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Abstract 

 

Understanding of the self-assembly behaviour of peptides is of great interest within several 

different areas such as neurodegenerative diseases, biotechnology, and peptide pharmaceuticals. 

In this work we have compared the impact on the self-assembly behaviour derived from 

systematic changes of the primary structure of A8K, where A denotes alanine and K lysine. 

Model peptides derived from A8K included in this work are KA8, G8K, and A4KA4, where G 

denotes glycine. In addition, we have also studied the self-assembly behaviour of binary mixtures 

of the model peptides to probe coaggregation of the different model peptides.  To determine the 

aggregate structure small and wide-angle x-ray scattering and cryo TEM experiment were 

performed. Furthermore, to determine the secondary structure, we performed measurements 

using circular dichroism and infrared spectroscopy. We also probed the solubility of the model 

peptides through static light scattering experiments.  

From our results we can derive, that replacing alanine with the less hydrophobic amino acid 

glycine leads to a higher critical aggregation concentration, as expected. Furthermore, the change 

removes much of the chirality of the model peptide, leaving lysine as the only chiral amino acid 

in the peptide. The result from this is that G8K form two-dimensional disc-like aggregates, 

whereas A8K aggregates into twisted one-dimensional fibres.  

A higher peptide solubility is also observed for A4KA4 where the lysine amino acid has been 

placed in the middle of the peptide, presumably due to a destabilization of the laminated beta-

sheet structure as the bulky lysine sidechain is accommodated within the peptide aggregates. By 

reversing the amino acids sequence, we observe a minor structural change for KA8. For the 

binary mixtures of A8K or KA8 and G8K, we can conclude that they coaggregate with aggregate 

properties reminiscent of the alanine model peptide.  
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Populärvetenskaplig sammanfattning  

Peptider är mindre versioner av protein. Det som man vanligtvis kan läsa på 

innehållsförteckningen på de flesta matvaror i dagen samhälle. Peptiderna i sig består av 

aminosyror som kan anses vara de minsta byggstenarna för peptider och proteiner.  

Peptider och proteiner spelar en stor roll i våra biologiska system. Proteiner och peptider bidrar 

till flera viktiga processer. Proteiner hjälper till med att få vårt blod att koagulera när vi skadar 

oss. De kan hjälpa till med matsmältningen och mycket annat i kroppen.   

Många processer i kroppen behöver ha peptider eller proteiner för att saker ska gå rätt till. Men 

det är inte alltid saker går som det ska. En alltför vanlig sjukdom vi har idag är Alzheimers.  

Alzheimer och många andra sjukdomar kan kopplas till proteiner och peptider där något går fel. 

För Alzheimers så börjar proteiner klumpa ihop sig för att något har gått fel vid tillverkningen av 

proteinerna.  

Därav så finns det ett stort intresse av att förstå vilka faktorer som bidrar till hur peptider 

klumpar ihop sig. Därför så studerar detta arbete en serie av fyra konstgjorda modellpeptider. 

Varje peptid är framställd men en ändring sinsemellan. Detta för att kunna urskilja hur en liten 

ändring av modellpeptiden kan bidra till förändrat beteende i ett större perspektiv.    
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1. Introduction 

Amino acids are the building block of any peptide or protein. Amino acids come in many 

different forms, characterized by their side chain. Each amino acid has an alpha-carbon, the 

alpha carbon is the central atom in the amino acid. The alpha carbon is connected to an amino 

acid specific sidechain, an amine, and a carboxylic acid. Generally, 50 or less amino acids and the 

molecule is referred to as a peptide. If you have more than 50 amino acids, you have a protein 

instead.  

Understanding peptide aggregation behaviour on a fundamental level is of interest in several 

different fields such as neurodegenerating diseases, biotechnology, and peptide pharmaceuticals.  

A hallmark for neurodegenerating diseases, such as Alzheimer’s, is the aggregation of amyloid 

polypeptide fibrils(M. Dobson, 1999). Understanding the aggregation process be key for 

developing future therapeutics. Furthermore, understanding co-aggregation effects are of interest 

as well, as the presence of one polypeptide might catalyse the aggregation of other less 

aggregation prone polypeptides. (Cukalevski et al., 2015) 

Furthermore, peptides are also used in bio nanotechnology, as building blocks for more complex 

materials used in synthesis and fabrication of devices. Whilst proteins are used for more complex 

tasks, peptides can aggregate into supramolecular structures prone to undergo changes when the 

physiochemical environment is changed. Thus, conformation changes of peptide materials 

induced by external stimuli can be utilized as sensors and as responsive smart materials.(De La 

Rica & Matsui, 2010)  

Peptides are of great interest for the pharmaceutical market, being midway between small 

molecules and more complex biopharmaceuticals. Peptide therapeutics have shown great 

promise and with further untapped potential for future therapeutics. However, challenges such 

as aggregation and solubility of the peptide pharmaceutics must be overcome. Thus, for natural 

peptides there is a need to address these issues. Methods to approaching these problems include 

destabilization of hydrophobic patches of the peptides and methylation. Given the pH of the 

intended final product, charge distribution and isoelectric points also of importance.(Fosgerau & 

Hoffmann, 2015)   

The sequence of amino acids is referred to as the primary structure of a peptide or protein. It 

begins at the amino-terminal(N) and ends at the carboxyl terminal(C). The secondary structure 

holds information about repeating local structures, stabilized by hydrogen bonds. Amongst 

secondary structures we may find alpha helices and beta-sheets. Furthermore, there is tertiary 

and quaternary structures who describe entire proteins.   

Aggregation of peptides is complex interchange between several different factors. Of main 

interest is the hydrophobic interaction with water and hydrogen bonds between peptides 

stabilising secondary structures. What kind alteration of the primary structure of a model peptide 

could impact its self-assembly behaviour? Could it be possible to derive a change in secondary 

structure from a specific a change in the primary structure of a model peptide? 

This aim of this work is to analyse possible changes induced in the secondary structure of 

aggregated model peptides as the primary structure of the model peptides are altered. Ideally, it 

would be possible to map one change in the primary structure to one change in the secondary 

structure.  
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Three peptides will be of interest within this work, alanine, glycine, and lysine. Alanine and 

glycine have similar sidechains, a hydrogen for glycine and a methyl group for alanine. The 

sidechain of lysine is longer with four carbons and an amine at the end. Alanine, glycine, and 

lysine is shown figure 1.  

  

Figure 1. Lysine(left), alanine(middle) and glycine(left).  

These peptides will compose four different model peptides as the base for thesis. We have three 

alanine model peptides where we alter the position of lysine within the primary structure of the 

model peptide. They will be addressed as A8K, KA8 and A4KA4. Thus, the lysine will be put at 

the N-terminus, C-terminus, and in the middle of the primary structure. Furthermore, in the 

fourth case the alanine will be switched for glycine resulting in the peptide G8K. Model peptides 

are shown in figure 2.  

 

Figure 2. Model peptides A4KA4, A8K, G8K and KA8 

Previous work in the field of peptides self-assembly systems have been made by (Zhang, 2003; 

Zhao et al., 2008). Research on the colloidal and molecular aspects of the AnK model peptide 

system have lately been made by (Cenker et al., 2014; Rüter, 2020). 

A4KA4 

A8K 

G8K 

KA8 
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The model peptide primary structures within this work are derived from the previous work by 

(Rüter, 2020). Complementary projects have evolved to include binary mixtures of the previously 

mentioned model peptides and AnK peptides of different length.  

Previous work by (Rüter, 2020) have extensively described the molecular and colloidal aspects 

for A10K and A8K. Therefore, the length of the model peptide is of interest as well. Justifying a 

side project regarding suggested coaggregation behaviours of model peptides of different lengths.  

This work entails the exploratory work of the author. Focusing on explaining what behaviour 

that can be observed for the new model peptides. And when data supports it, explain why we 

can observe a certain behaviour.  

 

 

 

2. Materials and methods 

2.1 Sample preparation and materials.  

Peptides samples were received from CPC scientific Inc with a peptide purity at around 95% and 

with trifluoroacetic acid (TFA) as the counterion. Vials and NMR tubes were thoroughly washed 

with soap and de-ionized water several times then blow dried with air. NMR tubes had an 

additional wash with a 2% Hellmanex solution.  

Sample preparation used filtered, 0.2µm GHP membrane, Milli-Q water. The peptides were 

measured on high accuracy scales. Samples were prepared by weighing peptide and water into 

glass vials.  

2.2 Circular dichroism (CD) 

CD measurements were made with a Spectropolariometer of the manufacturer Jasco, model J-

715. The samples were applied to either a 0.1mm or a 0.01 mm cell, to get measurable data and 

to avoid over absorption at the detector due to samples having a to high absorption depending 

on the sample concentration. Backgrounds measurements, of Milli-Q water were performed 

between samples measurements and the cells were washed with a 2% Hellmanex solution 

between measurements. Measurements, of purified water, between samples were done to assure 

that the cells were cleaned of leftover residues, peptide monomers, as they would contribute to 

the spectra of sample measurements.  

In CD one measures the difference in absorption of right, respectively left, polarized light of a 

sample. Initially the radiated light, left and right polarized, have the same magnitude. However, 

when the eradiated light is absorbed it can do so in several ways. No difference in absorbed light 

would mean that detected light, of different polarizations, would be of the same magnitude. 

Thus, not leading to any observable CD spectra.  

For light to be absorb, there needs to be an optically active component. For the case of 

polypeptides, the optically active component is the amino acids. This is the case for all amino 
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acids except one amino acid. Glycine is the only amino acid not optically active since its α-carbon 

is bonded to two hydrogen.  

Different protein secondary structures will induce characteristic internal conformations of the 

peptide bonds of the polypeptide/protein. Different internal conformation will leads to specific 

absorption patterns for different kinds of secondary structures, as seen in figure 3.  (Kelly et al., 

2005) 

 

 

Figure 3. CD fingerprint spectra for protein secondary structures.  

 

2.3 Small and wide-angle x-ray scattering (SAXS/WAXS) 

Small angle x-ray scattering measurements were performed on a Ganesha 3ooXL (Saxslab). By 

using a moveable detector, a wide q-range can be measured. Thus, a WAXS stage was used to 

include both small and wide-angle measurements. Measurements were made at room 

temperature.  

Initial data treatment was made by SaxsLab Graphical user Interface(GUI), transforming the 

two-dimensional data to a one-dimensional data by radially averaging the intensity. Furthermore, 

additional analysis was made by fitting scattering models to the measured data using 

SasView(www.sasview.com).  

Small angle x-ray scattering is commonly used for characterization of soft matter systems. 

The method radiates the sample with x-rays and the molecules in the sample will interact with 

the incoming radiation and scatter it in a way depicting the properties of the given sample. 

When a sample is radiated with the primary beam scattering will occur. The scattered intensity 

from the sample will deviate from the primary beam, the angle of deviation is called the 

scattering angle, denoted θ. As the x-rays are scattered by the particles in the sample, a wave of 

radiation will arise from the position of the molecules.  This wave will then create interference 

patterns at the detector where the intensity of the scattering pattern is dependent on the 

scattering angle. This creates a distinctive two-dimensional pattern at the detector. This two-
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dimensional pattern will carry information about the internal structure of the molecule, 

orientation, and distances of atoms within the molecule.  

To have a uniform way to present data, scattering intensity is often plotted against a scattering 

vector q, se Eq 1, where λ is the wavelength of the primary beam and θ is the scattering angle. 

The unit for the scattering vector is inverse length usually in nm-1 or Å-1.  

𝑞 =
4𝜋

𝜆
∗ sin(θ/2)  (1) 

When representing scattering data, we often do so in a reciprocal manner due to the scattering 

vector having the inverse relationship to a real length scale. At lower q-values we obtain 

information over longer length scales of the sample, and at higher q values smaller length scales. 

Furthermore, the value of the scattering angle, and thus the scattering vector, is dependent on 

the distance from the sample to the detector. To measure at a range of q values the distance 

between the sample and the detector is altered. The distance from the detector to the sample 

leads to two different methods of measuring scattering. SAXS scattering corresponds to longer 

distances between the sample and the detector, and therefore lower q-values. WAXS has shorter 

distances from the sample to the detector, resulting in higher q-values.  

The scattered intensity of a sample can be described by Eq 2. Where Φ𝑝 is the volume fraction 

of the sample, ∆𝜌2  is the difference in scattering length density(SLD) between the sample and 

the solvent squared, Vp is the particle volume, P(q) is the form factor and S(q) is the structure 

factor.  

𝐼(𝑞) = Φ𝑝∆𝜌2𝑉𝑝𝑃(𝑞)𝑆(𝑞) (2) 

The difference in SLD is derives a difference in contrast for the solvent and sample. With no 

contrast between the sample and the solvent, no scattering pattern can be expected. The form 

factor, P(q), holds information about intramolecular scattering while the structure factor, S(q), 

holds information about intermolecular scattering.  

 

2.4 Attenuated total reflectance Fourier transformed 

Infrared spectroscopy (ATR-FTIR) 

 

FTIR is a reliable method that procures information about the composition of the sample and 

furthermore its structure.  FTIR is adequate to probe properties of biological samples such as 

protein structures and to highlight secondary structures of peptide aggregates. The method 

radiates the sample with an infrared beam that is absorbed by different bonds in the sample and 

their vibrational energies. Different bonds will absorb at different frequencies corresponding to 

the energy needed to perturb the specific bond.  

A difference between transmission FTIR and ATR is the preparations needed and the accuracy 

of the measurements. ATR requires less preparation and is a bit less precise. 

Experiments were performed on a Nicolet 6700 FTIR instrument with an ATR attachment.  

Samples were applied to the diamond crystal and measurements were performed. In the case of 

the measurements of dried samples, the measurement was performed when the auto-collecting 
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mode of the instrument showed no change in the spectrum as the sample was drying. 

Measurements on dried samples were made to improve sample signal for lower concentration 

ranges. Initial background subtraction was made on the Thermo Omnic software.  

In figure 4 as ATR experimental setup is shown.  The incoming infrared beam is reflected on the 

surface where the sample is placed. At the interface, an evanescent wave protrudes into the 

sample leading to an attenuation of the wave dependent on the absorption properties of the 

sample. The wave then returns into the crystal and eventually reaches the detector. Dependent 

on the experimental setup the incoming infrared beam might probe the sample several times or 

once.  

 

Figure 4. Basic principle for ATR-FTIR measurements.  

When infrared light is absorbed by a molecule it will excite a vibrational transition of certain 

bonds within the given molecule, to a quantized amount of energy. It is an interaction between 

the dipole moment of a molecule and the incoming electromagnetic waves. For far- and mid-

infrared frequencies (14000 – 30 cm-1) their oscillating electrical fields of the electromagnetic 

waves will have the same frequency as the vibrations of dipolar bonds of molecules. Thus, the 

absorption of infrared light correlates to that of dipolar bond vibrating with the same frequency 

as that of the oscillating electrical field of the absorbed infrared radiation.   

Furthermore, the infrared absorption bands, of dipolar bonds within a molecule are affected by 

several factors. An absorbance band is a frequency area where a specific bond is absorbing 

radiation.  For this work we have focused on the intermolecular interactions of peptides. As the 

nature of inter- and intramolecular interactions will impact the absorbance bands of a given 

dipolar bond. Differences in secondary structure would therefore be detectable.       

 o detector
A   rystal

 nfrared 

beam

 ample

 vanescent wave
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Figure 5. Amide regions of interest for peptide analysis shown together with a KA8 sample.  

The backbone of a peptide is composed of linked amino groups linked together by amides. 

Different parts of the amide group will have an absorbance band at different frequencies, as they 

are taking part in different kind of bonds.  The absorbance at certain frequencies correlates with 

vibrational transitions for a specific part of the amide group. A specific secondary structure of an 

aggregated peptide would then lead to absorbance in a specific band, being dependent on intra- 

and intermolecular environment and character of hydrogen bonds of the aggregate.  

The amide A region correlates to an N-H stretching and the position is dependent on the 

strength of the hydrogen bond. It is exclusive for the NH group of the peptide backbone.   

The amide region of most importance is the amide I region, with a major contribution from a 

secondary structure affected C=O bond.  The only sidechain contribution of  interest in this 

work is that of the lysine side chain with absorbance at around 1630 cm-1 (Barth, 2000). It should 

also be noted that the counterion from the solid-state synthesis, TFA, absorbs around 1673 cm-1 

(Haris & Chapman, 1995). The amide I region is the most sensible region when it comes to 

secondary structure determination as certain secondary structures have a characteristic band 

absorbance in the amide I region, se table M1  

Table M1 

Band assignment for amide region I for different secondary structures, extreme values in 

parenthesis.  

Secondary structure Band positions (H2O / cm-1) 

α - helix 1654 (1648-1657) 

β – sheet 
 

1633 (1623-1641) 
1684 (1674-1695) 

Turns 1672 (1662-1686) 

Disordered 1654 (1642-1657) 

 

The amide II region is a combination of NH, CO, CC, and NC vibrations. Contributions from 

side chains are negligible and the relation between secondary structure and absorbance bands 
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lack a clear correlation. Amide region III is furthermore a complex sum of contributions from 

different vibrations and is not adequate for second structure analysis. 

(Barth, 2007; Barth & Zscherp, 2002)  

2.5 Static light scattering (SLS) 
 

Samples were measurements were performed on a Goniometer ALV DLS/SLS(ALV-Laser). 
Samples were measured in NMR-tubes at a 90° angle and the average value of three 
measurements for the ratio of scattered versus incoming intensity were used for data analysis. 
Measurements that deviated in scattered intensity were redone.  

Static light scattering theory is shared with that of any scattering method. The approach for static 

light scattering in this thesis is to determine the critical aggregation concentration (CAC) of the 

model peptides. As the monomers in solution will start to aggregate, we can expect the 

aggregates to start scatter light as larger particles are formed. 

2.6 Cryo Transmission electron spectroscopy (TEM) 

Samples were quickly diluted for each respective peptide. The samples were then applied to an 

electron microscope grid and blotted to a thin layer. Immediately after a successful blotting the 

sample is plunged into nitrogen, snap-freezing the water and the sample.   The time from 

dilution to the samples being frozen in liquid nitrogen was 2 minutes or less. The blotting and 

the dilution were done to ensure that the amount of sample would be appropriate when 

observed in the electron microscope. As to much sample would lead to cluttered images. The 

snap-freezing is important as the water is kept from crystalizing as it freezes. Crystalline ice 

would compromise the images if the water were not frozen fast enough.      

Transmission electron microscopy is an imaging technique relying on the same principle as the 

microscope using light, only that electrons are used instead of light.  (Carroni & Saibil, 2016) 

 

3. Results & Discussion 

3.1 Aqueous self-assembly of G8K 

This chapter entails the observed self-assembly behaviour of the G8K model peptide. The main 

objective for studying G8K was to characterize the effects on the self-assembly behaviour by 

altering the hydrophobicity of the model peptide, in comparison with A8K. Thus, alanine was 

exchanged for glycine. The change in hydrophobicity is derived from the change in sidechains 

for the amino acids. The sidechain for alanine is a methyl group and for glycine a hydrogen. 

Furthermore, moving from alanine to glycine caused another important change as glycine is 

achiral. The alpha carbon is bonded to two hydrogen instead of a hydrogen and a methyl group.  

At first the solubility of G8K was of interest. Thus, the CAC was determined by performing light 

scattering experiments. Figure 6 shows the scattered intensity as a function of concentration the 

peptide. As aggregates form more light will be scattered. The amount of scattered light should 

increase with the amount of aggregates formed. As shown in figure 6, the critical aggregation 
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concentration can be estimated to be 3±.5 wt.%. Compared to A8K that aggregates at much 

lower concentrations, at around 0.1wt%(Cenker et al., 2014).  This is not unexpected as the 

hydrophobicity changes greatly when exchanging a hydrophobic methyl group for a hydrogen.  

 

Figure 6. The scattered intensity of G8K as a function of wt%. The baseline scattering is the 

average value from the point of low scattered intensity. As it is scattering from monomers the 

scattering should slightly increase as the monomer concentration risers.  

G8K has proven to be an interesting model peptide. Previously we have seen the peptides, AnK 

form fibrils (Cenker et al., 2014; Rüter et al., 2019). Furthermore, SAXS measurements were 

performed to study the inter and intramolecular properties of the aggregated monomers.  Initial 

SAXS measurement suggests that G8K form aggregates that form two-dimensional shapes.  The 

initial slope of -2.2, derived from the values in the low q-range, in  figure 7 indicates the presence 

of two-dimensional shape(Schnablegger & Singh, 2011). To further characterize the scattering 

patterns from the G8K peptides a thin disc model in combination with a monomeric Gaussian 

polymer coil model was chosen to simulate the scattering data. Since G8K have high solubility 

the contribution from the monomers is not negligible, as we expect that a considerable part of 

the sample will not have aggregated due to the sample concentration only being 2 wt% above the 

CAC.  

Furthermore, a specific diffraction pattern has in previous studies been present in the WAXS 

region of the measurements of the alanine model peptides. Due to the local packing of the 

model peptides diffraction patterns will arise due the crystalline packing(Kuczera et al., 2020). 

This is notably not present for G8K. However, if the sample is left to age a small peak can be 

observed at q = 1.4 Å-1. This corresponds to 4.5 Å and is found in other systems as 

corresponding to the beta strand distance within beta-sheets.  

In figure 7 we show three different models. The black dashed model for both sample 

measurements (2 days and 66 days) assumes a single disc with a thickness of 3 nm, about the 

length of a G8K peptide. However, the blue dashed model stacks discs instead of a single disc. 

This leads to a noticeable better fit for the early measurement. The same parameter, stacking 
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discs, does not fit at all for the later measurement.  The radius of gyration for the polymer coil is 

set to 7 Å for all models.  

  

Figure 7. The scattering profile for a G8K 5 wt% sample measured at different waiting times, 2 

and 66 days after preparation. The vertical line corresponds to a peak at q= 1.4 Å-1, 

corresponding to 4.5 Å. The presented models are a combination of discs and monomeric 

Gaussian polymer coils(www.sasviev.com) model. The blue model for have a higher disc 

thickness compared to the black model. For the polymer coil model, the radius of gyration is set 

to 7 Å. Exact parameters for the model can be found in the appendix.  

The main difference for the applied models in figure 7 for the different waiting times are the 

ratio between discs and monomeric polymer coils. The fraction of discs increases over time and 

the fraction of monomeric polymer coils decrease. While kinetics has not be the focus, this 

suggests that we se an increase in aggregation over time. The difference in stacking parameters 

for the different model, black and blue, is perplexing.  

In figure 8 a cryo TEM image of G8K aggregates is shown. An initial observation confirms the 

presence of a two-dimensional shapes, showing consistency with data given by SAXS 

measurements. Furthermore, clusters of laminated beta sheet discs in different orientations can 

be observed as well as a couple of single discs. Moreover, the following image, 9, shows the same 

sample at a longer time from preparation. The distribution of the sheets is more uniform and not 

as clustered as in figure 8. Furthermore, in figure 11 A, a close-up image of a stack of G8K 

sheets is shown. A line scan, as shown in figure 11 B, shows the distance between layers within 

the discs approximates to 3 nm. This is about the length of a single stretched G8K peptide.  

From the cryo images we derive the parameters previously set for the models in figure 7. The 

stacking of discs is derived from the shown clusters of discs.  
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Figure 8 A cryo TEM image of G8K diluted from 5 wt% to 3 wt%. Discs in different 

orientations can be observed well as clusters of discs. The scale bar is 100 nm.  
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Figure 9. A cryo TEM image of G8K diluted down from 5 wt% to 1 wt% The sample is the 

same as in figure 9 but the image is taken approximately 50 days later. The scale bar (bottom left 

corner) is 100 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10   A cryo TEM image of G8K diluted from 5 wt% to 0.03 wt%. Stacks of sheets can be 

observed. The scale bar is 100 nm 

 

 

Figure 11 A(left) & B(right). Close-up of internal stacking within the different layers(left) The 

graph(right)shows the grey scale variation along the line seen in the left image. The y-axis in the 

graph, indicates the brightness of the analysed area. The three valleys in the graph, corresponds 

to the three darker lines highlighted by the yellow line(left). Distance corresponds to the length 

of a G8K peptide chain. 

For further elucidation of the G8K aggregates CD measurements were made but the data proved 

unreliable to interpret, as shown in figure 12. This is due to that only lysine(K) in the G8K 

model peptide is chiral. Thus, CD measurements for G8K proved to be of no use for the 

characterization of G8K. Another approach was taken, and ATR FTIR measurements were 

made instead.  



17 
 

 

Figure 12. CD spectra of G8K.  Shows some resemblance of random coil but is shifted to far to 

lower wavelengths.  

In figure 13 a spectrum of G8K is shown. In this work we have focused on the amide I region, 
1600-1700 cm-1, as this is the region from which protein secondary structures can usually be 
determined(Grdadolnik, 2003). There is also some water left that was not subtracted with the 
background, the leftover causes the intensity shifting areas at 3500 cm-1 and just above 2000 cm-

1(Barth, 2007).      

An initial analysis would suggest that we have a parallel or anti-parallel beta sheet structure due 

to the peak at 1630 cm-1(Haris, 2013; Haris & Chapman, 1995). For an anti-parallel beta sheet 

there is also a supposed high frequency component at 1685±10 cm-1. This is however widely 

debated, discussed and reported(Cesare M Baronio et al., n.d.; Cesare Michele Baronio, 2020; 

Barth, 2007; Barth & Zscherp, 2002; Haris & Chapman, 1995; Jabs, 2013; Khurana & Fink, 

2000; Krimm & Bandekar, 1986; Rabotyagova et al., 2010;  usi’ And & Michael Byler, 1987; 

Valenti et al., 2011). However, through personal correspondence with A. Barth it was highly 

suggested that we can observe the high frequency component for several of our peptides. 

Further analysis is needed however, such as a second derivate analysis of the peaks in the amide I 

region.  

The amide I region in this case have problematic contributions that needs to be considered. 

Since the water subtraction is unsatisfactory, it is possible that there is still a contribution in the 

amide I region from a scissoring vibration from the water molecule(Barth, 2007).  Moreover, the 

peptide counterion, (TFA), is also contributing with an absorbance band at 1673 cm-1(Valenti et 

al., 2011). The wavenumber of 3297 cm-1 in the amide A region should also be as its frequency 

correlates with the strength of the hydrogen bond(Barth, 2007). Hydrogen bonds will lower the 

frequency of stretching vibrations as it lowers the restoring force when the hydrogen bonds are 

in the vicinity of each other(Barth, 2000). A slight shift to the right of the amide I region there is 

the amide II peak at 1535 cm-1. As the amide II region is a combination of several minor 

contributions, secondary structure determination here is not be as straight forward.  Just below 

1500 cm-1 the sidechain contribution can be observed. The TFA is also absorbing at 1147cm-1  

and 1200 cm-1(Valenti et al., 2011).  
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Figure 13  FTIR spectra of dried G8K and G8K (aq) 5 wt%. The intensity of the dried G8K have been 

divided by a factor of five.   

When the sample is left to dry the model peptide ratio of the signal will increase and that of water will  

disapear as observed in figure 14, the intensity at 3500 cm-1 and just above 2000 cm-1  are signficantly 

lower. The absorbance at the amide I region is furthermore a bit clearer. A slight shift in absorbance 

frequency can also be observed for the Amide II region. A consequence of driying the peptide could be 

changes to the parameter of the aggregates, as seen in figure 14 in the amide II region.  

In figure 14 several things may be noted. In the amide I region we can observe a couple of 

interesting things. There is a change in absorbance frequency for the amide II region to a lower 

frequency, indicating a change in the chemical environment for the contributions for the amide 

II region. There is a small noticeable shift in absorbance frequency for the 1629 cm -1 peak 

indicating that drying the peptide could induce minor changes within the aggregate. At the higher 

wavenumbers in the amide I region we now get a much clearer image of the its contributions. 

With water out of the picture two peaks can be observed, one peak at 1673 cm-1 due to the 

contribution from the counterion, TFA. The other one is at 1686 cm-1, which is attributed to that 

of an anti-parallel beta sheet structure.  
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Figure 14. A close-up of the Amide A region(left) and Amide I region(right). Differences 

between dried and aqueous G8K is shown. The vertical lines indicate absorbance frequencies for 

TFA and beta-sheets in the amide I region. The intensity of the dried G8K have been divided by 

a factor five.    

3.2 Comparing the self-assembly behaviour of the 

peptides A8K, KA8 and A4KA4 

The self-assembly behaviour of A8K has previously been studied by (Cenker et al., 2014; Rüter, 

2020). In this project we aim to characterize the impact on the self-assembly of moving the lysine 

within the primary structure of the model peptide. Thus, we have studied the KA8 with the 

lysine at the N terminus and A4KA4 with the lysine in the middle of the model peptide and we 

compare them with A8K.  

As observed in figure 15, where we, again, present light scattering data as a function of peptide 

concentration, the CAC for KA8 is estimated to be just above 0.25 wt%. This is a slightly 

different value than for A8K of 0.14 W%(Cenker et al., 2014). More measurement should be 

made to corroborate the CAC deviation from A8K. An improvement for the measurement 

would be more data points, and more measurements. If one wants to derive conclusion from 

differences in CAC, the values for CAC should be more accurately determined.  A larger 

difference in critical aggregation concentration is observed for A4KA4 in figure 15, compared to 

A8K. A4KA4 has an estimated critical aggregation concentration of just above 2 W%. 
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Figure 15. The scattered intensity as a function of weight percent for A4KA4(left) and 

KA8(right). A difference in scattered intensity from the baseline is derived from aggregates being 

formed. The baseline is the average value for the points of monomer scattering. CAC for A8K is 

shown for comparison.  

The monomer solubility can be discussed in the terms of chemical potentials. There is a standard 

chemical potential, μ, for the monomers in solution and in the aggregates, Eq 3 and 4. Where c is 

the concentration, kB is the Boltzmann constant, and   is the temperature, μ
° is the standard 

chemical potential, for monomers in solution(mon) and in aggregate(agg).  

In solution we have another contribution, entropy of mixing, expressed as the second term in Eq 

3. Aggregation occurs when the chemical potential for monomers in solution is higher than the 

chemical potential in the aggregates. Solving for when the aggregation occurs will lead to Eq 5 

and is further visualized in figure 16. A possible derivation for the difference in solubility for 

A4KA4 and A8K can be explained by Eq 3-5 and figure 1.   

We do not consider the alteration of the lysine group to have a noticeable impact on the 

chemical potential in solution for A4KA4, as shown in figure 17. However, imperfections in the 

aggregates caused by the inclusion of the bulky lysine group could have impact on the chemical 

potential for the monomers in their aggregated state, compared to A8K with the lysine at the end 

of the primary structure. As illustrated in figure 16, aggregation occurs when the two chemical 

potential are equal, when the lines intersect.  

𝜇𝑚𝑜𝑛𝑜𝑚𝑒𝑟 =  𝜇𝑚𝑜𝑛
° + 𝑘𝐵𝑇𝑙𝑛(𝑐)   (3) 

𝜇𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 = 𝜇𝑎𝑔𝑔
°      (4) 

𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦, 𝑆 = 𝑒((𝜇𝑎𝑔𝑔
° −𝜇𝑚𝑜𝑛

° )/𝑘𝐵𝑇)
  (5) 
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Figure 16. General presumption of the chemical potential for solutes in solution and in 

aggregated state. Based on Eq 1 and 2. The chemical potential for the monomers in solution is 

assumed to be the same. 

The difference in solubility for A4KA4 is thus derived from a change in chemical potential for 

the monomer in the aggregates rather than the monomers in solution.  

As an initial probe a CD measurement was made to get an estimate of secondary structure of the   

peptides. For KA8, shown in figure 17, there is a clear resemblance to that of A8K. Thus, the 

KA8 is assumed to aggregate into beta sheets(Cenker et al., 2014; Kelly et al., 2005). 

CD measurements proved ineffective to determine the secondary structure of A4KA4, as there 

was excessive absorbance at concentrations below the CAC for A4KA4. We have no explanation 

for this now.  There is, however, a slight resemblance to a random coil absorbance fingerprint at 

lower concentrations as seen in figure 18(Kelly et al., 2005).  

 

Figure 17 CD spectrum for KA8 and A8K. Normalized by weight percent. 
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Figure 18. CD spectra for A4KA4 at 0.1 wt%.  

Cryo TEM images, figure 19 A and B, shows several kinds of aggregated states of A4KA4. A 

network of fibrils can be observed. Along these fibrils are spherical clusters and unordered 

clumps of peptides. One hypothesis is that two different aggregates can be seen. The clusters 

along the fibrils could be derived from a fast aggregation step. While the longer fibrils take more 

time to crystalize as the bulky lysine sidechain creates a local disorder slowing down the 

crystallization progress. We suggest a two-step mechanism, first amorphous clusters are formed 

as an initial stage for a secondary nucleation. The second nucleation takes longer time as the 

lysine sidechain have to be accommodated within the crystalline structure(Lee & Terentjev, 

2017).   

Furthermore, twists of the fibril can be observed, as previously reported for A8K and A10K 

peptide aggregates (Rüter et al., 2019).  This is interesting since the twist, which is present in 

A8K and A10K fibrils, is a common feature in aggregates of a chiral character(Rüter et al., 2019). 

The twisting of the fibrils stretches inter-peptide hydrogen bonds, creating a limit for aggregation 

sizes of the fibrils, due to high energy costs of stretched hydrogen bonds. The length of the A8K 

and A10K fibrils have previously been explained by the cost of the stretched hydrogen bonds 

caused by the twist of their fibres(Rüter et al., 2019). In the case of A4KA4, we have the 

occasional twists, but a length for the fibrils is beyond what we can observe. Furthermore, it 

would suggest that the cost of stretched hydrogen bonds is not as dominating for A4KA4, 

compared to A8K. The pitch of the twist is in the magnitude of a couple 100 nm as seen in 

figure 19 B, a great increase compared to earlier reported number of 12 and 16 nm(Rüter et al., 

2019). Appreciated from figure 19 B, the width of the fibril is about 20 nm, the width of the 

fibrils is about a magnitude of 10 larger than for A8K. 
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Figure 19 A(right) B(left). Cryo TEM images of A4KA4 with different magnifications. The 

samples were diluted down from 10 wt% to 0.1wt% The three yellow nodes along the axis of the 

fibre indicate twists. The two blue nodes indicate a width of about 20 nm. Scale bars are 100nm.  

A 10 wt% A4KA4 solution was measured by SAXS to further determine it structure in its 

aggregated state. The scattering pattern can be observed along that of A8K in figure 20. At lower 

q values we can find the same wax pattern for A4KA4 as previously observed for A8K. We can 

note that the peaks in the WAXS region is broader for A4KA4 than for A8K. Indicating a less 

ordered systems in comparison with that of A8K. We assume that the bulky sidechain of lysine 

creates a local disorder for the packing peptides within the aggregates.  

The three vertical lines in the same figure correspond to distances of 5.4 Å ,4.5 Å and 3.8 Å. The 

distance of 3.8 Å have previously been reported as the distance of methyl groups and the oxygen 

in the peptide bond (Asakura et al., 2012). The other values, correspond to spacing of laminated 

beta sheets, 5.4 Å, and beta strand spacing within beta sheets, 4.5 Å(Kuczera et al., 2020). The 

initial slope of A4KA4, -1.75, indicates a difference compared to A8K with an initial slope of -

1.14. An initial value of -1 correlates to a structure estimated to be of a one-dimensional 

character(Schnablegger & Singh, 2011). A higher value for the initial slope could be derived from 

a structure factor caused by the network as seen in figure 19 A and B. Values closer to -2 would 

indicate the presence of two-dimensional structures. The presence of several different aggregates 

in cryo TEM images might influence the value of the initial slope as there is a heterogeneity 

among the shapes of the observed aggregates in figure 19 A and B. 
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Figure 20. Scattering patterns for A8K and A4KA4. The A8K model is elliptical cylinders and 

for A4KA4 a combination of elliptical cylinders and monomeric gaussian polymer coils. The 

vertical lines mark q-values of 1.65 Å-1, 1.4 Å-1 and 1.16 Å-1 

The model used for A8K is an elliptical cylinder model with cross-section parameters used by 

(Rüter 2019, Cenker et al 2015), minor axis = 1.8 nm and an axis ratio of 2. The length of the 

aggregates is set far above the q-range for the measurement. A list of model parameters is 

presented in the Appendix.  For A4KA4 the model achieves a better fit when changing the axis 

ratio. The model describes the data better using an axis ratio of 6, leading to a = 1.8 nm and b = 

10.8 nm. The value of b, the major axis of the elliptical cylinder, agrees with the image analysis of 

cryo TEM images of A4KA4, as shown in figure19 B, as a width of approximately 20 nm for the 

fibril is given by figure 19 B.   

The scattering patterns for KA8 and A8K only differ slightly, the intensity at lower q-values and 

the shoulder at 0.2 Å-1. The characteristics of this shoulder correlates is strongly affected by 

chosen cross-section parameters of the elliptical cylinder. The difference in the model parameters 

for A8K and KA8, in figure 21, is a difference in cross-section parameters. As mentioned earlier, 

A8K aggregates have cross-section values of a= 1.8 nm and b= 3.6 nm. The model for KA8 fits 

better for values of a= 2.2 nm and b= 4.4 nm for the minor and major axis of the elliptical 

cylinder. Given the explanation made by (Rüter, 2020) for the structure of the fibrils, an increase 

in laminated beta sheets would only lead to a larger major axis for the elliptical cylinder. That 

does not explain the better fit for a value of 2.2 nm for the minor axis, we assume that this might 

be an artefact of using the models as an approximation for the systems we intend to describe.  

The higher intensity at lower q-values is surprising given that the CAC of the peptides are not 

unsimilar. One explanation can be derived a difference in the mass per unit length, as it is 

proportional to the scattered intensity(Glatter, 2018). The difference in intensity approximately 

shares its ratio, ~1.5, with that of the area of the cross-sections for the different peptides given 

by the model parameters. However, it should be noted that the KA8 sample was measured first 

after 66 days and kinetics for KA8 aggregation have not been explored. Thus, conclusions from 

differences in intensity should be made carefully.  
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Figure 21. Scattering pattern for KA8 and A8K. The models correspond to scattering curves for 

elliptical cylinders.  The vertical lines mark distances of 1.65, 1.4 and 1.16 Å-1 

In figure 22 the FTIR absorbance spectrum of A4KA4 is presented. The frequency of the major 

absorbing peak in amide region A and II are consistent across both model peptides. This 

strongly suggests that we have the same type of secondary structure for our aggregated model 

peptides. Water has not been fully subtracted as water contributions are still observed at 3500 

cm-1. Moreover, the amide I region for A4KA4 is not as clear as for A8K. Yet again water 

contributions might interfere with the spectra. In the amide II region, we can observe a split of 

the peak for A4KA4, we have no explanation for this.   

 

Figure 22. FTIR spectra of A8K and A4KA4 

FTIR measurements of A8K and KA8 continue along the same results as for the analysis of the 

scattering patterns. In Amide regions I, II and A we can only see minor differences between 

A8K and KA8, as shown in figure 23. The higher intensities at the dominating peaks at the 
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amide I and A region for KA8 suggests that there is a difference between A8K and KA8 when 

they have aggregated. We expect that their intensities would be similar due to their close CAC.  

In figures 23 and 24 we show a close-up of the amide regions A and I for A8K, KA8 and 

A4KA4. In figure 24, the samples were left to dry before measuring.  

For the aqueous sample we can see that A8K and KA8 are similar. There is a slight shift for the 

amide II peak, and as noted before a difference in intensity between the two. For A4KA4 we can 

observe several things of interest. The peaks for amide A and I are split. A common 

denominator is the NH group for these regions. A possible hypothesis it that water might be 

present in a less ordered system that might include bulges in the beta sheet, interacting with the 

NH groups of A4KA4. There is still water present and the amide I region shows no clear 

preference for any secondary structure as there is no clear absorbance pattern correlating to a 

secondary structure.   

 

Figure 23 Amide region A(left) and I(right) for A8K, KA8 and A4KA4. The vertical lines 

correspond to absorbance frequencies expected for TFA and beta-sheets.   

 

If the samples are left to dry and then measured, we get easily interpretable results as shown in 

figure 24. We should have in mind that we might induce artefacts by drying the samples, thus 

creating a deviation from otherwise observed behaviour. It is likely that the water subtraction for 

A4KA4 was insufficient, as the amide I regions is clearer from contributions and the absorbance 

at 3500 cm-1 is gone in figure 24, as the sample have dried. 
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Figure 24. FTIR spectra of amide region A(left) and I(right) for dried samples of A8K, KA8 and 

A4KA4. The vertical lines correspond to absorbance frequencies expected for TFA and beta-

sheets. 

Furthermore, the spectra for A8K and KA8 become slightly clearer as we can see peaks 

corresponding to expected values of an anti-parallel beta sheet and TFA. Furthermore, the peaks 

align for the amide A peak, as opposed to the peaks when in solution as seen in figure 23. For 

the amide I region we can for the first time observe a distinct pattern aligning with values 

correlating to an anti-parallel structure(Barth & Zscherp, 2002). With peaks at 1630 cm-1 and 

1695 cm-1 our conclusion is that the secondary structure is an anti-parallel beta sheet. The Amide 

II region is also interesting as all model peptides have a slight change in their absorbance 

frequency, hinting at some slight difference between the aggregates for the different model 

peptides. The contribution from TFA is present at 1673 cm-1. 

We also note that at equal concentrations 1.5wt%, A8K forms weak a gel but KA8 does not. 

KA8 instead appears as a viscous liquid, seemingly without any gel-like behaviour present. 

Presumably, the A8K aggregates are longer than in KA8, and therefore overlap at 1.5 wt% as 

shown in figure 25. Longer aggregates would give a different aspect ratio. The aspect ratio is the 

length of the fibril divided by its diameter. With longer fibrils A8K would have a higher aspect 

ratio. The aspect ratio determines the concentration where the system forms a gel(Rüter, 2020).  
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Figure 25 A8K (left) and KA8 (right). At 1.5 wt% A8K forms a gel while KA8 remains as a 

liquid. A8K is shown at the bottom its vial(upside-down). The difference in behaviour is derived 

from changes in aggregate length as illustrated.  

3.3. Binary mixture peptides  

3.3.1 Binary mixture of A6K and A10K  

It is known, that at one weight percentage A6K does not form aggregates and appears as 

monomers in solution. Furthermore, A6K has a CAC at about twelve weight percentage. The 

model peptides themselves have been characterized before by (Cenker et al., 2011; Rüter, 2020). 

The reason for these measurements was twofold. Do the mixed model peptides aggregate 

together, and will they adapt the structure of A6K or A10K?  

If we observe the scattering pattern in figure 26 it becomes clear that the aggregate resembles 

that of A10K. Furthermore, the higher the fraction of A10K the more closely the scattering 

pattern resembles that of A10K, but at different intensities. It should be noted that the intensity 

at lower q-values do not decrease for the mixtures of equal amount or more of A6K, this could 

be because structure factor effects. Possibly indicating that the aggregates formed are longer than 

for aggregates where A10K is the dominating part. The decrease in intensity for the 1:3, 

A6K:A10K, solution is consistent with observed behaviour of A10K and is caused by 

electrostatic repulsive effects of the aggregates.  These repulsive effects could be diminished by 

A6K monomers acting as “salt”, screening the electrostatic interactions for binary mixtures with 

a higher content of A6K, as is observed for the mixtures with more A6K.  

However, as the differences in intensity are low, a quantitative analysis of coaggregation lacks 

support. An 1H-NMR experiment could be used to determine monomeric concentrations for the 

different solutions and thus support a quantitative analysis of coaggregation between A6K and 

A10K.  

A8K 1.  wt KA8 1.  wt 
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Figure 26.  Scattering profiles of different ratios of A6K and A10K, adding up to one total weight percent 

of peptide.  Scattering from the A6K and A10K model peptides are plotted along with the binary 

mixtures of them both.  The model is a combination of elliptical cylinders and a monomeric Gaussian 

polymer coil. A6K scattering pattern shown for comparison.   

3.3.2 Binary mixture of A8K and KA8 

In figure 27 we can see the scattering pattern for the mixture of A8K and KA8. The 

characteristic bump at 0.2 Å-1 is a little less distinct for the binary mixture.  At lower q-values we 

can see a decrease in intensity, consistent with that of KA8. Furthermore, a slight negative 

deviation from the model. The difference in intensity at lower q-values are consistent with earlier 

data presented in figure 21, and are explained with the higher mass per length unit(Glatter, 2018), 

derived from the differences in cross-section areas for the different peptides.  

 
Figure 27.  Scattering patterns for A8K, KA8 and the mixture of the two. The models are 

elliptical cylinders. The vertical lines mark distances of 1.65, 1.4 and 1.16 Å-1 
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The mixture and the linear combination of the model peptides A8K and KA8 have no 

remarkable differences, as shown in figure 28. The hypothesis was that the spectrum of the 

binary mixture would deviate from that of the sum of the individual spectra from the different 

model peptides. However, no remarkable differences can be seen, making it near impossible to 

tell if they aggregate together or form separate aggregates that might interact with each other.  

 

Figure 28. Close up of amide region I, II and A for the mixture and linear combination of A8K 

and KA8. Each peptide has a concentration of 1.5 wt% 

We cannot conclude that they coaggregate with each other. There are some small differences in 

figure 28, in the amide I and II region. A possible conclusion is that the peptides interact with 

each other. But we cannot tell if we have aggregates interacting with each other or monomers in 

aggregates from both peptides. Deuteration and neutron scattering could give an answer, but 

such an experiment is beyond the financial capacity of this thesis.  

3.3.3 Binary mixture of A8K and G8K 

In figure 29 we present three different models. The dotted one is the same as in figure 7, a 

combination of thin discs and monomeric gaussian polymer coil. The dash-dotted model is for 

the combination of G8K and A8K. Thus, the model is a combination of elliptical cylinders and 

mono gauss coil as the scattering profile of the mixture resemblances that A8K rather than G8K. 

A larger contribution from monomers is also expected, as the shoulder around 0.2 Å-1 is not as 

visible and G8K is below its CAC, further motivating the combination of models. Finally, the 

dashed model is elliptical cylinders as is the standard approach to model scattering for the A8K. 

Due to issues with the background subtraction at higher q-values the Bragg reflections are a hard 

to interpret. However, the Bragg reflections share similarities with A8K as the two initial peaks 

arise at the same q-values. 

 When modelling the mixture of the binary mixture, A8K/G8K, the model fits the data better 

when the cross-section parameters are slightly altered. A better fit for values axis minor = 2 nm 

and an axis ratio of 2 This is slightly longer than corresponding numbers for A8K, that has an 



31 
 

axis minor of 1.8 nm. One possible hypothesis is that achiral polyglycine parts of G8K might 

relive the aggregate of twist induced stress. Thus, leading to slightly altered cross-section 

parameters for the combination of the model peptides. 

 

Figure 29. The scattering patterns for the A8K and G8K, and the binary mixture of the two. 

Model I, for the binary mixture, is a combination of elliptical cylinders and a monomeric 

gaussian polymer coil. Model II, for A8K, is an elliptical cylinder. Model III is a combination of 

thin discs and a monomeric Gaussian polymer coil.  

One difference between G8K and A8K is the location of the peak in the amide A region, where 

G8K absorbs at a higher frequency than A8K, as shown in figure 30. This is most likely due to 

differences in hydrogen bonding strengths(Barth & Zscherp, 2002), hinting at slightly different 

spatial parameters within the aggregates of the two peptides. Furthermore, there is still some 

leftover water for G8K and the mixture of the peptides. In the amide A region, we can observe 

that the mixture absorbs at the same position as for A8K, although with a slightly higher 

intensity 

 

Figure 30. FTIR spectra of G8K and A8K, and the mixture of them both. 
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In figure 31 we can observe some minor differences at lower wavenumber attributed to different 

side chains of A8K and G8K (Barth, 2000). The amide II region has some slight shifts and peak 

patterns. The amide I region show similarities when it comes to the 1630 cm-1 beta sheet peak. 

Its anti-parallel component is observable for A8K and is slightly hinted at for the mixture as a 

small bulge in the slope. For G8K the anti-parallel component appears at lower wavenumber, 

but still within range for what is acceptable for the anti-parallel component. The peak for G8K at 

1433 cm-1 is from a CH2 vibration(Taga et al., 1997). However, we cannot explain its absence in 

the binary mixture. 

  

Figure 31 Close up of amide region I, II for A8K and G8K, and the binary mixture of G8K and 

A8K.   

3.3.4 Binary mixture of KA8 and G8K 

The models, in figure 32, for the different samples are the same as for the previous chapter, a 

combination of cylinder, elliptical cylinders and monomeric gaussian polymer coil. For G8K a 

combination of cylinders and monomeric gaussian polymer coil models were used. For KA8 

elliptical cylinders were used and a combination of elliptical cylinder and monomeric gaussian 

polymer coil were used for the binary mixture. The combination of G8K and KA8 shows some 

remarkable traits. Same intensity at lower q-values and the same Bragg peaks. The same is not 

true for higher q values. As the monomeric contribution from G8K contributes to the intensity 

at these q-values.  
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Figure 32 Scattering patterns for KA8 and G8K and their binary mixture. The models are the 

same as in figure 29. The vertical lines mark distances of 1.65, 1.4 and 1.16 Å-1 

If we look closely at the wide-angle scattering, figure 34, for G8K and KA8 we can observe a 

slight shift to higher q-values, matching slightly tighter packing parameters of the aggregate. This 

reflects including a peptide with a smaller molecular volume, G8K, in the packing matrix.  

  

Figure 34. Wide angle scattering patterns for KA8 and G8K&KA8. A shift to higher q-values is 

shown.   

As observed previously there is a difference in the amide A region. Compared to its alanine 

counterparts, G8K absorbs at a higher wavenumber, as shown in figure 35. Some leftover water 

from background subtraction is also visible for the binary mixture. When KA8 is involved it 

consistently correlates with a higher observable intensity, for FTIR and scattering experiments. 

Furthermore, we can observe the same pattern for the beta sheet peaks with one major peak 

around 1630 cm-1 and the anti-parallel component at 1685±10 cm-1 in figure 35. The increase in 

intensity from the singular KA8 peptide to the mixture of KA8 and G8K highly suggests 

coaggregation between the two peptides. An aggregate where the characteristics of KA8 is 

dominating. The amide I region has interference from water and the counter-ion, TFA, creating 

a diffuse area to decipher and analyse.  
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Hydrogen bonds increases the frequency of bending vibrations and lower the frequency of 

stretching vibrations. The amide A region have a major contribution from N-h stretching 

vibrations and the amide II region a contribution from N-H bending vibrations(Barth & 

Zscherp, 2002).  This effect can be seen in the amide A and II region, as the frequency shift at 

the respective regions it reveals similarities when it comes to hydrogen bonds within the 

aggregates. The strengthens the hypothesis that KA8 and G8K aggregate together.  

 

Figure 35 FTIR spectra of KA8 and G8K and the mixture of both peptides. G8K 

intensity have been divided by a factor five.  
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4. Conclusions 

 

This chapter summarizes observed changes in secondary structures and self-assembly behaviour 

derived from changes of the primary structure of the model peptide. Furthermore, we address 

the binary mixture of peptides.  

G8K expresses a major difference from the other model peptides, it is not as hydrophobic as its 

alanine counterparts. Furthermore, it lacks chirality for the polyglycine part of the peptide and 

thus an absence of intrinsic twists that is observed among chiral peptide molecules. This is 

derived from the fact that G8K forms two-dimensional aggregates as indicated by SAXS 

measurements and cryo TEM images.  

For G8K we observe a difference in solubility from our light scattering measurements. A8K:s 

CAC is approximately 0.1 wt%(Cenker et al., 2014), while for G8K it is 3±5 wt%. The difference 

in CAC from A8K is derived from the change in hydrophobicity. The peptide is not as prone to 

form beta-sheets as a model peptide with higher hydrophobicity at the same concentration 

The peptide self-assembly have previously been described from a free energy 

perspective(Nyrkova et al., 2000; Rüter et al., 2019), being an interplay between hydrophobic 

interactions favouring aggregation and twists inducing stretched hydrogen bonds in the beta 

sheets, limiting the amount of possible laminated beta sheet. Hydrophobic effects prefer 

lamination of beta sheets in favour of the interaction with water. Furthermore, the deformation 

of the hydrogen bonds in G8K is not as pronounced as for its chiral counterparts, A8K and 

KA8, as the inherent twist of the model peptide is not present. The lack of chirality takes away 

the negative contribution from deformed hydrogen bonds. Thus, G8K forms large two-

dimensional structures composed of beta sheets. It is highly suggested to form anti-parallel beta 

sheets as measured by ATR FTIR.   

The A4KA4 peptide have a higher CAC, we hypothesise that this is due to a difference in 

chemical potential for the peptide in the aggregate. The bulky sidechain of lysine imposes defects 

and bulges in the assembled aggregate, increasing the chemical potential for the monomers in the 

aggregate. We can observe this in the WAXS scattering patterns were A4KA4 have broader 

peaks than A8K. The lack of short-range order might negate the effect of limiting twist factor 

found in A8K, as the packing is not as uniform the twist is not continuous throughout the 

aggregate.  

At first glance KA8 shows great resemblance of A8K. Secondary structure for the peptides is the 

same, as confirmed by CD and FTIR. CAC is in the same order of magnitude. However, a closer 

inspection reveals some differentiating features. At the same concentration, 1.5 wt%, only A8K 

forms a macroscopic gel-like system. We derive this difference from different aspect ratios for 

the different peptides, assuming shorter aggregates for KA8(Rüter et al., 2020). In FTIR 

measurements we observe higher peaks in the amide I and A regions for KA8 at the same 

concentration as A8K. A difference in intensity is furthermore present at lower q values in 

scattering measurements as well. We hypothesise that the SAXS behaviour could be explained by 

KA8 having a different cross-sectional parameter than A8K, as determined by modelling SAXS 

data.  
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The binary mixture of A6K and A10K have proven problematic to determine if they aggregate 

together. As the SAXS measurements have not given data that is quantifiable enough to derive 

conclusions from differences in scattered intensity, which would indicate that they aggregate 

together. 1H-NMR experiments would prove useful to determine monomer concentrations in 

solution for further studies.  

Furthermore, the analysis of the mixture of KA8 and A8K have proven difficult. We do not 

have data that would support the hypothesis that they aggregate together. FTIR and SAXS data 

is to similar. However, small changes in FTIR spectra could justify a conclusion that they interact 

with each other, as aggregates or monomers in the same aggregate. 

For the binary mixture of KA8, and G8K, we highly suggest that they coaggregate together. 

FTIR data for KA8 and G8K highly suggests that they coaggregate together as we can se an 

increase in intensity and shifts in frequency towards that of KA8. WAXS data further supports 

this as we can see a shift towards higher q-values, correlating with the inclusion of G8K with a 

smaller molecular volume in the crystalline packing. Finally, intensity in SAXS measurements 

further supports the hypothesis of coaggregation, as the mixture have a higher or equal intensity 

to that of KA8 by itself. 

We make the same conclusion for A8K and G8K. The FTIR data highly suggests that they 

aggregate together due to the increased intensity. The fitting parameters for the model used to 

describe the scattering further supports that they coaggregate.  

   

5. Outlook.  

Further studies within the field of model peptide aqueous self-assembly could benefit from 

NMR-experiments to quantify monomer concentrations in binary solutions for example. In 

chapter 3.3.1 we conclude that we cannot quantify a difference in intensity for several binary 

mixtures. An 1H-nmr experiment would be able to quantify the number of monomers left in 

solution.  

FTIR experiments have been of great use in this work. Being able to interpret and derive 

information about whether the secondary structure of the aggregates is parallel or anti-parallel is 

a great step forward. It should be noted that only ATR-FTIR was used in this work and 

transmission FTIR could be of use as well for more accurate measurements. FTIR measurement 

have proven to be of great use.  
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8. Appendix 

Model parameters.  

 

Model parameters for G8K used in figure 7. Combination of the cylinder and monomeric 

Gaussian polymer coil.   
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Model parameters for G8K used in figure 7. Combination of the cylinder and monomeric 

Gaussian polymer coil. Difference in “A_length” as an estimation of stacking discs.  

 

Model parameters for G8K(66 D:s). used in figure 7, 29 and 32.  
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Model parameters for A4KA4. Model is a combination of elliptical cylinders and monomeric 

Gaussian polymer coils. Used in figure 20.  

 

Model parameters for KA8. Used in figure 21, 27 and 32.  

 

Model for A6K:A10K 1:3. Combination of a cylinder and monomeric Gaussian polymer coil. 

Used in figure 26 
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.   

Model for the binary mixture of A8K and KA8. A PD ratio of 0.1 was set for the polydispersity 

of radius minor. Used in figure 27.  

 

 

Model parameters for the binary mixture of A8K and G8K. The model is a combination of 

cylinders and monomeric Gaussian polymer coil. Used in figure 29.  
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Model parameter for the binary mixture of KA8 and G8K. The model is a combination of 

cylinders and monomeric Gaussian polymer coils. Used in figure 32. 


