of pH suggested the 

possibility that the mechanical properties would change at various pH. Therefore 

rheological tests were carried out. 

   

Figure 3.17 (A) The pH phase diagram of FEFEFKFK where samples in the form of 

solution (empty circle), transparent gel (dark filled circle) and cloudy gel (black dot) were 

recorded at 25 °C. (B) Plot of    (○) of FEFEFKFK peptide at 30 mg ml
-1

 against pH. 

The plot of    as a function of pH was combined with the phase diagram of the 

FEFEFKFK peptide at the same concentrations. The    value of the peptide at 30 mg ml
-1

 

against the value of pH is presented in Figure 3.17 B. It can be seen that the value of    

increases with increasing pH below pH 7 which indicates the gel became stronger when 

approaching pH 7. It is also noticed that the gel became much weaker for pH > 7. 

The gel properties at pH 2.8 were studied in the last section. The peptide fibres with  

anti-parallel β-sheet structures were detected with FTIR. When the gels turned into liquid 

above pH 11, FTIR was used again to study the secondary structure of peptide association 

in the liquid form. The highest pKa value among all the side and end groups of 

FEFEFKFK is 10.67 of the side chain of K. Therefore pH above this pKa value was chosen 

3

5

7

9

11

10 15 20 25 30C mg ml-1

pH FEFEFKFK pH effect at 25

1

10

100

1000

10000

0 2 4 6 8 10 12 14

G' (Pa)

pH

clear gel

cloudy gel

clear
solution

A B 



Chapter 3                                Self-assembly and gelation properties of FEFEFKFK peptide 

105 

to check the secondary structure of peptide association when the peptide was mostly 

charged. Three samples with high pH were prepared and the FTIR spectra of FEFEFKFK 

peptide at 30 mg ml
-1

 and pH 10.79, pH 11.31 and pH 11.45 were compared with the FTIR 

spectra profile at pH 2.8 as shown in Figure 3.18.  

The strong peak around 1625 cm
-1

 together with the weak peak around 1684 cm
-1

 indicates 

the existence of the anti-parallel β-sheet secondary structures. At pH 10.79, the peaks 

representing the existence of the anti-parallel β-sheet secondary structure were shifted, 

compared with the peaks at pH 2.8, which was clearly observed. However, these peaks 

were not seen in the spectra of FEFEFKFK peptide at pH 11.31 and pH 11.45. Instead the 

broad peaks of disordered structures dominated the amide I region. 

 

Figure 3.18 FTIR spectra of FEFEFKFK peptide at 30 mg ml
-1

 at pH 2.8 (blue), pH 10.8 

(red), pH 11.3 (purple) and pH 11.5 (green). 

The SAS technique was used to study the fibre morphology of FEFEFKFK peptide. To 

obtain the structural information of a single fibre, the experiments had to be conducted in 

dilute conditions where the inter-particle scattering is negligible. Peptides at a low 

concentration of 10 mg ml
-1

 were therefore studied. The samples at pH 2.8, 4, 5, 7 and 10 

were prepared to investigate the effect of pH on fibre morphology. 
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Figure 3.19 Plots of      against    . (A) SAXS results of FEFEFKFK peptide at 

10 mg ml
-1

 at pH 2.8 (blue), pH 4 (red), pH 5 (green), pH 7 (purple) and pH 10 (orange); 

(B) SANS results of FEFEFKFK peptide at 10 mg ml
-1

 at pH 2.8 (blue), pH 4 (red), pH 5 

(green), pH 7 (purple) and pH 10 (orange). 

Figure 3.19 presents the absolute scattering intensity    as a function of   at different pH in 

the logarithmic scale. No maximum of intensity is shown on the curves. This indicates the 

inter-particle scattering is negligible, and the experiments were taken in dilute conditions. 

The asymptotic form of the absolute intensity curves can be presented by a power law:
26

 

         

Equation 3.4 

The value of the exponent   reveals the dimensionality of the scattered object. When    is 

plotted against   in the logarithmic scale,   equals to the slope of the line. All the curves in 

Figure 3.19 were fitted and the exponent values are listed in Table 3.1. 

Table 3.1 The exponent values of the scattering intensity curves for FEFEFKFK peptide at 

10 mg ml
-1

 at different pH. 

pH 2.8 4 5 7 10 

  by SAXS 0.9 1.1 1.4 1.9 1.1 

  by SANS 0.9 1.2 1.5 2.1 1.4 

For 10 mg ml
-1

 FEFEFKFK peptide samples at pH 2.8 and 4, the exponent   was around 1, 

which suggests the fibres might adopt rod-like structures in both solution and gels. For 

10 mg ml
-1

 FEFEFKFK peptide sample at pH 7, the exponent   was approximately 2, 

suggesting the existence of a more compact structure in the gel. However, precipitations 

occurred at pH 7, which could affect the interpretation of the scattering pattern. For the 

A                                                                      B 
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10 mg ml
-1

 FEFEFKFK peptide sample at pH 5 and 10, the exponent   was not close to 

any integers. Non-integer exponents were also found in other systems and a fractal 

approach has been developed to analyse the structure information in  these systems.
14

 In 

the fractal analysis for 1 <   < 3, the value of   equals to the mass fractal dimension (  ), 

which reflections the compactness of the scattering matter. The structure becomes more 

compact as the value of    increases. For the 10 mg ml
-1

 FEFEFKFK peptide, the value of 

  increased with increasing pH when the gels were acidic, and   reached a maximum at 

pH 7 before decreasing  as the pH increased. According to the fractal concept, the peptide 

fibres became more compact when the pH was increased from 2.8 to 7. The fibres had the 

most compact structure at pH 7 before they became looser when the pH further increased. 

 As a rod-like structure was suggested by the previous result, Porod graphs which are used 

to estimate the dimension of scattered matters were drawn as shown in Figure 3.20 plotting 

      against   . For a rod-like structure in the low   range, the scattering density can be 

written as: 

                   
    

 

 
  

Equation 3.5  

where    is the cross-section radius of gyration of the scattered rod-like structure;    is the 

linear mass and     is the sample concentration. Rewriting the equation will give another 

equation describing the relationship of            against   . 

                     
    

 

 
 

Equation 3.6 

The linear curves could be obtained by fitting the original data, and the slopes of the lines 

would provide the dimensions of the fibres. The fitted curves are shown in Figure 3.20.  
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Figure 3.20 Porod plot (      against   ) of FEFEFKFK peptide at 10 mg ml
-1

 at pH 2.8 

(blue), pH 4 (red), pH 5 (green) and pH 10 (purple) tested by SAXS (A) and SANS (B). The 

solid lines represent the best fit using Equation 3.6. 

According to the analysis of Figure 3.19, the rod-like structure was not observed when 

10 mg ml
-1

 FEFEFKFK peptide was at pH 7, and therefore the Porod curve at pH 7 was 

not fitted. The values of    from the fitted curves are listed in Table 3.2. 

Table 3.2 The value of    of scattered fibres of 10 mg ml
-1

 FEFEFKFK peptide at different 

pH. 

pH 2.8 4 5 7 10 

   (nm) by 

SAXS 
1.4 1.8 1.9 N/A 1.6 

   (nm) by 

SANS 
0.7 1.3 1.4 N/A 1.3 

For pH < 7, the radius of the rod-like fibres increased with increasing pH. The fibres were 

thinner again when pH was over 7. The adequate fitting of the Porod curves using 

Equation 3.6 further indicated that a rod-like structure was taken for the FEFEFKFK 

peptide at 10 mg ml
-1

 at pH 2.8, 4, 5 and 10. 

Figure 3.21 shows the Kratky curves of the FEFEFKFK peptide at 10 mg ml
-1

 and different 

pH. The bell-like shape of the curves at pH 2.8, 4, 5 and 10 also suggested a rod-like 

structure. By using Equation 3.7, a full cylinder model was fitted to the original data.
5
 

                
      

  
 
 

      

Equation 3.7 
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where   is the radius of the cylinder;    is the linear mass of the cylinder;    is the peptide 

concentration;    represents the first-order Bessel function and     is a constant. The fitted 

graphs are presented in Figure 3.21. 

 

Figure 3.21 Kratky plot (     against  ) of FEFEFKFK peptide at 10 mg ml
-1

 at pH 2.8 

(blue), pH 4 (red), pH 5 (green) and pH 10 (purple) tested by SAXS. The solid lines 

represent the best fit using Equation 3.7. 

The values of   were obtained through data fitting and then presented in Table 3.3. The 

peptide fibres at pH 7 did not take the rod-like structure and could not be fitted by 

Equation 3.7. 

Table 3.3 The value of the radius of the scattered fibres of 10 mg ml
-1

 FEFEFKFK peptide 

at different pH. 

pH 2.8 4 5 7 10 

  (nm) by 

SAXS 
1.6 3.0 3.2 N/A 1.7 

The rod-like fibres with radius of 1.6 nm have been found at pH 2.8 from the SAXS graphs. 

This also matches the results published before for the FEFEFKFK peptide.
5
 For pH < 7, 

the radius of the fibres increased with increasing pH. The fibres were thinner again when 

pH was over 7. As the radius of gyration and radius were related, this is in agreement with 

the analysis of the    obtained from the Porod graphs. 

As opposed to the SAXS data, small shoulders were observed on all SANS curves in the 
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high   range. In order to fit the Kratky curves in the whole   range for the SANS graphs, 

another type of cylinder with a different radius was introduced to the model. In the new 

equation derived from Equation 3.7, the scattering intensity was given by:
15

 

                   
       

   
 
 

          
       

   
 
 

       

Equation 3.8 

where 1 and 2 represent the two different types of rod-like structures and   is the weight 

fraction of the rod with radius   . Fitted graphs are presented in Figure 3.22. 

  

Figure 3.22 Kratky plot (     against  ) of FEFEFKFK peptide at 10 mg ml
-1

 at pH 2.8 

(blue), pH 4 (red), pH 5 (green) and pH 10 (purple) tested by SANS. The solid lines 

represent the best fit by using Equation 3.8. 

Table 3.4 The value of the radius of the scattered fibres of 10 mg ml
-1

 FEFEFKFK peptide 

at different pH. 

pH 2.8 4 5 7 10 

   (nm) 1.1 1.2 1.3 N/A 1.4 

   (nm) 2.2 2.4 2.5 N/A 2.6 

  0.78 0.59 0.52 N/A 0.67 

The values of   ,    and   were obtained through data fitting and are presented in Table 3.4. 

The Kratky curve of the peptide gel at pH 7 was not in a bell shape and could not be fitted 
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using Equation 3.8. 

The values of    were twice the values of   , suggesting that two or more fibres of radius    

could associate with each other to form a thicker fibre of radius   . The association of 

fibres could be the formation of the network junctions
15

 and patterns taken shown in 

Figure 3.23. 

 

Figure 3.23 Illustration of patterns that could be taken by the association of fibres. 

The values of radius    were smaller than those estimated previously. However, the trend 

of the change in radius for pH < 7 was the same. The value of    increased with increasing 

pH for pH < 7. For pH > 7, the absence of the value the radius at pH 7undetermined the 

observation of whether or not the value of    decreased with increasing pH. The trend of 

the change in   was the opposite of   . The weight fraction of the rods with radius    

decreased with increasing pH for pH < 7, while    increased for pH > 7. This trend 

indicates thicker fibres formed when the pH increased from 2.8 to 7, and less thick fibres 

were found when the pH increased up to 10. This could be due to more fibre association 

when pH increased from 2.8 to 7, and dissociation of fibres caused by further increasing 

pH up to 10. This suggested that not only the formation of fibres could be affected by the 

pH but also formation of network could be affected. 

The discovery of the second radius was due to the long q range studied by SANS. By using 

SAXS, data at the high q range would be buried under the signal noises. This is the reason 

why two techniques were both used to gain more detailed information about the scattering 

objects. 
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Figure 3.24 TEM images of FEFEFKFK peptide at different pH. Scale bars represent 

50 nm.
12

 

The network morphology was observed under TEM as shown in Figure 3.24. Diameters of 

the fibres increased with increasing pH for pH < 7. Diameters of the fibres decreased with 

increasing pH for pH > 7.
12

 This is in agreement with the SAS results. It was also observed 

that a network structure composed of long thin rigid fibres formed at pH 2.8. When pH 

increased to 4, a much denser network structure with more long thin rigid fibres was 

noticed. Bundles of fibres were observed at pH 7. And at pH 10, bundles of fibres 

disappeared, and instead a dense network structure composed of long thin flexible fibres 

was found. 

3.2.2.2 Discussion 

In Chapter 3, the self-assembly model of the FEFEFKFK peptide suggested that by 

burying the peptide hydrophobic sides chains, the hydrophilic side groups are left on the 

surface of the fibres. The electrostatic interaction between these charged side chains is one 

of the forces that contribute to the construction of the fibrillar network structure of the 

FEFEFKFK peptide. 

From the chemical structure of the FEFEFKFK peptide (Figure 3.1 A), it can be seen that 

pH 2.8 pH 4

pH 7 pH 10
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the charges carried by the amino groups of the K side chains and N-terminal amino acid, 

and carboxyl groups of the E side chains and C-terminal amino acid can be affected by pH 

changes. The pKa (Ka is the acidic dissociation constant) values of amino groups and 

carboxyl groups of the FEFEFKFK peptide are listed in Table 3.5. 

Table 3.5 The pKa values of amino groups and carboxyl groups of FEFEFKFK peptide 

from CRC Handbook of Chemistry and Physics.
27

  

Amino/carboxyl group pKa 

N-terminal (F) 9.09 

Side chain of K 10.67 

Side chain of E 4.15 

C-terminal (K) 2.15 

The pKa value is the pH value at which half of the amino/carboxyl groups are charged. The 

net charge of one peptide molecule can be calculated by summing the charges of all amino 

and carboxyl groups of that molecule. Since the charge state of each amino/carboxyl group 

varies at different pH, the net charge of peptide also varies where the pH is changed as 

shown in Figure 3.25.   

 

Figure 3.25 Plot of the net charge against pH of FEFEFKFK peptide.
28

 

Due to the presence of TFA residue from the peptide synthesis, the original peptide 

solution or peptide hydrogel has a pH of 2.8. At this pH, the net charge of the peptide is +2. 

The repulsion forces keep fibres away from each other. The fibrillar network is formed by 
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thin fibres. 

The net charge of peptide reduces with increasing pH, which indicates the reduction of the 

repulsion force with increasing pH for pH < 7. This could result in the fibres getting closer 

to each other, forming thicker fibres and more entanglement junctions. At higher pH, 

thicker fibres were found in both SAXS and SANS studies for pH < 7. And a denser 

network structure was also observed in TEM images for pH 4 compared to pH 2.8. 

When pH is approximately 7, the net charge is 0. Thin fibres could bundle together and 

form thicker fibres. However, if the fibres are too thick, the aggregation of fibres causes 

local precipitation, and the gel becomes cloudy in appearance.  

When the pH is above 7 and below 11, peptides are negatively charged and the charge 

number increases. By increasing the charge number, the repulsion forces between fibres 

also increase. The thicker fibres dissociate into thinner fibres, and the gels appear clearer. 

The existence of thinner fibres was confirmed by SAXS and SANS results. 

When the pH is above 11, both the amino and carboxyl groups are deprotonated; the charge 

number increases to its maximum. The disordered structures of FEFEFKFK peptide were 

found by FTIR. Both the association of fibres and formation of β-sheet structures could be 

affected by deprotonation and a higher charge. High fractions of disordered structures 

could have affected the gelation of the peptide above pH 11. Similar observations were 

found in other ionic complementary peptide system such as RADA16-I peptide.
29

 This 

peptide is also neutral at pH 7 and the net charge of the peptide molecule is also affected 

by pH changes. It was reported that this system was affected by deprotonation and a higher 

charge at high pH.
29

 Unordered structures of peptides in solutions were found to prevent 

the fibre formation. The formation of short fibres instead of long thin fibres caused the 

transition from gel to liquid.  

The association and dissociation of fibres under the influence of pH was in agreement with 

the fractal analysis of SAXS and SANS data. The association of fibres increased the 

compactness of fibres while dissociation loosened the structure. Fibres were thickening 

with increasing pH for pH < 7, while fibres were thinner again for pH > 7. This was 

postulated by the self-assembly model and confirmed by the results of the SAS study. The 

same trend was also observed under TEM.
12

 This could also explain the strengthening of 

the acidic peptide hydrogels with increasing pH. The thicker fibres increased the 
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mechanical strength of the fibrous network leading to stronger peptide hydrogels. The 

observations of all the data further confirmed the self-assembly model discussed in 

Chapter 3. 

3.2.3 Ionic strength effect 

The other important factor taken into consideration when studying the gel properties was 

the ionic strength. An ionic strength of around 200 mM
30, 31

 was reported for the media 

intended to be used in future experiments of this project. Therefore the study of the effect 

of ionic strength on the self-assembly and gelation properties were taken from a NaCl 

concentration range of 20 mM to 1 M. However, to have a better understanding of the 

effect of ionic strength on self-assembly and peptide gelation properties, other variables 

should not be changed at the same time. In order to compare with the previous work done 

on the original peptide hydrogels, no pH modification was applied on the gels used for 

ionic strength effect studies. Therefore all the results presented in this section were done at 

pH 2.8. However, this  only helped to understand how ionic strength affects the  

self-assembly and gelation process. The conclusions can not be directly linked to the real 

gel state in the cell culture environment. From the discussion of the previous, it was shown 

that the peptide molecules have a +2 net charge at pH 2.8, which contributed to the charge 

of the side groups on K. The side groups of E are pronated at this pH. However, although 

the net charge of peptide molecules is zero at pH 7, the side groups of E and K are all 

charged. This results in a difference in the electrostatic environment for the salt ions to 

effect. It is still important to understand how ionic strength affects the peptide  

self-assembly and gelation properties but  it should be noted that the conlusions drawn 

from this section should be used as a reference and not a direct guide for future cell culture 

studies. 

3.2.3.1 Results 

The peptide solutions and hydrogels at different concentrations with different amounts of 

NaCl in the system were prepared. The phase diagram under the effect of NaCl was 

mapped out. 
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Figure 3.26 The phase diagram of FEFEFKFK peptide where samples in the form of 

solution (empty circle), transparent gel (dark filled circle) and cloudy gel (black dot) were 

recorded at 25 °C at different salt concentrations. All the samples were at pH 2.8. 

Figure 3.26 is the phase diagram of the NaCl salt effect on FEFEFKFK peptide. The X-

axis represents the peptide concentration and Y-axis represents the NaCl concentration. The 

peptide solutions remained liquid when the concentration was lower than 5 mg ml
-1

. In the 

range of 5 mg ml
-1

 to 15 mg ml
-1

 without any salt in the system, the peptide system 

remained a solution; and when the salt concentration increased, transparent gels formed. 

Cloudy gels were observed with further increasing of the salt concentration. The Cgel of 

FEFEFKFK peptide without the  addition of salt is between 15 to 20 mg ml
-1

. When the 

concentration is higher than 15 to 20 mg ml
-1

, the peptide always forms gels with or 

without salts. Semi-transparent gels were observed at NaCl concentration of 1 M for all the 

samples with concentrations greater than 5 mg ml
-1

.  Due to the change of physical forms, 

the mechanical properties were also expected to be affected by salt. To study the change in 

mechanical properties, the two concentrations of the sample, one below and one above the 

Cgel, were chosen to perform the rheological tests. 

FEFEFKFK peptide at 10 and 20 mg ml
-1

 were chosen for further mechanical tests.  
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Figure 3.27 Plot of elastic modulus (Gʹ, solid), viscous modulus (Gʹʹ, empty) and tanδ (×) 

of FEFEFKFK peptide at 10 (left) and 20(right) mg ml
-1

 at NaCl concentration of 20 (red), 

50 (green), 100 (blue), 500 (cyan) and 1000 mM (purple) as a function of strain from 0.05% 

to 100% at 1 Hz at 20 °C in the logarithmic scale. All the experiments were taken at pH 2.8. 

An amplitude sweep was performed first to locate the LVR of all samples. It can be seen 

that below 1% strain, all Gʹ is higher than Gʹʹ and tanδ<1, which indicates that all the 

samples were in the gel form. Values of Gʹ, Gʹʹ and tanδ were also independent from the 

variation of the applied strain below 1% strain, indicating that the LVR of the testing 

samples is below 1% strain. A frequency sweep was then performed at a fixed strain of 1%. 

It was also noticed on Figure 3.27 that the gels at a salt concentration of 1000 mM have 

lower yield strains than the gels at a salt concentration of 500 mM on both figures. This 

indicated a more brittle gel results at the highest salt concentration. The gels at the highest 

salt concentration were noticed by their semi-transparency on Figure 3.26, meaning small 

disruptions of the gel network, and could be the reason of the lower yield strain. 
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Figure 3.28 Plot of elastic modulus (Gʹ, solid), viscous modulus (Gʹʹ, empty) and tanδ(×) 

of FEFEFKFK peptide at 10 (left) and 20(right) mg ml
-1

 at NaCl concentration of 20 (red), 

50 (green), 100 (blue), 500 (cyan) and 1000 mM (purple) as a function of frequency from 

0.1 to 100 Hz at 1% strain at 20°C in logarithmic scale. All the experiments were taken at 

pH 2.8. 

Frequency sweep of all samples were performed and at frequencies lower than 10 Hz, an 
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independence, or weak dependence of Gʹ, Gʹʹ and tan δ on frequency was observed. The 

average value of Gʹ, Gʹʹ and tan δ in the independent region and yield strain from 

Figure 3.27 of FEFEFKFK at 10 and 20 mg ml
-1

 were plotted against the NaCl 

concentration as shown in Figure 3.29. It can be seen from the figure that for peptide at 

20 mg ml
-1

, the higher the salt concentration, the stronger the system, and  the 10 mg ml
-1

 

peptide system experienced first an increase, then a decrease in Gʹ before and after the salt 

concentration reached 500 mM. This could be due to more disruption of the gel network 

structure within the 10 mg ml
-1

 gel at the highest salt concentration compared to the 

20 mg ml
-1

 gel. The gel at higher concentration has a denser network structure which could 

help mentain the strength of the gel network. The tanδ value of 10 mg ml
-1

 gel was close to 

1 below the salt concentration of 100 mM, then decreased to 0.14 and 0.3 at salt 

concentrations of 500 mM and 1000 nm, respectively. This indicates that highly viscous 

solutions formed at lower salt concentrations,while real gels formed at higher salt 

concentrations for the gel at 10 mg ml
-1

. The tanδ value of 20 mg ml
-1

 remained low in the 

whole salt concentration range. The value of yield strain experienced the opposite trend 

compared to tanδ. The maximum yield strain at salt concentration of 500 mM indicates the 

gels at other salt concentrations were all more brittle. 
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Figure 3.29 Plot of Gʹ(solid), Gʹʹ (empty), tanδ (×) and yield strain (+) of FEFEFKFK 

peptide at 10 mg ml
-1

 (red) and 20 mg ml
-1

 (blue) against the salt concentration. All the 

experiments were taken at 1% strain at 20°C at pH 2.8. 
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Figure 3.30 TEM images of FEFEFKFK peptide at different salt concentrations. Scale 

bars represent 50 nm. All the samples were at pH 2.8. 

The salt effect on the gel properties suggested the self-assembly process could also be 

affected by the change in the ionic strength. TEM was used to observe the morphology of 

the fibrous network under the influence of different NaCl concentrations. 

Densely cross-linked network structures were observed within the studied salt 

concentration range. Image analysis was used to measure the diameter of the fibres. The 

average diameters ( ) of fibres at different NaCl salt concentrations (CNaCl) were listed in 

Table 3.6: 

Table 3.6 The average diameter d of peptide fibres at different salt concentrations at 

pH 2.8. 

CNaCl (M) 0 0.02 0.1 0.5 

  (nm) 3.3 3.4 3.5 3.6 

The image analysis showed a small increase in the diameters of single fibres with 

increasing salt concentration. However, the difference was too small to draw any 

conclusion. The average size of the single fibres in the no salt system had an average 

diameter of 3.3 nm. This matched the measurement in Section 3.1.1. When increasing the 
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salt concentration to 0.02 M, the diameter of the fibres did not seem to change, while some 

of the fibres were close or even parallel to each other. Further increasing of the salt 

concentration to 0.1 M, resulted in more fibres aligning closer and more parallel to each 

other. When the salt concentration reached 0.5 M, bundles of peptide fibres were observed. 

The fibre morphology also changed with increasing salt concentration. Very long thin and 

flexible fibres formed in the no salt system, and the fibres looked more rigid and stretched 

with increasing salt concentration. Due to the drying process during the sample preparation, 

the fibre morphology was observed under TEM in the dry state. With the help of the SAS 

technique, it is possible to study the system while it is hydrated. Combining the two 

techniques would provide more information on understanding the salt effect on the  

self-assembly process. 

The SANS technique was used again to study the fibre morphology of FEFEFKFK peptide 

under the influence of different salt concentrations. To gain information about single fibre, 

the experiments were done in dilute conditions where the inter-particle scattering is 

negligible, and therefore peptide at a low concentration of 10 mg ml
-1

 was chosen. The 

samples with NaCl salt concentrations of 0 M, 0.1 M, 0.5 M and 1 M were prepared to 

deduce the fibre morphology. 

 Similar to the SAS data for the pH effect, SANS data for the salt effect was analysed using 

a similar approach. Figure 3.31 presents the absolute scattering intensity    as a function of 

  at different salt concentrations in the logarithmic scale. No maximum of intensity on the 

curves indicates that the inter-particle scattering is negligible, which also suggests the 

experiments were taken in dilute conditions. All the curves in Figure 3.31 were fitted using 

Equation 3.4 and the exponent values are listed in Table 3.7. 

Table 3.7 The exponent values of scattering intensity curves for FEFEFKFK peptide at 

different NaCl salt concentrations at pH 2.8. 

CNaCl (M) 0 0.1 0.5 1 

  1.1 1.1 1.2 1.3 

For 10 mg ml
-1

 FEFEFKFK peptide at all salt concentrations studied, the exponents   were 

all close to 1, which suggested the fibres might adopt rod-like structures in both solution 

and gels. For 10 mg ml
-1

 FEFEFKFK peptide at the salt concentration of 1 M, the exponent 

  was about 1.3, which could also be treated as non-integer. Using the fractal analysis, the 
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small increase of the exponent with increasing salt concentrations resulted in the peptide 

fibres becoming more compact with increasing salt concentrations. 

 

Figure 3.31 Plot of lg IA against lg q of FEFEFKFK peptide at 10 mg ml
-1

 with the salt 

concentration at 0 M (blue), 0.1 M (red), 0.5 M (green) and 1M (purple) tested by SANS. 

All the experiments were taken at pH 2.8. 

 As a rod-like structure was suggested by the previous result, the Porod graph is used to 

estimate the dimension of scattered matters was drawn as shown in Figure 3.32. 

 

Figure 3.32 Porod plot (      against   ) of FEFEFKFK peptide at 10 mg ml
-1

 with the 

salt concentration at 0 M (blue), 0.1 M (red), 0.5 M (green) and 1M (purple) tested by 

SANS. Solid lines represent the best fit by using Equation 3.6. All the experiments were 

taken at pH 2.8. 
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The fitting of the curves further proved the rod shape is an appropriate model for fitting the 

SAS data of the FEFEFKFK peptide. The values of    from the fitted curves are listed in 

Table 3.8. 

Table 3.8 The value of    of scattered fibres of 10 mg ml
-1

 FEFEFKFK peptide at different 

salt concentrations. 

CNaCl (M) 0 0.1 0.5 1 

   (nm) 0.9 1.0 1.0 1.1 

The radius of gyration slightly increased with increasing salt concentrations; however, the 

increase was very small. This is in agreement with the observation using TEM. 

The Porod graph gives the dimension of the scattered matter irrespective of the shape of 

the scattered object. In order to further study the morphology of the fibres with a rod-like 

structure, Kratky curves of the FEFEFKFK peptide at 10 mg ml
-1

 and different salt 

concentrations were analysed (Figure 3.33). The bell-like shape of the curves at all salt 

concentrations also suggested rod-like structures in all systems. By using Equation 3.7, a 

full cylinder model was fitted to the original data. Fitted graphs are presented in 

Figure 3.33. 

 

Figure 3.33 Kratky plot (     against  ) of FEFEFKFK peptide at 10 mg ml
-1

 with the salt 

concentration at 0 M (blue), 0.1 M (red), 0.5 M (green) and 1M (purple) tested by SANS. 

Solid lines represent the best fit by using Equation 3.7. All the experiments were taken at 

pH 2.8. 
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The values of   were obtained through data fitting and are presented in Table 3.9. 

Table 3.9 The value of radius of scattered fibres of 10 mg ml
-1

 FEFEFKFK peptide at 

different salt concentrations at pH 2.8. 

CNaCl (M) 0 0.1 0.5 1 

  (nm) 1.2 1.3 1.3 1.4 

Rod-like fibres with a radius of 1.2 nm were found for the no salt peptide solutions. This 

matched the SANS results found when studying the pH effect of the FEFEFKFK peptide. 

The small increase in radius with the increasing salt concentrations also matched the trend 

observed by TEM. However, the radius obtained by SANS was smaller than the radius 

obtained by TEM at the same salt concentration. This could be due to the different sample 

preparation procedures. The fibres examined by SANS were in their hydrated states whilst 

the fibres studied by TEM were dried out during the preparation. The dried fibres were 

flattened on the grids, which could lead to larger diameters. 

3.2.3.2 Discussion 

The self-assembly model developed in previous chapters was also used to help understand 

the salt effect on the self-assembly and gelation properties of FEFEFKFK peptide. In the 

previous Section 3.2.2, it was reported that at pH 2.8, the amino groups of the FEFEFKFK 

molecules were positively charged, the carboxyl groups of the side chains of E were non-

charged, and the carboxyl groups of C-terminus were negatively charged. The overall 

peptide fibres were positively charged with a charge of +2. The repulsion force kept fibres 

away from each other, and the fibrillar network was formed by thin fibres. Without 

changing the pH, all the samples studied in the Section 3.2.3 were at pH 2.8. Therefore all 

fibres were positively charged. 

When NaCl salts were dissolved in the aqueous solution, the small Na
+
 and Cl

-
 ions would 

be attracted to the charged carboxyl and amino groups along the fibres. Without salts, the 

positively charged side chains would push the neighbouring fibres away from each other. 

And with salts, the small ions between the charged side chains would screen them from 

each other and reduce the repulsion forces between the neighbouring fibres. When the 

fibres came closer, more entanglement could occur, which resulted in the formation of a 

fibrous network structure. This could have caused the transition from liquid to gel form 

observed in the phase diagram. For peptides at higher concentrations, the gels with fibrous 
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network structure already formed. More entanglement could have resulted in a denser 

network structure leading to a stronger gel. This trend was observed during the rheology 

studies. When the salt concentration was further increased, the fibres got even more close 

to each other and forming bundles of fibres. More bundles of fibres may eventually 

precipitate from the system causing the formation of foggy gels as observed in the phase 

diagram. The higher the salt concentration, the more ions could be gathered around the 

fibres. This could explain the slight increase in the fibre diameter observed by both TEM 

and SANS. The gathered ions around the fibres could also decrease the flexibility of the 

fibres. More rigid fibres could be found at higher salt concentrations, which could also lead 

to stronger gels. This is also in agreement with the rheology studies. 

3.3 2D cell culture protocol development on FEFEFKFK 

peptide gel 

3.3.1 Introduction  

With the understanding of the pH and salt effect on the FEFEFKFK gel, it was possible to 

predict the gel properties under the influence of cell culture media, and therefore enable the 

setting up of the gel preparation protocols. In this chapter, the development of the gel 

preparation protocol for the 2D cell culture and the preliminary tests in 2D cell culture will 

be discussed. 

3.3.2 Gel preparation protocol development for 2D cell culture 

In 2D cell culture, cells were seeded on the gel surface, and the gels needed to be relocated 

in the wells of a tissue culture well-plate from the original container. In order to get a good 

cell distribution on the gel surface, when in the wells, the gel surface needed to be uniform. 

This requirement could be met by transferring viscous solution or weak gel into the wells. 

The gelation could be triggered later on, and would promote a reproducible method for the 

gel preparation. If a gel form was transferred to the well directly, it would be very difficult 

to maintain the same uniform gel surface in each experiment. The phase diagram of 

FEFEFKFK was mapped out in the previous studies. It was noticed that when the 

concentration was lower than 30 mg ml
-1

, the gels could be easily melted down at 90 °C. 

The gelation occurred during the cooling process. When the gels were prepared, the 
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peptide powder and distilled water were sealed and heated at 90 °C until well mixed. 

Therefore the transferring requirement could be achieved by using the gels at low 

concentrations, and transferring the hot peptide solution quickly to the wells. Gels with a 

uniform surface were obtained after being cooled down. 

Besides the uniform gel surface, there was another important factor that needed to be 

considered. It was known that physiological pH was a vital factor for culturing cells. 

However, the original peptide hydrogels were acidic, and the pH of peptide hydrogel had to 

be adjusted before cells were seeded. Usually NaOH or buffer solution was chosen to alter 

the pH of a system. Both of which were also tested in this project. 

Firstly, NaOH solution was prepared. The required amount of NaOH solution was then 

mixed quickly with hot peptide solution in the 24-well plate for a pH neutral homogenous 

mixture. As discussed in the last chapter, pH can also be used as a gelation trigger. Because 

of the sharp pH increase in the system, the gelation would occur in minutes. It was 

essential to quickly transfer the mixture into wells to get a uniform gel surface. This also 

allows the peptide solution at low concentrations to be used. For example peptide solution 

at 10 mg ml
-1

 does not form a gel during the cooling down process. But when the pH 

increases, gels can be obtained. To gain a stable pH and to also monitor the pH value of the 

gel in the wells, cell culture media were used to rinse the gel several times before seeding 

the cells. As a buffer solution, cell culture medium was able to maintain a stable pH value. 

The pH indicator in the cell culture medium also helped to monitor the pH value. This pH 

adjustment process was referred as Method 1. The FEFEFKFK gels prepared by Method 1 

will be referred to as FEFEFKFK+NaOH. 
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Figure 3.34 Scheme of the gel preparation for 2D cell culture 

Secondly, cell culture media were used directly as a buffer solution to adjust the pH value. 

After the gels cooled down and formed a fairly rigid surface, a small amount of cell culture 

media was laid on top. At this stage, the gels were transparent while the cell culture media 

were pink due to the existence of the pH indicator. After several hours, the gels turned 

slightly yellow while the cell culture media were also yellow. This was caused by diffusion 

of ions between the media and gels. With a slight pH and salt concentration increases in the 

gel, the gels became stronger. The yellow solution was replaced by the fresh pink cell 

culture media. The replacement was repeated several times until the whole gel turned pink, 

which indicated a successful pH adjustment. It was noticed that, even when the peptide 

concentration was low, a highly viscous peptide solution could still support a thin layer of 

cell culture media on top. After the initial contact, the surface became slightly stronger, 

which then helped hold the cell culture media without the whole solution being diluted. 

This way of adjusting the pH was called Method 2. The FEFEFKFK gels prepared by 

Method 2 will be referred as FEFEFKFK in the future discussion.  

By using these two methods, the pH of the peptide FEFEFKFK gels was adjusted to the 

physiological pH value. Salt diffusion occurred during the repeated media change, which 

also helped to alter the salt concentration of the peptide FEFEFKFK gels to the 

physiological salt concentration. The fact that FEFEFKFK gels can be optimised in this 

way also shows a good permeability of this octapeptide hydrogel. To be used as a tissue 
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culture scaffold, the hydrogels need to be permeable, so the nutrients can reach cells inside 

the gel and the metabolism waste can be washed out during media change. Finally, the gels 

were ready to be tested in 2D cell culture studies. 

The gels used in the following 2D cell culture were all transparent. The only difference in 

the appearance compared with the gels in distilled water is the pink colour. The rheology 

tests were performed prior to cell seeding. And the results are presented in Figure 3.35. 

 

Figure 3.35 Plot of elastic modulus (Gʹ) against gel concentrations for the peptide gel 

prepared by Method 2 (empty) and Method 1 (solid) in the logarithmic scale. All the 

samples were at physiological conditions. 

It can be seen that the gels prepared by Method 2 are slightly stronger at all gel 

concentrations. From the phase diagram (Figure 3.7), we know that the samples at 

concentrations of 5, 10 and 15 mg ml
-1

 do not even form gels in distilled water at pH 2.8. 

The studies of the ionic strength effect alone in Section 3.2 (Figure 3.26) showed that when 

increasing ionic strength of the peptide samples at pH 2.8, a phase transition from a liquid 

to gel form occurred at concentrations of 5, 10 and 15 mg ml
-1

. From the studies of the pH 

effect alone (Figure 3.17 A), we can see that a phase transition from a liquid to gel form 

occurred at concentrations of 10 and 15 mg ml
-1

 when pH 5 was reached. These samples 

maintained the gel form up to pH 9. The sample at 5 mg ml
-1

 was not studied when 

mapping the pH phase diagram. However, according to the studies of the pH effect on 

peptide self-assembly in Section 3.2, the association of peptide fibres in the sample of 

5 mg ml
-1

 was expected to increase with increasing pH. This is due to the decrease of the 

net charge of every single peptide fibre. In the preparation of the peptide hydrogels for the 
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cell culture studies, the gels were adjusted to physiological conditions, resulting in a 

neutral pH and ionic strength of around 200 mM. Both pH and ionic strength were proven 

to be gelation triggers on their own. At neutral pH, although the net charge of each peptide 

fibre is zero, all the amide and carboxyl groups of each peptide molecule are charged. 

Those charged groups can be affected by the salts present at physiological conditions. The 

combined action of both pH and ionic strength caused the gelation of peptide samples at 

concentrations of 5, 10 and 15 mg ml
-1 

under physiological conditions.  

3.3.3 2D cell culture protocol development 

3.3.3.1 NaOH effect 

 

Figure 3.36 (A) Optical micrograph of chondrocyte cell morphology 7 days post cell 

culture on 10 mg ml
-1

 gels prepared by Method 2; (B) Optical micrograph of chondrocyte 

cell morphology 7 days post cell culture on 10 mg ml
-1

 gels prepared by Method 1; (C) 

Fluorescence micrograph of chondrocyte cell viability 7 days post cell culture on 10 

mg ml
-1

 gels prepared by Method 2and (D) Fluorescence micrograph of chondrocyte cell 

viability 7 days post cell culture on 10 mg ml
-1

 gels prepared by Method 1. Scale bars 

represent 50 μm. 5×10
4
 cells were seeded on top of the gel surface in each well. 

The biggest difference between the gels prepared by Method 1 and Method 2 is the 

existence of NaOH in the system. Different cell morphology was observed between the 

two systems (shown in Figure 3.36). Several images were taken for every gel observed 
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using microscopy technique, and the percentage of cells with different morphology was 

calculated by image analysis. In future cell culture studies regarding cell morphology or 

cell number, the same protocol was applied. 

It can be seen clearly that after day 7, cells had fully spread on the gel surface prepared by 

Method 2. The spreading shape indicated chondrocyte cells had differentiated into 

fibroblast cells. Cells on the gel surface prepared by Method 1 were less stretched. 168 

cells were counted and 40% of the cells remained with a round shape 7 days post cell 

culture. Fluorescence micrographs were taken after the Live/dead staining. In the 

Live/dead staining assays, dead cells are stained red while live cells are stained green. All 

cells were alive on both of the FEFEFKFK gel surfaces up to 7 days. The strong effect of 

NaOH on the cell morphology suggested that by controlling the use of NaOH, different cell 

morphology can be manipulated in 2D cell culture. 

3.3.3.2 Gel concentration effect 

It was known from the last two chapters that the peptide gel concentrations would affect 

the mechanical properties, and the mechanical properties of the scaffold were known to 

affect the cell behaviours.
32

 Therefore the gel concentration effect on the cell behaviour 

was studied. As shown in Figure 3.37, it can be seen that cells on the FEFEFKFK peptide 

at a concentration of 5 mg ml
-1

 were less elongated compared with cells on the FEFKFEFK 

peptide at concentrations of 10 mg ml
-1

 and 15 mg ml
-1

. From the optical micrographs, the 

cell morphology on FEFEFKFK peptide at the concentrations of 10 mg ml
-1

 and  

15 mg ml
-1

 were the same. The overlapped rheological tests showed that the gels were 

stronger at higher concentrations. This could explain why chondrocyte cells were less 

elongated on the weakest gels. It is also known that when the scaffold is stiff enough, 

further increase of the mechanical strength does not make a big difference on cell 

behaviours. This could be the reason that similar cell morphology on the gels at 

concentrations of 10 mg ml
-1

 and 15 mg ml
-1

were observed. 



Chapter 3                                Self-assembly and gelation properties of FEFEFKFK peptide 

130 

 

Figure 3.37 Optical micrographs of chondrocyte cell morphology at day0, day1 and day3 

of cell culture on the gels prepared by Method 2 at the concentration of 5 mg ml
-1

 (A0, A1, 

A3), 10 mg ml
-1

 (B0, B1, B3) and 15 mg ml
-1

 (C0, C1, C3). Optical micrographs were 

overlapped with the rheological tests results of all three types of gels before cell seeding. 

All the samples were at physiological conditions. Scale bars represent 50 μm. 5×10
4
 cells 

were seeded on top of the gel surface in each well. 

 

Figure 3.38 Optical micrographs of chondrocyte cell morphology at day0, day1 and day3 

of cell culture on the gels prepared by Method 1 at the concentration of 5 mg ml
-1

 (A0, A1, 

A3), 10 mg ml
-1

 (B0, B1, B3) and 15 mg ml
-1

 (C0, C1, C3). Optical micrographs were 

overlapped with the rheological tests results of all three types of gels before cell seeding. 

All the samples were at physiological conditions. Scale bars represent 50 μm. 5×10
4
 cells 

were seeded on top of the gel surface in each well. 

Figure 3.38 shows the optical micrographs on FEFEFKFK peptide gels prepared by 

Method 1. Cells retained their round shape morphology on all hydrogels. No difference of 

cell morphology was observed between the gels at different peptide concentrations. 
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Although the rheological tests showed the gels at higher concentrations had a significantly 

higher G ,́ which means the gels at higher concentrations were much stronger than those at 

lower concentrations, cells seeded on top of all three gels still had the same morphology. 

Figure 3.39 showed the fluorescence micrographs of FEFEFKFK peptide stained by 

Live/dead after 7 days of cell culture. An average of 150 cells was counted on each gel. 

Over 99% of the cells were stained green on all the gel surfaces.  

 

Figure 3.39 Fluorescence micrograph of chondrocyte cell viability 7 days post cell culture 

on the gels prepared by Method 1 (A5, A10, A15) and Method 2 (B5, B10, B15) at 

concentrations of 5 mg ml
-1

 (A5, B5), 10 mg ml
-1

 (A10, B10) and 15 mg ml
-1

 (A15, B15). 

Scale bars represent 50 μm. 5×10
4
 cells were seeded on top of the gel surface in each well. 

In conclusion, cells were alive on the gels prepared by both methods at three different gel 

concentrations. This indicated that the FEFEFKFK peptide gels studied were 

biocompatible. There was no difference in cell morphology seeded on the gels prepared by 

Method 1. However, small differences were observed on the gels prepared by Method 2. 

Cells were less stretched at the lowest gel concentration, while above the concentration of 

10 mg ml
-1

, no big difference was seen between the different gels. This could be due to the 

gels being weaker at lower concentration, and cells preferred a stronger scaffold surface to 

attach to. 

The cell behaviours of chondrocyte on FEFEFKFK peptide were more systematically 

studied by other researchers in Saiani’s group.
7
 Other cell types such as stem cells were 

also used in the same group to examine the possibility of the FEFEFKFK peptide 

hydrogels to be used as tissue culture scaffolds. This project would mainly focus on the 
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cell behaviour of HDF cells. 

3.3.3.3 2D cell culture protocol development for HDF cell 

Using the work done on chondrocyte cells as a reference, a 2D cell culture protocol for 

HDF cells was developed. The effect of NaOH was examined again. Gels at a 

concentration of 20 mg ml
-1

 were prepared by Method 1 and Method 2 for the HDF cell 

studies.  

    

    

Figure 3.40 Optical micrographs of HDF cell morphology at day0, day1 and day3 of cell 

culture on the gels prepared by Method 2 (A0, A1, A3) and Method 1 (B0, B1, B3) at a 

concentration of 20 mg ml
-1

. Fluorescence micrographs were also presented for HDF cell 

viability at day7 on the gels prepared by Method 2 (A7) and Method 1 (B7). Scale bars 

represent 50 μm. 5×10
4
 cells were seeded on top of the gel surface in each well. 

As seen in Figure 3.40, cells were green on the fluorescence micrographs after staining by 

the Live/dead assay. This means cells attached to the gel surfaces after 7 days of cell 

culture were still alive. No big difference in the cell morphology was observed during cell 

culture time on the gels prepared by Method 1 and Method 2. The cells remained in a 

round shape as seeded on both gel surfaces. Clusters of cells were observed on gel surfaces 

but detached from the gel surfaces during the media change. As no cells spread on either 

gels with or without NaOH, the effect of NaOH on the cell morphology remained 

undiscovered. In order for cells to spread on scaffold surfaces, cells need to be firmly 

attached to the surface. Cells that took a round shape could be the result of a lack of cell 

attachment on the gel surface. 
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3.4 Summary 

So far in this project, work has focused on the study of the gelation properties of 

FEFEFKFK peptide. In the beginning of this chapter, the self-assembly process and model 

proposed by Zhang et al. were briefly reviewed. It was confirmed that FEFEFKFK peptide 

formed nanofibres with anti-parallel β-sheet structure in aqueous solution. Those peptide 

fibres had a diameter around 3.5 nm which is  similar with results published previously.
3
 

The previous work done on FEFEFKFK mainly focused on understanding the  

self-assembly process and gaining information about the fibre structure. In the first section 

of this chapter, the main focus was on the investigation of the gel network structure and the 

gelation properties of FEFEFKFK hydrogels. When the concentration of peptide solution 

increased, a fibrillar network with a mesh size around 30 nm was observed before gelation 

occurred. The relationship between the gel network mesh size and gel concentrations was 

discussed. It was noticed that with increasing hydrogel concentration, the fibre density 

increased but the mesh size of the network decreased. The phase diagram of FEFEFKFK 

was mapped out and the thermoreversible behaviour was investigated using the oscillatory 

rheometry. A solid-like behaviour was observed for FEFEFKFK hydrogels at all 

concentrations during the rheology studies. Several models were discussed and used to 

analyse the rheological behaviour of FEFEFKFK hydrogels. The Gʹ and peptide hydrogel 

concentration as well as the G(t) and peptide hydrogel relaxation time both followed a 

power law relationship. The study of the power law relationships indicated a lightly  

cross-linked or entangled network structure in the hydrogels. It was interesting to note a 

second exponent above gel concentrations of 45 mg ml
-1

 when studying the power law. The 

possible causes of this large exponent were discussed; however, more work is needed to 

fully understand the phenomenon. Finally, the reversibility of this gel was investigated. 

The gel network could be damaged by increasing temperature or applying shear stress, but 

a quick recovery of the hydrogels was observed after the external stimuli were removed. 

Factors including the high water content of the gels, fibrillar network structure, mechanical 

strength similar to the strength of the components of ECM and possibility of being 

injectable all promote the potential of this peptide gel system to be used as a mimic of 

ECM. The gel properties under the influence of the cell culture environment were 

discussed in the next section. The self-assembly and gelation properties of FEFEFKFK 

peptide under the influence of pH and ionic strength were then investigated. pH affected 
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the self-assembly and gelation properties of the FEFEFKFK peptide by altering the charges 

of the peptide molecules. Peptide molecules were positively charged in acidic solution. 

Increasing pH resulted in a decrease of repulsive forces between fibres, which then caused 

an increase in the mechanical strength of the hydrogels. Peptide molecules were negatively 

charged in basic solutions. Increasing pH resulted in an opposite observation. It was the 

first time SANS and SAXS were combined together when studying the pH effect on 

FEFEFKFK peptide fibres. A two radius model was used and discussed to obtain more 

information from the scattering curves. The ionic strength effect was demonstrated by the 

effect of NaCl. No work has been published regarding the effect of ionic strength on 

FEFEFKFK peptide hydrogels. It should be noted that the gels used in this study were not 

pH adjusted, and all work regarding the effect of ionic strength was taken at pH 2.8 of the 

original gels. Increasing salt concentration in hydrogels decreased the solubility of peptide 

molecule in aqueous solution, which promoted the formation of peptide fibres causing a 

more entangled network structure and strengthened the mechanical properties. Both pH 

and salt can be used to trigger the transition from a peptide solution to peptide hydrogel. 

The gel strength could be altered by changing the peptide concentration as well as the pH 

or salt concentrations. The information gained during the investigation could help engineer 

the gel properties to fit better with future applications. 

Based on the studies of the first two sections, the development of the 2D cell culture 

protocol was presented in the final section of this chapter. By the time this project started, 

no cell culture work had been done on the FEFEFKFK hydrogels. It was very important to 

develop a cell culture protocol with good reproducability in order for future cell work  

using this peptide hydrogel to be correlated. Two different hydrogel preparation methods 

were developed to meet the basic requirments for tissue culture scaffold. The preliminary 

tests were done on chondrocyte cells. Cells stayed alive on the gels prepared by either 

method; however, distinct morphologies of chondrocytes were observed. Chondrocytes 

remained round in shape on the gels with NaOH in the system, while chondrocytes 

changed to the fibroblast-like shape on the gels without NaOH in the system. It was 

interesting to see that the existence of NaOH would affect the differentiation of 

chondrocytes as NaOH is commonly used in biostudies. However the mechanism behind 

this phenomenon needs further research. HDF cells were also cultured on these gels for up 

to 7 days. It was promising to observe the good cell viability 7 days post cell culture. 

However, HDF cells all remained round on both gel surfaces. HDF takes a spindle-like 
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shape in a 3D environment and more elongated shapes in 2D. The round shape of HDF on 

both gel surfaces suggested the lack of cell attachment sites. Priliminary cell culture tests 

proved the biocompatibility of FEFEFKFK hydrogels and revealed the requirement of 

further surface modification to promote cell adhesion. 
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Chapter 4 Functionalized peptide and HDF cell culture 

4.1 Introduction 

To improve cell attachment to biomaterials, a variety of bioactive ligands can be 

introduced to enhance the bioactivity of a scaffold. Among all the bioactive ligands, RGD 

is the most well-known and commonly used, providing binding sites to a variety of cells 

including human dermal fibroblast (HDF) cells. At this stage, a peptide synthesis company 

Peptisyntha was involved in this project. A short peptide 3-mercaptopropionyl-

homoarginine-glycine-aspartic acid-tryptophan-proline (Mpr-hRGDWP) was provided by 

the company. In this sequence, an amino acid derivative homoarginine (hR), with one more 

CH2 group on the side chain (Figure 4.1) compared to R, was used to replace R in the RGD 

sequence. A great amount of work has been conducted investigating how RGD functions, 

including studying the alternative sequences of RGD. For example, glutamic acid (E) was 

used to replace aspartic acid (D). With only one less CH2 group on the side chain of E, 

RGE showed no bioactivity at all.
1
 Similarly, when arginine (R) was replaced by lysine (K) 

or when glysine (G) was replace by alanine (A), the cell binding ability was reduced.
2
 So 

far, no substitution of RGD has been found to have the same bioactivity. hRGD has not 

been reported as a substitution of RGD before, thus the bioactivity of this peptide remain 

unknown. The previous work done on finding the substitution of RGD was always 

replacing one of the amino acid with another amino acid having a similar structure. 

However, the replacements were all more hydrophobic than the original amino acids. Here 

in this project, although hR has one more CH2 on the side chain than R, it does not reduce 

the charged side groups as K would do. The extended side chain might help the charged 

side groups to be exposed to the cell. Hence, it has a high possibility to be used as a 

replacement of R. The effect of hRGD on cell adhesion was examined in this project, 

which has not been studied by others. 

In this chapter, the results presented demonstrated how hRGD was successfully linked to 

FEFEFKFK peptide. The functionalised peptide formed gels in aqueous solutions and the 

gels were characterised by various techniques. It was postulated that the octapeptide would 

self-assemble into fibres while hRGDs present on the fibre surfaces. The cells may then 

recognise hRGDs and bind to them. Therefore in the later part of this chapter, the results of 

cell behaviours both on the gel surface and within the gels were included to show the 
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influence of the peptide modification on cell behaviours.  

4.2 Functionalised peptide hydrogel 

4.2.1 Peptide synthesis 

The Mpr-hRGDWP peptide was introduced to the backbone of FEFEFKFK peptide by the 

solid phase peptide synthesis and the functionalised Mpr-hRGDWPFEFEFKFK peptide 

(``hRGD``) was gained. 
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Figure 4.1 The structure of Mpr-hRGDWP. 

The HPLC spectrum of the product after the first coupling to link Mpr-hRGDWP onto 

FEFEFKFK clearly showed two major peaks (Figure 4.2 C). HPLC elution solutions of 

those two peaks were then collected and examined by MALDI-TOF MS. Figure 4.2 A is 

the MS spectrum of peak 1 in Figure 4.2 C. Since a positive mode was used during the 

tests. The mass/charge ratio of the peak is the value of the molar mass of a cation 

associated molecule. The major peak showed a mass/charge ratio of 1121.52 which was 

very close to the molar mass of one H associated FEFEFKFK (1122). Figure 4.2 B is the 

MS spectrum of peak 2 in Figure 4.2 C. The major peak showed a mass/charge ratio of 

1836.05 which was very close to the molar mass of one H associated ``hRGD`` (1835). 

Then a second coupling was performed and the final product after the coupling was run 

through HPLC again. After the second coupling, peak 1 significantly shrank while the area 

of peak 2 was enlarged to 60 % (Figure 4.2 D). 
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Figure 4.2 A, B) MALDI-TOF MS spectra of two HPLC elution solutions corresponding to 

the two major peak 1 and 2 in HPLC spectra respectively; The number beside each peak 

represents the molecular weight of [M-H]
+
. C) HPLC spectrum of the product after the 

first coupling to link Mpr-hRGDWP on FEFEFKFK; D) HPLC spectrum of the product 

after repeating the coupling. 

Further LC-MS tests (done by Peptisyntha) showed that the final product contained 

``hRGD``, ``hRGD``+F, ``hRGD``+F+F, FEFEFKFK, FEFEFKFK+F. This suggested that 

most impurities in the final product came from miscoupling during the synthesis of 

FEFEFKFK. In total, around 80 % of the final products were functionalised with the short 

hRGD peptide. In summary, Mpr-hRGDWP was successfully linked to FEFEFKFK. The 

final product was named by its major component ``hRGD`` peptide. 

The previous studies showed that FEFEFKFK in water can self-assemble into fibres with 

an anti-parallel β-sheet structure, and macroscopically form transparent hydrogels 

(Section 3.1). After being coupled twice with Mpr-hRGDWP, 80 % of peptides were 

loaded with Mpr-hRGDWP. Further experiments on the self-assembly and gelation 

properties of ``hRGD`` (the functionalized peptide) were described as follows. 
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4.2.2 Functionalised peptide hydrogel properties 

By comparing ``hRGD`` with FEFEFKFK, it can help to gain a better understanding of the 

self-assembly and gelation properties of ``hRGD``, the role of ``hRGD`` in cell culture 

studies and how cell behaviour could be related to the properties of the gel matrix. The 

comparison between the two peptides should be taken in the same experimental conditions. 

Thus, the hydrogel properties of the functionalised peptide were also examined at pH 2.8. 

The samples of the functionalised peptide were also prepared as described in Section 2.3.1 

and the phase diagram of ``hRGD`` was mapped (Figure 4.3).  

  

Figure 4.3 The phase diagram of ``hRGD`` peptide shows the variation of gel (dark solid 

circle), viscous liquid (light solid circle) and solution (empty circle) as a function of 

temperature. All the samples were at pH 2.8. 

As shown in Figure 4.3, the critical gelation concentration of ``hRGD`` was between 5 to 

10 mg ml
-1

. All the gels were transparent and thermal-stable at 37 °C. Compared to 

FEFEFKFK (Section 3.1.2), ``hRGD`` started to gel at a lower concentration. The reason 

may be that when the octapeptide backbone in ``hRGD`` begins to self-assemble and form 

fibres, the Mpr-hRGDWP sequences extend out from the fibres act like positively charged 

branches providing more rigid fibres to form a 3D network. Thus, the gelation can occur at 

a lower peptide concentration.  

With the postulation that Mpr-hRGDWP acts like branches and provides more positively 

charged side chains, the ``hRGD`` fibres would become more rigid, which should be more 
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resistant to shear force. Thus the ``hRGD`` gels should be stronger than the FEFEFKFK 

gels at the same peptide concentration. The mechanical strength of ``hRGD`` gels was 

tested using oscillatory rheometer. The results are shown below. 

The amplitude sweep was carried out first to determine the LVR of all the samples. The 

LVR was noticed below 2% strain. It can be seen that all Gʹ is higher than Gʹʹ in the LVR 

indicates all the samples are in the gel form. This can also be confirmed by the values of all 

tanδ in the LVR which are smaller than 0.2. The gels with such small tanδ have more  

solid-like behaviours. As concentration increases, both Gʹ and Gʹʹ increases in the LVR.  

1 % strain in the LVR was chosen for the frequency sweep. 
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Figure 4.4 Plot of elastic modulus (Gʹ, solid), viscous modulus (Gʹʹ, empty) and tanδ (×) 

of ``hRGD`` peptide at 10 (black), 20 (red), 30 (green), 40 (blue) and 50 (cyan) on the left 

while 15 (black), 25 (red), 35 (green), 45 (blue) on the right as a function of strain from 

0.01% to 100% at 1 Hz at 20 °C in the logarithmic scale. All the samples were at pH 2.8. 

1 10 100

1

10

100

1000

10000

100000

G
',
 G

'' 
(P

a
)

Frequency

0

1

2

3

4

5

ta
n


  

1 10 100

1

10

100

1000

10000

100000

G
',
 G

'' 
(P

a
)

Frequency

0

1

2

3

4

5

ta
n


 

Figure 4.5 Plot of elastic modulus (Gʹ, solid), viscous modulus (Gʹʹ, empty) and tanδ (×) 

of ``hRGD`` peptide at 10 (black), 20 (red), 30 (green), 40 (blue) and 50 (cyan) on the left 

while 15 (black), 25 (red), 35 (green), 45 (blue) on the right as a function of frequency 

from 1 to 100 Hz at 1% strain at 20°C in the logarithmic scale. All the samples were at 

pH 2.8. 
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Figure 4.6 A) Plot of elastic modulus (Gʹ,●), viscous modulus (Gʹʹ,○) of ``hRGD`` peptide 

as a function of concentration in the logarithmic scale. B) Plot of tanδ (×) and yield strain 

(+) of ``hRGD`` peptide as a function of concentration. Gʹ, Gʹʹ and tanδ are the average 

values in the frequency independent region in Figure 4.5 and were tested at 1 % strain; the 

yield strain is from Figure 4.4 and was tested at 1 Hz;  n represents the slope of the fitted 

line which is also the power law exponent. The solid line (─) represents a fitting of Gʹ 

against concentration. The large/small dash line (- ─ -) represents a fitting of G’’ against 

concentration. The small dash line (-----) represents a fitting of tanδ against concentration. 

All the samples were at pH 2.8. 

All the samples show independence from frequency when below 10 Hz. It can be seen 

again that all Gʹ is higher than Gʹʹ in the frequency independent region as well as the small 

tanδ of all the samples. The mechanical properties of those gels were presented by the 

average value of Gʹ, Gʹʹ and tanδ in the frequency independent region which were plotted 

against peptide concentration in Figure 4.6. The yield strain was also obtained from 

Figure 4.4 and plotted against peptide concentration. The relations between Gʹ and C as 

well as Gʹʹ and C follow the power law, and the slopes of the fitted lines are 3 and 2.6 

respectively. According to tanδ=Gʹʹ/Gʹ, the relation of tanδ and C should also follow the 

power law with an exponent of -0.4. This perfectly matches the value gained from the 

experiments. In general, the yield strain of peptide hydrogels slightly decreases with 

increasing gel concentrations. This indicates the gels are more brittle at high concentrations. 
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Figure 4.7 Plot of Gʹ of the ``hRGD`` (empty circle) and FEFEFKFK gels (solid circle) as 

a function of peptide concentrations. The solid line (─) represents a fitting of Gʹ of the 

``hRGD`` gels against concentration. The dash line (─  ─  ─) represents a fitting of Gʹ of 

the FEFEFKFK gels against concentration. All the samples were at pH 2.8. 

The average values of Gʹ at lower gel concentrations were plotted against the 

concentrations of the ``hRGD`` gels in Figure 4.7 to compare with the mechanical strength 

of FEFEFKFK gels tested in Chapter 3. The ``hRGD`` gels are stronger at the same 

concentration. The relation between G` and the ``hRGD`` gel concentrations below 

40 mg ml
-1

 also follows a power law with an index around 2.2. This exponent indicates an 

entangled network structure inside the peptide gels.
3
 When the data from the whole 

concentration range were used, an exponent of 3 was obtained, which means a faster 

increase of Gʹ at higher ``hRGD`` gel concentrations. The mechanism behind this could be 

similar to the sharp increase of Gʹ of FEFEFKFK peptide at high gel concentrations. 

Octapeptide FEFEFKFK itself forms both branching fibres and entangled fibres. The gel 

structure could be considered close to chemically cross-linked gels. In ``hRGD`` gels, the 

Mpr-hRGDWP at the end of the molecule might inhibit the formation of branching fibres. 

At the meantime Mpr-hRGDWP can serve as positively charged branches. It was noticed 

in the previous study that rigid short peptide sequence introduced to FEFEFKFK would 

stick out from the edge of the fibril.
4
 It can be seen in Figure 4.1 that the two linking amino 

acids are rigid and bulky, thus the end of ``hRGD`` was expected to stick out from the edge 

of the fibril, which can be treated as branches. The two linkers could make individual 

fibres more rigid which can increase the strength of the network. 
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4.2.3 Fibre morphology and network structure 

The fibre structures of the ``hRGD`` gels were examined by FTIR. A series of the 

``hRGD`` peptide gels were prepared. As shown in Figure 4.8, all the samples had a strong 

peak around 1625 cm
-1

 which represented the existence of the β-sheet structures, and a 

weak peak around 1690 cm
-1

 which means that the β-sheet structure was an anti-parallel  

β-sheet
5
. This suggested that ``hRGD`` also forms fibres with an anti-parallel β-sheet 

structure similar to those of FEFEFKFK. 

 

Figure 4.8 FTIR spectra of ``hRGD`` peptide at different concentrations. All the samples 

were at pH 2.8. 

TEM was used to visually confirm the fibre morphology. A dense fibrillar network 

structure was observed for the self-assembled ``hRGD`` fibres. The average fibre diameter 

is 4.0 nm. This is close to the average fibre diameter of 3.5 nm described in Chapter 3, but 

slightly increased. This could be because the fibres were formed by FEFEFKFK sequence 

in the backbone of ``hRGD``, while the Mpr-hRGDWP attached to the surfaces of the 

fibres. 
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Figure 4.9 TEM image of 5 mg ml
-1

 ``hRGD`` peptide solution at pH 2.8 shows a dense 

fibrillar network. Scale bar presents 50 nm.  

As a complementary technique of TEM, the SANS technique was used to study the fibre 

morphology of ``hRGD`` peptide. To gain the information of a single fibre, the experiment 

has to be done in the dilute regime where the inter-particle scattering is negligible. The 

samples at the concentrations of 3 mg ml
-1

, 5 mg ml
-1

, 10 mg ml
-1

 and 20 mg ml
-1

 were 

prepared to see what the fibre morphology was. 

Figure 4.10 presents the absolute scattering intensity    as a function of   at different salt 

concentrations in the logarithmic scale. No maximum of intensity shows on the curves but 

a small shoulder can be seen on the curve of the 20 mg ml
-1

 hydrogel. This indicates the 

inter particle scattering is negligible except for the 20 mg ml
-1

 hydrogel, which also means 

the experiments were taken in the dilute regime for samples at 3 mg ml
-1

, 5 mg ml
-1

 and 

10 mg ml
-1

. Different models were used to study the SANS pattern, but all the patterns 

were developed for dilute samples. Hence only the samples at 3 mg ml
-1

, 5 mg ml
-1

 and 

10 mg ml
-1

 were analysed from now on. All the curves in Figure 4.10 of the low   range 

were fitted by Equation 3.4 and the exponent values were all around 1.2, which was close 

to 1. The exponent   is equal to 1 for thin rods. This suggested the fibres both in solutions 

and gels might adopt rod-like structures. 
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Figure 4.10 Plot of lg IA against lg q of ``hRGD`` peptide at concentrations of 3 mg ml
-1

 

(blue), 5 mg ml
-1

 (red) and 10 mg ml
-1

 (green) and 20 mg ml
-1

 (purple) tested by SANS. All 

the samples were at pH 2.8. 

 

Figure 4.11 Porod plot (      against   ) of FEFEFKFK peptide at concentrations of 

3 mg ml
-1

 (blue), 5 mg ml
-1

 (red) and 10 mg ml
-1

 (green) tested by SANS. Solid lines 

represent the best fit by using Equation 3.6. All the samples were at pH 2.8. 

Since a rod-like structure was suggested by the previous result, the Porod graphs which are 

used to estimated the dimension of scattered matters were drawn as shown in Figure 4.11 

which were the plots of       against   . The linear curves should be gained by fitting the 

original data with Equation 3.6 and the slopes of the lines would provide the dimensions of 

the fibres. The fitted curves were shown in Figure 4.11. The values of    from the fitted 

curves were 1.2 for all the 3 samples. This further confirmed the fibres both in solutions 

-1.5 -1.0 -0.5 0.0 0.5 1.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 3 mg ml
-1

 5 mg ml
-1

 10 mg ml
-1

 20 mg ml
-1

lg
 I

A

lg q

q
-1

0.1 0.2 0.3 0.4 0.5

2

4

6

 3 mg ml
-1

 5 mg ml
-1

 10 mg ml
-1

lnqI
A

q
2
 (nm

-2
)



Chapter 4  Functionalized peptide and HDF cell culture 

148 

and gels had the same thickness. 

The Porod graph gives the dimensions of the scattered matter without regard to the shape 

of the scattered object. In order to further study the morphology of the fibres with a  

rod-like structure, the Kratky curves of ``hRGD`` peptide at different concentrations were 

analysed (Figure 4.12). The bell-like shape of the curves at all concentrations suggested 

rod-like structures in all systems. By using Equation 3.7, a full cylinder model was fitted to 

the original data. The fitted graphs were presented in Figure 4.12. 

 

Figure 4.12 Kratky plot (     against  ) of peptide ``hRGD`` at concentrations of  

3 mg ml
-1

 (blue), 5 mg ml
-1

 (red) and 10 mg ml
-1

 (green) tested by SANS. Solid lines 

represent the best fit by using Equation 3.7. All the samples were at pH 2.8. 

The values of   were obtained through data fitting. The rod-like fibres with radii of 1.6 nm 

were found at all peptide concentrations. This is very close to the diameter of FEFEFKFK 

peptide fibres which suggested the fibres were formed by the FEFEFKFK sequence of the 

``hRGD`` backbones. The same fibre radii also suggested the fibres both in solutions and 

gels had the same thickness. Similar observation was found in FEFEFKFK system.
6
 

However, the radius obtained by SANS was smaller than the radius obtained by TEM. This 

could be caused by the different sample preparation procedures. The fibres examined by 

SANS were in their hydrated states while the fibres studied by TEM were dried out during 

the preparation. The dried fibres were flattened on the grids which could lead to larger 

diameters. 

0 1

0

20

40

60

 3 mg ml
-1

 5 mg ml
-1

 10 mg ml
-1

q
2
I
A

q (nm
-1
)



Chapter 4  Functionalized peptide and HDF cell culture 

149 

4.3 2D HDF cell culture 

4.3.1 2D HDF cell culture protocol development 

As discovered in the previous chapter, NaOH had a significant influence on the spreading 

of chondrocyte cells. To prevent the possible inhibition effect of NaOH on the HDF cell 

spreading, the ``hRGD`` gels were prepared in Method 2 as described in Section 3.3.2. 

 

Figure 4.13 Optical micrographs of HDF on ``hRGD`` gel surfaces during 7 days of cell 

culture show the cells adopt a spindle shape. Fluorescence micrograph shows the living 

(green) and dead (red) cells on gel surfaces 7 days post cell culture. Scale bars represent 

50 μm. 5×10
4
 cells were seeded on top of the gel surface in each well. 

The same HDF cell density used in Section 3.3.5 were also applied here. Within the first  

24 hours of culture, over 95 % out of 105 counted HDF cells started to spread on the 

``hRGD`` gel surfaces, which indicated a direct cell adhesion. The spindle like elongated 

cell morphologies were observed 1 day and 3 days post culture. This cell morphology was 

also confirmed by fluorescence microscopy, which showed the cells stained by Live/dead 

assay solutions at 7 days post culture. All cells stained green, it demonstrated that after 7 

days of culturing, All cells were alive on the ``hRGD`` gel surface as well. As discovered 

in Section 3.3.5, the cells were alive after 7 days of culturing, however, the HDF cells 

remained round or just started spreading on both FEFEFKFK gels with or without NaOH. 

Compared to those, the ability of HDF cells to spread on the ``hRGD`` gels shows a 

greatly improved cell adhesion. 

It has been reported before that HDF cells had better cell adhesion on the stiffer gel 

surfaces
7
. To estimate the influence of the mechanical properties on cell behaviours, the 

rheology tests were performed on the three gels mentioned above. The gels were tested 

before cell seeding after 1, 3 and 7 days of cell culture on the gel surface. 

Day0                             Day1                            Day3                             Day7 
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Figure 4.14  Plot of elastic modulus (Gʹ, solid), viscous modulus (Gʹʹ, empty) and tanδ (×) 

of FEFEFKFK (A) at cell culture day0 (black), day1 (red), day3 (green) and day7 (blue); 

FEFEFKFK+NaOH (B) at cell culture day0 (black), day1 (red), day3 (green) and day7 

(blue) and ``hRGD`` (C) at cell culture day0 (black), day1 (red), day3 (green) and day7 

(blue) as a function of strain from 0.01% to 100% at 1 Hz at 37 °C in the logarithmic scale. 

All the samples were at physiological conditions. 

The amplitude sweep was carried out first to determine the LVR of all the samples. The 

LVR was noticed below 1 % strain. It can be seen that all Gʹ is higher than Gʹʹ in the LVR 

indicates all the samples are in the gel form. This can also confirmed by the values of all 

tanδ in the LVR is smaller than 0.2. The gels with such small tanδ have more solid-like 

behaviours. As cell culture time increases, no big difference of Gʹ and Gʹʹ was observed in 

the LVR. 1% strain in the LVR was chosen for the frequency sweep. 

All the samples show independence from frequency when below 100 Hz in Figure 4.15. It 

can be seen again that all Gʹ is higher than Gʹʹ in the frequency independent region as well 

as the small tanδ of all the samples. The mechanical properties of those gels were presented 

by the average value of Gʹ, Gʹʹ and tanδ in the frequency independent region which were 

plotted against the cell culture time in Figure 4.16. The yield strain was also obtained from 

Figure 4.14 and plotted against peptide concentration. 

A       B 

C 



Chapter 4  Functionalized peptide and HDF cell culture 

151 

1 10 100

10

100

1000

10000

100000

G
',
 G

'' 
(P

a
)

Frequency

0.0

0.2

0.4

0.6

0.8

1.0

ta
n


1 10 100

10

100

1000

10000

100000

G
', 

G
'' 

(P
a
)

Frequency

0.0

0.2

0.4

0.6

0.8

1.0

ta
n


1 10 100

10

100

1000

10000

100000

G
', 

G
'' 

(P
a
)

Frequency

0.0

0.2

0.4

0.6

0.8

1.0

ta
n


 

Figure 4.15 Plot of elastic modulus (Gʹ, solid), viscous modulus (Gʹʹ, empty) and tanδ (×) 

of FEFEFKFK (A) at cell culture day0 (black), day1 (red), day3 (green) and day7 (blue); 

FEFEFKFK+NaOH (B) at cell culture day0 (black), day1 (red), day3 (green) and day7 

(blue) and ``hRGD`` (C) at cell culture day0 (black), day1 (red), day3 (green) and day7 

(blue) as a function of frequency from 1 to 100 Hz at 1% strain at 37 °C in the logarithmic 

scale. All the samples were at physiological conditions. 

From Figure 4.16 we can see that the mechanical properties of all three gels did not vary 

much during the 7 days of cell culture. The values of Gʹ are around 10000 Pa and Gʹ > Gʹʹ 

for all tested samples indicate the gels were strong and had solid-like behaviours. The 

values of Gʹ of the ``hRGD`` gels were the smallest during the cell culture time indicate 

the ``hRGD`` gels were the weakest among all three types of gels. However, the yield 

strain of the ``hRGD`` gels were the biggest during the cell culture time among all three 

types of gels. This means that ``hRGD`` gels, although weak, but were tougher than the 

FEFEFKFK gels during 7 days of cell culture. To directly compare the strength of all three 

gels, the values of Gʹ of all three samples were plotted against the cell culture time and the 

results were presented in the same figure (Figure 4.17).  

A       B 

C 
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Figure 4.16 Plot of elastic modulus (Gʹ,●), viscous modulus (Gʹʹ,○), tanδ (×) and yield 

strain (+) of FEFEFKFK (A), FEFEFKFK+NaOH (B) and ``hRGD`` (C) gel as a function 

of cell culture time at 37 °C in the logarithmic scale. Gʹ, Gʹʹ and tanδ are the average 

values in the frequency independent region in Figure 4.15 and tested at 1 % strain; the 

yield strain is from Figure 4.14 and tested at 1 Hz. All the samples were at physiological 

conditions. 

Although there were some variations in the mechanical strength of each type of the gels 

during 7 days, it can be clearly seen (Figure 4.17) that during the whole cell culture period, 

the ``hRGD`` gels were the weakest. The previous studies demonstrated that before pH 

adjusting, the ``hRGD`` gels were stronger than the FEFEFKFK gels. The fact that they 

were weaker here in the cell culture environment could be the result of the change in pH 

and the presence of salt. As discussed in Chapter 3, when the pH and the salt concentration 

increased, the electric repulsion force between the fibres became weaker; the small fibrils 

then bundled together and formed thicker fibres but the network structure became less 

dense, which made the gels stiffer but brittle. In the ``hRGD`` gels, the Mpr-hRGDWP 

sequence was considered to be the positively charged branches which made the ``hRGD`` 

gels stronger than the FEFEFKFK gels at pH 2.8. The possible reason was the branches 

make fibres more rigid which resulted in higher gel network strength. When pH increased 

1

10

100

1000

10
4

10
5

0

0.1

0.2

0.3

0.4

0.5

-2 0 2 4 6 8

FEFEFKFK

cell culture time (day)

1

10

100

1000

10
4

10
5

0

0.1

0.2

0.3

0.4

0.5

-2 0 2 4 6 8

FEFEFKFK+NaOH

cell culture time (day)

10

100

1000

10
4

0

0.1

0.2

0.3

0.4

0.5

-2 0 2 4 6 8

hRGD

cell culture time 

A       B 

C 



Chapter 4  Functionalized peptide and HDF cell culture 

153 

to 7, hR was positively charged and D was negatively charged. Hence the net charge of the 

branches is zero. Combined with the salt screening effect, the repulsion force caused by the 

branches reduced to the minimum. However, those side chains were still rigid and bulky. 

The stereo effect could also prevent small fibrils come too close to each other, thus less 

thick fibres under the influence of pH and salt. The ``hRGD`` gels are weaker than the 

other two gels as indicated by the low Gʹ value; however, the bigger yield strain  

(Figure 4.14 and Figure 4.16) indicates a tougher gels than the other two gels. 

 

Figure 4.17 The change of mechanical strength of the gels during the 7 day cell culture;  

○ represents the FEFEFKFK gels prepared by Method 2 (Section 3.3.2); × represents the 

FEFEFKFK gels prepared by Method 1 (Section 3.3.2); | represents the ``hRGD`` gels 

prepared by Method 2 (Section 3.3.2). All the samples were at physiological conditions. 

Since the weakest gel provided better cell adhesion, it is possible that the incorporated 

hRGD sequence was the key for the improvement. If the cells recognised hRGD the same 

way as they recognise RGD, then the ``hRGD`` gels would provide more binding sites than 

the FEFEFKFK gels for cells to attach to, thus improving cell attachment. This should be 

confirmed by further investigations. 

So far, ``hRGD`` peptide was used for all the characterisations without mixing with 

FEFEFKFK peptide. However, a lot of work has indicated that the density of normal RGD 

sequences played an important role in mediating cell adhesion. It was also noticed that, 

when the RGD density was high enough, more RGD did not further improve cell 

attachment.
8
 The density of the hRGDs was expected to play an important role in 

promoting cell adhesion as well. To use the functionalised peptide more efficiently, a 

preliminary test based on the observation of the HDF cell morphology was performed. The 
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peptide mixtures with different mole percentages of ``hRGD`` in the whole mixture were 

prepared by Method 2 (Section 3.3.2). 

 Day 0 Day 1 Day 3 Day 7 

0% 

    

10% 

    

30% 

    

50% 

    

Figure 4.18 Optical micrographs of HDF on the ``hRGD`` gel surfaces with different 

loading ratios of ``hRGD`` peptide show cell morphologies during 3 days of cell culture. 

The fluorescence micrographs show the living (green) and dead (red) cells on the gel 

surfaces 7 days post cell culture. 5×10
4
 cells were seeded on top of the gel surface in each 

well. 

In this test, the mixtures with 0%, 10%, 30% and 50% ``hRGD`` were prepared. The 

required amount of FEFEFKFK was dissolved in distilled water and melt at 90 °C to 

prepare a solution. According to the discussion in Chapter 3, there would be two possible 

situations. In the solution, FEFEFKFK peptide self-assembled into fibrils and the fibrils 

would be either too short or the fibril density would be too low to form any network 

structure; or the self-assembled fibrils formed microgels but the fibre density was not 

dense enough to form a network structure through the whole system. Then this solution 

was used to dissolve the required amount of ``hRGD`` at 90 °C. The previous co-assembly 

studies of systems composed of two self-assembling peptides showed that two peptides 
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would self-assemble independently and two types of fibrils would both exist in the gels 

formed.
9, 10

 Since the mixture was still in a liquid form, there were also two possibilities for 

``hRGD`` fibres as well. The fibril length would be too short or the fibril density would be 

too low to form any network structure or the fibrils form microgels but not dense enough to 

form network structure through the whole system. Either way, ``hRGD`` peptide would 

self-assemble into hRGD rich fibres compared to pure FEFEFKFK fibres. When the 

gelation was triggered later on, two distinct fibres would both exist in the network structure 

forming hRGD rich and hRGD poor regions. The previous studies showed that the 

incorporation of rigid peptide sequence
4
 or binding sites

11-13
 will not affect the structure of 

the template peptide. The octapeptide part of the ``hRGD`` peptide was expected to  

self-assemble into fibrils while Mpr-hRGDWP would stick out of the edge of the fibrils. 

This allows the functionalised part to be exposed for cell recognitions. In this way, the 

hRGD side chains would appear as clusters in the hRGD rich regions. The clusters of RGD 

peptides rather than equally distributed RGD peptides were preferred for enabling cell 

attachment as reported.
14

 Thus, the clusters of hRGDs were expected to be favourable for 

the HDF cell binding. 

Less than 5 % out of 115 counted cells were seen to have spread on gel surfaces with 0 % 

``hRGD`` loading. This confirmed the previous studies on the FEFEFKFK peptide 

prepared by Method 2. The cell spreading started within 24 hours after the cells were 

seeded on all the ``hRGD`` loaded gels. However, the cells were less spread on the gels 

with 10 % ``hRGD`` loading; while there was no significant difference in cell morphology 

between the gels with 30 % and 50 % ``hRGD`` loading (Figure 4.18). The cells stained 

green by the Live/dead assay confirmed the observed differences in cell morphology and 

also demonstrated that all cells were alive after 7 days of cell culture. If hRGDs acted as 

binding sites for the cell attachment, low loading would offer less binding sites thus led to 

less cell spreading. However, when the number of binding sites was sufficient for cell 

adhesion, more binding sites would not be able to further improve the cell adhesion. This 

could be the reason why no large difference was seen between the gels with 30 % and  

50 % ``hRGD`` loading. To reduce the possible effect of batch differences due to the 

various purities of synthesised peptides, only the gels with 50 % ``hRGD`` loading were 

used for the further experiments.  

To conclude, the gels were prepared using Method 2 (Section 3.3.2) for 2D HDF cell 

culture study. The FEFEFKFK gels were used as a negative control. The gels with 50 % 
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``hRGD`` loading were used to study the ``hRGD`` influence on cell attachment. If not 

specified, in the following sections, ``hRGD`` will be used to refer to the gels with 50 % 

``hRGD`` loading. 

4.3.2 Long term 2D cell culture 

4.3.2.1 Cell morphology 

The HDF cell attachment can be visually examined by observing the cell morphology 

under the microscopes. If the HDF cells are firmly attached to the scaffold, they will spread 

and maintain an elongated shape. The cells were cultured on all gel surfaces for 15 days, 

and optical micrographs were taken (Figure 4.19) to record the cell morphology changes. 

At day 1, over 95% out of 268 counted cells were spread on the ``hRGD`` gels; while on 

the FEFEFKFK gels, less than 40% out of 189 counted cells were spread. Some small 

aggregates of cells formed on the FEFEFKFK gels. This indicated cell possibly preferred 

to attach to each other than to the gel surface. Some cells adopted a spindle shape on the 

FEFEFKFK gels. This could be due to the existence of serum in the cell culture medium. 

In serum, there are various proteins including those containing bioactive ligands for cell 

attachment. As the gels were pre-soaked in the serum containing cell culture medium, 

some proteins could be absorbed by the gel and physically bound to the gel surfaces. When 

the cells were seeded, they could have assisted cell attachment and spreading on the gel 

surfaces. At day 3, all the cells adopted a spindle like shape on the ``hRGD`` gels. In 

contrast, larger aggregates of cells were present and minimal cell spreading was observed 

on the FEFEFKFK gels. The cell number on the FEFEFKFK gels decreased which may be 

due to the detachment of the cell aggregates. After 5 days of culture, all the cells were 

spread on the ``hRGD`` gels. Some of the cells moved together and were aligned into a 

line. In some regions, local orientation of the cells was observed. This may be caused by 

the fibre arrangement in the gels. When the gels were transferred into the well-plates, shear 

forces were applied as the gels flowed through the pipette tip, possibly causing slight 

orientation of the fibres. This could then influence cell behaviours, causing the cells to 

migrate or spread along the fibres and inducing local orientation. On the FEFEFKFK gels, 

the large aggregates of cells disappeared and single cells were distributed evenly on the gel 

surfaces. Over 85 % out of 243 counted cells started spreading, but not to the same extent 

as the cells cultured on the ``hRGD`` gels. After 7 days, the cell density increased on both 

gels. Although the cells spread on both gels, the cells had a more elongated morphology on 
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the ``hRGD`` gels. At day 15, the cell densities continued to increase on both gels with no 

significant changes in the cell morphology. The cells began to form a network-like 

structure on the ``hRGD`` gels while the cells remained isolated on the FEFEFKFK gels. 

This difference could be caused by the difference of cell numbers on the two gels. There 

might not be enough cells on the FEFEFKFK gels to form the network-like structure. 

 Day 0 Day 1 Day 3 Day 5 

FEFEFKFK 

    

``hRGD`` 

    

 Day 7 Day 9 Day 11 Day 15 

FEFEFKFK 

    

``hRGD`` 

    

Figure 4.19 Optical micrographs of the HDF cells grow on the FEFEFKFK gels and the 

``hRGD`` gels show cell morphologies during the 15 days of cell culture. Scale bars 

represent 100 μm. 5×10
4
 cells were seeded on top of the gel surface in each well. 

The optical micrographs provided a general idea of the cell morphology during the 2 weeks 

of cell culture. However, the lack of contrast in the images made it difficult for a more 

detailed observation on the cell morphology. Thus, F-actin staining assay was used to 

further analyse the cell morphology changes. Because some FITC-phalloidin was absorbed 

by the peptide hydrogel, a light green background was observed under the fluorescence 

microscope. However, this green background did not disturb the observation of the 

existence of F-actin. F-actin of the cells was still stained clear enough to provide high 
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contrast fluorescence micrographs (Figure 4.20). 

 Day1 Day3 Day5 

FEFEFKFK 

   

``hRGD`` 

   

 Day 7 Day10 Day14 

FEFEFKFK 

   

``hRGD`` 

   

Figure 4.20 Fluorescence micrographs show phalloidin-stained F-actin (green) of cells on 

gel surfaces during 14 days of cell culture. Scale bars represent 100 μm. 5×10
4
 cells were 

seeded on top of the gel surface in each well. 

At day 1, the cells started to spread on the ``hRGD`` gels. There were still some round cells 

present. On the FEFEFKFK gels, the spread cells were also present. This confirmed the 

results detected by the optical microscope. At day 3, over 95 % out of 256 counted cells 

took an elongated shape on the ``hRGD`` gels. On the FEFEFKFK gels, protrusion 

structures from the cells were also observed. Those details were not able to be seen on the 

optical micrographs. At day 5, cell spreading occurred on both gel surfaces, while the cells 
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were more elongated on the ``hRGD`` gels. From day 7 to day 14, the cells were even 

more lengthened on the ``hRGD`` gels and began to form a network-like structure. The 

stress fibres can also be seen clearly. On the FEFEFKFK gels, the cells were well 

distributed and isolated from each other. The cells extended but not elongated much until 

day 14. At day 14, the elongated shapes were taken by over 90 % out of 438 counted cells. 

The stress fibres were also seen in cells. This may be because the cells began to secrete 

their own ECM which contained bioactive ligand for them to bind to. Compared to the 

``hRGD`` gels, the FEFEFKFK gels also supported cell adhesion. However, this could be 

caused by the protein absorption.
15

 The link between proteins and the gels were weak and 

could not support strong local adhesion when the cells tried to spread. While on the 

``hRGD`` gels, the hRGD sequences were permanently linked to the fibres via peptide 

bonds. If the cells bound to these sequences, the binding would be strong enough to 

support the cell extension and migration. This might lead to more spread cells on the 

``hRGD`` gels compared to on the FEFEFKFK gels. 

 

Figure 4.21 The aspect ratios (circle), average lengths (square) and average widths 

(diamond) of the cells in 14 days of cell culture; the ``hRGD`` gels are presented by solid 

symbols; the FEFEFKFK gels are presented by empty symbols. 5×10
4
 cells were seeded on 

top of the gel surface in each well. 

With the better contrast of fluorescence micrographs, cell spreading can also be quantified 

via photo analysis software. An average of 400 cells was counted for each sample. Here the 

aspect ratios of the cells on both gels were measured and presented with the average length 

and width of the cells on both gels (Figure 4.21). In general, the cells on the ``hRGD`` gels 
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had a larger aspect ratio and average length, while the average width were similar to the 

cells on the FEFEFKFK gels. This quantitative image analysis confirmed the impression 

given by the direct observation of fluorescence micrographs that the cells were more 

elongated on the ``hRGD`` gels than on FEFEFKFK gels. 

On the ``hRGD`` gels, the average cell length and cell width were slightly decreased in the 

first 5 days post cell culture, then the average cell length began to increase slowly but 

steadily from day 5 to day 14, while the average cell width stopped decreasing. As a result, 

the aspect ratio of the cells increased between day 1 and day 3, and then kept steady 

between day 3 and day 7, and began to slowly increase again after day 7. This could be 

caused by the cells initially attaching to the proteins absorbed by the gels. The previous 

studies on FKFEFKFE and other β-sheet derived peptide hydrogels showed the ability of 

protein absorption with the presence of serum. Initial cell elongation was observed because 

of the binding to the cell-adhesive proteins in serum and through rapid ECM synthesis of 

the cells.
16

 These bindings were not stable, as the protein assisting cell attachment could be 

replaced or washed out during medium changes.
15

 This could then result in some cells 

losing their attachment sites, which in turn would affect cell morphology. However, after 5 

days, the cells originally bound to the stable sites (possibly via hRGD) were continuing to 

elongate whilst the cells which had lost their initial attachment had recovered and attached 

to more stable sites. Thus, the average cell length would increase again. 

On the FEFEFKFK gels, the average cell length increased 3 times in the first 5 days post 

cell culture, followed by a large decrease between day 5 and day 7. After 7 days, the 

average length slowly increased again. The average width remained more stable with a 

small decrease between day 5 and day 7. Consequently, the change of aspect ratio followed 

a same trend as that of the average length. This could be caused by the detachment of the 

cells. As described above, some cells could attach to the proteins physically bound to the 

gels which may be subsequently washed out during medium changes. The cells attached to 

these sites could then be washed out as well. The cells attached to the proteins left on the 

gel surfaces or the cells produced their own ECM could be the ones remained on the gel 

surface. Those cells might still try to reach out for neighbouring cells, preferred binding 

sites, or start to spread on their own ECM. Either way, their numbers could be the reason 

why the average cell length increased. However, after 5 days post cell culture, if those cells 

could not reach the neighbouring cells due to either lack of migration ability or low cell 

density, the cells might shrink back to less elongated morphology. If the ECMs were 
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secreted, then the cells would slowly spread again. 

In conclusion, more cells were observed to have spread on the ``hRGD`` gels than on the 

FEFEFKFK gels, and the spread cells on the ``hRGD`` gels had more elongated 

morphology. Those all proved a positive effect of the ``hRGD`` gels on cell adhesion and 

spreading. 

4.3.2.2 Cell proliferation 

The effect of the gels on cell adhesion can also be examined by measuring the cell 

proliferation as the gel surface that provides better cell adhesion will also support higher 

initial cell population. The gels with cells on top were able to be dissolved easily with an 

excess of cell culture medium and disruptive pippetting. The cell number in this cell 

suspension (a mixture of cells, diluted gels and excess medium) was then counted. 

Compared to the traditional cell proliferation assays, this direct approach largely simplified 

the procedure and avoided background absorbance which may occur when the gels are 

assessed using quantitative colorimetric assays. This is also a notable advantage of this 

peptide gel system as the cells can be easily retrieved for analysing using alternative 

techniques including RNA extraction for PCR analysis and flow cytometry. 

The cell numbers on both gels were plotted against cell culture days in Figure 4.22 A. 

More cells attached to the ``hRGD`` gel surface from the beginning, and the ``hRGD`` gels 

maintained a higher cell population during the entire cell culture period. The cell numbers 

had been increasing steadily on the ``hRGD`` gels during 14 days of culture time. While on 

the FEFEFKFK gels, the cell number decreased in the first 3 days and then increased 

afterwards. The initial decrease could be due to the detachment of cell aggregates or cells 

washed out by binding to unstable absorbed proteins on the gel surface. All the results 

matched what was observed under the optical microscope, as the positive effect of the 

``hRGD`` gels on cell adhesion was reinforced again by cell proliferation tests.  
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Figure 4.22 A) Plot of cell numbers against cell culture days in the 14 days of cell culture; 

○ represents FEFEFKFK; ● represents ``hRGD``; B) Plot of cell numbers against cell 

culture days in integrin blocking tests; circles represent the normal cells; triangles 

represent the blocked cells; empty symbols represent FEFEFKFK; solid symbol represent 

``hRGD``; C,D) optical micrograph of normal cells (C) and integrin blocked cells (D) on 

fibronectin coated glass surface 4 hours post cell culture; Scale bars represent 100 μm. 

5×10
4
 cells were seeded on top of the gel surface in each well. 

4.3.2.3 Integrin blocking test 

Integrin α5β1 within the HDF cell membranes was blocked with an antibody and then the 

cells were seeded on the fibronectin coated glass surface to test the blocking efficiency. 

Figure 4.22 C shows the normal cell morphology on the fibronectin coasted glass 4 hours 

post cell culture. All cells were spread on the glass surface. However as seen in 

Figure 4.22 D, when the cells were incubated with the antibody solution and then seeded 

on the fibronectin coated glass, over 85 % out of 176 counted cells were rounded or not 

attached. This demonstrated that by blocking the integrin α5β1, cell adhesion to fibronectin 

was inhibited, which means the main binding sites on the scaffold surface were offered by 

RGD sequence which is known to be the sequence recognised by integrin α5β1. The cell 
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attachment of the blocked cells could be due to inefficient integrin blocking. However, 

even if the blocking is not sufficient for preventing all the cell attachment, it was sufficient 

to distinguish the difference in cell adhesion between the normal cells and the  

integrin-blocked cells on the same FN-coated surface. Thus, this integrin blocking test 

could be used for the diagnosis of the binding sites.  

Figure 4.22 B shows the results of the integrin blocking tests on the ``hRGD`` gels and the 

FEFEFKFK gels. It can be clearly seen that the unblocked cells seeded on the ``hRGD`` 

gels had the highest cell numbers 14 days post cell culture; the blocked cells seeded on the 

``hRGD`` gels had the second highest cell numbers, followed by the normal cells seeded 

on the FEFEFKFK gels; the blocked cells seeded on the FEFEFKFK gels had the lowest 

cell numbers. The previous section showed that higher initial cell attachment would result 

a high cell population after 14 days cell culture. This could mean the initial cell adhesion 

was increasing from blocked cells on FEFEFKFK to normal cells on FEFEFKFK, then 

blocked cells on ``hRGD``, ended with normal cells on ``hRGD``.  

The difference between the normal cells and the blocked cells on the FEFEFKFK gels 

could be caused by the absorption of proteins on the gel surfaces. Integrin α5β1 of normal 

cells would bind to the RGD sequences of the proteins on the gel surfaces, while the 

integrin blocked cells could not bind to those RGD sequences, therefore better cell 

adhesion for normal cells on the FEFEFKFK gels. This also proved that integrin blocking 

tests could be performed on the gel surfaces as well.  

The difference of the cell numbers between the normal cells on the FEFEFKFK gels and 

the blocked cells on the ``hRGD`` gels could be caused by inefficient integrin blocking and 

more binding sites on ``hRGD`` gels. However, although the blocking was not 100 %, 

there was still a significant difference observed when tested on the fibronectin coated glass 

surfaces. This means that most of the integrin should have been blocked. In this case, only 

when there were several times more binding sites on ``hRGD`` than FEFEFKFK, it would 

cause the number of the cells attached to the ``hRGD`` gel surface among the small 

amount of unblocked cells during the blocking test is higher than the number of the cells 

attached to the FEFEFKFK gel surface among the normal cells. More binding sites on the 

``hRGD`` gels could be offered by more proteins absorbed by ``hRGD`` gels, but it is 

unlikely for the ``hRGD`` gels to have several times more protein absorption than the 

FEFEFKFK gels. The other more likely explanation would be that the hRGD sequences 



Chapter 4  Functionalized peptide and HDF cell culture 

164 

were able to provide binding sites for integrin α5β1 with the 50 % loaded gels having 

sufficient hRGD sequences exposed on the gel surfaces for enhanced cell attachment. The 

amount of hRGDs would be more stable and in excess compared to the non-specific 

adsorption of proteins by the FEFEFKFK gels. Thus, the number of the unblocked cells 

bound to hRGD would have a chance to exceed the number of normal cells bound to the 

proteins absorbed by the FEFEFKFK gels. 

The difference between the normal cells and the blocked cells on the ``hRGD`` gels could 

be caused by either the absorption of proteins on the gel surfaces, which is the same source 

for cell adhesion difference on the FEFEFKFK gels; or integrin α5β1 could specifically 

recognise the hRGD as has been previously reported for the RGD sequence. If it was the 

latter reason, integrin within the normal cell membrane could bind to hRGD, while the 

cells with blocked integrin could not bind to hRGD, thus fewer cells attached to the gel 

surface. Or it could be both together caused the best cell adhesion of normal cells on 

``hRGD``. 

Although with the serum present in the cell culture medium, it added another factor which 

could have affected the experiment results; it would still be a very good explanation for all 

the results gained so far, that hRGD can help cell adhesion through the same way as RGD. 

To draw a more exclusive conclusion, further optimisation on integrin blocking and serum 

free tests could be implemented. 

4.3.2.4 Synthesis of ECM 

One important role of a scaffold is to support normal cell functions which include the 

synthesis of their own ECM. The steady cell spreading and cell proliferation after the 7 

days post cell culture on the FEFEFKFK gels suggested that there might be ECM secreted 

to assist the cell adhesion and subsequent proliferation. The type of ECM investigated here 

was fibronectin, which contains RGD sequences and serves as a linker between the cells 

and other molecules within ECM. 
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Figure 4.23 Fluorescence micrographs of fibronectin secreted on the FEFEFKFK and the 

``hRGD`` gels in 14 days of cell culture. Scale bars represent 100 μm. 5×10
4
 cells were 

seeded on top of the gel surface in each well. 

Figure 4.23 shows fibronectin staining on both FEFEFKFK and hRGD functionalised gels. 

Unfortunately, due to the dye absorption by the gel, a large amount of background 

fluorescence was present and it was difficult to see clearly the secretion of fibronectin. On 

the FEFEFKFK gels, some red spots were highlighted at day 1 and day 3. The positions of 

those spots were overlapped with the positions of the HDF cells on the gel surfaces. It was 

conjectured that the red spots could be fibronectin produced inside the cells or secreted 

under the cells. At day 14, a fibrous network could be seen with a lighter red colour along 

with highlighted red spots. This could be the secretion of fibronectin large enough to form 

a fibrous network structure. The formation of the fibronectin network could also be the 

reason why the cell adhesion on the FEFEFKFK gels increased between day 7 and day 14. 

On the ``hRGD`` gels, the background was too strong to see any highlighted red stained 

fibronectin. In the fibronectin staining assay, the primary rabbit anti-human fibronectin 

antibody was used to locate the fibronectin secreted by HDFs. The secondary antibody was 

used to locate the primary antibody and show red colour under the fluorescence 

microscope. Since the immunogen of the primary antibody is the recombinant full length 

human protein,
17

 the primary antibody is only attracted to the fibronectin secreted by HDFs. 

Hence the strong background was not due to hRGD being stained by the assay solutions. 

The F-actin staining assay (green) was used with fibronectin staining assay (red) to help 

locate the position of cells. The gels demonstrated large absorption of both staining 
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solutions which resulted in green and red background fluorescence. The background 

fluorescence could be due to remaining antibodies trapped within the gels. However, whilst 

the green fluorescence was all over the field of view, the red fluorescence was localised in 

cell rich regions. As cell culture progressed, the cell number increased and the area of the 

red regions increased too. This could be attributed to the secretion of fibronectin. More 

quantitative assays could be used to further confirm the secretion of fibronectin by cells on 

both peptide gels. 

4.4 3D HDF cell culture 

The major advantage of hydrogels used as tissue culture scaffold is that the gels can 

provide a 3D environment as a mimic of the ECM. After being proved biocompatible in a 

2D environment, it was important for the two gels of FEFEFKFK and ``hRGD`` to be 

assessed for 3D cell culture. 3D cell culture has different requirements for the gels than 2D 

cell culture, thus the 3D cell culture protocol was developed first. 

4.4.1 Gel preparation protocol development for 3D HDF cell culture 

In the section describing 2D gel preparation, it was mentioned that a uniform gel surface 

was crucial for an even cell distribution on the gel surface. In the gel preparation for 3D 

tests, it was more important to ensure a homogeneous cell distribution within the gels. Due 

to the residue from peptide synthesis, peptide gels were acidic after first prepared. This was 

the reason the gels were washed with cell culture medium several times until they were at 

neutral pH in 2D cell culture. During the washing steps, the salt concentration in the gels 

was also adjusted to the physiological salt concentration. In the 3D cell culture studies, 

both pH and salt concentration needs to be adjusted prior to the cell encapsulation and gel 

setting. From the study of the pH effect on the gel properties, it was found that the gels 

were very rigid between pH 6.5 to pH 7, but the mechanical strength sharply decreased 

above pH 7. According to these observations, the peptide powder was dissolved in distilled 

water, melted in an oven and cooled down to form clear gels. NaOH was then added to 

obtain pH 7-8, which created a cloudy gel. More NaOH solution was added in drop wise 

until the gels became clear again at pH 9.5-10. Subsequently, 10 times concentrated 

phosphate buffered saline (PBS) was added to adjust the pH to approximately pH 9. This 

step also brought the final salt concentration of the gel to be the physiological salt 

concentration.  
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Figure 4.24 Fluorescence micrographs of HDF cells in the FEFEFKFK gels at 3D cell 

culture day 3 (left) and day 7(right). Scale bars represent 500 μm. Cell density was 

10
6
 cell ml

-1
 gel. 

At this stage, the gel was soft enough to be well mixed with the cells and the pH was 
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tolerable for initial cell seeding. The addition of the cell suspension also helped to reduce 

the pH further, aiding cell survival. Then the cell-gel constructs were transferred to the cell 

culture wells to set for 10 minutes at 37 °C. A Live/dead assay combined with confocal 

microscopy was used to detect cell viability and cell distribution within the gels. 

The living cells (green) and dead cells (red) were observed through two channels thus the 

images from two channels were both presented. Figure 4.24 A and Figure 4.24 B are top-

down views of the cell-gel construct. The encapsulated cells were alive and well 

distributed throughout the gel after 7 days of cell culture. Figure 4.24 C and Figure 4.24 D 

are side views of the cell-gel construct. The spread cells were observed at the interface 

between the gels and the cell culture wells, which were the wider cells on the side view 

images. The cells inside the FEFEFKFK gels maintained rounded. Very few dead cells 

were observed after 3 days of cell culture while no dead cells were seen at day 7. The side 

view image taken at day 7 was shorter than the one taken at day 3. This could be due to the 

medium changing in the cell culture period, top layer of gels were slowly washed away and 

the gels became thinner. The observation under the confocal microscope confirmed that the 

3D gel preparation protocol used in this project met the requirements for the 3D cell 

culture. It provided a good cell distribution inside the gels and the cells survived from the 

initial seeding environment. For further investigations, a 3D cell culture protocol needs to 

be developed. 

4.4.2 3D HDF cell culture protocol development 

High cell viability was one of the aims for a proper cell culture protocol. The cell viability 

was represented by the ratio of living cell numbers in total cell numbers. The ratio was 

obtained by counting the cell number and analysing fluorescence micrographs of Live/dead 

assay results. An average of 1500 cells was counted for each sample during the image 

analysis. 
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A) 24 well-plate: medium changed every other day as 2D cell culture protocol 

  

B) 24 well-plate: medium changed 3 times a day 

 

 

C) Insert: medium changed every other day as 2D cell culture protocol 

  
Figure 4.25 The ratio of living cells using different cell culture protocols. Left column is 

the results of cell counting. Right column is the results of image analysis of Live/dead 

assay results. Empty symbols represent the FEFEFKFK gels; solid symbols represent the 

``hRGD`` gels.  
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Initially, after a cell-gel construct was set, culture medium was placed on top of it and 

changed at day 1 followed by every other day. This was the same protocol used in 2D cell 

culture studies. Figure 4.25 A shows the ratio of living cells cultured in this way in a 7 days’ 

culture. The figure on the left is the results of cell counting at a cell density of 

6×10
5
 cell ml

-1
gel. In both the FEFEFKFK and the ``hRGD`` gels, the ratio of the living 

cells sharply decreased between day 1 and day 3 and then slowly increased between day 3 

to day 7. However, the ratio was still below 40 % at day 7. Similar results were gained by 

analysing the fluorescence micrographs of live/dead staining shown in the figure on the 

right. At the same cell density, the ratio of living cells kept decreasing in the FEFEFKFK 

gels and eventually dropped below 40 % at day 7. In the ``hRGD`` gels, although the ratio 

of the living cells increased slightly after the initial drop, the percentage of living cells was 

still below 20 %. The cells were seeded in the FEFEFKFK gels at the cell density of 

3×10
6
 cell ml

-1
gel and 6×10

6
 cell ml

-1
gel, which resulted in a further decrease in the ratio 

of living cells. Previous fluorescence micrographs taken under the confocal microscope 

showed that, the living cells were distributed evenly in depth of gels during 7 days of cell 

culture. That suggested the cell-gel construct had a good permeability for nutrients and 

waste, thus ensuring all cells inside the gels were treated equally. The low ratio of living 

cells could be caused by insufficient medium changes. Initial environmental shock 

probably caused the cell death. Without enough medium changes, the toxins released by 

the dead cells could not be removed from the system in time. Those toxins would affect the 

neighbouring cells and cause even more cell death. The higher the cell density was, the 

more toxic accumulated in the gels, thus lower living cell ratio. 

In order to address this, the medium was then changed 3 times a day. However, due to gel 

contamination, the cell-gel construct used for cell counting was disposed and the data 

could not be collected. Here, we only present the result from the remaining cell-gel 

construct used for Live/dead assays. It can be clearly seen on Figure 4.25 B that the living 

cell ratios increased to around 20 % at both cell densities. Although the ratio was increased, 

the final ratio of living cells at day 7 was still around 50 %. Therefore, a more efficient 

ways of getting rid of the toxic waste and transporting nutrients needs to be developed. 

Instead of a 24 well-plate, an insert in a 12 well-plate was used. The surface area of a well 

in a 24 well-plate and an insert in a 12 well-plate was very similar. However, the gels in the 

inserts not only contact cell culture medium from the top surface, but also from the bottom. 

With a large amount of medium surrounding the insert, the released toxins could be diluted 
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to a very low concentration. The medium was placed on top and outside of the insert after 

the setting of the cell-gel construct, and then changed at day 1 followed by every other day. 

A cell density 10
6
 cell ml

-1
gel was chosen as previous results showed that higher cell 

density resulted in higher cell death if the medium changes were not sufficient. However, if 

the cell density is too low, in a 3D environment, there would not be enough neighbouring 

cells to communicate with each other. A cell density of 10
6
 cell ml

-1
gel was considered to 

be an appropriate seeding density for 3D cell culture studies and was used in the following 

experiments. In the ``hRGD`` gels, the ratio of living cells calculated by cell counting 

demonstrated the same trend as observed previously (Figure 4.25 C). The percentage of 

living cells decreased between day 1 and day 3 then increased between day 3 and day 7. 

The percentage of living cells calculated by image analysis however showed a continuous 

but slow decreasing trend. Both results showed a great improvement in living cell ratio by 

reaching 80 % at day 7. However, in the FEFEFKFK gels, the ratio of living cells 

decreased continuously until reaching 30 % at day 7. This could be due to the noticed gel 

thinning and softening during medium changes, which was not a preferred environment for 

HDF cells. As discussed previously, the influence of pH and salt on the FEFEFKFK gels 

causes thicker fibres with a less dense network. However, the side chain within the 

``hRGD`` gels helped form more rigid fibres and less bundles of fibres which maintained 

the network density. As a result, the large amount of cell culture medium would have a 

bigger influence on the FEFEFKFK gels, because the fibres in the FEFEFKFK gels would 

be easier to be washed out than those within the ``hRGD`` gels. Gel thinning and softening 

was observed with the naked eye, this should be confirmed by rheological tests in the 

future. Further tests on the ``hRGD`` gels showed that if culture medium was changed 

every day, the final ratio of living cells at day 7 could reach up to 97 %. To conclude this 

section, the inserts in a 12 well-plate could be a good choice for 3D cell culture studies.  

Although the 3D cell culture protocol could be further optimised, the high cell viability in 

the ``hRGD`` gels provided the possibility to apply some preliminary tests on culturing 

HDF cells in the 3D environment. 

4.4.3 3D HDF cell culture 

A Live/dead assay was applied to investigate the cell viability and the cell morphology 

(Figure 4.26).  
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 Day1 Day3 Day7 
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``hRGD`` 

   

Figure 4.26 Fluorescence micrographs of 3D HDF cell culture in the FEFEFKFK and 

``hRGD`` gels during 7 days of cell culture. Scale bars represent 100 μm. Cell density was 

10
6
 cell ml

-1
 gel. 

In FEFEFKFK gels, over 99 % out of 1530 counted cells were alive (green); less than 1% 

dead cells (red) were seen under the fluorescence microscope at day 1. All cells adopted 

the rounded morphology. At day 3, dead cells were observed with the majority of the cells 

alive. All cells still maintained the rounded morphology. However, at day 7, over 75 % out 

of 736 counted cells were dead with the remaining living cells largely rounded and some 

cell spreading. The spreading of the cells could be caused by several reasons. In the 2D cell 

culture, the gels were pre washed with cell culture medium several times, thus some 

proteins were trapped on the gel surface and helped initial cell spreading. In the 3D cell 

culture, no gels were washed prior to cell culture. Thus there was not enough protein 

trapped inside the gel to help cell spread. After the medium was changed during the 7 days 

of cell culture, trapped proteins could be enough to help the cells spread on the gel surfaces. 

The other reason could be that, although with continuous cell death, living cells struggled 

to survive but still produced their own ECM to help the cell spreading. Both conjectures 

need to be confirmed further by locating cell positions using confocal microscopy and by 

quantitative or qualitative ECM analysis assays. In the ``hRGD`` gels, over 99 % out of 

1437 counted cells were alive at day 1, and had a rounded morphology. Some dead cells 

were seen at day 3, but the majority of the cells were alive with some spreading observed. 

By day 7, over 99% out of 1286 cells were still alive with a high degree of cell spreading 

into spindle and polyhedral morphologies. In some regions, the cells had formed 
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connections with each other and formed networks. This further reinforces the conclusion 

drawn from the 2D cell culture studies, that the ``hRGD`` gels help improving cell 

adhesion. Future studies should assess the cell proliferation. Or higher cell concentration 

could be used to study the difference at early cell culture stage. 

Cell morphology was also confirmed by F-actin staining at day 7 (Figure 4.27). In the 

FEFEFKFK gels, the rounded morphology of the cells can be seen more clearly, with some 

cells forming small protrusions. In contrast, the cells in the ``hRGD`` gels demonstrated 

more extensive spreading with both the lamellipodia and the filopodia observed. 

  

Figure 4.27 Fluorescence micrographs of stained F-actin of HDF cells in the FEFEFKFK 

(A) and ``hRGD`` (B) gels at day 7 post cell culture. Scale bars represent 100 μm. Cell 

density was 10
6
 cell ml

-1
 gel. 

  

Figure 4.28 Fluorescence micrographs of F-actin assay result (green) and collagen I assay 

result (red) at day 7 post cell culture. Scale bars represent 100 μm. Cell density was 

10
6
 cell ml

-1
 gel. 

To investigate the production of ECM molecules by cells at day 7, further analyses were 

carried out. For this purpose, collagen I antibody was used. In the FEFEFKFK gels, no red 

staining was observed indicating no or limited amounts of collagen I produced by cells. In 

A       B 

FEFEFKFK       ``hRGD`` 



Chapter 4  Functionalized peptide and HDF cell culture 

174 

the ``hRGD`` gels, the cell rich regions stained red, similar to what was observed in the 2D 

cell culture studies. The red region could not be confirmed as collagen I, but it does 

suggest the deposition of collagen I in ``hRGD`` gels after 7 days in cell culture. 

4.5 Summary 

The oligopeptide Mpr-hRGDWP was successfully introduced into the FEFEFKFK peptide 

backbone. When dissolving the peptide in water, the ``hRGD`` peptide self-assembled into 

fibres with an anti-parallel β-sheet structure. The fibres had the same thickness as the 

octapeptide. The peptide gels formed when the gel concentrations were above the Cgel. Due 

to the side chains attached to the fibres, the ``hRGD`` gels had a stronger 3D fibrillar 

network structure. The self-assembly process and gel properties were characterised using 

various techniques. However, all studies of the gel properties were taken at pH 2.8 in order 

to have a good comparison with the octapeptide. The results of cell reactions to these 

hRGD modified gels were shown in the following part of this chapter. 

Subsequently, both the FEFEFKFK and the ``hRGD`` gels were applied to the 2D and 3D 

HDF cell culture studies. Both gels were proved to be biocompatible, and can sustain cell 

growth up to 14 days in 2D and 7 days in 3D cell culture studies. The cell culture time for 

gels to be stable and for cells to stay alive is relatively long compared to the other peptide 

systems reported. Although the results on 3D cell culture were from preliminary tests, they 

are very promising results which shows that the gels used in this project can be good 

candidates as cell culture scaffolds in both 2D and 3D cell culture environment. The exact 

role of hRGD in supporting cell attachment needs further investigation. However, it was 

confirmed that the ``hRGD`` gel did enhance cell adhesion and proliferation in 2D cell 

culture compared to the FEFEFKFK gel. This proves the FEFEFKFK gels can be 

functionalised to improve the performance in cell culture studies. Further experiments need 

to be taken to get firm evidence whether or not hRGD is the direct reason for improved cell 

attachment. If so, this could be the first time finding a substitution for RGD sequence. 
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Chapter 5 Conclusion and future work 

The peptide FEFEFKFK used in this project has been reported to self-assemble in solution, 

forming hydrogels with a 3D fibrous network structure above a critical gelation 

concentration. The self-assembly process has been well studied and it fitted into the self-

assembly model which has been proposed by Zhang et al. for another ionic complementary 

octapeptide FKFEFKFE. Although peptide FEFEFKFK hydrogel shows potential to be 

used as a mimic of the ECM, little work has been done on the study of the gelation 

properties and to explore the possibility of this hydrogel to be used for biomedical 

applications. This project started by focusing on the mechanical properties of FEFEFKFK 

peptide followed by studying the effects of pH and ionic strength on the self-assembly and 

gelation properties were examined. Finally the FEFEFKFK hydrogels were functionalised 

and assessed the possibility to be used as a tissue culture scaffold. 

In Chapter 3, it was confirmed that FEFEFKFK peptide formed nanofibres with an anti-

parallel β-sheet structure in aqueous solution. When increasing the concentration of peptide 

solution, a fibrillar network with the mesh size around 30 nm was observed before the 

gelation occurred. It was noticed that the fibre density increased with increasing hydrogel 

concentration, but the mesh size of the network decreased with increasing hydrogel 

concentration. A solid-like behaviour was observed for FEFEFKFK hydrogels at all 

concentrations during the rheology studies. For the first time, the Guenet’s fibrillar model 

and Ferry’s study of the power law relationship were applied to the FEFEFKFK hydrogel 

system. The rheology data fitted in the models very well, which indicated a lightly cross-

linked or entangled network structure in hydrogels. Jones and Marques theory was used to 

study the relation between the gel strength and gel concentration. However, in this project, 

the gel concentration was pushed to as high as 60 mg ml
-1

. A dramatic increase in gel 

strength caused a second slope too high to fit into the Jones and Marques theory anymore. 

This pointed out the network structure of the gels at concentrations over 45 mg ml
-1

 

arranged differently than the gels at lower concentrations. The gel network at lower 

concentration could be damaged by increasing temperature or applying shear stress. The 

damage was confirmed in the rheology tests. However, the recovery of hydrogels was also 

observed after removing the source of the damage. It was noticed in the previous studies 
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that the self-assembly and gelation properties of FEFEFKFK peptide were strongly 

influenced by the variation of pH. In this project, a new technology SANS was introduced 

to provide a new prospect of view on the effect of pH. The self-assembly and gelation 

properties were affected by altering the charges of peptide molecules. Peptide molecules 

were positively charged in acidic solutions. Increasing pH resulted in the decreasing of 

repulsion forces between fibres, which then caused the increasing of the mechanical 

strength of hydrogels. Peptide molecules were negatively charged in basic solutions. 

Increasing pH resulted in an opposite observation. By using SANS, it was possible to 

examine the scattering intensity at high q value. More data containing structural 

information at high q value were observed and analysed. A two radii model was proposed 

for the formation of the gel network. It was postulated before that the ionic strength would 

have an influence on the self-assembly and gelation properties. This influence was studied 

in the second section. The ionic strength effect was demonstrated by the effect of NaCl. 

Increasing salt concentration in hydrogels decreased the solubility of peptide molecule in 

aqueous solution which promoted the formation of peptide fibres, caused more entangled 

network structure and lowered the critical gelation concentration. Although the fibres size 

did not change with increasing salt concentration, the screening effect may cause the 

increase of rigidity of fibres which lead to an increased mechanical strength. However, the 

gels were more brittle at salt concentrations over 500 mM which could also be the effect of 

more rigid peptide fibres. Both pH and salt can be used to trigger the transition from 

peptide solution to peptide hydrogel, thus it was postulated that cell culture medium which 

is a pH 7 buffer solution can be used to trigger the gelation process. However, when 

studying the effect of pH and ionic strength, the condition was simplified by varying one 

variable at a time. So the results could be easily compared with the original state of the 

FEFEFKFK hydrogel, which helps the understanding of the mechanism of the self-

assembly of fibres as well as the formation of network structures. The original FEFEFKFK 

hydrogels have a pH of 2.8 and no salt in the system. Thus when studying the pH effect, no 

salt was added; while when studying the ionic strength effect, only NaCl was used to adjust 

the ionic strength effect at pH 2.8. However, cell culture medium is a more complicated pH 

7 solution with the presence of all kinds of salts. Thus the conclusions drawn from Section 

3.2 were only used as references but not direct guides for cell culture studies.   Since no 

previous cell culture work had been done on the hydrogels of FEFEFKFK when the project 

started, the protocols of gel preparation were developed for both 2 dimensional (2D) and 3 
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dimensional (3D) cell culture. Two different hydrogel preparation methods were developed 

to meet the basic requirments for a tissue culture scaffold. The preliminary tests were done 

on chondrocyte cells. The cells stay alive on the gels prepared by either method. However, 

distinct morphologies of chondrocytes were observed. Chondrocytes remained round shape 

on the gels with NaOH in the system; whilst chondrocytes changed to a fibroblast-like 

shape on the gels without NaOH in the system. HDF cells were also cultured on these gels 

for up to 7 days. It was promising to observe the good cell viability 7 days post cell culture. 

However, HDF cells were all remain round on both gel surfaces. HDF takes spindle-like 

shapes in 3D environment and more elongated shapes in 2D. The round shape of HDF on 

both gel surfaces suggested lack of cell attachment sites. The priliminary cell culture tests 

proved the biocompatibility of FEFEFKFK hydrogels and revealed the requirement of 

further surface modification to promote cell adhesion. 

In Chapter 4, a short peptide sequence homoarginine-glycine-aspartate (hRGD) has been 

introduced onto the amide end of the self-assembly peptide instead of bioactive ligand 

arginine-glycine-aspartate (RGD), creating hydrogels with a fibrous network with the 

functionalised groups at the fibre surface. This is the first time hRGD was introduced to 

FEFEFKFK sequence and to be used as a replacement of RGD in cell culture studies. The 

modified peptide could also self-assemble into fibres with an anti-parallel β sheet structure 

in distilled water, which then form transparent and self-supporting hydrogels with fibrous 

network structure. The self-assembly process and gel properties were characterised using 

various techniques. And then both the FEFEFKFK gels and the ``hRGD`` gels were 

applied to the 2D and 3D HDF cell culture studies. Both gels were proven to be 

biocompatible, and can sustain cell growth up to 14 days in 2D and 7 days in 3D cell 

culture studies. The functionalised peptide hydrogels enhanced cell adhesion on gel surface, 

with cell interaction assessed using various imaging and spectroscopic techniques. A 

preliminary 3D cell culture study also showed the potential of these peptide gels to be used 

for encapsulated HDF cell studies. 

In the future, quantitative assays on the synthesis of ECM should be utilised. Serum free 

medium could be used in the gel preparation process to eliminate the effect of protein 

absorption on cell culture studies. More detailed and systematic analysis should be taken in 

3D cell culture studies to qualify the octapeptide and its derivatives to be used as tissue 

culture scaffolds. The RGD sequence could also be introduced into the octapeptide 
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backbone to be compared with the hRGD sequence which may help understanding the role 

of hRGD in promoting cell adhesion. It would also be interesting to investigate the 

injectability of these peptide hydrogels for biomedical applications. 


