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Abstract 
he work presented in this thesis deals with the structural and functional 

properties of peptides at surfaces. The interaction of peptides with surfaces 

is an ever so common occurrence in our every day life, from the bug 

squashed on the windshield of our car to the barnacle on our boat, and from the blood 

plasma used in the hospital to the proteins in our cells. The effect these occurrences 

has on our lives is diverse, the bug is annoying whereas the barnacle settlement of 

ship hull is costly for marine transportation, the blood plasma contains components of 

vital importance for our immunological defense system and the proteins in our cells 

are crucial for regulatory processes and life.  

T 

One part of this thesis, performed as a part of the EU-founded project AMBIO, 

deals with the concept of marine biofouling. A number of short peptides have been 

designed, synthesized, and used to investigate their effect on the settlement on 

marine biofoulers, such as the Ulva linza algae and the Navicula diatom, on template 

surfaces coated with thin layers of these molecules. The surfaces have been 

thoroughly investigated with respect of their physio-chemical properties before and 

after submersion in artificial seawater and ultimately in suspensions containing the 

organisms. The most interesting results were obtained with an arginine-rich peptide 

coating that when introduced to Ulva linza zoospores, displayed extensive settlement, 

compared to reference surfaces. In addition, a large fraction of the settled spores had 

an abnormal morphology. 

The other part of this thesis is focused on designed peptides that when adsorbed 

on a negatively charged surface adopts a well-defined secondary structure, either α-

helical or β-sheet. Precisely placed amino acids in the peptides will strongly disfavor 

structure in solution, primarily due to electrostatic repulsion, but when the peptides 

are adsorbed on the negatively charged surfaces, they adopt a well-defined 

secondary structure due to ion pair bonding. These interactions have been thoroughly 

investigated by systematic variations of the side-chains. In order to determine the 

factors contributing to the induced structure, several peptides with different amino 

acid sequences have been synthesized. Factors that have been investigated include 1) 

the positive charge density, 2) distribution of positive charges, 3) negative charge 

density, 4) increasing hydrophobicity, and 5) incorporating amino acids with different 

helix propensities. Moreover, pH dependence and the effect of different interaction 

partners have also been investigated. It has also been shown that the system can be 

modified to incorporate a catalytic site that is only active when the helix is formed. 

This research will increase our understanding of peptide-surface interactions and 

might be of importance for both bionanotechnology and medicine. 
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Populärvetenskaplig 
sammanfattning 

et arbete som presenteras i denna avhandling behandlar de strukturella och 

funktionella egenskaperna hos peptider när de är vid en yta. Interaktionen 

mellan peptider och ytor är en vanligt förekommande händelse i vårt dagliga 

liv, från flugan som krossas mot en vindruta till havstulpanen på skrovet på en båt, 

och från blodplasman som används på sjukhuset till proteinerna i våra celler. Den 

effekt dessa händelser har på våra liv är varierande: flugan är irriterande; 

havstulpanen ger upphov till utökade kostnader och miljöpåverkan; blodplasman 

innehåller livsviktiga komponenter för vårat immunförsvar och proteinerna i våra 

celler reglerar processer som håller oss vid liv.  

 D

I en del av denna avhandling ligger fokus på marin biofouling och är gjord inom 

ramen för det EU-finansierade projektet AMBIO. I detta arbete har ett antal korta 

peptider bundits till provytor och använts för att undersöka vilken effekt de har på 

koloniseringen av vanliga biofoulingorganismer, såsom gröna alger och diatomer. 

Ytornas fysikaliska och kemiska egenskaper undersöks noga innan de introduceras för 

organismerna. De intressantaste resultaten erhölls när den gröna algen Ulva linza 

introducerades till en yta modifierad med en argininrik peptid. Detta ledde till en 

omfattande kolonisering av ytan, jämfört med en referens yta, samt att en stor andel 

av algerna snarare lade sig på ytan istället för att utföra normal kolonisering.  

Den andra delen av avhandlingen är fokuserad på peptider som är designade att 

anta en väldefinierad sekundär struktur när de adsorberar på en negativt laddad yta. 

Exakt placerade aminosyror i peptiden motverkar struktur i lösning, men verkar för 

bildning av struktur när peptiden adsorberar till ytan. Denna växelverkan har 

undersökts genomgående för att bestämma de faktorer som påverkar framkallandet av 

struktur. Faktorer som har undersökts omfattar laddningstäthet, laddningsfördelning, 

hydrofobisitet, samt aminosyror med olika tendens att bilda en helix. Förutom dessa 

undersöktes även beroendet av pH samt olika ytor. Det har även visats att peptiden 

kan innefatta en katalytisk funktion som endast är aktiv när peptiden adsorberat till 

ytan. Denna forskning ökar vår förståelse för interaktioner mellan peptider och ytor, 

och kan visa sig viktig för både bionanoteknologi samt medicin. 
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1  Introduction 
urfaces play an immense role in research. From the pipette tip to the glass 

in the round bottom flask, they affect molecules and particles through 

adsorption, adhesion and non-covalent interaction. Mishandling might lead 

to contamination or misleading results, whereas when used correct biosensors, 

miniaturized lab-on-a-chip devises can be created and it can be used for studies 

of catalytic and bimolecular reactions etc. A solid surface introduces a template 

onto which molecules of interest can be attached in order to investigate their 

properties as well as how they influence other molecules.  

 S

The ability to tailor-make surfaces, down to the molecular level, has become 

a major research field in recent years. The use of well-defined surfaces makes it 

possible to develop systems on the micro- and nano-scale. With the techniques 

available, these systems can be used to investigate protein-surface 

interactions;[1-4] to design micro-patterns;[5] and to create nano-devices such as 

nanobelts, semi-conductors,[6, 7] nanopens,[8] and nanotrains.[9] It also enables 

the understanding of more biologically relevant systems, such as the growth of 

organisms on marine surfaces;[10-12] how proteins behave at the surface 

interface[13, 14] and how to understand the growth of ice.[15, 16] It is likely that 

several of these applications will have an impact on everyday life. 

The vast number of different surfaces that can be used increases our 

understanding of how the world we live in is affected by what we do, since as a 

substrate that is functional in one situation can have no function or even be toxic 

in another. The range of different surfaces that can be used includes hard 

surfaces such as pure metal surfaces,[17, 18] metal oxides,[19] plastic,[20] and 

glass,[21] as well as soft surfaces such as rubber,[22] organic matrixes,[23] and 

PDMS.[24] The work presented in this thesis deals with both hard and soft 

surfaces. The hard surface being silica, silicone dioxide, one of the most 

abundant surface types on earth. Silica in nature is most often found as sand or 

quartz, but also in the hard cell walls of diatoms, an organism more thoroughly 

discussed later. Silica is also one of the major components in most types of glass 

as well as concrete. The soft surface being used is cell membrane, either natural 

or artificial. Cell membrane, or a lipid bilayer, is a fairly rigid layer enclosing a 

cell as well as the different intracellular compartments, such as the mitochondria 

and the cell nuclei. Cell membrane provides the cell with protection and 

structure, and is present in all cells both eukaryotes and prokaryotes. 

The study of interactions between biomolecules and surfaces is an important 

aspect of present day’s research. Our goals to increase the quality of life for all 

humans and to preserve the earth for futures generations have spawned a 



multitude of solutions and discoveries, and will spawn even more, which have an 

important surface-biomolecular interaction. Among these, examples can be 

given: the introduction of a pacemaker in patients with an irregular heart rate, 

which will interact with the many different biomolecules in the body; the 

interaction between native proteins that interact with lipid bilayer membranes 

that leads to, or enhances the formation of, Alzheimer’s disease;[25] or from an 

environmental point of view, the understanding of the mechanisms that initiates 

and prevents marine biofouling on surfaces is an area that needs to be 

addressed. 

The interaction between biomolecules and surfaces is not only interesting 

from a “finding a solution” point of view; it can also increase our understanding 

of events that occurred long before the time of man. One might hypothesize that 

the study of how biomolecules interacts with surfaces can give an insight in how 

life on earth was initiated, as the most abundant interaction sites in the 

primordial ooze would have been inorganic surfaces.[26] Current research 

indicates that the formation of both vesicles[27] and peptides[28, 29] was promoted 

by the interaction with clay particles. 

Investigating peptide folding in the vicinity of or at a surface can give vital 

information about the mechanisms that is working in an organism when protein 

folding occur and also help the understanding of how diseases due to missfolding 

work and how they can be prevented.  

By creating well-defined surfaces on a molecular scale, one can further 

introduce functional groups with defined separation. This enables the 

construction of molecular probes,[30] catalysts[31] or selective molecular traps.[32] 

The achievement of a surface bound or surface initiated system would be useful 

in large-scale chemical synthesis, were the reactant can pass over the surface, 

react and thereby reduce the by-products present in the purification step, or 

where the addition of the surface initiates a reaction and the surface can then be 

easily removed. It can also be used in order to create miniaturized analytical 

tools, which would be useful in medicine and forensic laboratories. An example is 

an antibody based microarray chip for the detection of narcotics that was 

recently developed by Klenkar and Liedberg.[33] Other advantages of a surface 

attached system are prize and size. It is useful if the surface can be washed and 

reused and if the surface is micro/nano-patterned, the total surface area exceeds 

the geometrical surface area. 

The work done in this thesis is mostly concerned with the use of peptides, 

and one might ask, why peptides were used and why not other organic 

molecules. To answer that, multiple aspects has to be considered. Firstly, from 

the organic chemist’s point of view, the synthesis of peptides is relatively easy; 

it can be automatized with a peptide synthesizer machine using a solid support as 

a starting point and gives a high yield. Secondly, it is less time consuming since 

there is no purification step between the couplings. 

Another reason why peptides are a favorable candidate for research is that 

they are built of amino acids, a building block crucial for life. A naturally 

occurring molecule will not accumulate in nature and cause problem in the future, 

since peptides will be degraded by microorganisms and returned to the circle of 

life.  
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There are other advantages of using peptides for surface modification besides 

those described above. The naturally occurring amino acids contain a number of 

chemically modifiable side-chains that gives the possibility to incorporate other 

functionalities. Artificial amino acids and other compounds that can form amide 

bonds can also be incorporate. 

Supramolecular systems can be created by designing peptides that binds to 

each other with high specificity. These systems can pre-organize in solution 

prior to the surface modification or, as will be described in this thesis, adopt a 

well-defined structure when introduced to the surface.  

Figure 1.1. Schematic representation of surface induced secondary structure. 

The use of a surface to induce a specific secondary structure in a peptide is 

challenging our understanding of the rules governing the amino acids and their 

behavior as a peptide. Depending on both the surface and the constituting amino 

acids, the interaction might derive from covalent bonds, or electrostatic or 

hydrophobic interactions. As is the case for the peptides investigated in paper 1-

3 the surface was chosen to be negatively charged as this enables the use of two 

different types of surfaces that are of biological importance, silica nanoparticles 

and lipid membranes. These surfaces are also compatible with many powerful 

spectroscopic methods that can be used for determining the effects of the 

interactions. 

Silica nanoparticles and lipid membranes differ in many aspects, silica being a 

hard surface whereas a membrane is soft. Silica nanoparticles have a high 

negative surface charge at high pH, but the pH-window of stability is small 

(between ~8 and 10). At low pH, the particles aggregate, leading eventually to 

precipitation, and at too high pH the particles dissolve. Lipid membranes are 

more pH stable, but since they are synthetic and flexible, the degree of surface 

charge is more complex to control, which leads to batch vise differences. 

The peptides discussed in papers 1-3 are designed to interact with the 

surface via electrostatic interactions. Precisely introduced positive amino acids 

should be attracted by the surface while negatively charged amino acids should 

be repelled. These two major interactions would work in favor for the induction 

of a helix on the surface. As can be seen in paper 3, this is a “truth with 

modification”. The vesicle surface used as interaction partner in paper 3 is 

chemically more complex than the silica used in papers 1 and 2, which leads to 

the possibility for the amino acid side-chains to interact in more ways than the 

pure electrostatic interaction assumed leading to a more propensity[34] based 

interaction.  
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The determination of which aspects that influence a successful surface 

induced secondary structure has been thoroughly investigated by rational 

changes in peptide primary structure. From a parent peptide, designed using a 

helical wheel representation, the effect of the different design elements that 

were incorporated in each position of the wheel have been investigated using the 

structural determination technique circular dichroism (CD). To further increase 

the understanding of the effects of the different modifications the peptide-

nanoparticle complex have been analyzed with analytical ultracentrifugation 

(AUC) to determine the state of aggregation, and with isothermal calorimerty 

(ITC) to determine binding strength. When studying the peptide-vesicle system 

dynamic light scattering (DLS) have been used to determine the degree of 

aggregation of the vesicles upon increasing concentrations of arginine-rich 

peptides, as it is clear that lipid bilayer vesicles fuse when introduced to high 

concentrations of guanidinium.[35]  

In papers 4 and 5, peptides have been designed and synthesized for the 

investigation of the mechanisms that promotes and inhibits bioadhesion of marine 

organisms. In these papers, the peptides have been immobilized onto a gold 

surface and then introduced to unicellular organisms to elude the effect that the 

monolayer has on the settlement of these biofoulers. Both the peptides and the 

organisms have many similarities to the systems investigated in papers 1-3: the 

peptides are all positively charged and the organisms, diatoms, which have a cell 

wall composed of silica, and Ulva linza zoospores, which have a cell wall with an 

underlying lipid membrane. It is also possible, in some cases, to see high 

similarities between the results of the settlement studies and the results of the 

structure induced peptides. For example, the diatom settlement is promoted by a 

positive surface that could be due to the electrostatic interaction between the 

peptide monolayer and the slightly negatively charged silica shell of the diatom. 

The Ulva linza zoospores adhere, in some cases, to the surface in a side-on 

manner and when the settlement takes place in a solution containing the peptides 

the settlement is first stimulated but when the concentration of peptide is 

increased, the zoospores die. This behavior could also be due to the electrostatic 

interaction between the peptide monolayer and in this case, the lipid membrane 

of the organism.  

When studying a phenomenon such as biofouling, it is essential to use an 

experimental setup that is as comparable as possible to what is presented in 

nature, but is still possible to use with surface evaluation techniques. Many such 

techniques, used to study organisms, cells, proteins, and small molecules, require 

a flat surface. This includes techniques such as microscopy, surface plasmon 

resonance, quartz crystal microbalance, and infrared spectroscopy. In common 

for all such techniques is that the surface needs to be clean, since imperfections 

will give false results. In the work presented in paper 4 and 5, the surfaces that 

have been used are gold covered glass and silicon. The molecules of interest 

were attached to the gold via spontaneous adsorption of thiols to gold, creating 

molecular SAMs (self-assembled monolayers). The discovery of the spontaneous 

adsorption of thiols to gold was made in 1983 and spawned a new approach to 

the field of surface modifications.[36] 

Normally, a SAM is formed from dissolved unbranched alkanethiols, from 

either a pure compound or a mixture of two or more, that are introduced to a 

 4 



clean gold substrate. The formation of a dense SAM is completed within a couple 

of hours. When using a branched thiol, such as peptides utilizing the thiol of the 

cysteine, the packing density of the SAM is reduced in comparison to the 

unbranched. This is because the amino acid side-chains will occupy more space 

in the horizontal direction than, the hydrogen in an alkane do (figure 1.2).  
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Figure 1.2. Schematic picture of to the left an unbranched alkanethiol SAM and 
to the right a peptide SAM.  
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2  Peptides and Peptide 
Design 

roteins are the most versatile molecules in an organism and play a 

crucial role in the mechanisms that regulate the biological functions in a 

cell. There are proteins responsible for catalysis e.g. enzymes, for the 

immune system e.g. antibodies, for the information flow e.g. signal transducers, 

for the distribution of nutrients e.g. transport proteins etc. There are around 

60,000 different proteins in the human body, all with their own specific function. 

Common for all these proteins is that they are composed of twenty different 

amino acids. 

 P

The shortest protein is insulin, comprised of only 51 amino acids, and denotes 

the breaking point between proteins and peptides. A peptide is a short chain of 

amino acids, ranging from two up to around 50, and shares many of the 

characteristics of proteins. This connection between proteins and peptides makes 

the peptide an interesting candidate in research, as its behavior and 

characteristics can be used to enhance the understanding of the more complex 

systems, such as proteins and protein aggregate/networks. They can also 

provide detailed information about interactions between proteins and small 

organic and inorganic molecules as well as with solid surfaces.  

Peptides used in research can usually be put into one of three categories: 

motifs of interest from naturally occurring proteins,[37-39] designs inspired by 

biological motifs[40, 41] or de novo designs, i.e. peptides that has no naturally 

occurring predecessor.[42-45]  

The use of amino acids as building blocks for molecular design produces a 

vast number of possibilities, as the twenty naturally occurring amino acids can be 

connected in an innumerable number of ways, and although many of these 

constructs have neither function nor structure, still many does. Lots of effort has 

been made in deciphering the chemical and physical rules that determine how a 

chain of amino acids folds.[34, 46-50] Although it can not be said that all these rules 

are fully understood, the information gathered has made it possible to synthesize 

a fully de novo designed protein which folds according to a predicted tertiary 

structure, as shown by Dahiyat and Mayo.[51] Far more common is the use of this 

knowledge to design and synthesis shorter peptides that fold into β-sheets[43, 52] 

or α-helices; when free in solution,[53, 54] interacts with a surface,[55-57] binds to a 

surface,[58, 59] or interacts inter- or intramolecularly.[44, 60] 
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2.1 Peptide Structure 

The structure of a polypeptide chain is categorized in four types, primary, 

secondary, tertiary and in some cases, quarternary. The primary structure is the 

sequence of the amino acids that forms the chain coupled to one and the other 

via an amide bond between the α-carbonyl of one residue to the α-amine on the 

next; this bond is often called a peptide bond. The primary structure of a peptide 

is usually written using either the three or the one letter abbreviation,[61] for 

example alanine is abbreviated either Ala or A.  

The secondary structure is formed when the primary structure folds into an 

α-helix or a β-sheet or remains unstructured, called a random-coil. Interactions 

between amide carbonyl and amide hydrogen stabilize the different secondary 

structures encountered in peptides and proteins. The α-helix is stabilized 

through hydrogen bond between the C=O group in residue i with the NH group of 

residue i+4, making each turn in a helix 3.6 amino acids long and the rise is 

about 5.4 Å.[62] The amino acid side-chains point away from the helix axis. Most 

helices are amphipathic i.e. one side of it is hydrophobic and the other is 

hydrophilic.[63, 64] The β-sheet exists in two forms: an anti-parallel, where the 

strands lie in the opposite direction of each other, and a parallel, where they lie 

in the same direction, looking at the chain from the N- to the C-terminal. These 

structures are formed when a polypeptide chain makes complementary hydrogen 

bonds via the backbone amides with a parallel part of the chain. For a β-sheet to 

form, the peptide chain must be long enough to incorporate a part of the chain 

that is a turn.[62] Random-coils and turns are unordered structures with high 

flexibility, they connect the more rigid parts of the polypeptide chain and thereby 

make the fold of the tertiary structure possible. 

The tertiary structure comes from when the polypeptide chain folds into its 

secondary structure elements and these, in turn, interact with each other via 

non-covalent interactions, with the exception of the formation of disulphide 

bonds. Hence, the main contribution to the tertiary structure comes from the 

interaction between the amino acid side-chains. The geometry of side-chains 

has a tendency to make the amino acids more suitable for different secondary 

structures and/or interactions with neighboring molecules. The side-chain 

interactions are the most important aspects in the folding process of the tertiary 

structure, forming salt-bridges, hydrophobic interactions, disulfides and 

hydrogen bonding, all contributing to the stability structure. 

From a designer’s point of view, properties governing the tertiary structure 

can be a source of problem, as hydrophobic interactions may cause a peptide to 

collapse by the formation of unwanted hydrophobic cores, cysteines can form 

unwanted disulfides and bind metal ions, and unfortunately, peptides and their 

side-chains have an unspecified attraction towards surfaces. These three 

attributes affect the functions of peptides and disrupts structures . [65, 66]

The fourth structural category of the polypeptide chain folding, the 

quaternary structure, is composed of identical or different chains packed 

together non-covalently. Quarternary structures are most often seen with protein 

complexes in nature, for example glutathione transferase and alcohol 

dehydrogenase, but examples of this structural element has been created by de 
novo design by for example Baltzer and co-workers.[45, 67, 68]  

 8 



 
Figure 2.1. Top left; tertiary structure (Neisseria Gonorrhoeae Carbonic 
Anhydrase obtained from RCSB PDB[69] PDB-ID: 1kop). Top right; secondary 
structure (α-helix). Bottom; primary structure (one letter code[61]).

2.2 Peptide Function 

Tightly coupled with peptide structure is its function and dependent on the 

position of specific amino acids in the primary structure as the peptide folds, 

these amino acids will be positioned at defined places in the secondary structure 

and tertiary structure, making a specific function possible. Although it should be 

noted that the function of a peptide does not have to be coupled to the structure 

of the peptide, as is shown in paper 4 and 5, the specific properties of the 

constituting amino acids may also fulfill a function.  

Using the building blocks of life, the amino acids easily instill the urge to 

reproduce naturally occurring phenomenons. One of the most interesting 

functions to incorporate in a synthetic bio-molecule is that of catalysis, as this is 

the function that protein evolution has refined the most. An example of this is the 

synthesis of an artificial oxaloacetate decarboxylase made by Benner and co-

workers,[70] a catalyst that enhanced the decarboxylation oxaloacetat 3–4 times 

(kcat = 0.0066 s-1) compared to the uncatalysed reaction. This is still fairly 

moderate when comparing with the natural enzyme which has a kcat of 311 s-1.[71]  

Another type of artificial catalyst was synthesized by Baltzer and co-

workers,[67] in which the catalyst, a histidine-ornitine pair in an i, i+4 position in 

one of the helices in a helix-loop-helix motif, hydrolyses an ester and thereby 

site-selectively modifies itself. This catalyst was used as an inspiration for the 

histidine-lysine catalyst incorporated in the sequences of one of the peptides 

discussed in paper 1. The imidazole of the histidine will initiate the hydrolysis by 
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an attack on the ester carbonyl, and the lysine amine would stabilize the negative 

charge that will develop in the acylintermediate.  

From the data presented in paper 1 it is evident that the introduction of a 

histidine-lysine pair does not largely affect the helical content upon addition of 

particles, compared to the peptides without the catalytic pair. Although it was 

apparent that the catalytic pair were only active when the silica nanoparticles 

where present and, in contrast to the site-specific modification that were earlier 

reported, addition of more substrate showed that the activity had not been 

terminated but were reproducible. This was also verified by MALDI-Tof which 

did not show any modified product after the reaction. 

Other ways of utilizing the amino acids and their ability to function, which 

may also tap at the secret of how life started on earth, are to introduce active 

ester in the peptide backbone that enables the peptides to self-replicate. This 

has been achieved in solution, where a template peptide forms a helix to which 

peptide fragments then associates and when close to each other forms a peptide 

bond making a duplicate of the template peptide.[72, 73] 

2.3 Peptide design 

The starting point for peptide design, as with all molecular design, is to have a 

general idea of what is going to be achieved, be it structure or structure and 

function. It is necessary to have an aim when designing a peptide from scratch, 

since there are a multitude of interactions and properties that require attention. 

The constituting amino acids need to be considered for their intra- and, possibly, 

intermolecularly interactions, as well as for their interaction with the solvent 

used. The solvent, when working with biomolecules, is most often water that is 

highly polar, a property that has an immense effect on the behavior of this type 

of molecules. Intra- and intermolecular interactions, although dealing with 

interactions within the molecule and with other molecules respectively, have a lot 

in common.  

To highlight how these different properties can be utilized in peptide design, 

they will here be described with the peptides used in paper 1-3 as an example. 

The peptides discussed in those papers were primarily designed to interact with 

a negatively charged surface, i.e. an intermolecular interaction, and, following 

this interaction, fold into an α-helix. To emphasize how the folded peptide would 

look upon a successful interaction, a helical wheel was used as a template for the 

design (figure 2.2).  
This sought-after interaction gave a starting point for the design. In paper 1-

3, the favorable interaction between a peptide and a negative surface is primarily 

electrostatic by nature. Hence, to make a successful interaction, the peptide had 

to contain a localized moiety of positive charges. These were placed in two 

neighboring positions in the wheel (C and F). Among the three positively charged 

amino acids, arginine was chosen over lysine and histidine, because it has a 

delocalized charge, high pK and a low reactivity. At the pH used, histidine would 

most often be uncharged as its pK  is 6.05, whereas lysine would be charged and 

reactive. The high number of arginines inserted was considered both as a 

positive and as a negative design element.  When in solution the arginines 

a 

a

[74]
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Figure 2.2. Helical wheel representation of a 28 amino acid long peptide.

would disfavor folding due to electrostatic repulsion, whereas when associated 

with the surface, they would favor folding due to their positioning in the primary 

sequence.  

In the adjacent rows (B and G), hydrophobic amino acids were inserted. They 

would fill two roles; firstly, they would shield the arginines from the solvent and 

thereby orient the charges towards the surface and secondly, when the helix was 

formed on the surface, they would be able to enhance close packing of the 

peptides on the surface by hydrophobic interactions with adjacent peptides. In 

the first design, alanine was chosen as the hydrophobic amino acid; as it only has 

a moderate degree of hydrophobicity and the risk of getting the peptides to 

interact strongly in solution via hydrophobic interactions would thereby 

decrease. 

On the “upper” side of the helix, amino acids that would interact favorably 

with the polar solvent were inserted. In position D and E, glutamine was placed, 

as it contains a terminal amide, a group of low reactivity that is highly polar. As 

with the hydrophobic part of the peptide, the polar amino acids were inserted 

having two roles: to interact with the solvent, increasing solubility, and to 

interact with adjacent peptides on the surface via hydrogen bonding and thereby 

facilitate close packing.  

In the position furthest away from the surface, position A, negatively charged 

amino acids were placed. When these come in close vicinity of the surface, they 

should be repelled, twisting away from the surface and thereby assist the over-

all folding of the peptide into an α-helix. The negative charges would also 

participate in the peptides negative design and via electrostatic repulsion 

decrease the formation of a helix in solution.  
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2.3.1 The Surface-Binding Amino Acids 

In the original design, the sequence incorporated arginine at two positions, and 

although the peptide showed a high helical content, it was not proven that this 

number of arginines was the best choice for an optimized interaction. The 

electrostatic repulsion should be decreased with only one row of arginines and 

this might prove to be better, therefore a peptide with arginine in one position 

was synthesized incorporating asparagine in one of the positions that had been 

arginine in the original design. 

Further investigation of the influence that a reduced positive charged peptide 

would have on the helical formation, a peptide was constructed that, instead of 

having only arginines in positions C and F, had every other arginine replaced by 

an asparagine, which made the charges located in a zigzag pattern along the 

helical axis. 

To investigate the contribution that the positive charges have on the 

formation of the helices further, a peptide with an increased number of arginines 

was synthesized, incorporating a third position occupied by arginines. This 

should give yet another handle for the peptide to adsorb to the surface. By 

introducing a third position of arginines, the overall design of the peptide had to 

be changed, as one position that was occupied by alanine, glutamine or the 

glutamic acid was lost. It was assumed that the repulsion the glutamic acids 

exhibited from the surface was a crucial part of the design and that the 

hydrophobic element in the design played a larger role than the hydrophilic. 

Therefore, the number of positions occupied by glutamine was excluded so the 

design contained, besides three positions incorporating arginines, two positions 

of alanine, one position of glutamic acid and only one position of glutamine. 

As earlier mentioned, more amino acids than arginine contain a positive 

charge in the pH range used. Lysine, with a pKa of 10.79, would also be 

positively charged and by replacing the arginines with lysine, the impact that the 

guanidine group has on the structural change could be tested. 

From the investigations of these sequence modifications, it was apparent that 

a decrease in net positive charge led to a decrease in the amount of induced 

helix on a silica surface. It was also apparent that an increase of positive charge 

did not give a higher helical content when the peptides adsorbed to the surface, 

but that the increased electrostatic repulsion gave rise to a decreased helical 

content of the peptides when in solution.  

2.3.2  The Impact of the Negative Side 

In the above-described designs, glutamic acid and glutamine have been chosen to 

take part in the interaction with the solution. Glutamic acid should also be 

repelled by the surface, which would help inducing the helix formation, as it 

twists the peptide’s backbone. To test this, three peptides were synthesized 

containing a decreasing or increasing net negative charge and one was made to 

investigate how the propensities for a certain secondary structure affected the 

induction. 

As a first approach, two peptides were synthesized with an increasing number 

of positive charges located in the “upper” side of the helix. Lysine was chosen 
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over arginine as the positive amino acid, since it has been shown that a peptide 

containing lysine instead of arginine at the surface binding part of the peptide has 

a smaller effect on the structural formation than one with arginine. One of these 

peptides has a net negative charge of -1 and the other had a net positive charge 

of +3, as compared with the initial design that had a net negative charge of -3. 

The results showed that the system could sustain smaller changes in the 

negative side but if the charge was switched to be positive, a successful 

induction of helix was abolished. 

To further investigate the effect of negative charge, a peptide was 

synthesized which had three positions occupied by arginines and two occupied by 

glutamic acid. Hence, this peptide was based on the peptide investigated for its 

surface binding properties that had lower helical content when free in solution. 

This peptide should exhibit more electrostatic repulsion due to the extra four 

negative charges introduced on the “upper” side of the helix, besides having 

twelve arginines on the surface binding side. This construct indicated that an 

increase in negative charges was favourable for the formation of helix at the 

surface. 

To increase the understanding of the effect that the amino acids propensity 

for helices has on the induced structure, a peptide was made where the glutamic 

acid and the glutamine, both with a high helical propensity, were replaced with 

aspartic acid and asparagine, both with a higher propensity for turns, 

respectively.[34] These replacements did not perturb either charge or polarity of 

the peptide, but only the propensity. Interestingly the propensities for a certain 

secondary structure were more important at low pH (8.4) than at high pH (9.8). 

2.3.3 Increasing Hydrophobicity 

Alanine has been used in the designs since it has a high helical propensity and a 

low hydrophobicity, promoting helical formation and decreasing the risk of 

getting the peptides to interact through unwanted hydrophobic interactions. As 

with all other elements, the role of the alanines was to be investigated and this 

was done by synthesizing two peptides with a higher degree of hydrophobicity. 

One peptide was synthesized exchanging the alanines with leucine. Leucine has, 

as alanine, a high preference for the helix structure and the exchange would 

therefore test only the influence of the hydrophobicity. A second peptide was 

synthesized with valine placed in the positions otherwise held by alanine. Valine 

has a higher preference for the β-sheet structure[34] compared to helical 

structures, but is on the other hand more hydrophobic than alanine. 

By combining the results gained from these peptides at a silica nanoparticle, 

it can be concluded that increased hydrophobicity affects the formation in a 

positive way when coupled to the amino acids’ propensity for helix structure, but 

that hydrophobicity alone does not play an important role. It is also apparent that 

the increased hydrophobicity of leucine coupled with its propensity for the helical 

structure increases the total amount of helicity when the peptide is free in 

solution. 

When instead investigating these peptides at the surface of negatively 

charged lipid vesicles, the propensities of the hydrophobic amino acids have an 

immense influence on the secondary structure. Peptides with a hydrophobic 
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amino acid with a helical propensity, such as leucine, interact with the vesicles 

and form helices, whereas a peptide with a hydrophobic amino acid with a β-

sheet propensity, such as valine, instead forms β-sheets. A peptide constructed 

that have a mixture of hydrophobic amino acids with helical and sheet 

preferences also forms a β-sheet. Hence, it is apparent that the structure 

induced by vesicles is highly dependent on hydrophobic interactions. 

2.3.4 Twist in the helical backbone 

When the peptides described above were designed, the template was a helical 

wheel, a common way of visualizing how helices look, but one that does not 

correctly represent how the backbone in a helix is curved. A helical wheel 

assumes that each turn in the helix is 3.5 amino acids, i.e. 102.85°, whereas the 

number of amino acids in a helix is 3.6, i.e. 100°. When depicting the designs in a 

correct fashion, it is apparent that the different elements within the design 

overlap, and thereby spread along the sides of the helix (figure 2.3). When 

deducing the important factors that contribute to the most switch-like properties 

in the design of a peptide that would get an induced helical structure upon 

adsorption to a silica nanoparticle, it was apparent that a high number of positive 

charges were favorable for the interaction with the surface. Furthermore, it was 

apparent that a high number of negative charges on the opposite side of the helix 

assisted the folding. The effect, and hence the use, of purely polar amino acids 

was debatable. It was also concluded that alanine, as a source of hydrophobicity 

was favorable as it limited the degree of helicity in the peptide when in solution. 

Hence, a peptide with an optimized design that achieved a high helical content 

when introduced to silica nanoparticles and had little helical content when in 

solution was constructed. 

Figure 2.3. Representation of peptides with a 3.6 amino acids per turn.
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2.4 Peptide Synthesis 

In the early 1960’s Merrifield made groundbreaking work developing solid-phase 

peptide synthesis,[75, 76] a technique in which amino acids are coupled 

successively to a growing chain attached to a polymer support. Utilizing this 

method, Marglin and Merrifield were able to synthesize bovine insulin.[77] Within 

a couple of years, the method was made automated[76, 78] as a step to reduce 

synthesis time as well as to increase yields. Today, this technique is used to 

synthesize everything from a protein[79] to a small drug candidate,[80] and has 

grown to include other types of organic synthesis, such as biopolymers, 

combinatorial solid-phase organic chemistry, synthesis of natural products, 

catalyst selection, chemical ligation and material development.[81] 

The solid supports are usually polystyrene beads with a low degree of cross-

linking by divinylbenzene, incorporating a linker with one of many different 

functional groups used as an anchor for the synthesis. The low cross-linking 

used enables the resins to swell, which in turn allows the growing peptide chain 

to accommodate therein. There are many advantages of solid phase synthesis 

over the solution based: 1) high excess of added reagents drives reactions to 

completion, 2) easy removal of surplus as well as reaction by-products by 

washing, 3) negligible loss of product during synthesis since it is bound to the 

resin, 4) use of different protection groups enables for branched peptides and a 

Figure 2.4. Schematic picture of SPPS. R1, R2 and Rn represent the amino acid 
side-chains.  X, Y and Z represent eventual protection groups. 
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wide variety of functionalization, and 5) the possibility to make the synthesis 

automated and thereby decrease manual work. 

During the synthesis, the amino acids are kept apart from the resin and 

before coupling each individual amino acid is pre-activated with for example 

TBTU (O-Benzotriazol-1-yl-N,N,N',N'-tetramethyluronium tetrafluoroborate). 

Thereafter, the activated amino acid is flown past the resin several times during 

the coupling cycle. This cycle is followed by a washing cycle to rinse the resin 

from unreacted amino acids and the reaction by-products. After wash, there is an 

Fmoc deprotection cycle preparing the growing chain to couple the next amino 

acid, unless the latest addition was the last amino acid in the sequence, in which 

case one of three termination steps are possible: 1) leaving the Fmoc group on 

the chain, 2) removing the Fmoc giving a free amine at the N terminal, or 3) end-

capping, where the N-terminal amine is reacted with acetic acid anhydride, 

giving an acetoamide. 

The peptide is cleaved from the resin using a cocktail that mainly consists of 

trifluoroacetic acid (TFA), and depending on the constituting amino acids, 

scavengers such as triisopropylsilane (TIS) and water are added to the cocktail. 

The scavengers are added to prevent the side-chain protection groups from 

undergoing unwanted side-reactions with the peptide chain. The resin is 

removed by filtration, and the peptide is precipitated with cold ether. The 

precipitate is centrifuged and the ether phase is removed; the peptide is then 

dissolved in water and lyophilized before purification. 

Purification of peptides is usually preformed using reversed phase high-

pressure liquid chromatography (HPLC), a technique that separates the peptides 

with respect to their relative hydrophobicity. As most peptides are highly water-

soluble, the use of HPLC makes purification rather quick. In order to determine 

purity, as well as to identify the correct peptide, HPLC is often coupled to a 

masspectormetric method such as electrospray ionization (ESI) or matrix 

assisted laser desorption ionization (MALDI), both determining the relative 

molecular mass of the eluent.  

2.5 Circular Dichroism 

To deduce the secondary structure of a peptide there are three different 

techniques that precede all others: X-ray crystallography, nuclear magnetic 

resonance (NMR) and circular dichroism (CD). Of these, X-ray crystallography 

gives the best results for proteins and polypeptides that can be crystallized; this, 

however, is not possible for all biomolecules. NMR requires high sample 

concentration; is time consuming and requires isotope labeled nuclei (13C, 15N), 

which are very expensive. CD measurements are rapid and require small 

amounts of analyst, which may be recovered for later use. CD measures the 

difference in absorption of left and right circularly polarized components of 

plane-polarized light.[82] Optically active chromophores causes this absorption 

effect to occur when 1) its structure permits it, or 2) it is covalently bound to a 

chiral center, or 3) it is placed in an asymmetric environment.[83] 

The spectral range used to investigate the structure of peptides and proteins 

usually lie between 320-180 nm. The region below 240 nm is referred to as far-
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UV and the region from 260-320 nm is referred to as near-UV. In the near-UV 

region, the CD-signal is derived from the environment of the aromatic side-

chains of the amino acids phenylalanine, tyrosine, and tryptophan, and from the 

disulphide bonds of cysteines. Thus, it gives information of the tertiary structure 

of the protein. The shape and intensity of the spectrum gathered in the near-UV 

region are dependent on the number of aromatic amino acids and their 

positioning in the protein, as well as their local environment, including polarity, 

hydrogen bonding, mobility etc. The knowledge of the data gathered in the near-

UV region is not extensive enough to give insight of the protein structure, but 

can give valuable information of the changes in tertiary structure that derives 

from a mutation in a protein, since every protein has a fingerprint spectrum in 

this region.[84]  

In the far-UV region, information of the secondary structure of the peptide 

chain is gained. The different spectra obtained in this region derive from the 

orientation of the backbone amide in the different secondary structures (i.e. α-

helix, β-sheet and random-coil, figure 2.5). CD makes use of the fact that left 

and right polarized light exhibits chirality, and by doing so, interacts differently 

with chiral molecules. The adsorption at these wavelengths is different for the 

different secondary structures and depends on the twist of the backbone amides 

caused by changes in the two torsion angles φ and ψ. A right-handed α-helix has 

a distinctive double minimum at 208 and 222 nm and a maximum at ~190 nm. The 

minimum at 222 nm is a good measurement of the helical content of a peptide 

that consists mostly of helices. A distinctive β-sheet has a maximum at ~195 nm 

and a minimum at 216 nm. 

 

 

 

Figure 2.5. To the left, typical CD-spectrum of the different structures in th
far-UV region. To the right the conformation of a peptide bond correspondin
to φ = 180° and ψ = 180°. 
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A recorded CD spectrum is either expressed as difference in absorbance (ΔA 

= AL–AR), extinction coefficient (Δε = εL–εR) or as ellipticity in degrees (θ) (θ = 

tan-1(b/a), where b and a are the minor and major axes of the resultant ellipse 

(figure 2.6). The relationship between these three is given by the following 

equations: 

 

 
where c is the concentration of the peptide and l is the length of the cuvette in 

centimeters, and the value 32.98 is a mean value of the molar concentration of 

the peptide bonds.  

It is also possible to use the unit mean residue ellipticity ([θ]mrw, λ). This unit 

is calculated from the following equation 

 
where MRW is the mean residue weight obtained by dividing the molecular mass 

of the analyst by N-1, where N is the number of amino acids in the peptide chain. 

The relationship between [θ]mrw, λ and Δε is [θ]mrw, λ = 3298* Δε. 

This multitude of different units available for reporting data obtained with 

CD-spectroscopy might seem somewhat confusing, but independent of which unit 

is used, the spectrum looks the same.  

Measurements in the far-UV region are typically done in cuvettes with a 

pathlength of 0.01 to 0.05 cm with a protein concentration in the range of 0.2 to 

1 mg/ml. For measurements in the near-UV region, where signals are much 

weaker due to the low concentration of the analysts, the needed concentrations 

lie in the range of 0.5 to 2 mg/ml and a cuvette pathlength of around 0.5 to 2 cm 

is needed. Common for both regions is that the total absorbance of the sample 

needs to be kept to less than one absorbance unit in order to sustain a linear 

response in optical density and to keep the spectral noise from becoming too 

Figure 2.6.The origin of the CD effect. Plane polarized radiation with the left 
(L) and right (R) circularly polarized components: 1) L and R have the same 
amplitude and when combined generates plane polarized light; 2) L and R have 
different amplitude and the resultant (dashed line) is elliptical. 
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excessive.[83] Besides the concentration, other components such as buffer, salt 

and solvents might affect the signal, as these often adsorb in the range where 

peptides show structural features. A number of commonly used buffers, these 

include sulfate, carbonate, and phosphate, are not compatible with CD unless 

diluted. It is also unwise to use chloride ions, as these adsorbs light at around 

200 nm, but the chloride can be substituted for fluoride since this adsorb less at 

these wavelengths. It is also possible to use an organic solvent for measurements 

with a CD, although they have some limitations. Solvents like methanol and 

ethanol can be used, whereas other common solvents such as acetonitril and 

chloroform are unsuitable due to their interfering absorbance.  

[83]

Figure 2.7. Block diagram of a CD-spectropolarimeter. A light source (LS) 
emits plane polarized light through two prisms (P) via a number of mirrors (M) 
and slits (S). A lens (L) focuses the light, which is then passed through a filter 
(F) to the modulator (CDM). The circularly polarized light is then passed 
through a shutter (SH) to the sample compartment (SC) before the detection at 
the photomultiplier (PM). 

 Besides the concentration, other components such as buffer, salt 

and solvents might affect the signal, as these often adsorb in the range where 

peptides show structural features. A number of commonly used buffers, these 

include sulfate, carbonate, and phosphate, are not compatible with CD unless 

diluted. It is also unwise to use chloride ions, as these adsorbs light at around 

200 nm, but the chloride can be substituted for fluoride since this adsorb less at 

these wavelengths. It is also possible to use an organic solvent for measurements 

with a CD, although they have some limitations. Solvents like methanol and 

ethanol can be used, whereas other common solvents such as acetonitril and 

chloroform are unsuitable due to their interfering absorbance.  

A typical CD–spectropolarimeter has a high pressure, short-arc xenon 

lamplight source that can be used over the wavelength range of 178-1000 nm 

and can be used to study almost all types of polypeptides. Before measurement, 

the instrument is flushed with N2 gas to remove O2 from the lamp house and 

sample compartment, which might otherwise form ozone that may damage the 

optics, and to allow the measurement to be conducted at wavelengths below 200 

nm. With moderate N2 flushing, spectra can be recorded down to 180 nm, and 

with a modern more efficient instrument, flushing will allow measurements to be 

made down to 175 nm. The reason to why it is favorable to attain data at these 

lower wavelengths is that it allows for more accurate analysis of the other 

contribution in the spectrum that the different secondary structures give rise to.  

A typical CD–spectropolarimeter has a high pressure, short-arc xenon 

lamplight source that can be used over the wavelength range of 178-1000 nm 

and can be used to study almost all types of polypeptides. Before measurement, 

the instrument is flushed with N2 gas to remove O2 from the lamp house and 

sample compartment, which might otherwise form ozone that may damage the 

optics, and to allow the measurement to be conducted at wavelengths below 200 

nm. With moderate N2 flushing, spectra can be recorded down to 180 nm, and 

with a modern more efficient instrument, flushing will allow measurements to be 

made down to 175 nm. The reason to why it is favorable to attain data at these 

lower wavelengths is that it allows for more accurate analysis of the other 

contribution in the spectrum that the different secondary structures give rise to.  

Evaluation of CD-spectrum to elucidate the contribution of the different types 

of secondary structure present in a peptide is, depending on the shape of the 

curve, sometimes difficult. To aid the evaluation, a number of programs have 

been developed that use crystallographic databases to calculate the sum of the 

contribution from helices, sheets, and turns. Many of these (CONTINLL, 

VARSLC, K2d, CDSSTR and SELCON3) have been made publicly available via the 

Evaluation of CD-spectrum to elucidate the contribution of the different types 

of secondary structure present in a peptide is, depending on the shape of the 

curve, sometimes difficult. To aid the evaluation, a number of programs have 

been developed that use crystallographic databases to calculate the sum of the 

contribution from helices, sheets, and turns. Many of these (CONTINLL, 

VARSLC, K2d, CDSSTR and SELCON3) have been made publicly available via the 

internet. These databases utilize sophisticated algorithms to fit the input data internet. These databases utilize sophisticated algorithms to fit the input data 
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(the measured CD-spectrum) into a “best fit” and after processing, present the 

outcome in percent of the different structural elements.  

In all cases, the most accurate values of calculated secondary structure are 

obt

he three spectra shown in figure 2.5 were processed using 

CD

ained for the helix.[85] This is because the helical structure is very regular and 

produces very similar spectra, as well as gives spectrum with very intense 

signals. Since the β-sheet has both a parallel and an anti-parallel conformation 

that both can twist in different ways, and contain turns, their contribution to the 

measured spectrum is harder to deduce, hence giving less reliable values. This 

structural ambiguity is also a factor for turns and random coils, which makes the 

prediction difficult.  

As an example, t

SSTR via the DICHROWEB [86] server. The outcome of the analysis gave the 

following results: 

 
Structure % α-helix % β-sheet % Random Coil
α-helix 54 10 36
β-sheet 7 47 46

Random Coil 0 66 35  
 

As can be seen in the table, it is appar t that the spectrum of the α-helix is en

mostly helical as would be expected, but the random coil spectrum contains, 

according to the analysis, more β-sheet than the spectrum of a β-sheet. It 

should also be noted that the algorithms used to calculate secondary structure 

contribution give more accurate data for proteins than for polypeptides, as the 

data set used as references is composed of crystallographic data of proteins. 

 

 20 



3  Peptide-Surface 
Interactions 

here are many areas, such as food and shipping industries as well as 

healthcare, who will benefit from an increased understanding of the 

interaction between biomolecules and surfaces. Due to the high 

relevance of these interactions, much effort has been put into studying protein-

adsorption experiments with an ultimate goal to quantitatively measure, predict, 

and understand the details of how proteins interact with a surface. Many proteins 

adsorb strongly to hydrophobic surfaces and weakly to hydrophilic surfaces, 

whereas charged surfaces adsorb oppositely charged proteins to a higher degree 

than similarly charged.[87, 88] This might seem easy to envision, but the numerous 

interactions between the amino acid side-chains, material of the surfaces, and 

the surrounding solvent add up to a very complex system where various 

components, which are often tightly connected, such as structural assembly, 

molecular interactions, and function, come into play. The interactions between 

peptides and surfaces are influenced by a number of mostly non-covalent 

interactions such as van der Waals; electrostatic; and hydrophobic, as well as 

hydrogen bonding. The exact interactions present for each system are dependent 

on both the surface and the peptide. With the techniques available today, 

surfaces can be made with well-defined chemistries that make it possible to 

investigate very specific types of interactions and how they affect proteins and 

peptides. 

 T

3.1 Peptide-Surface Interactions 

The interactions that hold the secondary, tertiary, and quarternary structures of 

a biomolecule together also come into play when a biomolecule interacts with a 

surface, be it soft or hard. It would be of great interest to determine which forces 

that play dominant roles in the attachment and aggregation of biomolecules at 

solid surfaces and how they can be manipulated in order to decrease unwanted 

attachment. Excluding the possible formation of covalent bonds, there are a 

number of weak forces responsible for the intra- and intermolecular interactions 

that affect a biomolecule. Of these forces, four are more prominent and will be 

discussed a bit more in detail. These are hydrogen bonds, electrostatic 

interactions, van der Waals forces, and hydrophobic interactions.  
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Hydrogen bonds are formed between a hydrogen atom covalently bound to an 

electronegative atom (a hydrogen donor) and an acceptor atom that is another 

electronegative atom. The strength of a hydrogen bond lies between 12 to 30 

kJ/mol, depending of the participating acceptor and donor atoms. In a 

biomolecule, these donors/acceptors are mostly nitrogen and oxygen and often 

play an important role keeping the molecule water-soluble. If the biomolecule is 

introduced to a surface, a new set of possible donors/acceptors are presented 

that might affect the structure and solubility. Studies of proteins at an oxidized 

surface have shown that in many cases, there is loss of structure and/or function 

as the proteins adhere to the surface.[13, 14, 89, 90] Hydrogen bonding can be one 

reason for this loss.  

Electrostatic, or ionic, interactions are the result of the attractive forces 

between a negatively charged and a positively charged species, such as a 

carboxylic acid and an amine. The strength of the electrostatic interactions is 

dependent on the relative polarity of the charged species but averages ~20 

kJ/mol.[91] 

 Since the electrostatic interaction is sterically restricted due to the defined 

positions of the two charges, it can give rise to a high degree of structural 

specificity. This complementary has been utilized to achieve folding in de novo 

designed peptides,[55-57, 92] and is also the basis of the results presented in papers 

1 to 3 where the charge-charge interactions with an appropriately charged amino 

acid and a counterpart charge on a surface gives the handle for the induction of 

structure. In paper 3, vesicles were used as a surface and it is apparent that the 

electrostatic interaction between the vesicles and an arginine-rich peptide, in 

contrast to a lysine-rich, disturbs the stability of the vesicles. Most probably, the 

vesicles fuse, forming larger and larger aggregates to a point where the vesicles 

precipitate, a phenomenon that has been shown to be coupled to the guanidinium 

group.[35] The results of the arginine-rich peptides presented in paper 3 and 4 

might also be seen from an antibacterial point of view, since most α-helical 

antimicrobial peptides (AMPs) are cationic, and target the negative membrane of 

bacteria via electrostatic interactions,[93] an interaction which is not present in 

mammalian cells, since the membrane is electrostatically neutral.[94] Such effects 

are interesting considering the increased number of antibiotic resistant bacteria 

arising due to excessive use of such drugs. AMP’s are produced by a variety of 

different organisms, and are able to kill a wide spectrum of different cells and 

bacteria.[95] Hence, finding a molecular drug candidate that targets the cell 

membrane causing leakage and thereby killing a bacterium, and that is 

biodegradable, would be a break–through in the treatment of many diseases. 

van der Waals forces are the weakest of the intra-/intermolecular forces with 

a strength of around 0.4 to 4 kJ/mol, which depends on the relative size of the 

atoms/molecules and the distance between them. The van der Waals forces have 

their origin in the interactions of the fluctuating electron clouds between 

atoms/molecules that are close in space. These fluctuations in the electron cloud 

induce rapidly changing dipoles in the molecules that in turn can transfer to an 

adjacent molecule. The van der Waals radii determine the limit of approach 

between the atoms/molecules and the distance between the atoms/molecules 

influences the strength of van der Waals forces. Therefore, van der Waals forces 

are only effective over a limited distance. Although van der Waals forces play an 
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important role in molecular interactions, their absolute contribution to the 

interactions of peptides and surfaces is often hard to determine, unless, as done 

in many cases, hydrophobic interactions are included in the van der Waals 

interactions. 

Hydrophobic interactions arise due to the strong preference of water 

molecules to interact with one another and thereby exclude nonpolar groups, and 

not because of the affinity of nonpolar substances for one another (although van 

der Waals forces do promote the weak bonding of nonpolar substances). The 

effect of the hydrophobic interactions on a peptide when interacting with a hard 

surface might be more due to the exposure of hydrophobic groups to the solvent 

or due to structural changes induced by other types of interactions than due to 

any new hydrophobic interactions. Although, when using a soft surface, such as 

an artificial membrane (e.g. as a vesicle), to study the interaction with peptides, 

the hydrophobic interaction might have a more direct effect. The membrane 

surface is flexible and this increases the number of ways that it can interact with 

the peptides. At a solid surface interaction can only take place at the surface, 

whereas a membrane can interact with peptides both at the surface and within 

the lipid bilayer. Utilizing factors such as hydrophobicity and charge with 

artificial membranes, it is possible to construct artificial ion channels,[96, 97] 

investigate folding at the membrane surface[98, 99]as well as to increase our 

understanding of membrane bound proteins.[40, 63] 

The effect of hydrophobicity in de novo designed peptides when interacting 

with lipid bilayer vesicles has been studied in paper 3. It is apparent that small 

differences in the hydrophobicity of the constituting amino acids have a great 

impact on the secondary structure. The difference between two peptides (one 

that forms an α-helix and one that forms a β-sheet) is only in the extra 

methylene present in leucine, which is not present in valine.  

3.2 Colloidal Silica Nanoparticles 

Silicone dioxide, also know as silica, is the most abundant mineral in the earth 

crust, found in sand and in many rock types, but also in the cell wall of the 

unicellular diatom, one of the most abundant species on earth. Silica is composed 

of silicone dioxide (SiO2) that, when crystallizing forms tetrahedral bonds 

between each subunit, making each silicone bind to four oxygen atoms. Silica 

plays an important role in a wide variety of research areas, as it is the major 

constituent of glass and quartz, which both can be found in many of the tools 

used in science. The difference between glass (and colloidal silica) and quartz 

(crystalline silica) is that colloidal silica are amorphous particles of randomly 

distributed tetrahedrals, whereas crystalline silica has an ordered tetrahedral 

structure. The surface of silica contains mainly silanol, but also silandiols, 

silanetriols, and surface siloxanes (figure 3.1) 

An easy way of increasing the surface area available for the study is to use 

nanoparticles. Nanoparticles are often handled as a colloidal mixture, i.e. a 

mixture of particles dispersed evenly in a solvent. Colloidal silica nanoparticles 

are transparent and scatter light to such a low extent that they are suitable to 

use with spectroscopic techniques such as CD and fluorescence,[66, 100, 101] but the 
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Figure 3.1. Groups at the silica surface. 

scattering is still large enough to allow measurement with light scattering 

techniques.  

At moderate alkali pH, the oxygen atoms at the surface of the silica will 

become deprotonated, making the silica surface highly negative. On the down 

side, silica nanoparticles have a rather narrow range of stability, which is 

dependent on pH, salt concentration, storage temperature and the size of the 

particles. At higher pH, above ~10.5, the Si–O bonds become hydrolyzed and the 

particles start to dissolve. Lowering pH to 7-8 promotes aggregation leading to 

an undefined particle size (figure 3.2). Depending on the method used to 

synthesize the particles, the range of stability can be modified.  

 

 
Figure 3.2. Stability diagram of colloidal silica nanoparticles.[102] 

 

The surface charge of the particles is highly dependent on pH and salt 

concentration. At low μM concentrations of salt and at pH 7 or lower, the charge 

density is 0 OHӨ nm-2 and at pH 10, it is around 0.6 OHӨ nm-2. At high salt 

concentrations (~4 M) the charge density is around 0.5 OHӨ nm-2 at pH 7 and 

around 3 OHӨ nm-2 at pH 10, but at these high salt concentrations, the stability of 

the particles is extremely low.[102] 

Within the stable pH-range, and at temperatures ranging from 5 to 35 ºC, 

colloidal silica can be stored from six moths up to a year. At temperatures below 

5 ºC, the particles’ stability is irreversibly lost, and at temperatures exceeding 

35 ºC, the stability decreases. Decrease of stability leads to Ostwald ripening, 

i.e. larger particles “steal” material from smaller, leading to an uneven 

distribution of sizes, this primarily affects particles of size below 10 nm. 

When studying the interaction between silica nanoparticles and polypeptides 

to determine for example the degree of association, a spectroscopic method such 
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as analytical ultracentrifugation (AUC) is useful. The simplest way of describing 

the principles of AUC is to compare it with grains of sand dropped into a glass of 

water. The sand will descend at different speeds down to the bottom of the glass 

depending on the relative size and weight. The same is true for macromolecules 

and particles, although in their cases, an external force will be needed to produce 

a stronger gravitational field, and in AUC, this force is the centrifugal. There are 

two basic types of experiments performed with the AUC: equilibrium 

sedimentation and velocity sedimentation. Using one of these types of 

experiments and varying the conditions used in the AUC makes it possible to 

determine sample purity, molecular weight, analyze associating systems, detect 

conformational changes etc. In paper 1 and 3, equilibrium sedimentation has been 

used[103] to determine the association of peptides with nanoparticles. 

In sedimentation equilibrium experiments, a uniform solution of analyst is 

centrifuged with step-wise increased of the rotor speeds. This will enhance the 

process of sedimentation (i.e. the centrifugal force), affect the sample molecules 

and force them to move towards the outer wall of the sample compartment. At 

the same time, diffusion (an opposing process) will tend to distribute the 

molecules in the solution. After some time, the two processes will reach 

equilibrium,[104] which in turn will re-establish a uniform concentration. By 

monitoring the changes in absorbance of the sample, the sedimentation rate of 

the sample can be depicted as a function of absorbance versus radius (figure 3.3) 

and this can give information of the above mentioned parameters.[104] 

3.3 Lipid Bilayer Vesicles 

Lipid bilayer vesicles are interesting subjects for investigation of interactions 

with other molecules, as they can be thought of as artificial cells and are natural 

components found in living organisms. Lipid bilayers make up the cellular wall as 

well as the membranes protecting the cell nuclei, mitochondria etc. Lipids are a 

large group of different compounds, which have in common that they are not 

soluble in water. The group contains many molecules crucial for living organisms 

such as fat-soluble vitamins, fats, cholesterol, sterols, waxes, oils, and 

phospholipids. In organisms, lipids have many different functions, including 

Figure 3.3. Schematic picture of the concentration gradients recorded of an 
analyst at five different rotor speeds. 
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structural components of cell walls, storage of energy, and as signaling 

molecules. 

Some lipids are amphipathic, which means that they are composed of both a 

polar and a nonpolar part. Lipids can be categorized in seven subgroups; fatty 

acids, triacylglycerols, glycerophospolipids, sphingolipids, waxes, terpens, and 

steroids.  

Glycerophospolipids, or phospholipids, are essential constituents of the cell 

membrane. Phospholipids are 1,2-diacylglycerols with a phosphate group 

esterified to the third carbon of the glycerol backbone. The simplest of the 

phospholipids is phosphatidic acid, where the phosphate group is not esterified. 

Phosphatidic acid is an important intermediate to all other phospholipids. 

Common for all phospholipids is that they have a polar head group (the phosphate 

and possibly its ester group). There is a wide variety of head groups such as 

serine, glycerol, sugars, and choline. The hydrophobic part of the phospholipids 

also differs and can be any combination of different fatty acids. 

Phospholipids tend to form bilayers in aqueous solutions (figure 3.4), in 

contrast to many other lipids that form micelles, due to their pair of fatty acyl 

chains that do not pack well in the confined interior of a micelle. Bilayers form 

rapidly in water and are very stable. In contrast to micelles that are small 

structures of up to a few hundred molecules, bilayers can form large sheets 

covering more than 108 nm2.[91] Since exposure of the edges of the bilayer to 

water is highly unfavorable, this normally leads to a closure of the bilayer, 

resulting in the formation of vesicles. The wide variety of possible head groups 

as well as the presence of different lipid types, such as cholesterol, which is an 

important building block in animal cell plasma membranes, gives the membrane 

some of its properties. Using this variability in model vesicles gives the 

possibility to use bilayer vesicles for a vast range of different studies.  

Figure 3.4. Schematic illustration of lipid bilayer. 

Lipid bilayer vesicles can be produced by several techniques such as reverse 

phase evaporation, freeze-thaw cycling, solvent injection techniques, detergent 

dialysis, and lipid extrusion; a brief description of these techniques will follow. In 

reverse phase evaporation, the lipids are dissolved in an organic solvent, which 

is reduced under reduced pressure, then redissolved in ether and an aqueous 

buffer, which is sonicated. The ether phase is reduced which in turn leaves the 

water phase containing the formed vesicle.[105] The freeze-thaw technique 

utilizes a repeated cycle of freezing, with dry ice, and heating, with hot water, of 

a dispersion of lipids in water.[106] When using solvent injection, lipids are 

dissolved in a water miscible solvent and rapidly injected, through a needle, into 

a stirred aqueous phase; the formed dispersion is then filtered to remove excess 

 26 



of lipids.[107] In the case of detergent dialysis, lipids are dissolved in a buffer 

containing a detergent, which is then removed by dialysis, leaving a solution of 

vesicles.[108] When preparing vesicles by lipid extrusion, lipids are dissolved in 

an organic solvent, which is then reduced and the formed lipid film is redissolved 

in water. The lipid suspension is then forced through a filter with a defined pore 

size, which yields vesicles with a narrowed spread in diameters.[109] 

Vesicles can be multilamellar, i.e. vesicles containing vesicles separated by a 

layer of water, which have a size of 0.1-3 μm in diameter; large unilamellar 

vesicles, having a diameter of above 1 μm; small unilamellar vesicles, which have 

a diameter of less than 0.2 μm, and giant unilamellar vesicles, which can attain 

diameters of up to 300 μm. The preparation of vesicles is most often done by 

mixing the phospholipids of interest, such as phosphatidylcholine and 

phosphatidylglycerol, with cholesterol. The latter is added to increase fluidity 

and enhance solute entrapment. 

The properties of the bilayer membrane are a key to many biological 

processes such as the permeation of molecules in and out of the cell, or the 

activity and structure of membrane-bound proteins. The high flexibility of a lipid 

membrane makes its interaction with biomolecules differ largely compared with a 

hard surface; these interactions are also influenced by the lateral mobility of 

lipids within the membrane. 
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4  Biofouling 
he accumulation of marine organisms on water-immersed surfaces is 

called biofouling or biological fouling. Biofouling occurs on all structures 

in both marine and freshwater environments and is an economical and 

environmental burden as it, for example, increases fuel consumption of ships due 

to drag, and clogs water intakes at desalinization and power plants. Due to the 

negative effect that the current most effective antifouling agents (biocides like 

TBT and triazine), that leaks in to the water, have on the marine wildlife and the 

environment, these are facing restrictions or have been banned. The restrictions 

have spawned an intense search for non-toxic antifouling agents, and although 

the problem of biofouling is old, detailed knowledge in surface exploration, 

settlement cues and adhesion mechanisms is sparse for most fouling organisms, 

particularly at the molecular level. This has led scientists to investigate a 

multitude of different surface properties, both structural and chemical, in order to 

find an environmentally friendly non-toxic antifouling coating and increase our 

understanding of how and why biofouling occurs. 

 T

4.1 AMBIO 

Due to the immense environmental and economical effects that biofouling have, 

the EU supports the research program AMBIO (“Advanced Nanostructured 

Surfaces for the Control of Biofouling”), that aims at increasing the 

understanding of the settlement behaviors and adhesive mechanisms of common 

biofoulers and to develop potential non-toxic alternatives to biocidal antifouling 

agents. AMBIO is run as a collaboration between universities, research centers, 

and industries, with 31 partners within the European Union and its candidate 

states. Each of the 31 partners contributes with their specific expertise in one or 

more of the five sub-projects within AMBIO.  

Nanostructured surfaces are created utilizing a wide variety of different 

techniques, ranging from supramolecular chemistry, self-assembly, phase-

separation of polymers, superlattices, and molecular building blocks. The 

surfaces are characterized with respect to a number of chemical and physical 

properties determining their wetability, molecular composition, roughness etc. 

Biological evaluation of the manufactured surfaces with selected common fouling 

organisms, such as bacteria and barnacle cyprids, are performed to evaluate the 

effect on settlement and release properties; the behavior of the organisms and 

the possible effects on their health. Surface modifications that are of particular 

interest are optimized in order to produce candidates for scale-up of 
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manufacturing procedures to produce paints or coatings. These candidates will 

then be used for further field-tests and hopefully be of sufficient interest to be 

the basis of novel products.  

It should be emphasized that the goal of the research within the AMBIO 

project is not to produce a fouling free surface (an unrealistic utopia), but to 

create a surface that exhibits a decreased degree of fouling, as well as to 

increase the general understanding of the mechanisms that initiate settlement 

and the processes by which adhesion occur. In regards to this, it is important to 

investigate factors that both promote and reduce settlement, and to investigate 

the strength of settlement. Hence, it is important to find the fundamental 

properties, from the microscopic to the molecular levels, that are relevant to 

settlement and the release of biofoulers.[110] By creating model surfaces on 

which specific surface properties, such as physiochemical or morphological, can 

be kept constant, or studied one at a time, will give an insight into which 

parameters that are of relevance, and which are not, in order to produce an 

effective antifouling surface.  

4.2 Antifouling Agents and Fouling-Release 

Biofouling has been a problem for humans since as long as there have been 

boats. 2000 years ago, ship hulls were smeared with a mixture of oil, sulfur, and 

arsenic in order to reduce fouling.[111] In the 17th century, the antifouling agents 

were cocktails consisting of arsenic, copper and gunpowder. In modern days, 

coatings containing copper or antibiotics are used for antifouling. One of the most 

effective antifouling agents that have been used, and in some cases is still used, 

is the organometal compound tributyltin (TBT). TBT is extremely efficient, 

especially towards barnacles. It is easy to incorporate in self-polishing coatings 

designed to wear away gradually as water flows by, but have a negative effect on 

the marine wildlife. The use of TBT induce sex-change disorders in whelks,[112] 

and oysters develop abnormally thick shells.[111] The use of both TBT and copper 

in antifouling coatings is banned since the beginning of 2008.[113]  

Efficient antifouling agents can also be isolated from living marine organisms 

that do not suffer from biofouling, an example of this is the cyclic dipeptide 

isolated from the marine sponge Geodia Barretti. This cyclic dipeptide consists of 

an arginine and a brominated tryptophan coupled via the α-carbonyl of one amino 

acid to the α-amine of the other. This compound effectively inhibits settlement of 

barnacle cyprids.[12] Another example of a successful antifouling agent isolated 

from a marine organism, the starfish Marthasterias glacialis, is a glycoprotein 

that inhibits fouling by human neutrophiles.[114]  

In this context, it is interesting to investigate many different types of surface 

properties, such as topography and chemical properties, in order to enhance the 

understanding of the mechanisms that trigger as well as inhibit settlement. The 

topography of the surface has a key role in the effects on biofouling. For 

example, the skin of sharks has microtopography, coupled with a mucus 

secretion, which prevents biofoulers from attaching successfully, whereas other 

sea-livening creatures, such as whales, lack antifouling-efficient skins. 

Mimicking the shark skin roughness in order to create fouling resistant surfaces 
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has been successful, and the result showed that the micron-scale size of the 

patterns plays a major role in the prevention of fouling.[115] 

One of the most studied molecules that have low protein adsorption, and 

therefore exhibit a low degree of fouling, is polyethylene glycol (PEG). The 

protein and cell resistances of PEGs have been investigated in numerous 

studies[21, 23, 116] and Ekblad et al. have shown that common biofoulers, such as 

the barnacle cyprids, Ulva linza zoospores, and diatoms, do in principle not settle 

at all on a PEG based matrix.[117] Other novel chemical-based approaches 

includes superhydrophobicity using flourinated surface bound polymers that show 

good results when exposed to Ulva zoospores.[11] The coating of a surface with 

the amino acid derivative DOPA (3, 4-dihydroxyphenyl-L-alanine), a component 

found in the adhesive glue of certain biofoulers, showed low unspecific binding of 

cells and proteins. [118] 

For large-scale applications in shipping, the technique employed today to 

reduce the problem with biofouling is based on fouling-release rather than 

antifouling. The difference is that antifouling products usually contain a biocide 

designed to leach slowly into the water and thereby prevent fouling by poisoning 

the organisms, whereas fouling-release products are constructed to make it 

difficult for the fouling organisms to settle, and to ensure that those that do settle 

only adhere weakly. The most prominent fouling-release coatings used today are 

silicone-based elastomers that have a smooth, hydrophobic surface with low 

friction.[119] Furthermore, silicones have very low or no toxic or environmental 

effect, which makes them a preferred choice over a biocidal antifouling coating.  

4.3 Biofoulers 

Over 400 species of marine organisms are known common biofoulers, spanning 

from simple unicellular organisms to large macroalgae. The more complex 

biofoulers are often very particular about deciding where to settle, as settlement 

cues have to suit their special needs, which may be down to nano- or molecular 

scale.[110] In the following text, a closer look has been taken on a two biofoulers 

that play an important role in paper 4 and 5, as they are used for the evaluation 

of the model surfaces. 

4.3.1 Diatoms 

Diatoms[120] are microalgae found in all aquatic and moist environments. There 

are probably around 10.000 different species of diatoms and they have been 

present on the planet for more than 180 million years. Structurally, diatoms are 

single cell organisms with a shell of silica made from two overlapping halves. 

The shape of the shell of diatoms is far more diverse, they can be circular, oval, 

stick-shaped, etc. In principal, almost any shape is possible and the size can 

range from several micrometers up to about a millimeter (figure 4.1). The 

replication of diatoms occurs via cell division, as with all single cell organisms. 

Each new half takes half the silica shell and starts the formation of a new 

half.[121]  
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Diatoms are non-motile, which means that they rely on streams or turbulence 

in the upper layer of the water to keep them suspended, which in turn means that 

they travel with the currents and/or sediments to the surfaces that they colonize. 

Once the diatoms have “landed” on a surface, they start producing extracellular 

polymeric substances (EPS), which keep them adhered to the surface, and 

contain signaling substances. This mixture of both organisms and their EPS then 

becomes a thin biofilm on the surface.  

4.3.2 Ulva linza 

At costal areas where there is plenty of light, the green algae[122] thrive. Green 

algae is a large group of algae from which higher plants have emerged.[123] 

Among the around 6000 species of green algae, there are large differences in 

morphology. Many of the algae live as single cells, whereas others form colonies 

and yet others form long filaments. One of these green algae is the Ulva linza 
(formerly Enteromorpha, figure 4.1), a sea lettuce, which is a common 

biofouler.[124]  

The Ulva linza, as with all green algae, is an eukaryotic organism that 

reproduces following a cycle called alternation of generations. A simple 

description of the alternation of generations is that the plant releases 

sporesophytes, diploids, which undergo meiosis and become reproductive 

(haploid) cells. A female and a male haploid then fuse and form a zygote, a 

zoospore.[125] The zoospores are single cell organisms with four flagella, with 

which they swim in search of a suitable surface for attachment. Once the surface 

is found, the zoospore releases it adhesives, which permanently attaches the 

organism to the surface, and with time, it becomes a new plant.  

In order to create a fouling-free surface, the stage in the life cycle of these 

organisms to focus on is the stage where the zoospores search for an attachment 

site. Since the zoospores are rather sensitive to the chemical and physical 

properties of the surface,[115] it appears possible to produce surface structures 

and/or surface-attached chemicals that could prevent the settlement. 

4.4 Investigating Fouling of Peptide Coatings 

The stages of biofouling can be divided to four steps. The first occurs as soon as 

an object is submerged into water, and is the association of organic matter such 

as saccharides, proteins and protein fragments onto the surface, creating a thin 

film. This quickly becomes a growing-ground for the coming stage; the organic 

matter attracts bacteria and diatoms, which settle on the surface, in turn creating 

a microbial biofilm. These organisms produce glue-like substances (ESP) to 

attach themselves to the surface, causing biocorrosion. The chemical and surface 

characteristics of the formed biofilm in turn help the third stage organisms, such 

as fungi and algae, attach to the surface. In the final, fourth step the settlement 

and growth of larger marine invertebrates such as barnacles, and the growth of 

algal spores into seaweed begins. 

When measuring the settlements on, and the release of organisms from, test 

samples in the laboratory, the samples, in the cases of Ulva spores or diatoms, 
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are introduced to a 10 ml artificial seawater solution containing a standard 

concentration of organisms for 1 or 2 hours. The substrate is then washed to 

remove unsettled organisms. After washing, one set of substrates is air-dried 

and the number of attached organisms is counted. Another set of substrates is 

exposed to flow in a water channel in order to simulate a moving vessel, and 

thereafter, the number of organisms is counted and compared with the non-water 

channel exposed, to determine the percentage of removal. The settlement 

studies of the barnacle cyprids are conducted in a similar manner. Ten cyprids 

are added to a substrate in a large drop of artificial seawater, the substrate is 

incubated for 24 or 48 h and the number of cyprids attached or metamorphosed 

is then counted and expressed as percentage of settlement, relative to the total 

number of cyprids.  

In paper 4 and 5, the effect on the settlement of some common biofoulers was 

Figure 4.1. Top left a diatom. Top right barnacles settled on an oyster. Bottom 
a schematic illustration of the Ulva Linza life cycle as well as the green algae 
on the hull of a submarine. 
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Figure 4.2. Fluorescent micrograph showing Ulva spores attached normally (A) 
and side-on (B). Fluorescence derives from the autofluorescence of chlorophyll. 
Bar = 5 μM. 

investigated, using surfaces onto which synthetic cationic oligopeptides had been 

immobilized. The short peptides, four to ten amino acids long, all have a three 

amino acid long attachment-spacer part composed of a cystein and two glycines. 

The cystein side-chain thiol makes it possible to attach the peptides to a gold 

substrate, whereas the glycine moiety is incorporated to extend the functional 

amino acids further from the surface. The functional part is composed of lysine, 

glycine, tyrosine, and/or arginine residues, the original set of peptides can be 

seen in figure 4.3.  

The design of the peptides is based on the following assumptions; it is known 

that most biofoulers prefer a hydrophobic attachment site to a hydrophilic; hence, 

all amino acids in the sequences should contribute somewhat to making the 

peptides overall hydrophilic. Furthermore, it has been shown that biomolecules 

associate to negatively charged surfaces to a great extent[13, 14] which leads to 

the assumption that acidic amino acids are unattractive candidates. The use of 

positively charge amino acids might seem like an odd choice, considering the 

charge complementary with the cell wall membrane, but a high concentration of 

positive charges, especially in form of a guanidinium group,[35] has a negative 

effect on the stability of a lipid bilayer, and this effect could discourage 

settlement. The tyrosine moieties incorporated in the peptides are introduced 

due to their resemblance to the DOPA analogue present in some of the adhesive 

glues used by common biofoulers, in particular mussel foot proteins. 

Furthermore, the peptides are designed to investigate how the relative 

occurrence of the constituting amino acids affects the settlement.  

due to their resemblance to the DOPA analogue present in some of the adhesive 

glues used by common biofoulers, in particular mussel foot proteins. 

Furthermore, the peptides are designed to investigate how the relative 

occurrence of the constituting amino acids affects the settlement.  

Interestingly the positively charged surface promoted settlement of Ulva 
zoospores. The most settled Ulva zoospores were found on the surfaces modified 

with the arginine-containing oligopeptide and more than one half of the settled 

zoospores were attached to the surface side-on (figure 4.2), with their flagella 

intact. A possible explanation to this anomalous settlement may be the charge-

charge interaction between the negative charges in the cell wall of the zoospores 

Interestingly the positively charged surface promoted settlement of Ulva 
zoospores. The most settled Ulva zoospores were found on the surfaces modified 

with the arginine-containing oligopeptide and more than one half of the settled 

zoospores were attached to the surface side-on (figure 4.2), with their flagella 

intact. A possible explanation to this anomalous settlement may be the charge-

charge interaction between the negative charges in the cell wall of the zoospores 
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and the positive charges in the arginines, although that does not explain why 

there is such an increase in settled zoospores. 

Figure 4.3. The design of the eight peptides synthesized for the investigation 
of biofouler settlement. The three highlighted are investigated in paper 4. The 
top left was later removed due to low solubility. 
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5  Surface Analytical 
Techniques 

here are a large number of different techniques available to characterize 

a surface or investigate molecular interactions at a surface; such 

techniques include quartz crystal microbalance (QCM), surface plasmon 

resonance (SPR), and X-ray photoelectron spectroscopy (XPS). In the following 

text, a brief description of four techniques that have been used in papers 3-5 will 

be given. 

 T

5.1 Ellipsometry 

Figure 5.2. Schematic picture of an ellipsometer. 

When determining the thickness and optical properties of a thin film deposited on 

a flat surface, ellipsometry[126] is a superior technique. The basis of ellipsometry 

is the measurement of change in polarization of light upon reflection from a 

surface. This technique enables the thickness of a monolayer to be determined 

with an accuracy of ~1 Å. 

A typical setup for an ellipsometer (in this case a null ellipsometer) includes a 

light source, a polarizer, a compensator, an analyzer, and a detector (figure 5.2). 

The light from a monochromatic light source is linearly polarized by the 

polarizer. The compensator is usually kept at ±45° and the light is made 

elliptically polarized by phase shifting the parallel (p) and perpendicular (s) 

components. The reflection of light at the surface induces a second phase shift 

(Δ) as well as a change in the amplitude (Ψ). The light then passes through the 

analyzer (a second polarizer) and the intensity of the transmitted light is 
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measured by the detector. Using the Δ and Ψ values, the thickness of the film can 

be calculated,[127] provided that the optical properties of the substratum are 

known (or fairly accurately guessed). 

5.2 

5.3 

Infrared Reflection Absorption Spectroscopy 

A molecule attached to a reflective substrate, such as gold, is vibrating and if the 

molecule has a dipole moment, it is possible to use infrared reflection absorption 

spectroscopy (IRAS) to investigate the molecule in terms of conformation, 

packing, chemical composition, coverage, and thickness. If the vibrating dipoles 

of the molecule are oriented perpendicular to the surface, they may absorb 

infrared light at fixed frequencies, depending on the atoms involved, leading to a 

decrease in intensity of the corresponding frequencies of the reflected light. 

When comparing the light reflected from the sample with that of a reference, the 

absorbed energies would result in peaks in the Fourier transformed signal, 

corresponding to the composition of the molecules attached to the surface. IRAS 

is a very powerful technique and can detect the absolute composition of a 

molecular SAM. 

Contact Angle Goniometry 

The wetability of surfaces can be measured with a quick method called contact 

angle goniometry, in which a droplet of liquid, in most cases water, is applied to 

the surface and the contact angle of this droplet is then determined via analysis 

of the droplet profile. Depending on the surface energy of the sample, this angle 

will vary, and, using water as the probe liquid, a high value is acquired for a low-

energy surface and vice versa. Contact angle measurements are often performed 

by measuring the advancing and receding angles, which means consecutive 

measurement of the droplet expanding on the surface and the droplet 

withdrawing from the surface, respectively (figure 5.3). This type of 

measurement gives valuable information about the surface roughness as well as 

about chemical inhomogeneities, deformations of the surface and adsorption and 

desorption.[128] It is possible to characterize some of these properties using the 

contact angle hysteresis,[129] which is the difference between the maximum 

Figure 5.3. Schematic picture of contact angle goniometry. 
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(advancing) and minimum (receding) contact angle values. Although, in order to 

make accurate characterizations, it is crucial that the measurements are 

performed quickly, as pollutants from the air can have tremendous effect on the 

results.  

5.4 Dynamic Light Scattering 

The technique of dynamic light scattering[130] can give information about the size 

distribution of particles in solution. When a dilute sample of the analyst (ideally, 

it should have to be dilute to prevent multiple scatter[131]) is illuminated with a 

laser light source, the particles will scatter the incoming light to the detector. 

The scattered intensity in a particular direction will depend on whether the phase 

of the total scattering in this direction is constructive or destructive. With time, 

the analyst will undergo Brownian motion, thereby causing time-dependent 

fluctuations in the scattering signal.[132] Via analysis of these fluctuations, the 

diffusion rate (or the distribution of diffusion rates) of particles can be calculated. 

Since diffusion rate is related to particle size, Stokes-Einstein’s equation can be 

used to transform the distribution of diffusion rates to particle size distributions. 

In paper 3, this technique has been used to follow the time-dependent 

aggregation of vesicles interacting with peptides.  
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6  Included Papers 
Paper 1 

Induction of Structure and Function in a Designed Peptide upon Adsorption on a 

Silica Nanoparticle 

Angewandte Chemie International Edition, 2006, 45/48, 8169-8173 
M. Lundqvist, P. Nygren, B.-H. Jonsson, K. Broo 

Author’s contribution 

Designed and synthesized the peptides. Contributed to the writing. 

Short description 

The paper describes the design and synthesis of two peptides that adopt a 

helical structure when introduced to silica nanoparticles. In one of the peptides, a 

catalytic histidine-lysine pair was introduced, which hydrolyses an active ester 

only when the peptide has formed a helix on the particle. Furthermore, it is 

shown that the peptides have a high thermal stability and that the loss of 

structure upon heating is fully reversible. 

           
Left: The activity of the peptide-nanoparticle complex (blue) compared with 

the background hydrolysis of the free peptide (pink), nanoparticle (yellow), and 

buffer (dark blue). Right: Melting of the peptide adsorbed to the nanoparticle (■) 

with the subsequent cooling (♦). 

 

Paper 2 

Fundamental Design Principles That Guide Induction of Helix upon Formation of 

Stable Peptide-Nanoparticle Complexes 

Nano Letters, 2008, 8/7, 1844-1852 
P. Nygren, M. Lundqvist, K. Broo, B.-H. Jonsson 

Author’s contribution 
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Designed and synthesized all peptides. Made all measurements except ITC. 

Wrote most of the article. 

Short description 

This paper deals with the optimization of surface-induced helical structure. A 

series of 11 peptides was synthesized with a systematic variation in primary 

structure and the effect these changes had on the induction of structure with a 

negatively charged silica nanoparticle was used to design an optimized peptide. 

The induction of structure was analyzed with circular dichroism and the helicity 

calculated using the web based tool CDSSTR. The optimized peptide was helical 

to 4 % in solution and had 60 % helicity when introduced to the nanoparticles; the 

peptide had a Kd of 6.6 μM and was still helical to 23 % at 85 °C. 
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Melting of the optimized peptide adsorbed to silica nanoparticles going from 5 

to 85 °C and the result after subsequent cooling (red line), the dashed line shows 

the peptide in absence of particles. The inset shows the calculated helicity for 

the peptide at each temperature step, the orange triangle represents the 

subsequent cooling. 
 

Paper 3 

Lipid bilayer induced secondary structure in de novo designed peptides – small 

changes in primary structure leads to α-helices or β-sheets 
In manuscript 

P. Nygren, M. Lundqvist, B.-H. Jonsson, T. Ederth 

Authors contribution 

Designed and synthesized all peptides. Made all CD-measurements. Wrote most 

of the article. 

Short description 

The interaction between highly positively charged peptides with negatively 

charged lipid bilayer vesicles has been investigated in order to determine the 

effect that these interactions have on the secondary structure of the peptides. 

The peptides, which have very similar primary structures, differing only in the 

type of positive charge or in their hydrophobic elements, show remarkable 

differences in secondary structure. The use of an arginine-rich peptide with the 

hydrophobic contribution from leucine leads to an α-helical structure upon 

interaction with a bilayer, whereas a peptide equal in all positions with the 
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exception of valine as the hydrophobic amino acid forms a β-sheet. It is also 

shown that the stability of the vesicles are tightly connected to the concentration 

of arginine-rich peptides, and as the vesicles aggregates upon increasing peptide 

concentration the peptides lose all or much of their secondary structure. 
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The figure shows the gradual decrease in secondary structure of the leucine- 

(left) and the valine- (right) containing peptides upon adding increasing 

concentrations of peptide to a solution containing vesicles with 40 % 

phosphatidylglycerol. 
 

Paper 4 

Anomalous Settlement Behavior of Ulva linza Zoospores on Cationic 

Oligopeptide Surfaces 

Biofouling, 2008, 24/4, 303-312 
T. Ederth, P. Nygren, M. E. Pettitt, M. Östblom, C.-X. Du, K. Broo, M. E. 

Callow, J. Callow, B. Lieberg 

Authors contribution 

Designed and synthesized the peptides. Contributed to the writing. 

Short description 

The settlement behavior of the green alga Ulva linza on three different SAMs 

formed from de novo designed cationic oligopeptides was investigated. The 

peptides were immobilized on gold substrate and the physiochemical properties 

and the stability of the formed SAMs to artificial seawater were investigated with 

IRAS, ellipsometry, and contact angle goniometry. Settlement assays show that 

all three peptides promote settlement, and especially SAMs formed from an 

arginine-rich peptide. Interestingly, a large fraction (over 50%) of the zoospores 

settled on this SAM had settled in a hitherto undocumented, anomalous manner. 

 
The figure shows a fluorescence microscopy image of a normally settled Ulva 

zoospore (A) next to an anomalous settled zoospore (B). 
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Paper 5 
Interactions of Ulva linza Zoospores with Arginine-Rich Oligopeptides 

In Manuscript 
P. Nygren, T. Ederth, M. E. Pettitt, C.-X. Du, T. Ekblad, Y. Zhou, M. E. Callow, 

J. Callow, B. Liedberg 

Authors contribution 

Designed and synthesized the peptides. Performed surface characterization 

measurements (IR, contact angle goniometry, ellipsometry). Contributed to the 

writing. 

Short description 

The settlement behavior of Ulva zoospores on arginine-rich peptide SAMs is 

further investigated. A set of peptides with variations in length and the 

positioning of the constituting amino acids are used to elucidate the cause of the 

anomalous settlement behavior of the zoospores. The settlement behavior of 

Ulva on the SAMs was investigated, and compared with the effect that the 

peptides have on behavior on the settlement of Navicula diatoms. Interestingly, 

the anomalous settlement is time-dependent; the figure below shows the 

population of normal and abnormal attached spores for different settlement times. 

The relative change in the population is due to both an increase in normally 

settled spores and to a decrease in abnormally settled spores.  
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