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Abstract 

 
The present thesis focuses on the ‘Design and study of composite biomaterials 

based on self-assembling peptides from natural fibrous proteins’. Self assembling 

peptides are supramolecular entities that spontaneously form from elementary 

building blocks, held together with non-covalent interactions. Introduction of 

biological self-assembly principles in the field of biomaterial and nanoscale 

engineering, is relatively recent and much remains to be clarified and understood.  

A major advantage in the assembly of biological materials is their self-

assembly from building blocks, under non-aggressive conditions such as ambient 

temperatures and aqueous environments, and the good interface that exists between 

organic and inorganic phases. This interfacing role is most often mediated by the 

templating role of proteins, for example in bone and teeth formation, in oyster nacre 

and in silicate spicules in sponges.  

Another important feature in biological materials and especially proteins is the 

possibility of tailored-made modifications that can be made at the sequence level in 

order to create functionalities on the self-assembled scaffolds. These modifications 

cover a wide range and can include change of amino-acids, incorporation of non-

natural amino acids, and chemical modifications.  

In the last decade lots of studies focused on self-assembling peptides, made up 

from building blocks found in natural proteins. My master thesis project is focused on 

short self-assembling peptides that are derivatives of previously studied peptides and 

contain cysteines in their amino acid sequence, so as to allow possibilities of metal 

binding, coupling and/or modification.  

The aim of the project is to study the self-assembly mechanisms of these 

structures and use them as templates for the generation of metallic nanowires or 

nanotubes, aiming at their subsequent integration in devices. Controlled positioning of 

the nanowires and tubes is necessary for their integration in devices; towards this 

direction we initiated a collaboration with the ‘2D & 3D Laser Micro-/Nano-

Structuring’ group at IESL-FORTH. My contribution towards controlled positioning 

of the self-assembled wires is also included in the present thesis.  
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Chapter 1: Introduction  
 

1.1: Self-Assembly in Biology 
 

If we make a search in history books about the relationship between human 

civilizations and materials through the years, we will see that each era is characterized 

by the material that was used mostly or discovered at that time. This made us to name 

those eras and characterize them as Stone Age, Bronze Age, Iron Age, Concrete/Steel 

Age, Polymer Age and Silicon Age. In the Table 1 below, we can see an estimation of 

the duration of each Age. The dates show that humanity started working with modern 

materials only since the 20th century. These modern materials have transformed the 

whole world in many different domains that have to do for example with medicine, 

lifestyle, transportation and communication, etc. 

 

Table 1 – Duration of Materials Ages 
 

As the materials world is improving and new technologies are applied to 

materials, we start having the ability to design our own materials. The word ‘Design’ 

means our own desired type of material with shape, size and all the properties that 

will satisfy our need. We can design soft or hard materials; nano-scale or macro-scale 

materials and we can also insert materials to function into different environments like 

the human body. 

Collecting all the achievements that show us what hides behind the properties 

of each material in nature through the years, enables us to reach the goal of designing 

and predicting the properties of a new material. 

- Age - Duration (Years) 

Stone  ~Past – 3500 BC  

Bronze  ~3500 – 1600 BC 

Iron  ~1600 BC – 1900 AC 

Concrete/Steel 1900 – 1960 AC 

Polymer  1940 – today  

Silicon  1960 – today 
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Leonardo Da Vinci stated about materials:  ‘when nature finishes to produce 

its own species, man begins using natural things in harmony with this very nature to 

create an infinity of species’. The name that will characterize the new Age of the 21th 

century is ‘Designed Materials’ and it covers a very wide range of materials such as 

metals, polymeric, magnetic, ceramic, semi-conducting and biological materials 

[Zhang, 2002]. 

 

1.2: Fibrous Proteins in Nature  

An important inspiration from Nature that has provided many applications in 

our daily life is drawn from fibrous proteins. We can find those proteins in our body’s 

skin, tendons, and bones and also in the silks of insects. 

  Inside cells there are mainly three types of fibrous proteins such as 

microtubules, actin filaments and intermediate filaments (Figure 1A, B, and C 

respectively). We see from Figure 1 that those proteins are composed of a single 

subunit which is repeated thousands of times in order to give a very stable structure. 

This type of structure is called ‘assembly’ of monomers and attributes its stability to 

electrostatic interactions, hydrogen bonds, aromatic stacking interactions and 

hydrophobic interactions [Goodsell, 2004]. 

Actin filaments are 8nm width and consist of a tight helix. The monomer is 

globular actin (G actin) and the stability is attributed to polar interactions. Actin 

filaments are used in muscle cells and in cell movements. 

 

 

 

 

 

 

 

 

 

 

Figure 1: A. Actin filament, B. Microtubule, C. Intermediate filament 
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Microtubules are 25nm wide and have a cylindrical structure. The monomer is 

tubulin which assembles into 13 protofilaments that are aligned parallel to form the 

microtubule. Microtubules can be used as carriers for proteins, such as kinesin and 

dynein, or cell components. 

Intermediate filament monomers are composed of an alpha helical rod domain 

which connects the amino (head) and carboxyl (tail) terminals. The rods coil around 

another filament in a rope-like fashion to form a dimer. The size of the intermediate 

filaments is between 8-10 nm. There are many types of intermediate filaments and 

their function is to reinforce cells and to organize cells into tissues. 

Other fibrous proteins that are located extracellularly are elastin, resilin, 

keratin and collagen. Those proteins play a very important role in the substructure of 

skin, bones and tissues in mammals, and insects. 

Elastin helps in the function of arteries and also exists in large quantities in the 

blood vessels such as the aorta. Its primary sequence is rich in valine, glycine, alanine 

and proline amino acids. The real internal structure is modeled as a beta-spiral and is 

reinforced with cross-links which are attributed to covalent bonds between lysine 

residues (Figure 2) [Daamen WF et al., 2007].  

Resilins are major components in the structures of insect tendons. Their 

primary sequence contains elastin-like repeats, reinforced with cross links, and 

therefore have similar mechanical properties with elastin. 

Keratins exist in hair, horns and nails of mammals, fish scales, and 

exoskeleton of the arthropods. Keratins contain many hydrophobic and hydrophilic 

residues that are arranged in a way to give an alpha-helical coiled-coil structure. They 

also contain cysteines which provide a network of disulfide bridges across the helix. 

This gives the unique characteristics of our hair and enables us to modify their 

structure with heat and reducing/oxidizing agents. 

Collagen is considered as the most important fibrous protein in mammals; it 

plays a vital role in the skin, teeth, bones and tissues, has very large tensile strength 

and its building block called “tropocollagen” is a long, triple stranded helical 

structure. Each collagen fibril contains many tropocollagen subunits which self-

assemble and cross-link with covalent bonds (Figure 3). Collagen is used as a 

compound for many applications such as dermal augmentation, drug delivery, wound 

healing, tissue engineering and cell attachment [http://www.fibrogen.com; Scheibel, 

2005; Gazit, 2007]. 
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Finally another important family of fibrous proteins that exist in nature is 

silks; silks can be synthesized by spiders and insects. Silkworm (Bombyx mori) 

cocoons are composed of two major proteins, fibroin and sericine [Mondal et al, 

2007]. Fibroin contains glycine 44.5%, alanine 29.3% and serine 12.1% and adopts a 

β-sheet configuration with beta-strands been parallel to the axis of the fibril (Figure 

4).   

 

 

 

 

 

 

 

 

 

 

     Figure 2: Elastin structure   Figure 3: Collagen structure  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Silk fibroin structure 

Inspired from Nature and after the enormous developments in the synthesis of 

polymeric materials, scientists have created synthetic fibrils that have changed our 

daily life to a great extent.  
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Nylon® is a silky material which has many applications for tires, tents and 

clothes to military use. It is categorized in the family of polyamides and contains in its 

structure repeating units of aliphatic building blocks. The repeating units are 

connected with the help of peptide or amide bonds which connect amino-acids in 

peptides and proteins (Figure 5). There have been extensive studies in order to 

improve the properties of this polymer and many patents have been filed for its 

preparation process [www.dupont.com; Gazit, 2007]. 

 

       Figure 5: A. Amide bond  

        between amino acid residues 

        B. Amide bond between         

        aliphatic residues  

        

 

 

 

Kevlar® is also a synthetic fibril which is characterized as the strongest 

synthetic fibril known. It is used in armor and sports equipment, bridge cables and in 

many other applications [www2.dupont.com]. Both Kevlar® and Nomex® belong to 

the family of aromatic polyamides (aramids). Their high strength is due to the 

combination of hydrogen bonds and aromatic stacking interactions between the 

polymeric strands (Figure 6).  

 

 

Figure 6: Interactions in   

Nomex® and Kevlar® 

structure 

 

 

Although these fibrils have offered a variety of materials with great elasticity, 

strength and resistance to fire (Nomex®) their preparation process is considered to be 

toxic for the environment (for example Kevlar® is spun out of hot sulfuric acid) and 

the cost is still high despite many improvements through the years [www.dupont.com; 

Gazit, 2007].  
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Protein fibrils offer many advantages compared to the synthetic ones because 

they assembly under mild conditions and we can use many variations of building units 

in order to improve their properties. However for large scale technological 

applications their synthesis is still limited, but this will hopefully be overcome in the 

near future.  

Before we proceed to a further explanation of self-assembled biomaterials, it is 

useful to compare the two ways that man kind on one hand, and Nature on the other 

hand, design and build new materials. There are two different approaches: the top-

down and the bottom-up. The top-down approach is used to fabricate materials from 

macro to nano-scale (Figure 7). An example of basic technique that we use for the 

top-down approach is lithography. Using starting materials such as wafers and laser or 

x-ray technology we can deposit layers of different materials in nano-scale order and 

built the desired device. However with this technique there are some problems such as 

the cost of making new machines and clean room facilities, physical margins of 

photolithography and heat dissipation when working in the nano-scale order. The 

bottom-up approach gives us the opportunity to overcome those problems and all 

living organisms tend to use this choice. One characteristic illustration of the bottom-

up approach is the self-assembly process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Top-down and Bottom-up process [Gazit, 2007] 
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We have abundant examples of how nature uses the self-assembly process. 

Some examples are self-organization of viruses, phospholipid membranes, 

intracellular and extra-cellular fibrous assemblies, nucleic acids, biological motors, 

polysaccharides, amyloid fibrils and silks. 

The basic concept is that there is a molecule, protein or fragment of protein 

which is called ‘building block’ which starts to form a ‘nuclei’. After this step, the 

association of the surrounding molecules follows by using all kind of weak 

interactions (hydrogen bonds, ionic bonds, hydrophobic or hydrophilic interactions, 

van der Waals interactions), resulting in a hierarchical structure which is chemically 

stable and structurally well-defined. Also we must not forget the environment that the 

self-assembly process takes place and we should emphasize that each building block 

behaves in a specific way in different environments such as acidic, basic or aqueous 

solution. 

The intracellular and extra-cellular fibrous assemblies that we mentioned 

before include collagen, keratin, microtubules, actin filaments, intermediate filaments 

and amyloid fibrils. In most of these proteins sequence repeats are used as basic 

building blocks. In Table 2 we can see the diameter of each fibrous assembly that is 

mentioned above. Some of those building blocks can be arranged into fibrils that 

reach micrometers in length. Those fibrils in combination with other molecules can 

help for motility, scaffolding, stabilization and protection purposes. In order to study 

those fibrils and use them for biological applications we need to assemble them under 

our own desired conditions in vitro. During the last 15 years this ‘in vitro’ approach 

has made a tremendous progress and improved our understanding of the mechanisms 

that underlie the self-assembly of these proteins. 

 

Fibrous assembly  Diameter 

Collagen ~1.4 nm 

Keratins 10 nm 

Microtubules 25 nm 

Actin Filaments 8 nm 

Intermediate Filaments 10 nm 

Amyloid Fibrils ~10 nm 

 

Table 2 – Diameter of Fibrous Assemblies 
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1.3 Biological composite materials 

 

Nature provides numerous examples of materials which combine the assembly 

of proteinaceous building blocks and inorganic materials. These materials adopt 

complex hierarchical structures ranging from nano- to macroscopic scale. 

Characteristic examples of these fascinating structures are mammal bones, shells and 

sponges. The organic component, mainly proteins, acts as a template for the epitaxial 

organization of the mineral component; this organization results in strong and tough 

composite materials [Meyers et al, 2006; Foo et al, 2004; Aizenberg et al, 2005].  

Bone is a well known studied biomaterial and has many functions in living 

systems such as support, protection, and movement. Its structure is composed of 

collagen fibrils (35%) and hydroxyl-apatite crystals (~65%) arranged between the 

gaps of the tropocollagen molecules and parallel to the axis of the fibrils. These fibrils 

assemble into helicoids with alteration directions, called osteons, which are the basic 

building block of bones (Figure 8). 

 

 

 

 

 

 

 

 

 

 

Figure 8: Organization of building blocks in bone 

 

 Abalone shell or Nacre has been found to have extraordinary mechanical 

properties comparing to its mineral building block. Nacre contains platelets of 

calcium carbonate (CaCO3) at ~95% and proteins intercalating between the building 

blocks at ~5%; the proteins are separated to those providing a structural framework 

with β-sheet secondary structure and those acting as a nucleating surface (acidic, rich 

in aspartate and serine) for the inorganic phase (Figure 9) [Meyers et al, 2006]. The 
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intercalation of proteins and nacre tablets deflects cracks and provides resistance to 

tensile failure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Assembly of organic and inorganic layers in nacre structure 

 

 Finally in marine organisms such as sponges there are abundant quantities of 

biosilica. Focusing at the internal structure of the sponge spicules we can see an 

organic filament (‘OF’) (Figure 10A, B) surrounded by a central core (‘CC’) (Figure 

10A, B) and cylindrically arranged layers of silica (‘SS’) (Figure 10A, B). Further 

analysis of the silica layers showed that they are composed of hydrated silica 

nanoparticles (Figure 10C). The organic filament is composed of proteins that play 

again a templating role for the organization of the inorganic phase [Aizenberg et al, 

2005]. 

 

 

 

 

 

 

Figure 10: SEM image of a cross-section in a sponge spicule showing the organic 

filament surrounded by layers of silica 
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1.4: Amyloid fibrous assemblies 
 

Amyloid fibrils are fibrillar aggregates that have specific morphological and 

structural properties. They are widely known for their pathological role in living 

organisms since they are associated with a large group of neurodegenerative diseases, 

(Table 3). However there are examples in Nature which show that amyloids might 

play a functional role in living systems such as in Escherichia coli and Streptomyces 

coelicolor [Chiti and Dobson, 2006]. When we use the term amyloid, we describe a 

proteinaceous assembly consisting of unbranched long fibrils. There is not a specific 

protein associated with amyloid assemblies since many proteins or peptides can form 

amyloid fibrils. More than 30 proteins that cause amyloid diseases and many amyloid 

forming peptides from various proteins have been identified so far. 

In 1854 Rudolph Virchow first introduced the term amyloid to describe 

abnormal inclusions found in the brain of patients that were staining with iodine.  His 

conclusion was that the substance that caused this abnormality was starch-like and he 

gave it the name amyloid from the Greek ‘amylon’. The term ‘amyloid’ turned out to 

be a misnomer, since later on the deposits proved to be of proteinaceous nature.  

By studying amyloid deposits with electron microscopy Alan S. Cohen and his 

colleagues (1959) clearly demonstrated that almost all amyloid deposits exhibit 

similar fibrillar submicroscopic characteristics. Another innovating step was the work 

of Glenner and Benditt [Sipe and Cohen, 2000] who showed that amyloid fibrils are 

predominantly composed of specific protein sequences. In Table 3 we list a number of 

amyloid forming proteins that are connected with some of the most important diseases 

of our times. Amyloid deposits can occur in several parts of the body as kidney, heart, 

spleen and mostly the brain [Sipe and Cohen, 2000]. 

Alzheimer’s disease is one of the most common types of dementia. Dementia 

is a group of symptoms that cause damage to brain cells. In 1901 an unusual patient 

was examined by the German Physician Alois Alzheimer; the patient showed 

symptoms of confusion, failing memory and expression of thoughts. After some years 

the patient became bedridden and mute and Alzheimer decided to perform an autopsy. 

The patient’s brain had a smaller size than usual and there were some microscopic 

deposits on it. This strange disorder soon became known as ‘Alzheimer’s disease’ and 

the deposits renamed as ‘plaques’ and ‘tangles’. 
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According to the Alzheimer's disease Facts and Figures 2007 from the 

Alzheimer’s Association website (http://www.alz.org) 5.1 million Americans suffer 

from Alzheimer’s disease; 4.9 million people are age 65 or older. 

 

Polypeptide Disease state 

Amyloid β-protein (Αβ) Brain (Alzheimer’s disease)   

α-Synuclein  Brain (Parkinson’s disease) 

Prion Protein (PrP) Brain (Creutzfeldt-Jakob disease) 

Fibrinogen α-chain Kidney 

Atrial natriuretic peptide  Heart 

 

Table 3 – Proteins associated with neurodegenerative diseases 

 

The mechanism responsible for Alzheimer’s disease is attributed to two kinds 

of protein aggregates. One type of aggregate is intracellular and is due to the 

accumulation of a protein called Tau into tangles, process that affects the shape and 

function of the microtubules (Figure 11). The Tau protein in healthy neurons binds to  

microtubules and acts as a linker to stabilize their structure. Outside cells a proteolytic 

cleavage of the amyloid precursor protein (APP) by two enzymes, β-secretase 

(BACE) and the presenilin-γ-secretase (PS-γ) releases a fragment of APP called Αβ-

peptide (Figure 11). The Αβ-peptide oligomers can polymerize via a self-assembly 

mechanism and form insoluble amyloid fibrils which assemble into plaques. Those 

plaques are gathered in the space between nerve cells. The nerve cells have many long 

branching extensions which are connected to points called synapses; the information 

flows with in chemical pulses from one neuron to the receiving cell through these 

synapses. In Alzheimer’s disease the amyloid plaques formed cause degeneration of 

those synapses, eventually leading to cell death and dementia (Figure 11) [Selkoe, 

2004].  

All disease-associated insoluble fibrils and plaques have the same overall 

morphological characteristics and vary with the type of the building block that is 

responsible for the amyloid structure. 
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Figure 11: Pathogenesis of Alzheimer’s disease. After the oligomerization of the Aβ 

peptides, amyloid plaques form and diffuse into the synapses of the nerve cells, 

blocking the transfer of the signal between them. 
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1.5: Characteristics of Amyloid Assemblies 

 

Amyloid assemblies can also be formed by proteins and peptides that are not 

associated with disease as a result of misfolding and/or misassembly events (Figure 

12) [Dobson, 2003]. The type of aggregation or transition between each state shown 

in Figure 12 is controlled in several steps by enzymes, chaperones, the environment 

and many other factors. The amyloid fibril is one form of aggregate which is 

organized in a specific way and shows unique morphological and structural 

characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Generalized protein folding pathway. Amyloid fibrils can be formed at 

various stages before the unfolded protein reaches its native structure  
 

Morphologically, amyloid fibrils have a width of about ~10nm and length 

ranging from 1 to 10 µm (Figure 13) [Dobson, 1999]. They are visible with 

Transmission Electron Microscopy and Scanning Electron Microscopy. The internal 

structure of the fibril is composed of several β-strands perpendicular to the axis of the 

fibril (Figure 14) [Dobson, 1999]. This is the cross β-sheet backbone of the fibril and 

has a unique X-ray diffraction pattern (Figure 16). Amyloid fibrils bind the dye 

Congo red and show gold-green birefringence when viewed under crossed polars 
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(Figure 15) [Serpel, 2000, Luckey et al, 2000]. In order to study amyloid fibril 

formation we must be able to synthesize those proteins or peptides in vitro and study 

the early stages of their assembly as well as their behavior after the formation of the 

fibrils. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Morphology of amyloid fibrils   Figure 14: Cross β-sheet structure   

               (Scale Bar: 100nm)    

 

 

 

 

 

 

 

 

 

 

 
Figure 16: X-ray Diffraction     

       pattern of amyloid fibrils 

Figure 15: Birefringence effect on  

                  amyloid deposits 
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In order to achieve these goals scientists have used a large number of tools 

from different fields. Scientists use solid state NMR, Transmission & Scanning 

Electron Microscopy (TEM, SEM), Atomic Force Microscopy (AFM), Light 

Scattering, Molecular Dynamics simulations, X-Ray Fiber Diffraction, Fourier 

Transform Infrared Spectroscopy (FTIR) or Raman Spectroscopy and staining with 

dyes such as Congo-red or Thioflavin T [Nilsson et al, 2004; Serpell 2000; Gazit, 

2007; Stromer and Serpell, 2005]. It requires a lot of effort to interpret the information 

given by each technique and is very difficult to do it individually. As a result many 

groups around the globe gather together to investigate various types of amyloid 

assemblies for medical and nano-technological applications. Combining the 

understanding of the self-assembly mechanisms with creative thinking and novel 

technologies opens a new era for the use of these self assembled structures for 

applications in the nano-scale, field that is called bionanotechnology. 
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1.6 Applications of Self-Assembly 

 

Bionanotechnology is an interdisciplinary field that combines many scientific 

areas. Scientists try to synthesize or modify structures and molecules up to several 

nanometers; this can be achieved by the bottom up approach that we described above. 

By combining chemistry, biology and physics and studying the way that proteins or 

peptides self-assemble, scientists draw inspiration for new applications. The self-

assembly process and the specific design of the building block play a key role to the 

formation of the supramolecular structures. 

DNA Nanotechnology has opened the way for the design of new self-

assembling materials. Nadrian Seeman’s group at NYU did pioneering work in the 

field of DNA self-assembly. DNA is known as the unique carrier of biological 

information in each living species. However DNA with the correct alterations in the 

sequence of the nucleic acids can be used as a self assembly building block in order to 

create branches [Seeman, 2003], two dimensional DNA arrays [Zheng, 2006] and 

nanowires (Figure 17) [Braun, 1998]. The specific recognition information embedded 

in the fibrous DNA molecule was exploited for nanowire fabrication. As starting 

building blocks 12-base oligonucleotides which are modified with thiol chemistry for 

specific attachment to gold electrodes were used (Figure 17). These anchoring points 

were subsequently connected with a 16µm single stranded-DNA molecule which had 

complementary ends to the 12-base oligonucleotides in each side. The final step was 

to cover the continuous DNA molecule formed with silver metal ions, reduce to 

metallic silver and measure conductivity between the electrodes. This application 

opened a new era for the understanding and fabrication of bio-templated nanowires 

for nanocircuit applications. 

 

Figure 17: DNA-based 

conductive nanowires 

synthesis and AFM 

imaging 
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In order to understand the self-assembly mechanisms of the amyloid-β peptide 

Aβ (1-42) involved in Alzheimer’s disease, Ehud Gazit’s group from the University 

of Tel-Aviv started working with peptides derived from its amino acid sequence 

(Figure 18).  

 

  

 

Figure 18: Amyloid-β peptide Aβ (1-42) amino acid sequence 

 

The heptapeptide K-L-V-F-F-A-E (shown in red Figure in 18; Figure 19) was shown 

to self-assemble into amyloid-type fibrils. Subsequently by synthesizing shorter 

peptides it was shown that the dipeptide di-phenylalanine forms rigid nanotubes 

(Figure 20). This building block assembly was attributed to π-stacking interactions 

between the aromatic residues of the phenylalanines [Gilead and Gazit 2005; Reches 

and Gazit, 2003; Reches and Gazit, 2006].  

 

 

 

 

 

Figure 19: Chemical structure of the KLVFFAE peptide 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Self-assembly from proteins to peptides 
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The discovery that a building block composed only from 2 identical amino 

acids (di-phenylalanine) can form hollow nanotubes prompted them to use these 

nanotubes as templates for nanowire fabrication. They incorporated ionic silver into 

the nanotubes, they subsequently reduced to metallic silver and by ‘removing’ the 

biological part with proteinase K they ended up with a silver nanowire (Figure 21) 

[Reches and Gazit, 2003]. 

 

 

 

 

 

          

 

 

 

Figure 21: Peptide nanotubes as templates for metallic nanowire fabrication 

 

Derek Woolfson’s group has synthesized peptides that form amyloid fibrils, 

straight or branched, with α-helical infrastructure (Figure 22) [Ryadnov and 

Woolfson, 2003; MacPhee and Woolfon, 2004; Ryadnov and Woolfson, 2007].  

 

 

Figure 22: Branches on 

amyloid fibrils  

 

 

 
Shuguang Zhang’s group at MIT has designed many types of peptides that 

self-assemble into various morphologies. One type of peptides consists of alternating 

hydrophobic and hydrophilic residues that can form amyloid fibrous structures and 

macroscopic gels (Figure 23a). Another type of peptides can self-assemble more 

preferably on surfaces, feature useful for cell culture and tissue engineering (Figure 

23c). Finally peptides composed of hydrophobic residues segregated on one end of 
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the sequence and hydrophilic on the other self assemble into nanotubes and nano-

vesicles (Figure 23b) [Zhang, 2002; Zhang, 2003, Zhao and Zhang, 2004]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Different peptide assemblies from amphiphilic molecules 
 

Another pioneering work of using amyloid fibrils as templates was done by 

Thomas Scheibel and Susan Lindquist; they studied a fragment from the yeast 

Saccharomyces cerevisiae Sup35 protein. This protein forms amyloid fibrils which 

have very high chemical stability and were suggested as a good candidate for 

applications. Engineering a cysteine residue not present in the original protein enabled 

them to use the fibrils for controlled deposition of gold and silver. The thiol group of 

the cysteine is accessible after fibril formation and served as a nucleation site for the 

deposition of the metal on the fibrils. They successfully fabricated conducting wires at 

the scale of 100 nm and proposed this system for nano-circuit construction (Figure 

24) [Scheibel et al., 2003]. 

 

Figure 24: Gold/silver 

nanowires using amyloid 

fibrils as a template. 

Orange ‘spikes’ on the 

surface of the fibrils 

symbolize accessible 

cysteine residues 
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Chapter 2: Adenovirus fibers as a self-assembly system 

 
The work presented in this thesis is oriented towards the design, study and 

applications of self-assembled octa-peptides derived from adenovirus fibrous protein. 

Adenovirus fibers belong to a distinct class of fibrous proteins that are used by viruses 

as attachment organelles. The adenovirus particle consists of an icosahedral capsid 

with protruding trimeric fibers at each of the 12 vertices (Figure 25). Each fiber is 

homo-trimeric with a capsid attachment domain, a long thin shaft and a cell 

attachment domain. Each adenovirus type 2 fiber monomer contains 582 amino acids. 

The crystal structure of the fiber shaft and head domain was solved at 2.4 Å 

resolution. In the shaft we can clearly see that there is a repeating sequence motif with 

hydrophobic amino acids (orange and green residues respectively at Figure 25) 

alternating with hydrophilic ones and glycine or proline at conserved positions (purple 

residues at Figure 25). The basic repeat fold contains a beta-strand almost parallel to 

the axis of the fiber followed by a beta turn, and another beta strand which runs at an 

angle of 45ο relative to the fiber axis. The repeats are joined together by a solvent 

accessible loop. (Figure 26.2). The inter-repeat displacement is 13Å with a clock wise 

rotation (50ο) between the repeats. The core of the structure is stabilized by 

hydrophobic interactions between the hydrophobic amino acids [van Raaij et al., 

1999]. 

 

 

 

 

 

 

 

 

 

Figure 25: Left: Adenovirus fiber shaft sequence. The consensus repeat sequences for 

proline and glycine - containing repeats are shown at the bottom of the sequence; φ 

symbolizes hydrophobic residues and X any amino acid. Right: adenovirus particle 

and shaft triple helix motif (the three polypeptide chains are symbolized with green, 

red and blue) 
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During the study of the shaft folding motif, a peptide of 41 amino acids 

(residues 355-396) was synthesized and was shown to self assemble into stable 

fibrillar morphologies [Luckey et al., 2000]. The fibrils gave the characteristic 

amyloid like X-ray diffraction pattern; they showed green birefringence upon staining 

with Congo red and had the amyloid fibril morphology when studied with electron 

microscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: 1. Adenovirous peptide sequences 2. Triple beta-spiral motif  3.  

Electron Microscopy analysis of amyloid fibril formation of : A. 25-aa peptide, B. 12-

aa peptide,C. 8-aa peptide, D. 6-aa peptide (Scale bar: 100nm) 

 
Subsequently by studying sub-fragments from the 41-residue peptide that was   

mentioned before, it was shown that amyloid fibrils can be formed by a sequence of 

only 8 or 6-residue peptides as well (Figure 26.1 & 26.3) [Papanikolopoulou et al., 

2004]. These peptides therefore seem to self-assemble into a fibrous cross-beta 
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structure, different from the structure of the native protein (Figure 25). In such a 

structure the beta-strands are perpendicular to the fibril axis; their arrangement could 

be parallel (Figure 27) or anti-parallel (Figure 28).  

Inspired from this model we synthesized 4 new octa-peptides in order to study 

their eventual fibril-forming ability, their morphology, infrastructure and potential 

bionanotechnological applications. Our aim in this study was to use a natural self-

assembly building block as a scaffold and modify it in order to endow it with 

additional functionalities, such as metal binding. 

 

 

 

 

 

 

 

 

 

 

Figure 27: Parallel assembly for       Figure 28: Anti-parallel assembly 

                a loop-strand peptide                           for a loop-strand peptide             

 

We have chosen the 8-amino acid peptide as the starting building block, N-S-

G-A-I-T-I-G. This peptide corresponds to a region in the adenovirus fiber protein 

sequence which involves a β-strand and a loop (Figure 26.2, β-strand: blue, loop: red). 

According to the crystal structure of the native protein the N-S-G residues are located 

at the loop and the A-I-T-I-G residues at the β-strand. Though not formally proven, it 

is very likely the A-I-T-I-G region is still engaged to form the cross beta core within 

the fibrils; the N-S-G sequence might therefore be exposed out of the backbone of the 

fibril and therefore accessible (Fanourios Tamamis and George Archontis, 

unpublished data). We have therefore opted to synthesize four new octa-peptides by 

substituting new amino acids only at the positions of the asparagine (N) and serine (S) 

residues. 

In order to endow the new designed peptides with metal binding affinity we 

decided to incorporate cysteines in the sequence of the residues, since cysteine is the 
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most common metal binding amino acid. We started by replacing the serine residue 

from the original building block sequence N-S-G-A-I-T-I-G to a cysteine residue 

since this is the minimal substitution to try; the new peptide sequence was N-C-G-A-

I-T-I-G. In case that there would be accessibility problems for the thiol group of 

cysteine, we swapped the two first amino acids of the new peptide and we designed 

the C-N-G-A-I-T-I-G. Finally we substituted the asparagine for a cysteine at the 

original N-S-G-A-I-T-I-G scaffold and the resulting peptide was C-S-G-A-I-T-I-G.  

The amino acid sequence of the octapeptides is shown in Table 4, according to 

the code name that we used for our experiments. Each peptide was studied by varying 

its concentration, the buffer solution, and the days of incubation.  

 

 
Table 4: Amino acid sequence of the octapeptides 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Code Name Sequence 

NS 
N-S-G-A-I-T-I-G 

H2N-Asn – Ser – Gly – Ala – Ile – Thr – Ile – Gly- CONH2 

NC 
N-C-G-A-I-T-I-G 

H2N-Asn – Cys – Gly – Ala – Ile – Thr – Ile – Gly-CONH2 

CN 
C-N-G-A-I-T-I-G 

H2N-Cys – Asn – Gly – Ala – Ile – Thr – Ile – Gly-CONH2 

CS 
C-S-G-A-I-T-I-G 

H2N-Cys – Ser – Gly – Ala – Ile – Thr – Ile – Gly- CONH2 
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Chapter 3: Techniques used for studying 

                    amyloid fibrils 

 

3.1: Electron Microscopy 

In order to study the size of single fibrils in detail Transmission Electron 

Microscopy (TEM) was used and for the three dimensional morphology the Scanning 

Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) was combined. 

Transmission Elecrton Microscopy consists of an electron source, an electron 

beam, the specimen area and the viewing screen. The electromagnetic lenses are used 

to guide the electron beam in order to be coherent and give us the best resolution that 

we can have. Also the electron source plays a very important role for the quality of 

image that we obtain.  

 

 

                Figure 29: Typical  

      TEM instrument 

 

 

 

 

 

 

The electrons are generated through thermionic emission from a filament, usually 

tungsten; they are subsequently accelerated by using high voltage, usually 80kV. This 

beam is controlled by electromagnetic lenses and focuses on the sample. Our sample 

is usually on a grid which is made from copper or nickel and is covered with a very 

thin film of formvar membrane which allows the sample not to fall (Figure 31). The 

grid has 300 areas of observation of approximately 60x60 µm area. In order to 

observe biological samples specific staining techniques are required to improve the 

contrast of the samples, since biological samples are transparent. This method is 

called negative staining; a heavy metal solution such as uranyl acetate is embedded on 

the grid with the sample, in order to be deposited around the molecule or structure and 

provide contrast for better visualization (Figure 30). 
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Figure 30: Negative staining method in TEM analysis 

 

After the beam passes through the sample is collected again with 

electromagnetic lenses and it is guided to a fluorescent screen. Modern technologies 

have introduced high quality cameras for real time observation on computers and high 

quality pictures. 

 

 

Figure 31: Electron 

microscopy grid for  

sample support with 

formvar membrane 

 

 

 

 

This type of microscopy is used a lot in Materials Science for many diverse groups 

such as polymers, inorganic chemists and biomaterials. The most important part of 

this experimental technique is the sample preparation. The sample should be at most 1 

µm thick and transparent as well. It must be stable on the surface of the grid and 

relevant to the resolving power of the instrument. Nowadays Electron Microscopes 

can achieve resolution up to 0.1 nm at magnifications of 50 million times. 

     Scanning Electron Microscopy gives information about the surface and 

morphology of the sample. The instrument has approximately the same concept as 

TEM; it consists of an electron gun, electromagnetic lenses and detectors that collect 

the information from the interaction between the sample and the high energy beam of 
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electrons (Figure 32). The difference here is the way that information is analyzed 

from the detector of the instrument. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Typical SEM instrument 

 

After the electrons are produced in a thermionic way, they are accelerated with 

various types of energies up to 100kV and focused by electromagnetic lenses and 

coils in order to have a very small focal spot. This primary electron beam interacts 

with the specimen and the scattered electrons, secondary or backscattered, are further 

detected and analyzed. Same as above, the sample preparation is very crucial and 

requires different approach for various types of materials. As a rule the material 

should be conductive otherwise we have charging effect [Shaffner and Veld, 1970]. 

The metal samples require only trimming or sectioning to the appropriate size. Non-

conductive samples require coating of a very thin layer of metal using an instrument 

named as sputter coater. This instrument has a target of a metal, which can be gold, 

gold/palladium, platinum, tungsten or graphite, and using plasma sputtering we 

deposit the desired layer of the metal. Apart from the conductivity this process 

increases the contrast and reveals the details of our sample. The resolution of this 

technique can be around 1 nm although each time it depends on the conditions and the 

interaction between the sample and the electron beam. 

 Atomic Force Microscopy has a different concept from the previous two 

techniques and is using another type of interaction with the sample. The AFM consists 

of a cantilever with a very sharp tip. This tip has a size of a few nanometers and is 
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used to scan the area of the sample. On the top of the cantilever there is a laser spot 

which is used for further translation of the cantilever oscillations to image analysis 

(Figure 33).  

              

 

 

 

 

 

 

 

 

 

 

 

Figure 33: AFM imaging principle and instrument 

Caution has to be exercised when scanning the sample area in order to avoid 

tip fracture. The tip scans the surface through controlled frequency and scan speed. It 

uses two types of scanning modes; in contact mode the sample and the tip are in close 

contact and in tapping mode the cantilever is oscillated at its resonant frequency 

(often hundreds of kilohertz) and positioned above the surface so that it only taps the 

surface for a very small fraction of its oscillation period. The advantages of AFM are 

attributed to the 3-dimensional surface analysis, the ability to measure samples in a 

dry or liquid environment and without vacuum environment. By combining high 

vacuum technology with AFM, atomic resolution can be reached in some cases. The 

major disadvantages of this technique are the scanning area that is around 150 by 150 

micrometers and the lack of knowing the exact location that the tip is located above 

the sample. 

 

3.2: X-ray Fiber Diffraction 

Fibrous biological molecules very often do not form crystals to allow 

determination of their structure by single crystal X-ray crystallography. However 

fibrils can be drawn from solutions, where the molecules are aligned in orientational, 
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but in not positional order. The most successful technique for drawing these fibrous 

samples is the orientation of the fibrous solution inside capillaries or between glass 

rods (Figure 34). A drop of the amyloid fibril solution is placed between two aligned 

glass rods (A) and left to dry until a fibrous stalk is formed (B). Then using X-rays, 

usually from synchrotron facilities, we focus on the fibrils at right angles and record 

the diffraction pattern. Amyloid fibrils have a specific diffraction pattern (see Figure 

16, Chapter 1.5). 

      

 

 

 

 

 

 

 

 

 

 

Figure 34: Cartoon showing the sample preparation for X-ray fiber diffraction – The amyloid 

fibril solution is drying between glass rods (yellow) and fibrils stay aligned parallel to the rod 

axis (white); the glass rods are stabilized and aligned with plasticine (blue)  

 

3.3: Energy - Dispersive X-ray Spectroscopy (EDS) 

 In this technique X-rays are not used for structure determination but for 

elemental analysis. When the sample contains information such as a metal coating of 

amyloid fibrils the type of metal is not proved with imaging techniques. EDS analysis 

can be used to certify the existence of certain elements. The principle is based on the 

unique atomic structure of each element and the specific interaction between each one 

and the beam of X-rays. EDS is applied when TEM analysis is performed and 

focusing on the sample we can get information in detail. The X-ray beam is focused 

on the desired area and is causing excitation of some electrons that are located in the 

inner energy shells of the atoms. Then an electron from outer shells is filling the gap 

and the difference in energy is released as X-ray. All these X-rays are characteristic of 
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each transition and of each atomic structure that they are emitted from. The setup is 

composed from the source of the X-ray beam, the X-ray detector, the pulse processor 

and the analyzer. The pulse processor is measuring the outcoming signal and transfers 

it to the analyzer which most of the times is connected to a computer for real time 

measurement. 

 

 3.4: Raman spectroscopy  

  Raman spectroscopy is a very useful technique for the investigation of protein 

secondary structure. Raman spectroscopy studies vibrational, rotational and low 

frequency modes in a system. Usually a source of monochromatic light, laser which 

has wavelength at visible, near infrared or near ultraviolet region, hits the sample and 

causes transitions between energy states in the system. Then there are two types of 

scattering: Rayleigh and Raman. In Rayleigh scattering the photons have the same 

wavelength as the absorbed photon so we do not use this information to our analysis. 

In Raman scattering the energies of the photons that are scattered are different. If the 

molecule is excited from the ground state to a vibrational energy state and then returns 

to another vibrational state we have Stokes Raman scattering. If the molecule is 

excited from a vibrational state and returns to the ground state, anti-Stokes Raman 

Scattering is produced (Figure 35). In a Raman spectrum we obtain the scattered light 

versus the vibrational energy of the scattered molecule. 

 

 

 

 

 

 

 

 

 

 

Figure 35: Different energy states at Raman spectroscopy 
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The assignment of Raman bands to the types of protein secondary structure or 

amino acids they reflect is showed in Table 5 [Hamodrakas et al., 1981, Iconomidou 

et. al., 2002, Tuma, 2005]. Raman spectroscopy for amyloid fibrils gives 

complementary information to the information obtained by X-ray fibril diffraction. 

The same sample is used and Raman analysis is performed by focusing on the surface 

of the macroscopic fibril (Figure 34). 

 

Band position (cm
-1

) Assignment 

620 – 1030 – 1033 – 1205 – 1609   Phe (phenylalanine) 

643 – 831 – 850 – 1208 -  1615 Tyr (tyrosine) 

750 – 886 – 1341 – 1582    Trp (tryptophan) 

512 S – S stretching   

1237 – 1560 – 1670   β-sheet 

1270 – 1516 – 1545 – 1655  α-helix 

1290 – 1555 – 1665  β-turn 

 
Table 5: Assignments of the Raman spectroscopy bands 

 

3.5: Thioflavin-T staining technique 

 Fluorescence is a characteristic property of molecules that absorb energy 

through a light source, are excited at higher energy states and return to their normal 

energy state by emitting photons with lower energies / higher wavelength. Thioflavin-

T is a dye which is known to bind very efficiently to amyloid fibrils. In the absence of 

amyloid fibrils the fluorescence emission spectrum of the dye shows a maximum at 

440 nm when excited at 340 nm. In the presence of amyloid fibrils the emission 

maximum of the dye is shifted to ~476nm after excitation at 442nm. This red shift is 

observed only in the presence of amyloid fibrils; ThT is therefore one of the 

diagnostic techniques used for the detection of amyloid fibril formation. When 

observed in the fluorescence microscope, Thioflavin - stained amyloid fibrils appear 

blue - colored. The molecule of Thioflavin-T is small and elongated and it is 

suggested that binds in free gaps between beta-strands in the amyloid fibril core 

(figure 36). 
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Figure 36: A. Thioflavin T molecule B. Schematic showing of the positioning of the 

Thioflavin-T molecule between the beta-strands in the amyloid fibrils 
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Chapter 4: Materials and methods 

4.1 Electron Microscopy 

The experiments of Transmission Electron Microscopy (TEM) and Scanning 

Electron Microscopy (SEM) were performed at the Department of Biology of the 

University of Crete using a JEOL JEM-100C microscope operating at 80kV. A JSM-

840 microscope operating at 5kV was used for SEM analysis.  

The EDS analysis was carried out at the Center on Nanosciences and 

Nanotechnology in Tel Aviv University; the instrument used was a Philips Tecnai F20 

Field Emission Gun electron microscope operating at 80kV. Energy dispersive X-ray 

analysis was performed with an EDAX detector.  

The Atomic Force Microscopy (AFM) study was carried out at the Faculty of 

Science, School of Pharmacy in the University of Nottingham. The AFM images were 

taken by the ‘E’ scanner on the Nanoscope V (Digigtal Instruments, Veeco).  

The protocols that we followed for every observation were: 

A) TEM analysis: The peptide solutions were diluted to the desired 

concentration. 8µl were placed on a 300 mesh formvar-coated grid and after 2 minutes 

the excess of the fluid was removed with a filter paper. Finally the samples were 

negatively stained with 8µl uranyl acetate 1% for 2 min. 

B) SEM analysis: After the selection of the correct surface for placing our 

peptide solutions, we used the sputtering technique to cover our sample with a thin 

layer of gold (10 nm thick) in order to be conductive.  

C) AFM analysis: The peptide solutions were diluted to the desired 

concentration and dried on freshly cleaved mica prior to imaging. We performed two 

types of imaging. In situ imaging requires the sample to be in liquid form and a 

specific adaptor is used in the instrument for this type of imaging. Ex situ is the most 

common observation method and the sample must be dry prior to imaging. 

 

4.2 Peptides and buffer solutions 

The peptides were purchased from Eurogentec (Belgium) and had a degree of 

purity higher than 95%. 
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The buffers used for dissolving the lyophilized peptide powders were the 

following:   

a) Acetate buffer: CH3COONa / CH3COOH 10mM pH = 4 

b) Phosphate buffer: NaH2PO4.H2O / Na2HPO4 50mM pH = 7 

c) Double distilled water  

 

4.3 Metal staining protocols 

 
Synthesis of Silver Nanoparticles 

 The synthesis of silver nanoparticles was performed by boiling 20µl of an 

AgNO3 aqueous solution (5mM or 100mM) for 5 min at 100ο C and subsequently 

adding it to 80µl of peptide solution. After 18 min incubation, 8µl of reducing agent 

(Sodium citrate 1%) was added for 1 hour [Kamat et al, 1998]. 

 

Synthesis of Gold Nanoparticles 

For the synthesis of gold nanoparticles 20µl of HAuCl4 · 3H2O aqueous 

solution 5mM was boiled for 5 minutes at 100ο C and  subsequently added to 80µl of 

peptide. After 15 min incubation, 8µl of reducing agent (Sodium citrate 1%) was 

added for 1 hour. This method (referred to as the Turkevich method) yields fairly 

uniform size gold colloids [Kimling et al, 2006; Daniel et al, 2004]. The nanoparticles 

are shown in the following pictures together with gold nano crystals (triangles); these 

crystals are observed randomly in the solution as the nucleation process starts [Chiang 

et al, 2004]. 

 

 

 

 

 

 

 

           EM of gold nanoparticles:        EM of gold nanoparticles: 

    Scale bar – 310nm                            Scale bar – 190nm 
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Synthesis of Platinum Nanoparticles 

For the synthesis of platinum nanoparticles a 150mM aqueous solution of 

ascorbic acid was mixed with a 20mΜ aqueous solution of H2PtCl6. H2O and the 

peptide solution in proportion 1:1:3 [Song, 2004; Meyer et al, 2002; Meyer et al, 

2003].  

 

Observation in TEM 

All the samples were deposited on formvar/carbon grids 300-mesh, purchased 

from BAL-TEC, and directly observed without any staining procedure. Some grids 

were stained afterwards with uranyl acetate 1% for better observation of the fibril core 

in the nanowires. The EDS analysis was performed at the same time on the surface of 

the nanowires. 

 

4.4 X-ray fiber diffraction   

The X-ray fiber diffraction experiments we performed at the European 

Synchrotron Radiation Facility (ESRF) in Grenoble. We used the beamlines ID 14-1 

and ID 14-2; the beam size was 400×600µm with wavelength 0.933 Å. This 

experimental arrangement was showed to be optimal for thin amyloid fibrils 

[Papanikolopoulou et al, 2005].  

 

4.5 Thioflavin-T amyloid staining   

 For the Thioflavin-T staining of the amyloid fibrils a 1mM aqueous solution of 

Thioflanin-T was prepared. The sample of amyloid fibril solution is placed in a quartz 

cuvette (500µl). Thioflavin-T is subsequently added to the solution of the amyloid 

fibrils at a final concentration of ~40µM. It is important o work with samples well 

‘aged’ in order to have  lots of material for better analysis with this technique. Spectra 

were recorded in a Jobin-Yvon / Horiba Fluoromax-P spectrofluorimeter.   
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Chapter 5: Results  

5.1 Structural characterization of the self-assembled fibrils 

5.1.1 Structural characterization using Transmission 

Electron Microscopy 

 
The structural characterization of the amyloid fibrils with Transmission 

Electron Microscopy was performed at the Vassilis Galanopoulos Electron 

Microscope Facility at the Department of Biology, with the guidance and assistance 

of Sevasti Papadogiorgaki and Alexandra Siakouli-Galanopoulou. All the samples 

shown in this chapter are negatively stained with uranyl acetate 1%.  

 

5.1.1.1: Peptide N-S-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code NS 

Buffer Water 

Concentration 2 mg/ml 

Days of Incubation 4 

Picture code 13893 

Magnification x20000 

Scale bar 250nm 

Peptide code NS 

Buffer Water 

Concentration 2 mg/ml 

Days of Incubation 4 

Picture code 13894 

Magnification x50000 

Scale bar 100nm 



 - 42 - 

 

 

 

 

 

 

 The peptide NS shows characteristic amyloid fibrillar morphology. It forms 

very long thin fibrils with the size ranges from 10 to 40 nm width; the fibrils can 

reach up to 50µm in length. 

 

5.1.1.2: Peptide N-C-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code NS 

Buffer Water 

Concentration 1 mg/ml 

Days of Incubation 18 

Picture code 14328 

Magnification x33000 

Scale bar 152nm 

Peptide code NC 

Buffer pH=4 

Concentration 2 mg/ml 

Days of Incubation 7 

Picture code 12542 

Magnification x33000 

Scale bar 151nm 

Peptide code NC 

Buffer pH=4 

Concentration 2 mg/ml 

Days of Incubation 21 

Picture code 12631 

Magnification x50000 

Scale bar 100nm 
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The TEM images from the peptide NC show amyloid type morphology with a 

size ranging between 20 and 35 nm in width; the length can reach several 

micrometers. Twisted fibrils are observed together with common straight fibrils 

(Picture 14330) [Aggeli et al, 2001, Goldsbury et al., 1999]. 

 

5.1.1.3: Peptide C-N-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code NC 

Buffer water 

Concentration 1 mg/ml 

Days of Incubation 15 

Picture code 14330 

Magnification x50000 

Scale bar 100nm 

Peptide code CN 

Buffer pH=4 

Concentration 2 mg/ml 

Days of Incubation 1 

Picture code 12481 

Magnification x26000 

Scale bar 190nm 

Peptide code CN 

Buffer Water 

Concentration 1 mg/ml 

Days of Incubation 14 

Picture code 13481 

Magnification x26000 

Scale bar 190nm 
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After one day incubation (Picture 12481) small amyloid fragments are 

observed; as incubation continues networks of peptides are formed (Pictures: 13481) 

Twisted fibrils (Picture 13482) are also observed; this is very common amyloid fibril 

morphology. Their width ranges between 20 and 40 nm and their length can reach 

several micrometers. We can also observe in some cases bigger fibrils with tape- like 

morphology that can reach 70 nm in width.        

 

5.1.1.4: Peptide C-S-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

Peptide code CN 

Buffer Water 

Concentration 1 mg/ml 

Days of Incubation 14 

Picture code 13482 

Magnification x50000 

Scale bar 100nm 

Peptide code CS 

Buffer Water 

Concentration 4 mg/ml 

Days of Incubation 2 

Picture code 13658 

Magnification x20000 

Scale bar 250nm 
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 The TEM images from the peptide CS very often show twisted long fibrils and 

twisted tapes; the width of the twisted fibrils ranges from 20 to 30 nm while the width 

of the straight ones ranges from 8 to 20 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code CS 

Buffer Water 

Concentration 4 mg/ml 

Days of Incubation 2 

Picture code 13659 

Magnification x50000 

Scale bar 100nm 
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5.2: Atomic Force Microscopy 

The Atomic Force Microscopy (AFM) study was performed at the Faculty of 

Science, School of Pharmacy, at the University of Nottingham in collaboration with 

Dr Victoria Sedman and Prof. Saul Tendler.     

 

5.2.1: Peptide N-S-G-A-I-T-I-G 

 The peptide NS was studied ex situ at 2 different concentrations: 2mg/ml and 

0.5mg/ml in double distilled water for 40 hours incubation.  

 

 

 

 

 

 

 

 

 

 

 

          Image: AFM 1: NS   0.5mg/ml      Image: AFM 2: NS 2mg/ml 

 

 

 

  Image: AFM 3 

            

 

 

 

 

 

 We observe a network of very long and thin fibrils with heights varying 

between 4 and 7 nm and widths between 35 to 60 nm. 
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5.2.2: Peptide N-C-G-A-I-T-I-G 

The peptide NC was analyzed only ex situ. A solution of 2mg/ml in double 

distilled water was incubated for 40 hours incubation, then diluted to 1mg/ml and   

dried on mica surface before observation. 

 

 

         

         

Image: AFM 4 

 

 

 

 

 

 

A network of fibrils was observed; although it was hard to measure the size of 

the fibrils, their width varies around 30 nm and confirms the results from TEM 

experiments (cf. Pictures 12542; 12631). 

 

5.2.3: Peptide C-N-G-A-I-T-I-G 

 A solution of the peptide CN 3mg/ml in double distilled water was prepared   

and aged for 11 days. It was then diluted to 0.5mg/ml and dried in air onto mica prior 

to imaging (Images: AFM 5, 6, 7). 

 

 

          

Image: AFM 5 
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 Image: AFM 6 

 

 

 

 

          

 

 

 

 

     

         Image: AFM 7 

 

 

 

 

 

 

 

We also studied the peptide CN in the first hours of self-assembly. A 2mg/ml 

sample of in pH=4 was prepared and left for 18 hours incubation (Image: AFM 8). 

The images were taken in situ using a liquid cell apparatus for AFM.  

 

 

 

Image: AFM 8 
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It is clearly shown the formation of amyloid tapes in addition to the normal 

amyloid fibrils. The size of the tape is 170nm width and 2.4 nm height. The 

dimensions of the amyloid fibrils are the following: heights 4 to 7 nm, widths 20 to 70 

nm and lengths up to microns.  

    

5.2.4: Peptide C-S-G-A-I-T-I-G 

For the peptide CS a 3mg/ml solution in double distilled water was prepared 

and left to age 11 days. Before imaging the sample was diluted to 0.5mg/ml in order 

to be observed clearly (Image: AFM 9). 

 

 

 

 

                           Image: AFM 9 

 

 

 

 

 

 

 

 

 

     

            Image: AFM 10 
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      Image: AFM 11 

   

   

  

 

 

 

 

In situ analysis for the peptide CS was also performed. A 2mg/ml solution in 

pH=4 was prepared and incubated for 18 hours. The images were taken in situ using a 

liquid cell apparatus for AFM (Images: AFM 12; AFM 13). 

 

 

 

 

                                                                                                         Image: AFM 12 

         

 

 

 

 

 

 

 

 

Image: AFM 13 
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In the AFM pictures of the peptide CS we can observe clearly the twisted fibrils, 

(Images: AFM 10; AFM 11). The size of the fibrils ranges between 4 to 6 nm in 

height and 30 to 50 nm in width. It is clear that the twisting of the fibrils happens at 

the early stages of the fibrillation. Small fragments of amyloids are also observed at 

the early stages of fibrillation (Image: AFM 13).  

 

5.3: X-ray Fiber Diffraction 

The X-ray fiber diffraction experiments were performed at the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, in collaboration with Estelle 

Mossou and Prof. Trevor Forsyth. The X-ray fiber diffraction analysis is performed in 

the dried aligned fibrils between the glass rods as shown before. Between 2 glass rods, 

a droplet of 8µl of our peptide solution is placed and left to dry. The process takes 

around 40 minutes and as the sample dries we can see the steps of fibril alignment 

with a stereoscope. The pictures with the ‘dark’ background are taken with the 

polarizer and the analyzer crossed so no light can pass through. Due to their alignment 

amyloid fibrils show birefringence when viewed under crossed polars (Figure 37). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: Sample preparation for X-ray fiber diffraction – The amyloid fibril  

solution is drying between glass rods and the fibrils align parallel to the rod axis 
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 The next step is X-ray analysis of the samples; the patterns for each peptide 

are shown below. The peptide NS has already been studied in the past and has the 

characteristic amyloid diffraction pattern (Figure 38) [Papanikolopoulou et al, 2005].  

 

 

 

 

 

 

 

 

 

 

 

Figure 38: X-ray fibril diffraction pattern of the peptide NS 

 

Many groups have worked on the structural study of the amyloid fibrils. 

Comparing several amyloid fibril patterns, they came to conclusion that all the 

amyloid fibrils show a similar diffraction pattern (Figure 39). This pattern is called 

cross-β [Serpell, 2000]; the strong 4.8Å reflection corresponds to the hydrogen 

bonding distance between β-strands and the reflection of 10-11Å corresponds to the 

stacking distance between beta-sheets (Figure 40).    

 

  

 

 

 

 

 

 

Figure 39: Schematic drawing of the           Figure 40: Interpretation of the  

typical amyloid diffraction pattern                reflections in the amyloid fibril  

                                                                       diffraction pattern  
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5.3.1: Peptide N-C-G-A-I-T-I-G 

 

 

 

 

Peptide Name NC 

Buffer pH = 4 

Concentration 5mg/ml 

Droplet quantity 4µl 

Humidity 
75% while 

drying 

X-ray pattern E 

Detector distance 183.73 mm 

Exposure time 50s 

Detector 2 Å 

 

 

Peptide Name NC 

Buffer Water 

Concentration 5mg/ml 

Droplet quantity 4µl 

Humidity - 

X-ray pattern F 

Detector distance 183.73 mm 

Exposure time 50s 

Detector 2 Å 

Peptide Name NC 

Buffer pH = 4 

Concentration 5mg/ml 

Droplet quantity 4µl 

Humidity - 

X-ray pattern D 

Detector distance 183.73 mm 

Exposure time 50s 

Detector 2 Å 
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5.3.2: Peptide C-N-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

Peptide Name CN 

Buffer pH = 4 

Concentration 5mg/ml 

Droplet quantity 4µl 

Humidity 
75% while 

drying 

X-ray pattern B 

Detector distance 183.73 mm 

Exposure time 50s 

Detector 2 Å 

 

Peptide Name CN 

Buffer Water 

Concentration 5mg/ml 

Droplet quantity 4µl 

Humidity - 

X-ray pattern C 

Detector distance 183.73 mm 

Exposure time 50s 

Detector 2 Å 

 

 

Peptide Name CN 

Buffer pH = 4 

Concentration 5mg/ml 

Droplet quantity 4µl 

Humidity - 

X-ray pattern A 

Detector distance 183.73 mm 

Exposure time 50s 

Detector 2 Å 
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5.3.3: Peptide C-S-G-A-I-T-I-G 

 

 

Peptide Name CS 

Buffer Water 

Concentration 5mg/ml 

Droplet quantity 4µl 

Humidity - 

X-ray pattern G 

Detector distance 323.83 mm 

Exposure time 10s 

Detector 3 Å 

 

 

Taking as an example the X-ray pattern G, we can identify the 4.8Å reflection 

(yellow arrow) and the 10Å reflection (green arrow). These reflections are also 

present in all the other diffraction patterns. This is a proof that the internal structure of 

our amyloid fibrils is cross-β but it is hard to confirm if the β-strands adopt a parallel 

or anti-parallel arrangement. The cross-β structure is also confirmed by Raman 

spectroscopy which is shown in chapter 4.4.     
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5.4: Raman Spectroscopy 

Raman Spectroscopy on the amyloid fibrils can be performed on the same 

fibrous stalks prepared for X-ray fibril diffraction. We used a NICOLET ALMEGA 

XR RAMAN SPECTROMETER, at the University of Chemistry in Crete with the 

assistance of Dr Viki Vamvakaki.   

 

5.4.1: Peptide N-S-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the Raman Spectrum of the peptide NS fibres, we can identify the peaks 

1662.6 cm-1, 1559.2 cm-1 and 1235.5 cm-1 which are characteristic of the β-sheet 

structures as described in chapter 3.4.  

Peptide Name NS 

Exposure time 60.00 sec 

Number of Exposures 5 

Number of background exposures 16 

Grating 2400 lines/mm 

Spectrograph aperture 25µm pinhole 

Laser Almega XR 473nm (Blue) Laser Module 

Laser power level 100% 

Camera temperature -49ο C 

Magnification  50x 
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5.4.2: Peptide N-C-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide Name NC 

Exposure time 3.50 sec 

Number of Exposures 5 

Number of background exposures 1 

Grating 360 lines/mm 

Spectrograph aperture 100 µm pinhole 

Laser Almega XR 780nm Depolarized NIR Laser Module 

Laser power level 100% 

Camera temperature -49ο C 

Magnification  50x 

 

In the Raman Spectrum of the peptide NC fibres, we can identify the 

characteristic peaks 1663.1 cm-1 and 1560.3 cm-1 for the β-sheet structures. The peak 

at 1235.5 cm-1 is not shown very clearly since there is an overlap with the adjoining 

peak at 1260.2 cm-1; further experiments are planned in order to improve the peak 

resolution.  
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5.4.3: Peptide C-N-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

 

Peptide Name CN 

Exposure time 3.50 sec 

Number of Exposures 20 

Number of background exposures 1 

Grating 672 lines/mm 

Spectrograph aperture 100 µm pinhole 

Laser Almega XR 473nm Depolarized NIR Laser Module 

Laser power level 100% 

Camera temperature -49ο C 

Magnification  50x 

 

In the Raman Spectrum of the peptide CN fibres, we can identify the 

characteristic peaks 1664.6 cm-1 and 1563.8 cm-1 for the β-sheet structures. The peak 

at 1235.5 cm-1 is not shown very clearly since there is an overlap with the adjoining 

peak at 1261.39 cm-1; further experiments are planned in order to improve the peak 

resolution.  



 - 59 - 

5.4.4: Peptide C-S-G-A-I-T-I-G 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the Raman Spectrum of the peptide CS fibres, we can identify the 

characteristic peaks 1665.2 cm-1 and 1562.3 cm-1 for the β-sheet structures. The peak 

at 1235.5 cm-1 is not shown very clearly since there is an overlap with the adjoining 

peak at 1260.3 cm-1; further experiments are planned in order to improve the peak 

resolution.  

 

Peptide Name CS 

Exposure time 3.50 sec 

Number of Exposures 5 

Number of background exposures 1 

Grating 672 lines/mm 

Spectrograph aperture 100 µm pinhole 

Laser Almega XR 473nm (Blue) Laser Module 

Laser power level 100% 

Camera temperature -49ο C 

Magnification  50x 
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5.5 Thioflavin-T staining 

In diagram 1 the fluorescence emission spectrum of Thioflavin-T in the 

absence of amyloid fibrils is shown. The emission maximum is located at 434 nm 

after excitation at 340 nm. In diagram 2 the fluorescence emission spectrum of 

Thioflavin-T in the presence of amyloid fibrils is shown. The emission maximum is 

located at 479 nm after excitation at 442nm. The red-shift in the spectrum upon 

binding of the amyloid fibrils is clear and was observed with all the other peptide 

samples. 

 

 

 

        Diagram 1 

 

 

 

 

 

 

 

        Diagram 2 
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5.6: Metallization of amyloid fibrils 

 The metal nanoparticles were prepared as described in Materials and Methods. 

All the images are taken without any negative staining, so the contrast comes only 

from the metal particles themselves. In some cases negative staining was used in order 

to obtain better contrast of the amyloid fibril core. The EDS analysis was performed 

at the Center on Nanosciences and Nanotechnology at Tel Aviv University in 

collaboration with Lihi Adler-Abramovich and Prof. Ehud Gazit. 

 

5.6.1: Peptide N-S-G-A-I-T-I-G (Au) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code NS 

Picture code 13559 

Magnification x16000 

Scale bar 310nm 

Peptide code NS 

Picture code 13560 

Magnification x20000 

Scale bar 250nm 

Peptide code NS 

Picture code 13561 

Magnification x8300 

Scale bar 600nm 
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20µl of a 5mM HAuCl4 · 3H2O aqueous solution was boiled for 5 min at 100ο 

C. Then 90µl of NS peptide aqueous solution 2mg/ml (40 days aged) was added and 

incubated for 5 min. Finally 2.5µl of Sodium citrate aqueous solution 1% was added 

and samples for TEM analysis were taken after 15 min. The hexagonal and triangular 

particles are gold crystals formed in solution.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 90µl of peptide NS aqueous solution 5mg/ml (9 days aged) was added and 

incubated for 15 min. Finally 2.5µl of Sodium citrate aqueous solution 1% was added 

and samples for TEM analysis were taken after 1 day. 

 

 

 

 

 

 

 

 

Peptide code NS 

Picture code 13582 

Magnification x16000 

Scale bar 310nm 

Peptide code NS 

Picture code 13584 

Magnification x6600 

Scale bar  140nm 

Peptide code NS 

Picture code 13564 

Magnification x3300 

Scale bar  1500nm 
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20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 90µl of peptide NS aqueous solution 2mg/ml (20 days aged) was added and 

incubated for 15 min. Finally 2.5µl of Sodium citrate aqueous solution 1% was added 

and samples for TEM analysis were taken after 40 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 80µl of peptide NS aqueous solution 1mg/ml (diluted from aqueous solution 

3mg/ml 25 days aged) was added and incubated for 18 min. Finally 8µl of Sodium 

citrate aqueous solution 1% was added and samples for TEM analysis were taken 

after 2h. 

 

 

 

 

 

 

 

Peptide code NS 

Picture code 13670 

Magnification x20000 

Scale bar  250nm 

Peptide code NS 

Picture code 13671 

Magnification x20000 

Scale bar  250nm 
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The EDS analysis on peptide NS fibrils covered with gold shows the 

characteristic peaks of the Au element and also peaks of Cu which are attributed to 

the sample copper-grid. The analysis was performed on the metal - covered fibril.  
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Peptide code NS  

Picture code 14347 

Magnification x50000 

Scale bar 100nm 

Peptide code NS  

Picture code 14346 

Magnification x16000 

Scale bar 310nm 

Peptide code  NS 

Picture code 14348 

Magnification x66000 

Scale bar 76nm 

Peptide code  NS 

Picture code 14352 

Magnification x100000 

Scale bar 50nm 
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Peptide code  NS 

Picture code 14354 

Magnification x26000 

Scale bar 190nm 

Peptide code  NS 

Picture code 14356 

Magnification x100000 

Scale bar 50nm 

Peptide code  NS 

Picture code 14357 

Magnification x50000 

Scale bar 100nm 

Peptide code NS  

Picture code 14360 

Magnification x50000 

Scale bar 100nm 
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20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 80µl of peptide NS aqueous solution 1mg/ml (diluted from aqueous solution 

3mg/ml 3 months aged) was added and incubated for 15 min. Finally 8µl of Sodium 

citrate aqueous solution 1% was added and samples for TEM analysis were taken 

after 1h. In the pictures 14352, 14354, 14356, 14357 and 14360 the gold - coated 

fibrils we stained afterwards with uranyl acetate 1% in order to better reveal the 

amyloid fibril core. 

 

5.6.2: Peptide N-S-G-A-I-T-I-G (Pt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The EDS analysis on peptide NS fibrils covered with platinum shows the 

characteristic peaks of the Pt element and also peaks of Cu which are attributed to the 

sample copper-grid. The analysis was performed on the metal - covered fibril.  
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6.6 µl of 150mM Ascorbic Acid aqueous solution  was mixed with 6.6 µl of 

20mΜ H2PtCl6. H2O aqueous solution and 20 µl of peptide NS 1mg/ml (diluted from 

aqueous solution 4mg/ml 16 days aged); samples for TEM analysis were taken after 

1day. 

 

5.6.3: Peptide N-C-G-A-I-T-I-G (Ag) 

 

 

 

 

 

 

 

 

 

 

 

 

20µl of an AgNO3 aqueous solution 100mM was boiled for 5 min at 100ο C. 

Then 90µl of peptide NC aqueous solution 1.6mg/ml (diluted from aqueous solution 

5mg/ml 10 days aged) was added and incubated for 18 min. Finally 4µl of Sodium 

citrate aqueous solution 1% was added and samples for TEM analysis were taken 

after 2h. 

 

 

 

 

Peptide code NC 

Picture code 14424 

Magnification x66000 

Scale bar 76nm  

Peptide code NC 

Picture code 14425 

Magnification x66000 

Scale bar  76nm 
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5.6.4: Peptide N-C-G-A-I-T-I-G (Au)  

 

 

 

 

 

 

 

 

 

 

 

 

20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 80µl of peptide NC aqueous solution 1mg/ml 13 days aged, was added and 

incubated for 15 min. Finally 8µl of Sodium citrate aqueous solution 1% was added 

and samples for TEM analysis were taken after 1 h. 

 

 

 

 

 

 

 

 

Peptide code NC 

Picture code 14426 

Magnification x20000 

Scale bar  250nm 

Peptide code NC 

Picture code 14427 

Magnification x50000 

Scale bar  100nm 

Peptide code NC 

Picture code 14430 

Magnification x50000 

Scale bar 100nm  
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20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 80µl of peptide NC aqueous solution 1mg/ml (diluted from aqueous solution 

2mg/ml 3 months aged), was added and incubated for 15 min. Finally 8µl of Sodium 

citrate aqueous solution 1% was added and samples for TEM analysis were taken 

after 5 days. 

 

 

 

 

Peptide code NC 

Picture code 14431 

Magnification x26000 

Scale bar  190nm 

Peptide code NC 

Picture code 14432 

Magnification x100000 

Scale bar  50nm 

Peptide code NC 

Picture code 14433 

Magnification x50000 

Scale bar  100nm 
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5.6.5: Peptide N-C-G-A-I-T-I-G (Pt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 µl of 150mM Ascorbic Acid aqueous solution was mixed with 10 µl of 

20mΜ H2PtCl6. H2O aqueous solution and 30 µl of peptide NC aqueous solution 

1mg/ml (diluted from aqueous solution 2mg/ml 3 months aged); samples for TEM 

analysis were taken after 5 days. 

 

 

 

 

 

 

 

 

 

 

Peptide code NC 

Picture code 14428 

Magnification x50000 

Scale bar  100nm 

Peptide code NC 

Picture code 14429 

Magnification x66000 

Scale bar  76nm 
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5.6.6: Peptide C-N-G-A-I-T-I-G (Ag) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code CN 

Picture code 13578 

Magnification x20000 

Scale bar  250nm 

Peptide code CN 

Picture code 13579 

Magnification x100000 

Scale bar  50nm 

Peptide code CN 

Picture code 13580 

Magnification x26000 

Scale bar  190nm 

Peptide code CN 

Picture code 13581 

Magnification x50000 

Scale bar  100nm 



 - 73 - 

20µl of an AgNO3 aqueous solution 100mM was boiled for 5 min at 100ο C. 

Then 90µl of peptide CN aqueous solution 1.6mg/ml (diluted from aqueous solution 

5mg/ml 10 days aged) was added and incubated for 18 min. Finally 4µl of Sodium 

citrate aqueous solution 1% was added and samples for TEM analysis were taken 

after 2h. 

 

 

5.6.7: Peptide C-N-G-A-I-T-I-G (Au) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 90µl of peptide CN aqueous solution 2mg/ml 20 days aged, was added and 

incubated for 15 min. Finally 2.5µl of Sodium citrate aqueous solution 1% was added 

and samples for TEM analysis were taken after 40 min. 

 

 

Peptide code CN 

Picture code 13545 

Magnification x33000 

Scale bar  151nm 

Peptide code CN 

Picture code 13542 

Magnification x13000 

Scale bar  384nm 
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20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 80µl of peptide CN aqueous solution 0.5 mg/ml (diluted from 5mg 40 days 

aged, was added and incubated for 15 min. Finally 8µl of Sodium citrate aqueous 

solution 1% was added and samples for TEM analysis were taken after 20 min. 

 

5.6.8: Peptide C-N-G-A-I-T-I-G (Pt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code CN 

Picture code 13669 

Magnification x20000 

Scale bar  250nm 
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The EDS analysis on peptide CN fibrils covered with platinum shows the 

characteristic peaks of Pt element and also peaks of Cu which are attributed to the 

sample copper-grid. The analysis was performed on the metal covered fibril.  

6.6 µl of 150mM Ascorbic Acid aqueous solution was mixed with 6.6 µl of 

20mΜ H2PtCl6. H2O aqueous solution and 20 µl of peptide CN 1mg/ml (diluted from 

aqueous solution 4mg/ml 16 days aged); samples for TEM analysis were taken after 

1day. 

 

5.6.9: Peptide C-S-G-A-I-T-I-G (Ag) 
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The EDS analysis on peptide CS fibrils covered with silver shows the 

characteristic peaks of Pt element and also peaks of Ni which are attributed to the 

sample nickel-grid. The analysis was performed on the metal covered fibril.  

20µl of a AgNO3 aqueous solution 5mM was boiled for 5 min at 100ο C. Then 

80µl of peptide CS aqueous solution 0.7mg/ml (diluted from aqueous solution 4mg/ml 

45 days aged) was added and incubated for 18 min. Finally 4µl of Sodium citrate 

aqueous solution 1% was added and samples for TEM analysis were taken after 2h. 

 

5.6.10: Peptide C-S-G-A-I-T-I-G (Au) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide code CS 

Picture code 13605 

Magnification x8300 

Scale bar 600nm 

Peptide code CS 

Picture code 13606 

Magnification x8300 

Scale bar  600nm 

Peptide code CS 

Picture code 13604 

Magnification x13000 

Scale bar  384nm 
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20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 80µl of peptide CS aqueous solution 1mg/ml (diluted from aqueous solution 

4mg/ml 22 days aged) was added and incubated for 15 min. Finally 4µl of Sodium 

citrate aqueous solution 1% was added and samples for TEM analysis were taken 

after 30min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20µl of a HAuCl4 · 3H2O aqueous solution 5mM was boiled for 5 min at 100ο 

C. Then 80µl of peptide CS aqueous solution 1mg/ml (diluted from aqueous solution 

Peptide code CS 

Picture code 13621 

Magnification x5000 

Scale bar  1000nm 

Peptide code CS 

Picture code 13665 

Magnification x50000 

Scale bar  100nm 

Peptide code CS 

Picture code 13663 

Magnification x20000 

Scale bar  250nm 
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4mg/ml 22 days aged) was added and incubated for 18 min. Finally 8µl of Sodium 

citrate aqueous solution 1% was added and samples for TEM analysis were taken 

after 2h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The EDS analysis on peptide CS fibrils covered with gold shows the 

characteristic peaks of Au element and also peaks of Cu, which are attributed to the 

sample copper-grid. The analysis was performed on the metal covered fibril.  

 

 

 

 

 

 



 - 79 - 

5.6.11: Peptide C-S-G-A-I-T-I-G (Pt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The EDS analysis on peptide CS fibrils covered with platinum shows the 

characteristic peaks of Pt element and also peaks of Ni, which are attributed to the 

sample nickel-grid. The analysis was performed on the metal covered fibril.  

20 µl of 150mM Ascorbic Acid aqueous solution was mixed with 20 µl of   

H2PtCl6. H2O aqueous solution 20mΜ and 80 µl of peptide CS 0.7mg/ml (diluted 

from aqueous solution 4mg/ml 19 days aged). The samples for TEM analysis were 

taken after 1h. 
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5.6.12 Summary of metal coating on amyloid fibrils 

 All the data from the metallization of the amyloid fibrils are summarized at the  

Table below. It is clearly demonstrated that all peptides bind gold and platinum 

nanoparticles; silver is bound to all peptides except NS. The substitutions in the 

sequence of the original building block N-S-G-A-I-T-I-G prove that the designed 

peptides are endowed with metal binding abilities in combination with their ability to 

self assemble in well-structured amyloid fibrils.   

 

Peptide 

Code 
Gold Stain 

Silver 

Stain 
Platinum Stain 

NS + - + 

NC + + + 

CN + + + 

CS + + + 
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Chapter 6: Applications of Amyloid fibrils – Directed 

Three-Dimensional Patterning of Self-Assembled 

Peptide Fibrils 

 

As we described in introduction many fibrous self assembling materials have 

been suggested for new applications in bio-nanotechnology. However self-assembly 

has often been limited by its statistical nature, for instance the exact positioning of 

self-assembled structures in a circuit is still a limiting factor. In order to address this 

positioning problem we initiated a collaboration with Valentina Dinca and Dr. Maria 

Farsari from the ‘2D & 3D Laser Micro-/Nano-Structuring’ group at IESL-FORTH. 

This group has previously developed a three dimensional patterning method using 

multi - photon polymerization. [Drakakis et al, 2006] 

The basic concept is based on a photostructurable organic-inorganic hybrid 

material named ORMOCER [Farsari et al, 2005]. ORMOCER belongs to a new 

category of materials that change their properties and structure immediately when 

exposed to a light source. At the beginning ORMOCER is a polymeric material which 

contains particles in suspension and its morphology is gel-like. When we provide the 

light source it photo-polymerizes and becomes abruptly similar to glass. This 

fascinating property in combination with laser technology and computer science made 

ORMOCER a good candidate for designing specific three dimensional patterns for 

many applications (Figure 39) [Farsari et al, 2005].  

 

  

 

 

 

 

 

 

 

Figure 39: Three dimensional structures made from ORMOCER 
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In order to attach the amyloid fibrils on the surface of the ORMOCER we 

need a linker between the two. The method used has as follows: 1) First ORMOCER 

was functionalized by deposition of a photobiotin layer on its surface: photobiotin is 

composed of a biotinyl group, a linker and a photoactivable part which attaches 

irreversibly to ORMOCER when exposed to UV light [Drakakis et al, 2006] 2) then 

the photobiotin was functionalized with  avidin (the affinity of biotin for avidin is 

considered to be the strongest non-covalent interaction in Nature )[Israilev et al, 1997] 

and subsequently 3) on the avidin layer a biotin derivative that carries an 

iodoacetamide group (N-(biotinoyl)-N’-(iodoacetyl)-ethylenediamine) was added 

(Figure 40). The final step is the attachment of the cysteine-containing peptide 

through the SH-iodoacetamide reaction (Figure 41).  

 

 

Figure 40: N-(biotinoyl)-N’-(iodoacetyl)- 

ethylenediamine 

 

 

 

 

 

 

 

 

Figure 41: Process for functionalization of the ORMOCER surface [Red triangles: 

photobiotin, Green crosses: Avidin, Purple: iodoacetamide-functionalized biotin] 

 

For positioning the peptide fibrils in three dimensions we decided to use as 3-

D pattern columns with a T-like shape in order to emulate the glass rod fibril 

alignment for the X-ray analysis. After the construction of the three dimensional 

columns with multi-photon polymerization, we subsequently incorporated photobiotin 

(100µg/ml, Sigma Aldrich) which has been immobilized on the surface via UV light. 

Then the samples were washed to remove the non-immobilized photobiotin. The next 
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step was incubation with avidin (100µg/ml, Sigma Aldrich) and finally with the 

iodoacetamide-functionalized biotin (Molecular Probes). 

In these experiments the peptides a) C-N-G-A-I-T-I-G and b) N-S-G-A-I-T-I-

G were tested for positioning. Since the peptide N-S-G-A-I-T-I-G does not have a 

cysteine residue to its sequence, it should not be able to bind on the three dimensional 

structures. The peptide solutions used were ‘aged’ for 12 days so that the amyloid 

fibrils were already formed in solution. The presence of amyoid fibrils in the solutions 

of both peptides were confirmed with TEM analysis (CN peptide: Figure 43; NS 

peptide: Figure 44) 

 

 

 

 

 

 

 

 

Figure 43: TEM analysis of CN peptide  Figure 44: TEM analysis of NS peptide 

(Scale bar 150nm)         (Scale bar 150nm) 

 

 It is clearly demonstrated by SEM observation of the three dimensional   

structures that the C-N-G-A-I-T-I-G peptide attaches to the functionalized structures 

and forms a thin layer of peptides: then peptide ‘bridges’ form between the edges of 

the structures as the sample dries (Figure 45). This layer of the peptides as well as the 

bridges are also clearly visualized with thioflavin staining since thioflavin binds 

specifically to the amyloid fibrils as described in chapter 3.5 (Figure 47). The length 

and the diameter of the peptide fibrils will depend on the design of the 3D structures, 

i.e., the distance between them and the diameter of the fibril support. They appear to 

form over the shortest distance, as shown in Figure 45.  In the structures that are 

immersed in the N-S-G-A-I-T-I-G peptide there is no thin layer formation on the 

structures nor fibril bridges between the columns (Figure 46) [Dinca et al, 2008].  

This method opens a new era in the field of micro-fabrication, since it allows direct 

and accurate positioning of the self-assembled fibrous objects.  Moreover the method 

is less costly and does not involve extreme conditions such as harsh chemicals, high 
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temperatures or vacuum. Our target in the immediate future is to use this direct 

patterning method for positioning of the metal coated amyloid fibrils described in 

Chapter 5.6. Another important application will be to use peptides with cell adhesion 

signals in order to construct ordered arrays for tissue engineering [Dinca et al, 2007]. 

 

 

 
 
 
 
 
 
 
 
 
Figure 45: Three dimensional structures incubated with the peptide C-N-G-A-I-T-I-G 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46: Three dimensional structures incubated with the peptide N-S-G-A-I-T-I-G 
 

 

 

 

 

 

 

 

 

 

Figure 47: Thioflavin staining and SEM images of the columns embedded with a thin 
layer of the amyloid fibrils. 
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Chapter 7: Discussion and perspectives 

 

In the context of this Master thesis we addressed the eventual use of amyloid 

fibrils as templates for metal binding and nanowire fabrication. We have focused on 

the following: 1) designing and structural characterization of new self-assembling 

peptides derived from the adenovirus fibril protein 2) their interaction with silver, 

gold and platinum and 3) their direct patterning on specifically treated surfaces.  

 In Chapter 2 we described the concept of designing new peptides that 

incorporate thiol residues in their sequence: in figure 48 we show schematically the 

design logic and the sequence of the new peptides that were studied. 

 

 

 

 

 

 

 

Figure 48: Schematic representation of the design logic of the peptides 

 

  We have started with structural characterization of the peptides using the 

following methods a) Transmission Electron Microscopy (TEM) b) X-ray fiber 

diffraction c) RAMAN spectroscopy and d) Atomic Force Microscopy. TEM analysis 

in combination with AFM analysis proved that all peptides show similar 

amyloidogenic characteristics; the fibrils have widths ranging from 10nm to 40 nm 

and can reach lengths up to several micrometers. Twisted fibrils and tapes are 

observed as well; these structures have been observed in the past in several amyloid 

forming systems. All peptides were studied by varying the buffer solution (namely in 

pH 4, 7 and water) and the concentration. In concentrations ranging from 1 to 2 

mg/ml amyloid fibril fragments are observed even in the first hours of incubation and 

as the incubation continues these amyloid fibrils become more elongated. In the range 

of concentrations above 5mg/ml the elongation process is very rapid, dense networks 

of fibrils are observed and after about 2 days the solution forms a macroscopic gel. 

The “aged” amyloid fibril solutions remain stable for a long time (months) and the 
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amyloid fibrils show the same morphology.  The X-ray fiber diffraction study proved 

that the amyloid fibrils formed from all the peptides show the characteristic cross-beta 

X-ray diffraction pattern with a ~4.8Å reflection corresponding to the hydrogen 

bonding distance between β-strands and the reflection of 10-11Å corresponding to the 

intersheet packing distance. The RAMAN spectroscopy study proves the existence of 

beta-sheet secondary structure in the amyloid fibrils of all the peptides and was used 

as a complementary technique in our study. In summary, it is clearly demonstrated 

that the alterations in the sequence of the designed peptides did not affect their 

amyloid forming ability and this allowed us to continue towards testing their eventual 

metal binding ability.  

 In the metal binding studies we have tested three different metal colloidal 

nanoparticles: silver, gold and platinum. The NS peptide showed to have affinity only 

for gold and platinum and very low binding to silver; the NC peptide as well as the 

CN peptide showed affinity to all metals and this proves that the cysteine residues 

must be accessible at the outside of the amyloid fibril core in order to serve as 

nucleation sites for the metals. Energy-dispersive X-ray spectroscopy (EDS) 

specifically confirmed the identity of each metal on the nanowires.  

  To our surprise, the NS peptide even though it does not contain a cysteine 

binds gold and platinum colloidal particles very well. This result was quite puzzling; 

however recent studies suggest that peptides with hydroxyl-containing amino acids 

show high affinity for metals. More specifically, combinatorial searches for gold, 

aluminum and mild-steel binding peptides seem to consistently identify serine and 

threonine containing peptides. For example, the peptide Val-Ser-Gly-Ser-Ser-Pro-

Asp-Ser was selected for its affinity to gold and was used as a template for gold 

nanowires and gold nanoparticle arrays [Chiang et al, 2007]. In addition, peptides 

with sequences a) Asn-Pro-Ser-Ser-Leu-Phe-Arg-Tyr-Leu-Pro-Ser-Asp seem to bind 

to silver nanoparticles b) Val-Thr-Ser-Pro-Asp-Ser-Thr-Thr-Gly-Ala-Met-Ala peptide 

binds to GaAs nanoparticles and c) Val-Pro-Ser-Ser-Gly-Pro-Gln-Asp-Thr-Arg-Thr-

Thr peptide has affinity to aluminum nanoparticles [Zuo et al, 2005; Chiang et al, 

2007]. 

It would seem therefore plausible that the serine residue might be responsible 

for gold and platinum binding by the N-S-G-A-I-T-I-G peptide. Another possibility 

would be the binding by the threonine residue; however this seemed to us less 

plausible since this residue is in the middle of the amyloid forming core.  Therefore in 
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order to test the hypothesis that the serine residue might be responsible for the metal 

binding we designed the N-A-G-A-I-T-I-G peptide with a minimal substitution of the 

serine to alanine. The experimental results indeed confirm that the NA peptide self 

assembles into amyloid fibrils that do not bind gold (Appendix A). The hypothesis of 

contribution of serine to binding to metals is corroborated by the fact that in the CS 

peptide continuous metal coverage of the amyloid fibril is observed. This can be 

attributed to the simultaneous presence of two adjacent metal nucleating sites 

provided by both the cysteine and serine residues. 

 In conclusion, the CN and CS peptides will be the two peptides of choice for 

the continuation of our work. These peptides are better coated with the nanoparticles 

and this is a prerequisite for their use as nanowires. More specifically these peptides 

will be tested for conductivity measurements and positioning between electrodes in 

order to apply them in nano-circuit applications. In this context, we have initiated a 

collaboration with Dr Jaime Castillo and Prof. Winnie Svendsen at the Technical 

University of Denmark (DTU). 

  Apart from using the amyloid fibrils as a metal binding template we exploited 

thiol - containing peptides for directed positioning of the fibrils to surfaces. In 

collaboration with Dr. Maria’s Farsari Group in IESL-FORTH, a direct patterning 

method of the fibrils on a photo-structurable support was developed. Our target in the 

immediate future is to use this direct patterning method for positioning of the metal 

coated amyloid fibrils. 

  Another perspective is the use of amyloid fibrils as templates for silica 

deposition. Biochemical analysis of the organic phase of biosilica in shells and spine 

spicules (mentioned in the introduction) showed that they are composed of proteins 

such as silaffines and silicateins which are we rich in lysine / arginine residues and 

serine / threonine residues, respectively. This information can be used for the 

synthesis of model peptides or proteins to function as templates for production of 

biosilica with the desired properties. We plan to modify the sequence of our amyloid 

forming template peptides in order to endow them with silica binding properties. 

 Finally, adenovirus fibers are not the only source of inspiration for designing 

and functionalizing fibril-forming sequences destined for bionanotechnological 

applications. Other natural fibrous folds have been recently discovered [Mitraki et al., 

2006]. We plan to use this structural information for the design of novel self-

assembling peptides and characterize them structurally. These novel building blocks 
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will be subsequently modified for templating of inorganic materials and tested for 

positioning and interfacing with nanoassemblies and microsystems. The work 

described in this thesis and future work is carried out in the context of the European 

STREP Network ‘BeNATURAL’ (Bioengineered Nanomaterials for Research and 

Applications) which is coordinated by the University of Crete.  
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Appendix A 

As already discussed in page 87, we hypothesized that the serine residue might 

be responsible for gold and platinum binding by the N-S-G-A-I-T-I-G peptide. In 

order to test this hypothesis we designed the N-A-G-A-I-T-I-G peptide by replacing 

the serine residue with an alanine. The substitution of serine to alanine is considered 

minimal since alanine has a similar size with serine and does not contain a hydroxyl 

group.   

In order to test the interactions of the NA peptide with metal nanoparticles a 

preliminary experiment with gold was carried out.  An aqueous solution of 10mg/ml 

of the NA peptide and an aqueous solution of 5mg/ml of the NS peptide were 

prepared the same day and left to “age” for 5 days. 10µl of a 5mM HAuCl4 · 3H2O 

aqueous solution was boiled for 5 min at 100ο C, added to 80µl of both peptide 

solutions at their initial concentrations and incubated for 18 min. Finally 4µl of 

Sodium citrate aqueous solution 1% was added as a reducing agent and TEM analysis 

was performed after 5 hours. Some samples were also negatively stained with uranyl 

acetate to obtain better contrast of the fibril core.  

It is clearly demonstrated in the pictures 14406 and 14407 that the NA peptide 

forms fibrils that do not bind gold nanoparticles. The presence of both abundant 

nanoparticles and fibrils is observed but they are segregated and are not associated 

with each other. In contract the NS peptide shows pronounced affinity to gold as 

previously described and complete coating of the fibril with the gold nanoparticles is 

clearly observed. 
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Appendix B   

Structures and symbols of the 20 amino acids which are directly encoded for 

protein synthesis by the standard genetic code 
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Abstract

Peptide-based arrays and patterns have provided a powerful tool in the study of protein recognition and function. A variety of applications have

been identified, including the interactions between peptides–enzymes, peptides–proteins, peptides–DNA, peptides–small molecules and peptides–

cells. One of the main and most critical unresolved issues is the generation of high-density arrays which maintain the biological function of the

peptides. In this study, we employ nanosecond laser-induced forward transfer for the generation of high-density peptide arrays and patterns on

modified glass surfaces. We show that peptide-based microarrays can be fabricated on solid surfaces and specifically recognized by appropriate

fluorescent tags, with the transfer not affecting the ability of the peptides to form fibrils. These initial results are poised to the construction of larger

peptide patterns as scaffolds for the incorporation and display of ligands critical for cell attachment and growth, or for the templating of inorganic

materials.

# 2007 Elsevier B.V. All rights reserved.

www.elsevier.com/locate/apsusc

Applied Surface Science 254 (2007) 1160–1163
Keywords: Peptides; Microarray; LIFT
1. Introduction

Bio-inspired fibrous materials such as self-assembling

peptides have potentially broad applications in biotechnology;

they can be used, for example, as scaffolds in three-dimensional

cell culture and tissue engineering, or as templates for the

assembly of polymeric and inorganic materials [1–4]. Peptides

have some very interesting features as capture ligands: they can

mimic biological activities of proteins, they are easy to

synthesize and manipulate, and they are usually highly stable

and relatively inexpensive. Their potential use as biomaterials,

such as filaments and fibrils, hydrogels, surfactants and peptide

hybrids [5–7] has recently started to be exploited. They offer
* Corresponding author at: Institute of Electronic Structure and Laser (IESL),

Foundation for Research and Technology Hellas (FORTH), P.O. Box 527, 711

10 Heraklion, Crete, Greece. Tel.: +30 2810 391300; fax: +30 2810 391305.

E-mail address: dinca@iesl.forth.gr (V. Dinca).

0169-4332/$ – see front matter # 2007 Elsevier B.V. All rights reserved.
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attractive features, principally because of our detailed under-

standing of their ability to fold into specific structures, and the

rich chemistry with which their structure and function can be

manipulated for environmental response [8–10].

Over the last few years, there has been a lot of interest and

progress in the direct laser writing of biological molecules [11–

19]. Laser-induced forward transfer (LIFT) is a direct-write

non-contact method, which offers an interesting and versatile

alternative to conventional arraying techniques, since it does

not require the use of expensive photolithographic equipment

[20], and it does not suffer from clogging and contamination

problems, as pin deposition and ink-jet printing do [21–25]. It is

the long transfer distances [18,19], the precise and high

focusing ability of lasers and the laser directionality [11], which

gives flexibility to the LIFT method. By combining peptide

self-assembling characteristics and chemistry with LIFT, new

designs in the assembly of more complex topologies using

fibers as building blocks, and the decoration of the assembled

materials with functional moieties can be produced.

mailto:dinca@iesl.forth.gr
http://dx.doi.org/10.1016/j.apsusc.2007.08.042


Fig. 1. Scanning electron microscopy image of printed peptide micro-array

using LIFT.

V. Dinca et al. / Applied Surface Science 254 (2007) 1160–1163 1161
2. Materials and methods

2.1. Materials and sample preparation

The peptides used in this study were self-assembled

octapeptides derived from sequences of a natural fibrous

protein, the adenovirus fiber, as described in a previous study

[26]. The aqueous peptide solution (1 mg/ml) was spread on

quartz coated with 10 nm gold thin layer (BALTEC SCD 050

Sputter Coater) film and used as a target. The liquid film

thickness, estimated through the measurement of the film

weight, was approximately 10 mm.

Gold-coated glass slides prepared as above mentioned were

used as receiving substrates. The gold-coated quartz targets and

the receiving surfaces were sterilized with UV lamp irradiation

before use. The peptide concentration was kept constant for all

experiments (1 mg/ml).

3. Experimental methods

3.1. LIFT patterning

The laser source used in this work was a KrF excimer

Lambda EMG150 ET Laser System with 15 ns pulse and a

repetition rate of 1 Hz. The experimental set-up employed

has been described previously [19]; in short, the pulsed UV

KrF laser beam was focused through the quartz glass and

onto the gold-coated quartz surface, and used to transfer

microdroplets from the liquid target to the gold receiving

surface. The process was performed in air and at room

temperature.

The laser energy was varied from 10 to 40 mJ per pulse. The

distance between the receiving surface and the target was kept

constant at 500 mm. A xyz translation stage was used to allow

the precise translation of the donor–receptor system in respect

to the laser beam. A single laser pulse was used to transfer one

droplet of solution from the target to the substrate, and the

transferred arrays were visualized using optical and scanning

electron microscopy.

3.2. T-Thioflavin and Congo Red staining

Two well-established diagnostic tests that use Thioflavin T

and Congo Red solutions were used for the visualization of the

amyloid fibrils transferred in the microarrays Congo Red binds

to fibrils and gives gold/green birefringence under crossed

polarization, while Thoflavin T, when bound to fibrils, gives

blue colour in fluorescence microscopy (emission wavelength

at 485 nm after excitation at 440 nm) [27]. To avoid the

formation of Congo Red crystallites, a mixture of water and

ethanol (9:1) was used as solvent. The peptides were obtained

from Eurogentec; all the other reagents were obtained from

Sigma–Aldrich. The transferred patterns were analyzed using a

Leica optical microscope (5� to 100�). After incubation with

the fluorescence labeling solution, the samples were rinsed with

distilled water and their fluorescence was detected using a Zeiss

fluorescence microscope equipped with a Laser Scanning
System Radiance 2100 (400–700 nm) and a Carl Zeiss Axio

Camera HR.

4. Results and discussion

During LIFT, a single laser pulse is used to transfer a

small quantity of the liquid film target to the receiving

substrate. The transferred material has the form of a droplet

and its size is related to the focused laser beam diameter and

the film thickness. The mechanism of the peptide transfer

with respect to the laser–target interaction can be described

as following: Firstly, the incident laser energy interacts with

the absorption gold layer on the target. At low intensities, the

process relates to a simple excitation of the metal layer, with

low thermal effects and only minor perturbation of the target

[4,11]. For sufficient laser energies, the absorption layer acts

as an energy conversion material; the energy absorbed is

transformed into heat and the liquid that is in contact with the

metallic layer is ‘‘forwarded’’ towards the substrate. Small

quantities related to the laser beam dimension from the

viscous solution are transferred to the receiving glass

substrate as droplets. The transfer is possible for distances

longer than 1 mm [19].

The size and the shape of the transferred patterns depend on

the laser pulse energy; for low, close to the threshold energy, the

transfer is uniform with no splashes. This can be explained by

the transferred material travelling velocity; as the speed of

expelled material is low, the impact with the substrate is not

strong and the transfer is uniform [18]. The threshold energy for

the 10 mm thick films used in this work was found to be 2.5 mJ.

The droplet size was varied between 20 and 150 mm. The larger

spots were obtained in order to allow a better observation of the

peptide fibril formation during drying.

As shown in Fig. 1, well-defined patterns of peptides on

gold-coated glass were obtained. Figs. 2 and 3 compare

ordinary spotting with laser transfer and show that peptide

functionality was not affected by the laser transfer process.

The control experiments were done by ordinary spotting of the

peptide solution on the gold surface and dried (Fig. 2A for

Congo Red and Fig. 3A for Thioflavin staining).



Fig. 2. Inverted microscope image of the control (A), where large fibrils can be

seen by staining with Congo Red; inverted microscope image of the LIFT-

fabricated array of peptides (B). The peptides are absorbed nonspecifically on

the surface and form fibrils not only in the spot area; this can be explained by the

effect of not blocking the array with Bovine Serum Albumin after transfer. The

presence of birefringence is a proof of the presence of the self-assembled peptides.

Fig. 3. Fluorescence microscopy image of the control (A) and of six Thioflavin

stained peptides droplets on gold surface (B). The presence of fibrils inside the

spot can be seen through the blue colour given by Thioflavin. (For interpretation

of the references to colour in this figure legend, the reader is referred to the web

version of the article.)

Fig. 4. Fluorescence microscopy image of Thioflavin-stained peptide droplets

on gold surface (A) when the samples is left to be dried in air at room

temperature after deposition. The presence of flat and elongated aggregates

as 10–20 mm long and 2 mm thick tapes can be noticed through the blue colour

given by Thioflavin. Fluorescence Microscopy image of the adsorbed peptides

for a slow drying process (B). The presence of flat and elongated aggregates

(5–10 mm long, 0.7–1 mm thick) can been observed inside the spot.
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As shown by the fluorescence Thioflavin (Fig. 2B) and

Congo Red (Fig. 3B) staining assay, the formation of the

peptide fibrils occurs for both kinds of spots, which proves that

the transfer by laser did not affect the fibril integrity and/or

formation process.

A generally accepted model for amyloid fibril formation in

vitro [28] is the following: First, monomers self-associate into

protofibrils via a nucleation and/or seeding process depending

on the solution concentration. For the range of concentrations

that we have used (1 mg/ml) the peptide self-assembles to form

nuclei, which initiate further the aggregation of the protofibrils.

The second step involves the interaction of the protofibrils with

each other to form fibrils. The fibril elongation occurs by

irreversible binding of the monomers to the fibril ends. pH,

temperature and humidity are also important conditions for the

process of fibril rearranging. These structures are composed of

beta-sheets, which are held together mainly by hydrogen

bonding.

In our study, when the samples were prepared in a pH 6

aqueous solution and let to dry in air, the adsorbed peptides took
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the form of flat and elongated aggregates up to 10 mm long and

2 mm thick. When the samples were kept in humidity chamber

and the drying process was slower, the formed tapes were

smaller (Fig. 4A and B).

5. Conclusions

We have demonstrated that LIFT can be used for the

fabrication of peptide microarrays, and the transfer process

does not influence the peptide fibril self-assembly process and/

or fibril stability at the solid/solution interface. Peptides as self-

assembling materials have enormous potential in a variety of

applications, from tissue engineering to molecular electronics

[29–33]. By combining the directional deposition of the

peptides on specific positions and different surfaces by LIFT,

and by their sequence manipulation, it is possible to enable the

specific fabrication of a huge number of different structures that

can be developed for many important applications, including

tissue repair, patterning, miniaturized solar cells, and optical

and electronic devices [34].
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ABSTRACT

Molecular self-assembly is emerging as a viable ‘‘bottom-up’’ approach for fabricating nanostructures. Self-assembled biomolecular structures
are particularly attractive, due to their versatile chemistry, molecular recognition properties, and biocompatibility. Among them, amyloid prot ein
and peptide fibrils are self-assembled nanostructures with unique physical and chemical stability, formed from quite simple building blocks;
their ability to work as a template for the fabrication of low resistance, conducting nanowires has already been demonstrated. The precise
positioning of peptide-based nanostructures is an essential part of their use in technological applications, and their controlled assembly,
positioning, and integration into microsystems is a problem of considerable current interest. To date, their positioning has been limited to
their placement on flat surfaces or to the fabrication of peptide arrays. Here, we propose a new method for the precise, three-dimensional
patterning of amyloid fibrils. The technique, which combines femtosecond laser technology and biotin −avidin mediated assembly on a polymeric
matrix, can be applied in a wide variety of fields, from molecular electronics to tissue engineering.

Fibrous nanostructured objects are promising for their
integration in future generations of micro and nano devices
with possible industrial applications. Carbon and inorganic
nanotubes have been most investigated in these fields.1

Nanofibers and nanotubes of biological origin offer the
advantage of synthesis under mild, physiological conditions;
DNA fibers are the first nanoscale bio-materials that were
demonstrated to function as building blocks in nanotechnol-
ogy setups.2,3 Another class of fibers are protein-based, such
as natural fibrous proteins (silk fibroins, spider silks and viral
fibers) and fibers formed through self-assembly of proteins
and peptides.4,5 The latter include the so-called amyloid fibers
that form following protein misfolding and misassembly
events and result in pathological states associated with human
diseases.6

These families of proteins and peptides share common
features, such as controlled assembly from repetitive building
blocks and exceptional resistance to extreme conditions such

as high and low temperature, detergents, and denaturants.
This resistance to extreme conditions makes them attractive
candidates for applications in nanotechnological settings,
since it allows their interfacing with the world of “hard
materials”. Furthermore, the possibility of introducing site-
specific changes at the sequence level offers the big
advantage of tailor-made modifications.

In the past decade, there has been extensive research
activity and progress in the chemistry of these materials.
These studies allowed the identification of small amyloid
building blocks (as small as hexa, tetra, or even dipeptides)
that can be relatively inexpensive to produce by chemical
peptide synthesis.6 Pioneering work was done on their use
as bio-templates for metal nanowires and scaffolds for tissue
engineering;7-9 furthermore, original reports start to appear
on their controlled patterning and alignment.10,11 However,
much remains to be done in developing techniques for their
accurate positioning on microscale surfaces and objects. In
this letter, we propose a new method for the precise, three-
dimensional patterning of amyloid fibrils. The technique,
which combines laser technology and avidin-biotin mediated
patterning of the self-assembling peptide fibers, could
potentially be applied in a wide variety of fields, from
molecular electronics to tissue engineering.
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The technique is based on the selective attachment of
photosensitive biotin (photobiotin) on surfaces and 3D
structures and exploits thiol chemistry and self-assembly of
peptide fibrils. These structures consist of ORMOCER, a
photostructurable organic-inorganic hybrid, on which pho-
tobiotin can be irreversibly attached when exposed to UV
light from a laser or a lamp.12 However, the technique is
not limited to ORMOCER; photobiotin can be photolytically
attached on a variety of organic and inorganic materials
such as silicon,13 glass,14,15 and PDMS;16 this gives this
technique a large flexibility and applicability. Once biotin
has been immobilized on ORMOCER, then it is first incu-
bated with avidin and subsequently with the iodoacetamide-
functionalized biotinN-(biotinoyl)-N′-(iodoacetyl) ethylene-
diamine. Finally, the 3D structures are immersed in an
aqueous solution of peptides that contain a cysteine residue.
The peptide solutions have been “aged” so that self-
assembled fibrils are already formed in solution. It is
generally accepted that formation of amyloid fibrils in
solution follows a classical nucleation and growth mecha-
nism; small oligomers first form slowly and subsequently
serve as nuclei for fibril elongation and development.6 The
term “aged” refers to solutions where, according to previ-
ously determined kinetic conditions,17 mature amyloid fibrils
reaching the order of microns in length have been formed.
The self-assembly of the peptide fibrils into bridges on the
structures is initiated through the controlled evaporation of
water. However, in order for this to occur between two
specific positions, there is a seed, or “anchoring point”,
required. This is provided by the covalent bond forma-
tion between the iodoacetamide group in the biotin deriv-
ative and the thiol group in the cysteine. The requirement
for the “seeding”, and therefore the selectivity of the
technique, is demonstrated with the use of peptides that do
not contain cysteine. In this case, self-assembled peptide
fibrils are formed in solution, as shown in Figure 2b, but
there is no peptide fibril attachment on the functionalized
structures.

For the 3D patterning, first three-dimensional structures
are made using multiphoton lithography of ORMOCER.
Nonlinear optical micro-stereolithography based on mul-
tiphoton polymerization of polymeric mixtures allows the
fabrication of three-dimensional structures with submicron
resolution. When the beam of an ultrafast infrared laser is
tightly focused into the volume of a photosensitive material,
the polymerization process can be initiated by nonlinear

absorption within the focal volume. By moving the laser
focus three-dimensionally through the resin, 3D structures
can be fabricated. The technique has been used with a variety
of acrylate and epoxy materials, and several components and
devices have been fabricated such as photonic crystal
templates,18 mechanical devices,19 and microscopic models.20

The highest resolution reported to date is 65 nm;18 the real
advantage however of nonlinear optical micro-stereolithog-
raphy over other lithographic technologies lies in its intrinsic
ability to directly write three-dimensional structures of
millimeter size with submicron resolution, by directly
converting computer-designed patterns into structures without
the need of mask, mold, or stamp.

The process of functionalization of ORMOCER for peptide
fibril growth is illustrated in Figure 1. First a thin layer of
photobiotin is deposited on the ORMOCER surface. When
this layer is exposed to UV light (Figure 1a), it is im-
mobilized irreversibly on the ORMOCER surface.12 The
samples are washed thoroughly to remove the nonimmobi-
lized photobiotin, and they are subsequently functionalized
further with avidin (Figure 1b) and finally with the iodo-
acetamide-functionalized biotin (Figure 1c). The next step
is peptide attachment on the functionalized surfaces (Figure
1d); this is achieved through the thiol group of the peptide
that will react with the biotin-conjugated iodoacetamide
group. A thin layer of peptides will form on the structures;

Figure 1. Functionalization of ORMOCER for peptide fibril
growth. A thin layer of photobiotin (red triangles) is deposited on
the ORMOCER surface and exposed to UV light (a) before being
further functionalized further with avidin (green crosses, b) and
iodoacetamide-functionalized biotin (purple triangles, c). The final
step is the attachment of the cysteine-containing peptide through
the SH-iodoacetamide reaction (d).

Figure 2. (a) TEM image of fibrils of the cysteine-containing
peptide (CNGAITIG, bar 150 nm) and (b) TEM image of fibrils
of the peptide that does not contain cysteine (NSGAITIG, bar
150 nm).

Nano Lett., Vol. 8, No. 2, 2008 539



this layer will act as an “anchoring point”, which, under the
right conditions, will trigger the further assembly of the
peptide nanostructured fibrils into micron-sized “bridges”.

The peptides used in this work derive from sequences of
a natural beta-structured fibrous protein, the adenovirus fiber.
The fibrous stalk domain of this protein is made up from
repetitive amino acid sequences that correspond to beta-strand
motifs joined by loops and turns at the three-dimensional
structure of the protein.21 There is accumulating evidence
that amino acid repeats might have evolved as optimized
self-association motifs in biological assembly processes,
including amyloid fibril formation.6 Short synthetic peptides
corresponding to the building blocks of the adenovirus fiber
protein self-assemble into amyloid-type fibrils in solution.17

The octapeptide NSGAITIG (arginine-serine-glycine-alanine-
isoleucine-threonine-isoleucine-glycine) corresponds to a
short beta strand-and-loop region of the natural protein and
has been identified by previous biochemical studies as an
elementary self-assembling building block.17 It has there-
fore been chosen as the basic building block used in this
study. We have recently replaced the serine residue by
cysteine in order to exploit the possibility of selective attach-
ment of the cysteine to the iodoacetamide-conjugated biotin.
The NCGAITIG peptide forms amyloid-type fibrils in
solution, as well as its isoform, CNGAITIG. In all cases,
the ability of the peptides to form fibrils in solution was
confirmed using all the structural criteria that apply to
amyloid fibril structural characterization. Transmission elec-
tron microscopy (TEM) images of fibrils of cysteine-
containing as well as the fibrils of the serine-containing
peptide are shown in Figure 2, panels a and b, respectively.

Peptide fibrils were visualized either with scanning
electron microscopy (SEM) or using the well-established
diagnostic test of fluorescence emission of the dye Thioflavin
T that binds specifically to amyloid fibrils and gives blue
fluorescence when excited at 440 nm. A thioflavin fluores-
cence image and a SEM image of the directed 3D assembly
of the peptide fibrils is shown in Figure 3, panels a and b,
respectively. In this case, a series of 3D columns is fabricated
using multiphoton polymerization; the columns are subse-
quently functionalized as described earlier. Then the struc-
tures are immersed in the cysteine-containing peptide solution
and they are left to dry slowly. The peptide bridges form
during the drying process. They appear to form over the
shortest distance, as it can be seen in the SEM image of
Figure 4a. The length and the diameter of the peptide fibrils
will depend on the design of the 3D structures, i.e., the
distance between them and the diameter of the fibril support
(Figure 4, panels b and c). Once the fibril bridges form, they
remain at their position even when the sample is immersed
in water for as long as 24h. However, for the fibril bridges
to form, it is essential that there is a trigger; we believe is
provided by a thin layer of peptides formed on the 3D
structures, due to the iodoacetamide-thiol reaction. This thin
layer is clearly visible in Figure 5a. When the peptide used
does not contain cysteine, then there is no formation of
peptide thin layer of fibrils as shown in Figure 5b and
subsequently no bridges.

To conclude, we have demonstrated a new method for
the controlled self-assembly of peptides in three dimen-
sions. The method is based on biotin-avidin and thiol
chemistry and ORMOCER is used as a substrate. Thiol-
functionalized biomolecules can be easily produced in the
laboratory scale and can even be commercially available,
so this method should be applicable not only to peptides,
but to other self-assembling biomolecules as well. Amine-
reactive biotinylation reagents are also commercially avail-
able and can be used as an alternative to the thiol-reac-
tive biotinylation reagent used in this work. Furthermore,
as photobiotin can be easily attached to a variety of ma-
terials, this technique is suitable for a variety of applica-
tions, from molecular electronics to biosensors and tissue
engineering.

The use of carbon nanotubes and inorganic nanowires in
gas sensor,22 biosensor,23,24 and NEMS25 applications has
been demonstrated. Peptide fibrils, nanotubes, and nano-
assemblies have already been employed in biosensors26 and
could potentially prove more useful, as their chemistry can
be easily tailored to provide certain functionality such as
specific biomolecule recognition. In addition, their fabrication
is considerably less costly and does not involve extreme
conditions such as high temperature or vacuum, and the use
of chemicals.

In molecular electronics, of particular interest is the use
of peptide fibrils as templates for the growth of inorganic
materials, such as metals (silver, gold, and platinum),
ferromagnetic metals (cobalt and nickel), and semiconducting
materials.8,27 In nature, the organization of inorganic matter
is often precisely controlled through templating mechanisms
mediated by fibrous proteins. Well known examples include
the epitaxial growth of nacre in oysters and silicate spicules
in sponges. In a pioneering work, metal and semiconductor
binding peptides were displayed at the surface of filamentous

Figure 3. (a) Thioflavin fluorescence image and (b) SEM image
of a 3D column array, with peptide bridges self-assembled between
the columns.

540 Nano Lett., Vol. 8, No. 2, 2008



bacteriophages and were used for the fabrication of conduc-
tive and semiconductive nanowires27,28A natural continuation
of the work presented here will be the use of mineralized
peptide fibers, since cysteine is a metal-binding amino acid.
The use of peptide building blocks functionalized with
semiconductor-binding sequences can also be foreseen. This
will enable the direct self-assembly of nanoscale electronic
circuits and devices.

Another domain where our methodology would be par-
ticularly applicable in tissue engineering. Peptide networks
are already investigated as cell supports in the form of
injectable hydrogels.29,30 A combination of larger scaffolds
with well-defined biodegradable peptide supports in a
“scaffold on scaffold” format could possibly be used as a

support to allow the directed growth of several cell types
into ordered arrays of functional biological units.

Materials and Techniques.Materials.The material used
for the fabrication of the 3D nanostructures is the organic-
inorganic hybrid ORMOCER (Micro Resist Technology), a
biocompatible material that shows high transparency in the
visible and near-infrared ranges. ORMOCER contains a
highly crosslinkable organic network as well as inorganic
components leading to high optical quality and mechanical
as well as thermal stability.

Photobiotin (100µg/mL, Sigma Aldrich) solution and
Avidin (100 µg/mL, Sigma Aldrich) solution were used for
the functionalization of ORMOCER structures and films as
previously described.12 The structures and the films used for
experiments were sterilized before use for at least 1h in UV
(Fluoarc, UV lamp). Photobiotin has a wide area of applica-
tions in patterning proteins, ligands, and other species onto
solid substrates or for nonspecific labeling of proteins, DNA
and RNA probes or other molecules due to its composition:
biotinyl group, a linker group and the photoactivatable part:
the nitrophenyl azide group. When the epoxy rings on
ORMOCER are opened, photobiotin can bind to the ionized
oxygen and carbon atoms when exposed to UV light and
also the aryl azide groups of biotin are converted to an aryl
nitrene, which is extremely reactive. In plus, biotin has an
extremely high affinity for avidin; their interaction occurs
rapidly and is the strongest noncovalent interaction known
in nature. These characteristics are the main factors for the

Figure 4. (a) SEM image of a series of 3D ORMOCER columns,
with peptide fibril bridges self-assembled between them. (b) One
pair of 3D ORMOCER columns, with peptide fibril bridges self-
assembled between them. (c) Detail of the self-assembled fiber
bridge.

Figure 5. (a) Thin layer of peptide fibrils embedded on the
ORMOCER structure. (b) ORMOCER structures functionalized as
described in the text; the peptide used does not contain cysteine
and therefore no bridges are formed.
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functionalization of the ORMOCER structures and further
binding of N-(biotinoyl)-N′-(iodoacetyl) ethylenediamine.
The photobiotin-avidin functionalized ORMOCER struc-
tures were subsequently incubated with 100µg/mL of
N-(biotinoyl)-N′-(iodoacetyl) ethylenediamine (Molecular
Probes) for 40 min in the dark at room temperature and were
washed three times with double-distilled (dd) water. The
cysteine-containing peptides were further attached toN-
(biotinoyl)-N′-(iodoacetyl) ethylenediamine via the well-
known interaction of thiols with the iodoacetamide moiety.

The octapeptides used had the following sequences:
NSGAITIG (arginine-serine-glycine-alanine-isoleucine-threo-
nine-isoleucine-glycine), NCGAITIG (cysteine instead of
serine in the second position), and CNGAITIG. The peptides
were purchased from Eurogentec (Belgium) and had a degree
of purity higher than 95%. Peptide solutions in dd water at
a concentration of 2 mg/mL and aged for 12 days were used
for the positioning experiments. The peptide solutions were
incubated on the ORMOCER structures for 40 min at room
temperature. They were subsequently washed a first time first
by leaving dd water on the sample for 3-5 min, and were
then followed by two more washes.

Transmission Electron Microscopy (TEM).The peptide
solutions used for positioning were diluted to a final
concentration of 0.6 mg/mL in ddH2O and 8µL were placed
on a 300 mesh Formvar-coated copper grid. After 2 min
excess fluid was removed with a filter paper and the samples
were negatively stained with 8µL of 1% uranyl acetate for
2 min. They were subsequently observed with a JEOL JEM-
100C microscope operating at 80kV.

Scanning Electron Microscopy (SEM).Samples were
covered with 10 nm gold using the sputtering technique and
were observed with a JSM-840 SEM microscope operating
at 5 kV.

ThioflaVin T Fluorescence.Thioflavin T (5 µM dye
solution, Sigma) freshly prepared solutions were used for
visualization of the amyloid fibrils with fluorescence. After
incubation with Thioflavin T for 30 min in the dark, the
samples were rinsed with dd water. Fluorescence was
detected using a Zeiss fluorescence microscope equipped
with a Laser Scanning System Radiance 2100 (400-700 nm)
and with a Carl Zeiss Axio Camera HR.

Multi-Photon Polymerization.The setup for the fabrication
of three-dimensional microstructures by multiphoton mi-
crostereolithography has been described elsewhere.20,31 The
structures were fabricated layer-by-layer bottom up with the
last layer attached to the coverslip. After the completion of
the component build process, the sample was developed for
3 min in a 50:50 solution isopropanol: 4-methyl-2-pentanone
and rinsed in isopropanol.
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