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1. Introduction 

1.1 Protein aggregation 
Proteins are important fundamental subunits of living systems 
synthesised at the ribosome by formation of peptide bonds 
between different amino acids according to the genetic code. The 
amino acid is a chiral molecule with an amine ( ), a 
carboxylic acid functional group ( ), a hydrogen ( ) and 
a so called side chain ( ) binding on the chiral center (see 
figure 1.1). Side chains with distinct properties, for instance, 
charged/uncharged, hydrophobic and hydrophilic, regulate the 
properties of amino acids. From the genetic code therefore the structures, the dynamics and 
the biological functions of proteins will be defined, which are adjusted also by 
post-translational modification. 

The structure of proteins is classified as primary, 
secondary, tertiary and quaternary structure showed in 
figure 1.21. The primary structure is the protein sequence 
determined from the genetic code, whereas the secondary 
structure describes the local structure stabilized by 
hydrogen bonds between the amino acids. The most 
common secondary structure elements are the α-helix 
with 3.6 amino acid residues per turn and β-sheets in two 
distinct conformations: antiparallel and parallel. To study 
the secondary structure circular dichroism spectroscopy 
(CD) and Fourier transform infrared spectroscopy (FTIR) 
are used, whereby FTIR has the advantage to distinguish 
parallel and antiparallel β sheet as well as the intra- and 
intermolecular β-sheet from each other. The tertiary 
structure is the 3D structure of proteins in the folded state, 
while the quaternary structure is the complex consisting 
of more than one polypeptide chain. 

Figure 1.1: General
chemical conformation of
an amino acid with R as
side chain.  

Figure 1.2: Protein structure from upper 
to lower: Primary, secondary, tertiary 
and quaternary structure1. 
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Normally, proteins start to fold into their native state already during the synthesis at the 
ribosome. According to certain requirements of body native proteins can  self-assembly to 
form fibres, oligomers or crystals as shown in figure 1.32. The native state of protein mostly 
represents a low-energy 3D structure, which determines protein functions (structure-function 
paradigm3). However, due to some reasons proteins can also fold to a disordered 
configuration (misfolding) or remain unfolded in the tissue (see figure 1.32), which tend to 
induce diseases. Therefore mis- and unfolded proteins will be commonly degraded in the 
cytoplasm or refold to their correct configurations with help of chaperones. But in some 
cases the mis- and unfolded proteins can also fail in their biological function and are prone to 
aggregate. Some protein aggregations like G-actin are needful for the human body4, whereas 
others lead to diseases due to the toxic intermediates produced during the aggregation 
process5,6 and accumulation of insoluble fibrils in the tissue.  

 
Figure 1.3: Schematic representations of protein folding, misfolding, unfolding and aggregation processes2. 

The key question for the protein aggregation is where, when, why and how the aggregation 
does take place. In different organs, for instance, liver and brain, both extracellular and 
intracellular protein deposit are found symptomatic for different associated diseases. The 
typical intracellular aggregation occurs in Parkinson´s, Huntington´s, Amyotrophic Lateral 
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Sclerosis disease, while in Alzheimer´s, Creutzfeldt-Jakob´s and renal disease extracellular 
aggregations are observed. In Alzheimer disease both extracellular amyloid β and 
intracellular deposits of neurofibrillary tangles consisting of tau protein are found7. The 
reasons for protein aggregation are among others oxidative stress, excessive production or 
environmentally induced gene mutations, which result in a conformation changing of 
proteins. Despite the chaperones and the protein quality-control system in the cell aging 
could be also a reason for a decreased protection against protein aggregation8.  

The protein aggregation is actually the association of peptides or proteins into higher order 
structures, which are in the aspect of chemical kinetics more stable than the active subunits 
alone. The aggregation process follows at times simple pathway of reaction of two monomers 

 to dimer  with reaction constant  as first step. Through addition of further 
monomers to oligomers small species ( ), amorphous aggregates, protofibrils and fibrils 
( ) could be formed with reaction constant  or oligomers on oligomers with 
reaction constant  depending on experimental conditions (see Eq. 1-4). An 
autocatalytic polymerization was supposed to explain the protein aggregation of amyloids11. 

 

 

 

 

The mechanism of protein aggregation especially in the earlier stage is still not clear, 
although the equilibrium between monomer and small oligomers, such as dimer, trimer, and 
pentamer, have been obtained in the lag phase12,13. In comparison to polymers the amino acid 
side chains with various properties lead to a more complicated aggregation mechanism. 
Aside from monomer addition, elongation, fragmentation and branching have been 
observed during the protein aggregation processes21-24. Moreover due to the weak hydrogen 
bonding in comparison to covalent binding, even a slight variation of the environment could 
change the association. The aggregation pathway is influenced among others by temperature, 
pH, buffer composition and the concentration of the proteins. Oosawa et al.18, Ferrone et al.19 
and Flyvnjerg et al.20 proposed the aggregation mechanisms of equilibrium-nucleation for 
actin, the homogenous-, heterogeneous-nucleation for Sickle-cell haemoglobin and downhill 
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polymerization for tubulin, respectively. Depending on the nucleation pathway the growth of 
fibril follows the exponential-law, power-law or square of time. Lately, a simple two-step 
model was suggested by Finke-Watzky et al. to calculate the reaction constant of the 
aggregation of G-actin with the assumption of similar  after nuclei formation21. The whole 
aggregation processes could be reduced to two reactions: the formation of the nuclei and the 
fibrillization. 

1.2 Amyloid beta protein (Aβ) 
So far more than 20 neurodegenerative diseases like Alzheimer, Huntington, Prion and 
Parkinson are believed to be related to protein aggregation22–27. Aβ (Alzheimer diabetes), 
IAPP (Typ II diabetes), α-synuclein (Parkinson´s disease), prion (Creutzfeldt-Jakob disease) 
and Huntingtin (Huntington disease) are classified as amyloid protein, which deposits with 
histological staining properties similar to starch. The amyloid is characterized as protein 
fibrils with a cross beta-sheet quaternary structure, which was first described by Rudolf 
Virchow28 and was further characterized firstly by Cohen and Calkins through electron 
microscopy (EM)29, and by Kirschner through X-rays30, where the cross β structure of fibril 
was observed. 

The origin of Aβ 

Amyloid beta (Aβ) is a small protein consisting of 39-43 amino acids, which is supposed to 
be associated with Alzheimer’s disease (AD), which is one of the common neurodegenerative 
disorders with symptoms of memory loss and deficits in cognitive behaviour31. So far 
worldwide more than 35 million patients suffer from AD, and this number will increase up to 
115 million in 205032. The most important risk factor for AD is aging. People over 65 have a 
90 % chance to develop AD. Additionally, early-onset forms of AD exist, which are related to 
familiar Alzheimer, where genes involved in Aβ metabolism, like presenilin 1, presenilin 2 or 
the amyloid β precursor protein carry mutations 33–36. At the beginning of 20th century AD 
was considered as a normal effect of aging that is associated with shrinkage of prefrontal 
cortex and hippocampus until extra- and intra-cellular deposits were detected and linked to 
AD. The intracellular neurofibrillary tangles consist of fibrils of hyperphosphorylated tau, 
whereas in the extracellular plaques Aβ protein was found as the main component (see figure 
1.4)31.  
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Figure 1.4: Hallmarks of Alzheimer disease. The intracellular tangles consist of τ protein, whereas Aβ protein is 
the main component of neurotic plaques 31. 

In the amyloid cascade hypothesis the Aβ plays a central role in the disease pathology due to 
the high content of Aβ peptide in the neuritic plaques7. It is suggested that an excessive 
production combined with a decrease of Aβ degradation, especially Aβ1-42, leads to protein 
aggregation. In the earlier time of AD investigation the Aβ fibril is supposed to be 
responsible for the AD due to the capability to destroy cell membranes, whereas current 
evidences showed that some kinds of soluble amyloid oligomers could also create membrane 
pores and are the agents for the death of nerve cells. It is reported that the soluble Aβ 
oligomers can bind the NMDA-, insulin-, NGF- and frizzled-receptor, which leads to 
oxidative stress, decrease of the amount of synapse/insulin-receptor and hinder Wnt 
signalling, respectively37–40,40–43. Moreover it is supposed that Alzheimer disease and 
Parkinson´s disease (α-synuclein) are associated with each other44. Hence, the understanding 
of the reason as well as the mechanism of Aβ self-assembly is not only significant for the 
knowledge of AD but also for the amyloid proteins pathology and the prevention or treatment 
of the associating disease. 

Aβ structure  

Aβ is a fragment of a transmembrane glycoprotein, amyloid β-precursor-protein (AβPP) 
consisting of 265~770 amino acids. Figure 1.5 shows the longest isoform of AβPP with 
Kunitz-type protease inhibitor and OX-2 antigen domain binding at the N-terminus outside of 
the membrane31. There are two proteolytic pathways of AβPP: the amyloidogenic pathway 
with the - and β-secretase and the non-amyloidogenic pathway with α- and γ-secretase. Aβ 
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protein is generated by the abnormal proteolysis of AβPP through the amyloidogenic pathway. 
The gene mutation of AβPP on chromosome 21 is supposed to link to the familiar AD.  

 
Figure 1.5: Schematic representation of proteolysis of amyloid precursor protein31. The left side with AβPP 
reveals the outside of membrane. The non-amyloidogenic α- and γ-secretase produce the nontoxic p3 and 
sAPPα, whereas the amyloid beta protein is produced by amyloidogenic β- and α-secretase. The γ-secretase 
cleaves the APP within the membrane and generates different Aβ isoforms.  

The extracellular β-secretase produces the nontoxic β-sAPP and the N-terminal part of Aβ, 
while -secretase cleaves between Val40 and Ile41 or Ala42 and Tyr43 within the membrane 
region generating the AICD and the C-terminal part of Aβ. There are only three amino acids 
(residues 12 to 14) inside the transmembrane region. Different isoforms with lengths of 
36-43 amino acid residues are produced. The most common isoforms of Aβ are Aβ1-40 and 
Aβ1-42, where Aβ1-40 is more common than Aβ1-42, but Aβ1-42 exhibits stronger fibrillogenic 
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and toxic capabilities. The non-amyloidogenic cleavages, by α- and γ-secretase, produce the 
intracellular fragment AICD and the nontoxic -sAPP and p3 outside of the membrane (see 
figure 1.5)31. Because the α-secretase cleaves within the Aβ region, the production of Aβ is 
prevented in non-amyloidogenic pathway. 

Aβ is a hydrophobic protein with residues Leu17-Ala21 function as hydrophobic centre. The 
residues from Lys28-Ala42 and Gly9-Ala21 are suggested to be capable to form  or  
secondary structure, wherein the residues Lys28-Ala42 tend to form -sheet45,46. There are 
two -turn regions in Aβ protein with residues from His6-Ser8 and from Asp23-Asn27. In 
organic solvent Aβ monomers prefer to be folded, whereas in aqueous environment the 
structure is mostly random coil. 

     
Figure 1.6: 3D NMR structure of Aβ1-42 monomer in d-HFIP0.8D2O0.2 (PDB code 1IYT, left), Aβ1-40 monomer 
in TFE0.4H2O0.6 (PDB code 1AML, middle) and Aβ1-40 monomer in aqueous environment (20 mM 
K3PO4 + 50 mM NaCl, pH=7.3) (PDB code 2LFM, right)47-49. All three PDB files were treated by VMD 
software and presented in New-Cartoon style with red for -helix; yellow for turn/random coil and blue for 310 
-helix.  

The 3D structure of Aβ monomer in various solvents has been obtained by solution NMR47–49 
(see figure 1.6). In d-HFIP0.8D2O0.2 Aβ1-42 has two α-helical regions from residues 
Ser8-Gly25 at the N-terminus and from Lys28-Gly38 at the C-terminus with a type I β-turn 
between them, which is similar to Aβ1-40 in TFE0.4H2O0.6. The two α-helices of Aβ1-40 are from 
Gln15-Asp23 and from Ile31-Met35 connected by a type I β-turn. Due to the relative high 
content of random coil between the two α-helices Aβ1-40 monomer in organic solvent is more 
flexible than Aβ1-42. In contrast, in aqueous environment (20 mM K3PO4 + 50 mM NaCl, 
pH=7.3) Aβ1-40 monomer has only one 310-helix from residues His13-Asp23 in the middle 
but two random coil regions (see figure.1.6 right), which renders it more prone to 
aggregation than in TFE0.4H2O0.6.  

The conformational transition of Aβ monomer from -helical to -sheet structure is 
considered as the first step of aggregation and has been investigated by different methods. A 
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reversible conformational change between - and -structure has been observed by varying 
the fraction of water in dHFIP50. An increase of water percentage in d-HFIP leads to the 
transformation from - to -structure, which is reversible, if dHFIP is added again50. 
Moreover, time resolved CD experiments showed that the higher the temperature and ionic 
strength the faster the conformational transition to β-structure51.  

Figure 1.7 shows the 3D NMR structure of 35MoxAβ1-42 fibril with oxidized Met at residues 
3552. The fibril has one random coil region from residues Asp1-Leu17 and two intermolecular 
β-sheets from residues Val18-Ser26 and from residues Ile31-Ala4252. In amyloid fibrils the 
hydrogen bonding direction runs parallel to the fiber axis. The diameter of the fibrils is 
between 7 and 12 nm. The Aβ1-40 fibrils in the brains of Alzheimer patients have been 
investigated by solid state NMR and TEM53. The structure of fibrils varies in different 
patients. 

       
Figure 1.7: 3D NMR structure of 35MoxAβ1-42 fibril in side view (left) and top view (right) (PDB code 2BEG)52. 
The β-strands are perpendicular to the fibril axis. The residues from Val18-Ser26 and residues Ile31-Ala42 are 
the intermolecular β-sheets. The random coil region is from residues Asp1-Leu17. 

Aβ fibrillation  

In the earlier time of research, a nucleation like mechanism derived from crystallization with 
formation of nuclei through monomer association in the lag phase and fibrillization in the 
growth phase was used to explain the aggregation of amyloid proteins. In comparison to 
nucleation the fibrillization is much faster and depends weakly on the monomer 
concentrations. By using Thioflavin T (ThT) fluorescence measurements the lag time and the 
rate of growth can be determined by evaluation of a sigmoidal growth54, where the 
fluorescence signal is proportional to the amount of amyloid structure.  

The nuclei are defined as particles with critical radius . Aggregates with  are 
not stable and will dissociate shortly after formation, while those with  continue to 
grow. Nucleated polymerization is a process of monomer addition to a nucleus. The critical 
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radius  of nuclei can be determined by the change of total free energy consisting of two 
parts: surface and volume contributions as shown in figure 1.8. The expansion of an 
aggregate leads on the one hand to a decrease of  but on the other hand a growth of 

. The critical radius is derived at the maximum from the change of the total free 

energy and depends both on the concentration and temperature.   

                       

Figure1.8: Change of total free energy ΔGtotal. The total free energy consists of the surface formation ΔGsurface 
and the volume transition ΔGvolume. A growth of particle leads to a raise in ΔGsurface but a decrease of ΔGvolume, 
which creates a maximum in the total free energy, which marks the critical radius of nuclei. 

Current exploration suggests, except for the classical nucleation process the nucleus can also 
be formed by conformational rearrangement of oligomers, monomer coagulation, and 
branching, fragmentation of fibrils showed in figure 1.955. Alternatively, nucleus formation 
can also be catalyzed by the surface of a fibril, which is defended as secondary growth 
processes and described as heterogeneous nucleation (see figure 1.955). Furthermore it is 
suggested that the conformational change of monomer and oligomers in the lag phase can be 
depicted through nucleation or pre-nucleation processes, which depend particularly on the 
monomer concentration (see figure 1.955). In contrast, the formation of fibrils is less related 
to the monomer concentrations.  
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Figure 1.9: Schematic representation of mechanism of amyloid formation consisting of 
nucleation/pre-nucleation, secondary growth and elongation processes55. The formation of nuclei occurs 
throughout the whole aggregation process. 

The amyloid formation therefore is supposed to be modelled by nucleation/pre-nucleation, 
secondary growth and elongation processes55. Both in the nucleation/pre-nucleation and 
secondary growth process the formation of nuclei occurs, while in the secondary growth 
process the fibril is involved. The fibril catalyzed nucleation is a competition process to fibril 
growth through monomer addition. Depending on the experiment conditions one of the 
processes is preferred. In most cases both processes occur parallel. In the elongation 
processes fibril elements will grow through the addition of monomer or nuclei to the end of 
fibril elements, which will self-assemble further to fibril. The lateral association of fibril 
elements results in straight fibrils, whereas the loop closure leads to annular aggregates. 
X-ray diffraction and TEM experiments showed that the fibrils consist of twisting 
protofibrils56–58. Moreover it is supposed that each process in the aggregation pathway is 
reversible. The dissociation of monomers from protofibrils has been observed by AUC 
experiment 59.   
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1.3 The mechanism of Aβ aggregation  
The pathway from monomer to fibril is strongly correlated to the different factors such as, 
temperature, pH value, the concentration of metal ions, salts and the proteins60. Although the 
basic pH (NaOH or NH4OH solvent, pH>10) is used to achieve monomeric Aβ solution, 
aggregation at basic condition (pH=8) close to physiological pH value (pH=7.4) has been 
observed by AFM61. After 8 h incubation at 30°C at pH=8 protofibrils and two kinds of low 
molecular weight oligomers were formed showed by time resolved AFM. The small 
oligomers are globular or disc-shaped aggregates with heights between 0.5-0.9 nm and 
widths between 5-10 nm, while the larger ones have heights between 1-2 nm and widths 
between 15-25 nm. At lower pH tube like aggregate tend to be formed62, whereas neutral 
environment induces amyloid fibril formation.  

Moreover, it is also shown that the coordinative binding of metal ions like Fe3+, Zn2+ and 
Cu2+ by the three histidine residues of Aβ can induce rapid aggregation63,64 influenced by pH 
value and metal concentrations59,65–71. The interaction between Zn/Cu metal ions and insulin 
degrading enzyme as well as neprilysin can decrease the degradation of Aβ 
monomers/oligomers and thereby accelerates the plaques formation72. 

Depending on experimental conditions nuclei and oligomers with various sizes and shapes, 
for example amyloidogenic- and unstructured-oligomers, can be formed by self-assembly of 
misfolded or denatured monomers at the same time in the lag phase (see figure 1.10)73. In 
some hypotheses it is suggested that soluble small oligomers such as dimer, pentamer and 
hexamer are stable and preferentially formed in the early stage, which can dissociate into 
native monomers again during the aggregation processes 74. Such small oligomers function 
later in the phase of fibril growth as source of monomers. In a three-stage kinetic model for 
the insulin aggregation hexamer is proposed to be the most stable small oligomer in 
solution75. 



12 

 

       
Figure 1.10: Schematic representation of the mechanism of amyloid protein aggregation. In the lag phase 
monomers aggregate to amyloid nuclei, oligomer and amyloid seeds, while protofibril and fibril form through 
elongation in the growth phase at later stage73.  

It is supposed that there exists a so-called critical concentration 76. The aggregation 
can only take place when the monomer concentration is higher than 76. In a healthy 
human brain the Aβ concentration is normally too low to induce self-assembly. Naturally, the 
excessive production of Aβ is therefore considered as one of the main causes of Alzheimer 
disease. The critical concentration  is strongly correlated to the experimental 
conditions.  

Four models are among others discussed for Aβ aggregation: first, the classic nucleation like 
model with fibril formation via addition of monomer on preformed nuclei, seeds or micelles, 
second, the oligomer conversion through conformational change from unstructured oligomers 
to β-sheet rich structures, third, association through secondary nucleation, and fourth, 
self-assembly through formation of paranuclei followed by protofibril/fibril formation (see 
figure 1.11)77.  
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Figure 1.11: Self-assembly of Aβ from monomer to fibril via paranuclei and oligomer conversion77. 
Pentamer/hexamer is supposed as paranuclei for Aβ1-42, which is considered to be the buildings block of 
aggregation.  

In the paranuclei associated mechanism small oligomers from dimer to hexamer will be 
formed in the lag phase as building blocks of 12-, 18- and 24-mer, which can self-assemble 
into larger oligomers and protofibrils showed in figure 1.1177. The amyloid fibrils consist 
from 2-5 protofibrils, which are twisted with height of ~4.3 nm and period of ~20 nm78. The 
diameter of protofibrils is about 5 nm and around 10 nm for fibrils. The building block is 
defined as paranuclei. It is supposed that the pentamer/hexamer could be the paranuclei in the 
association of Aβ. 

Figure 1.12 shows the hexamers of Aβ1-40 and Aβ1-42 in 10 mM HEPES buffer (pH=7.4) 
obtained by AFM 79,80. Interestingly, the six subunits of hexamer are hardly distinct from 
each other. In spite of small size the pore in the middle of oligomers is clear to see. The 
hexamers of Aβ1-40 and Aβ1-42 have a disk-like shape and channel-like structure in common. 
The Aβ1-40 hexamer has an outer diameter of 16 nm, a pore of about 2 nm and thickness 
between 1 nm and 2 nm79. The outer diameter of Aβ1-42 hexamer is between 8 nm and 
10 nm80.  
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Figure 1.12: High resolution AFM images of Aβ hexamer 79,80. The hexamers of Aβ have a disk-like shape with 
a pore in the middle. It appears that the six subunits of hexamers are distinct from each other. 

At physiological conditions (pH= 7.4) small oligomers (or paranuclei) in the lag phase can be 
stabilized at low temperature (4°C)81. NMR, FTIR, TEM and AFM can be therefore 
performed to study the structure of oligomers. Two main populations were found: disc like 
pentamer with widths between 10 nm and 15 nm and thickness of about 2 nm, oligomers 
with thickness between 3 nm and 4 nm and same widths as pentamer, which could be 
undecamers or dodecamers associated from pentamer81. High resolution NMR showed the 
monomers in the pentamer are extreme compact and different from the monomers in the 
fibril. Three turns between residues His13-Gln15, Gly25-Gly29 and Gly37-Gly38 and a 
binding between residues Phe19-Leu34 were found in the monomer unit of pentamer. In 
contrast there is only one turn between two hydrophobic regions in the monomer within 
fibrils. A conformation changing is therefore supposed81.  

In 2001 Bitan et al. isolated and defined the ´Low Molecular Weights´ (LMWs) oligomers of 
Aβ by size exclusion chromatograph (SEC) and filtration through 10,000 molecular weight 
cut-off (MWCO) filter82. The isolated LMWs oligomers of Aβ1-40 are a mixture from 
monomer to tetramer, which are in equilibrium after preparation, whereas the isolated LMWs 
oligomers of Aβ1-42 are from monomer to octamer, which tend to aggregate77. Later it is 
shown the self-assembly of Aβ1-42 and Aβ1-40 is therefore distinct from each other77. Although 
the protofibrils were formed at later stage the formation of paranuclei of Aβ1-40 were much 
later than Aβ1-42. In comparison to LMWs oligomers the ´High Molecular Weights´ (HMWs) 
oligomers are β-sheet rich aggregates with 40-200 kDa in molecular weight83.  

The mechanism of Aβ1-40 fibrillzation in 0.1 mM HCl at various concentrations has been 
studied by DLS and reported by Lomakin et al.84. A critical concentration was 
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suggested. Below it (  the fibrillation follows heterogeneous nucleation with 
monomer addition to seeds (see figure 1.13 B84), whereas above it ( ) the amyloid 
fibril with radius about 4 nm will be formed by addition of monomer to nuclei, which are 
generated from preformed Aβ micelles with a hydrodynamic radius  of 7 nm in the lag 
phase showed in figure 1.13 A84.  

 
Figure 1.13: Self-assembly of Aβ1-40 in HCl84. A: aggregation at higher concentration through addition of 
monomer to nuclei being generated from Aβ micelle. B: aggregation at lower concentration via addition of 
monomer to Aβ seed.  

Furthermore SANS experiments of amyloid beta micelles at different concentrations between 
5.0 mg/ml and 0.31 mg/ml were carried out to study the aggregation of Aβ1-40 in 
0.1 mM HCl85. The SANS pattern in log-log scale was modelled as spherocylinder (a 
cylinder with hemispheres as endcaps of length L and radius R, see figure 1.14)85. SANS 
experiments revealed that the micelle has a radius of about 2.4 nm and length of about 11 nm, 
which is independent from the protein concentration. Moreover, as expected, the lower the 
concentration the lower the forward scattering intensity and the higher the error at high 
scattering vector Q(Å-1) (see figure 1.14)85. At 0.05 mg/ml below critical concentration 

 ( ≈0.1mM ) it is not possible to detect the micelle in solution. 
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Figure 1.14: SANS pattern and corresponding analytical model of Aβ micelle in 0.1 M DCl at different protein 
concentrations (5.0 mg/ml (Δ); 2.2 mg/ml (O); 0.6 mg/ml ( ); 0.4 mg/ml (◊); 0.31 mg/ml (□))85. The SANS 
curves were modeled by spherocylinder with cylinder length L and endcap radius R.  

The aggregation mechanism of Aβ1-40 in phosphate-buffered saline (pH=7.4) was studied by 
time-resolved dynamic light scattering (DLS) and static light scattering (SLS). It is 
demonstrated that the self-assembly is irreversible and follows diffusion-limited 
aggregation66. In 2001 Murphy et al. draft a mathematical model for the fibril growth of 
Aβ1-40 in phosphate-buffered saline, which was investigated by light scattering and size 
exclusion chromatography86. In 2000 a simple mathematical model based on a 
micelle-nuclei-fibril directed self-assembly process was developed by Saitô et al. to analyze 
human calcitonin87, which was later applied to study the aggregation of Aβ by Sabate et al.11.  

1.4 The topic of the work 
Because of the rapid fibrillation and the overlapping different pathways the applicable 
methods for Aβ investigations are limited. The lower protein concentrations and low 
molecular weight of monomers and small oligomers at the beginning of the association pose 
challenges for most analytical methods. The common methods for the study of Aβ are NMR 
and X-ray diffraction for the high resolution structure; CD and FTIR for the secondary 
structure estimation; transmission electron microscopy (TEM) and AFM for morphological 
study of aggregates; analytical ultracentrifugation (AUC) and DLS for the hydrodynamic 
properties of aggregates at various sizes in solution; and ThT-fluorescence measurements for 
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the kinetic investigation. Small angle scattering techniques (SANS, SAXS) are useful to 
characterize particles in solution such as polymers and nanoparticles in a wide size range 
from several nanometres to micrometres, which provides a superior possibility to investigate 
the self-assembly of protein, where both monomers and aggregates in different sizes are exist. 
Depending on the particle size and shape monomer and dimer can be distinguished from each 
other. 

In comparison to neutron scattering, high intensity SAXS has the advantage to require only 
small sample volumes, relatively low concentrations. Further, it allows studying fast kinetics, 
which would be useful for Aβ aggregation. Nevertheless, SAXS is seldom used due to the 
protein damage and acceleration of the aggregation process88. The main objective of this 
work focusses on the investigation of Aβ oligomerization by using SANS and DLS. Through 
complementation by AUC and AFM a more quantitative picture of Aβ aggregation will be 
developed. The challenge for this work is among others sample preparation and experiment 
design. Because the scattering intensity plays a decisive role for the structure estimation, a 
normal protein concentration for SANS experiment is above 10 mg/ml, which is unsuitable 
for aggregation study. Considering the concentration requirements of the applied methods 
(SANS, DLS, AUC, CD) the experiments were performed at a concentration range between 
1 mg/ml and 0.001 mg/ml in this work. Moreover, in order to rise the scattering intensity 
long-time experiments (8 h per sample) were carried out for SANS. Additionally, low 
temperature (7°C) close to freeze point of heavy water (3.8°C) was applied to slow down the 
aggregation process and stabilize the performed small oligomers in the lag phase.     

To get the insight into the aggregation pathway in the lag phase a monomeric sample is 
important, Hence, as the first attempt we probed the Aβ monomers at different solutions, 
such as d-HFIP89, basic environment (0.1 M NaOH), 0.1 M HCl and physiological conditions 
(0.05 M Napi+0.15 M NaCl, pH=7.4) in order to find suitable experimental conditions for 
aggregation study by scattering methods.  

To study the self-assembly pathway we choose Aβ1-42. Even though Aβ1-40 is the most 
common isoform of amyloid beta protein, Aβ1-42 is suggested to play the central role in the 
pathology of AD because of its higher toxicity. At various concentrations and temperatures 
(7°C-37°C) time resolved SANS, DLS, AFM and AUC were performed under physiological 
conditions (0.05 M Napi+0.15 M NaCl, pH=7.4), whereas the SANS experiments were 
carried out only at 7°C.  
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LONG ABSTRACT:  

KWS-2 represents a SANS diffractometer which, by combining classical pinhole, focusing 
(with lenses) and time-of-flight (with chopper) methods, is optimized for the exploration of a 
wide momentum transfer Q range, between 1x10-4 and 0.5 Å-1, at high neutron intensities and 
with adjustable resolution. By its concept and performance parameters and being equipped 
with specific sample environments and ancillary devices, the instrument is dedicated to 
investigation of soft-matter and biophysical systems over a wide length scale, from nm up 
to m. Structures and morphologies at equilibrium or under transformation due to kinetical 
processes spanning a wide time scale, between minutes and tens of milliseconds, can be 
studied in static or time-resolved approaches. By enabling the possibility to adjust at will, 
during the experiment, either the intensity or the resolution within wide limits, KWS-2 shows 
an increased flexibility in use and a high versatility in addressing a broad range of structural 
and morphological studies in the field, from the investigation of small and weak scattering 
systems, like single polymers and proteins in dilute solutions, up to resolving complex, 
hierarchical systems that exhibit multiple structural levels, like gels, networks or 
macro-aggregates. With the recent upgrade of the detection system, MHz count rates became 
detectable, which opens new opportunities for the study of very small biological 
morphologies in solution, which deliver weak scattering signals above the buffer scattering 
level at high Q. The use of the multiple working modes that are offered by the KWS-2 
instrument and the performance that can be achieved will be reported here in details. 
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INTRODUCTION: 

Soft and biological materials show a rich variety of morphologies which are characterized by 
features such as self-organization and self-assembly of elementary units to larger, complex 
aggregates, cooperative interplay of a large number of degrees of freedom, weak interaction 
between the structural units and thus high sensitivity to external fields, and spatio-temporal 
correlations that can span a huge range from nanometers to millimeters and from 
nanoseconds to days. Because of the large range of relevant length and time scales the 
experimental characterization of the properties of these materials are very challenging. 
Scattering techniques with neutrons play an important role in the investigation of the 
structure, dynamics and thermodynamic properties of such complex systems. As unique 
probe, neutrons offer the advantage of different interaction between the 1H and 2H (deuterium, 
D) hydrogen isotopes. The large difference in the coherent scattering length density between 
hydrogen and deuterium represents the basis of the contrast variation and contrast matching 
methods using neutron scattering on hydrocarbon samples, which most of the soft-matter and 
biological systems are. Thus, by the possibility to vary the coherent scattering length density 
of a compound over a broad range by hydrogen/deuterium (H/D) substitution, a selected 
constituent in a complex system can be made “visible” or “invisible” as depending upon its 
contrast – the squared difference between its scattering length density and that of the other 
components – without altering the system chemically. By contrast matching and contrast 
variation separate analyses of selected components or regions within a complex soft-matter 
or biophysical morphology can be thus performed. Furthermore, neutrons are highly 
penetrating and can be used as non-destructive probes and for studying samples in special 
environments, when the contribution from the additional materials placed in beam can be 
reliably measured and corrected for. 

Elastic scattering experiments deliver information about the structure and morphology of a 
sample in real space through the inverse Fourier transformation of the scattered intensity 
measured in reciprocal space as a function of the momentum transfer Q, where Q=4 /  

sin , with - the neutron wavelength and  - the scattering angle. Thus, large Q values 
relate to short length scales, with the inter-atomic correlations investigated by classical 
neutron diffraction (ND), while at small Q large length scales can be explored by small-angle 
neutron scattering (SANS). Typically, single or assembling synthetic or natural 
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macromolecules in solution, melt, film or bulk samples are characterized over a wide length 
scale from nanometer and micrometer sizes via the application of the classical pin-hole 
SANS and the ultra-SANS (based on focusing or single-crystal diffractometry) techniques. 
However, the combination of different methods/facilities for achieving a complete structural 
characterization is sometimes difficult because of issues such as available amount of sample, 
stability of samples over longer time, reproducibility of effects in special thermodynamic 
conditions, as well as the joint analysis of experimental data obtained in different 
experimental geometries. Moreover, the studies that are dealing with structures and fast 
structural changes which are characterized by high space or time resolution are very 
challenging, requiring very special experimental setups. Therefore, the development of a 
highly versatile SANS instruments where limits can be pushed beyond the typical 
configuration in an easy and practicable manner is beneficial for meeting all special demands 
from the user community. 

 
Figure 1: Layout of KWS-2 SANS instrument, including all upgrades done between 2010 and 2015: A – the 
secondary high-resolution detector and its tower on the top of the vacuum tank; B – the MgF2 focusing lenses 
grouped in three packages and their cooling system (cold head); C – the old main detector (scintillation) with its 
8x8 array of photomultipliers and D – the new main detector (3He tubes) with larger detection area. 
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The SANS diffractometer KWS-2 (Figure 1), operated by the Jülich Centre of Neutron 
Science (JCNS) at Heinz Maier-Leibnitz Center (MLZ) in Garching, is originally a classical 
pinhole SANS  instrument which, benefiting from a high neutron flux (Figure 2) delivered 
by the FRM II neutron source1 and the dedicated guide system2-4 and through repeated 
upgrades, was optimized for the exploration of a wide Q-range, between 1x10-4 and 0.5 Å-1, 
at high neutron intensities and with adjustable resolution. Being equipped with specific 
sample environments and ancillary devices (Table 1), the instrument is adapted to the study 
of soft-matter and biophysical systems over a wide 
length scale, from nm up to m, through static or 
time-resolved investigations of structures and 
morphologies at equilibrium or under 
transformation due to kinetical processes spanning 
a wide time scale, between minutes and tens of 
milliseconds. In conventional working mode 
(Figure 3), through the variation of the 
sample-to-detector distance and/or the wavelength, 
a Q-range between 7x10-4 Å-1 and 0.5 Å-1 can be 
covered, which means that structural levels and correlation effects on a length scale from 
10Å up to 9000Å can be inspected in the real space (where the dimension is considered as 
2 /Q). The selection of the wavelength, between 4.5Å and 20Å, using a mechanical 

monochromator (velocity selector) that provides a wavelength spread =20%, the 
variation of the collimation conditions (collimation length LC and apertures opening, AC – the 
entrance aperture, following the last neutron guide segment in beam, and AS – the sample 
aperture, just in front of the sample) and of detection distance LD are done automatically, via 
computer control. 

Considerable upgrades, aiming for boosting the performance with respect to the intensity on 
the sample, the instrumental resolution, the minimum momentum transfer Qm and the fast 
detection at high count rates in the MHz range, were recently carried out, which resulted in 
equipping the instrument with:  

(1) a double-disc chopper5 with variable slit opening (Figure 4) and time-of-flight (TOF) 
data acquisition mode; the opening time w of the neutron guide can be adjusted by varying 
the chopper frequency fchopper between 10Hz and 100 Hz and the angular opening of the two 

Figure 2: The neutron flux at the sample 
position (status 2013). 
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chopper window, , between 0° and 90° by changing the positioning of the two discs with 

respect to each other; the improvement in wavelength resolution  is achieved by 

shortening w (by decreasing and/or increasing fchopper) and by splitting the pulses recorded 

on the detector in an appropriate number of time channels that match w in width and are 
characterized by the aimed. 

    
 

(2) focusing elements – magnesium fluorite 
MgF2 parabolic lenses6 with a diameter of 
50mm (Figure 1); 26 MgF2 lenses are grouped 
in three packages (4+6+16 lenses), which can be 
moved independently in beam, for achieving the 
focusing conditions with different wavelengths 
within the range λ=7-20Å; in order to increase 
the transmission by reducing the scattering on 
phonons in the lens material, the lenses are kept 
at 70K using a special cooling system. 

Figure 4: Schematic view of double disc 
chopper with variable slit opening (right); the 
slit opening Δ  can be adjusted between 0° 
and 90° so that, depending also on the 
chopper frequency fchopper, the opening time τw 
of the guide (red rectangle on the right series 
of pictures) can be varied. 

Figure 3: Schematic view of three working 
modes offered at KWS-2: A – conventional 
pin-hole ; for LC=LD and optimal pinhole 
condition AC=2AS, the beam profile IP at the 
detector is approximately triangular with a base 
width equal to 2AC; B – the high-intensity 
focusing mode; using lenses, larger samples can 
be measured with the same resolution as in the 
conventional pinhole mode (the beam profile IP
at the detector is rectangular in this case); C –
the high-resolution (extended Q-range) focusing 
mode; using lenses and a small entrance 
aperture AC (typically 4mm x 4mm) that is 
placed in one focal point of the lenses system a 
small beam is transmitted on the detector, which 
is placed in the other focal point of lenses, hence 
a smaller Qm than in conventional mode can be 
reached. 



56 

 

(3) a secondary high-resolution position-sensitive detector (scintillation, 1mm position 
resolution and 0.45mm pixel-size), which is vertically movable in or out the beam (Figure 1); 
the small detector is typically parked in the tower on the top of the vacuum tank and brought 
in beam in a controlled way, when high-resolution investigations (low Q) using lenses are 
intended4, 7 and the main detector is parked in the end position of the tank, at 20m; the small 
detector is placed at a fixed distance after the sample, LD=17m, in one focal point of the 
lenses system (when a small entrance aperture at LC=20m would be in this case in the other 
focal point of the lenses system). 

(4) a new main detection system, which consists of an array of 144 3He tubes (with a global 
efficiency per tube of 85% for λ=5Å) that defines an active detection area equivalent to 0.9 
m2 (Figure 1) and an innovative rapid readout electronics, which is mounted in a closed case 
on the backside of the 3He tubes frame for reasons of improving the read-out characteristics 
and reducing the noise. The new system that replaced the old scintillation detector (6Li 
scintillator and an array of 8x8 photomultipliers, Figure 1) is characterized by an effective 
dead-time constant of 25ns and an overall count rate as high as 5MHz at 10% dead-time for 
flat profiles. These features are due to the fact that the system contains independent channels 
operated in parallel, which is an advantage over systems that experience dead-time after an 
event. The much higher count rate shortens the measurement times and therefore, increases 
the number of experiments in the same time period.  

With all these innovations, the instrument became a highly versatile tool that can address a 
broad range of structural studies by offering multiple working modes (Table 2) that can be 
selected and used in a direct and user-friendly manner. In the high-intensity mode (Figure 3), 
up to twelve times intensity gain compared to the conventional pinhole mode for the same 
resolution can be achieved with lenses based on increasing of the sample size. In the tunable 
resolution mode, with chopper and TOF data acquisition, improved characterization of the 
scattering features within different Q ranges is enabled by the possibility to vary the 
wavelength resolution Δλ/λ between 2% and 20%5. In the extended Q-range mode (Figure 
3), by means of lenses and the secondary high-resolution detector, a Qm down to 1 x 10-4 Å-1 
can be achieved, which in combination with the pinhole mode, permits the exploration of 
sizes over a continuous length scale from nm to micron range. The use of chopper for 
narrowing Δλ/λ provides accurate beam characteristics by avoiding the gravity and chromatic 
effects while using the lenses. In the real-time mode, by exploiting the high intensity and 
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external triggering of data acquisition by sample environments, structural changes can be 
resolved with time resolutions down to 50ms. By improving the wavelength resolution down 
to Δλ/λ=5% with the chopper, time resolutions as good as 2ms can be realized.  

Here, we will present in details how typical experiments are conducted at KWS-2 in all 
working modes and how the reduction of data collected in these modes can be performed, for 
obtaining the structural information of interest about the investigated sample. 

PROTOCOL: 

1. Positioning the sample holder / sample environment on the sample stage 

1.1) Define the needed space at the sample position for the sample holder which will be used, 
by adjusting the length of the collimation nose (Figure 5). Select from the stored configurations 
at the nose control system the appropriate one for the sample holder/sample environment that 
is planned to be used. 

 

 

 

 

 

 

1.2) Select the appropriate cell type and geometry (Figure 6) for the experiment and fill the 
sample in the cells in the sample preparation laboratory of FRM II. 

1.3) Select the appropriate cell holder for the purpose of experiment, i.e. for investigation at 
ambient temperature or at controlled temperature (Figures6 and 7).  

1.4) Load the cartridges of the sample holder (Figures 6 and 7) or the holder support (in the 
case of large cells like in Figure 6) with sample cells and cover them with the Cd-coated 
Al-cover plates (Figure 7) or borated plastic masks (Figure 6) in the sample preparation 
laboratory of FRM II (the Cd or borated plastic faces must be oriented on the neutron side). 

Figure 5: Schematic top view of the sample area of 
KWS-2 (A) in two configurations of the collimation 
nose), showing the available space for the installation of 
various sample environments in beam (the neutrons are 
coming from the bottom) and images of the handling 
panel of the lead door (B) and the handling panel of the 
collimation nose (C). From the door panel one can open 
(1) or close (2) the door or can quit the failure (3) that is 
indicated in case the door movement is interrupted due to 
activation of safety elements. From the nose panel one can 
select an appropriate configuration (4) and execute the 
nose movement positioning by keeping the button 5 
continuously activated until the selected positioning is 
reached and the movement stops. 
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1.5) Fix the cartridges on the Al-frame (Figure 7) in the sample preparation laboratory of FRM 
II; Note: the steps 1.2 - 1.4 should be done similarly in the case of any other cell holder that is 
planned to be used. For special sample environments (rheometer, pressure cell, humidity cell, 
etc.) the special sample cells must be filled also in the sample preparation laboratory of FRM 
II.  

            

 

 
 
 
 

 
1.6) Install the appropriate sample holder/sample environment on the sample stage in the 
predetermined position on the sample stage, using Allen screws (example in Figure 8). Note: 
the current Protocol presents the case of working with holders for quartz cells typically used in 
experiments at KWS-2; the use of special sample environments, like for example the pressure 
cell (Figure 8), rheometer or humidity cell, requires special assistance from the instrument 
team. 

1.7) Close the motorized sliding lead door (Figure 5) by using the knobs on its outer side, 
keeping the knobs activated until the door reaches the end position, which will be indicated by 
a luminous signal; Note: without the door completely closed and the end-switch activated, the 
beam shutter cannot be opened, neither manually, nor from the measurement control software; 
the software will require in this case an additional check of the issue, before starting of the 
measurement. 

Figure 6: Overview of the quartz or bras cells that are 
used as sample container at KWS-2 in conventional 
(bottom) or high-intensity focusing (top) modes with 
different beam sizes. Cells with 1mm and 2mm beam 
path are available; the three positions cell holder (top) 
for measurements with lenses or the 8-positions 
thermostated cell holder (bottom) that are equipped 
with borated plastic masks enable series of 
measurements with automatic, computer controlled, 
sample change in beam. 

Figure 7: View of one of the 
multilevel/multi-position cell-holders used at 
KWS-2 for measurements at ambient conditions; the 
three levels can be equipped with cartridges 
designed for different cell geometries that are closed 
with covers equipped with Cd shielding on the face 
towards neutrons; the positioning of the holder on 
the sample stage is predetermined (in X, Y 
coordinates). 
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Figure 8: Installation of the multilevel/multi-position  sample 
holder (top) for measurements at ambient temperature (Photo 
credits: Wenzel Schürmann, TU München) and of a typical sample 
environment (pressure cell – bottom) on the sample stage of 
KWS-2; the sample aperture is positioned just in front of the holder; 
during measurement programs the holder is moved laterally and 
vertically in order to bring each cell in beam, in an automatic, 
computer controlled,  way; the measurements with pressure cell 
are carried out at a fixed position of the cell in beam. 

Figure 9: The main user interface of the measurement 
control/visualization software at KWS-2; the left side 
functions can be used by the experimentalists, while 
the right side functions and indicators are used by the 
instrument responsible.   

 
 
 
 
 

2. Planning of Experiments 

2.1) Choose the adequate experimental configuration/mode for performing the investigation in 
a Q-range that is appropriate to the length scale of structures and correlation effects revealed by 
the sample. Check the dynamical range of the instrument4 (Table 2). 

2.2) Choose the adequate experimental configuration/mode for enabling proper intensity on 
the sample in order to optimize either the measurement time and to match the sample stability 
time, for static investigations, or the appropriate time step, for time-resolved investigation of 
structural changes. Check the intensity map for different experimental configurations (Table 2, 
Figure 2). 

2.3) Choose the adequate experimental configuration/mode for providing a proper resolution 
in order to enable the resolving of fine scattering features occurring due to ordering effects in 
the sample. Check the possibility to tune the wavelength resolution 5 (Table 2). 

3. Preparation of the measurement software and conducting/visualizing the experiment 

3.1) Start the measurement software 
KWS2TC in a terminal window at the 
measurement control computer of the 
KWS-2 instrument (Figure 9) and use the 
left set of functions to carry out the 
configuration, definition, startup and 
control and the visualization of the 
measurement. 

3.2) Select Configuration in the main 
menu (Figure 9) to activate the 
kws2-Configuration menu (Figure 10) for defining the user data and configuring the 
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elementary motor positions and the set-points for the devices/fields on the sample. 

Note: for regular users only the options UserData, Sample and Set Points options are of a 
direct interest, the other options refer to components of the instrument that are predefined and 
changes can be operated only under the supervision of the instrument scientist. 

3.2.1) Select UserData (Figure 10, upper functions menu) and fill the fields User name, 
E-mail, First part of filename and Measurement comment in the User data menu 
(view/edit). Leave the menu with Save.  

Note: as the first part of filename typically the proposal number is considered; do not use 
special characters, like _, @, $, etc., for the file name prefix.  

3.2.2) Select Sample (Figure 10) for activating the Sample configuration menu. 

 
Figure 10: View of the kws2-Configuration menu and Sample configuration functions.  

3.2.2.1) Fill the fields Sample title, Sample beam window – Size, Sample thickness and 
Comment for each sample/position selected from the left vertical list of the menu (Figure 10). 
Save each sample configuration.  

Note 1: configuration files are predefined for each sample holder and are loaded by the 
instrument scientist, prior to the start of the experiment; the Sample position 1, 2, 3, 4 
(typically the coordinates x, y, ,  on the sample stage-rotation table-cradle) and the Sample 
beam window – Position are typically predefined in these files.  Note 2: do not use special 
characters, like _, @, $, etc., in the sample title and comment fields. 

3.2.2.2) Leave the menu with Close. 
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3.2.3) Select Set Points (Figure 10) for activating the Controller SetPoint Configuration 
menu. 

3.2.3.1) Define the set points (typically, temperature values) for the chosen controller from the 
table of the activated ones.  

Note: when two controllers are connected to the sample holder, the two sets of set-points can 
be correlated by activating the field Dependencies.  

3.2.3.2) Save the configuration and leave the menu with Close.  

3.2.4) Save all configurations under the File function at the upper functions menu. 

3.3) Select Definition in the main menu (Figure 9) to activate the kws2 Definition menu 
(Figure 11) for defining the experimental setup and the measurement program.  

Note: for regular users only the options Sample, Detector and Selection (in the upper menu 
functions) are of direct interest.  

3.3.2) Select Sample and activate the Select Samples menu (Figure 11).  

 
Figure 11: View of the kws2 Definition menu and Select Sample functions. 

3.3.2.1) Choose the samples to be measured from the list of known samples in the left vertical 
field and move them in the Selected Samples field using the blue arrow.  

3.3.2.2) Order the list of the selected samples by using the blue vertical arrows.  

3.3.2.3.) Check the sample parameters and adjust the name, thickness, and comment, if 
necessary.  

Note: all other parameters on the right half of the menu cannot be changed at this level.  

3.3.2.4) Leave the menu with Save/Close 
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3.3.3) Select Detector and activate the Definition of Measurements menu (Figure 12).  

3.3.3.1) Choose the measurement type (working mode) by selecting in the area Measurement 
either Standard, for static measurements, or Real Time (RT), for time resolved 
measurements.  

3.3.3.2) Define in the Start Trigger area whether the measurement will be triggered by an 
external signal or will be started directly, in the case of Real Time (RT) measurement mode. 

3.3.3.3) Define the number of time channels and the time length of one channel in the RT 
Spectrum area, in the case of the Real Time (RT) measurement mode. Note: the number of 
external signals is always 1. 

 
Figure 12: View of the kws2 Definition menu and Definition of Measurements functions. 

3.3.3.4) Select the experimental setup/working mode by choosing in the Select Detector and 
Collimation Distances area the appropriate values or answers regarding: wavelength to be 
used (Selector field), detection distance (Detector Distance field), data acquisition mode 
(TOF field), aimed wavelength resolution (DLambda/Lambda field), measurement time 
(Time field), lenses configuration (Lenses field), and collimation distance (Collimation 
Distance field), followed by clicking on New after one configuration is entirely defined.  

Note1: in the Standard measurement mode, many configurations can be defined and loaded in 
the lower table by activating the button New after each definition (Figure 18). Note 2: for 
Standard measurement mode, pay attention to select the proper time unit in the field measuring 
time in the End Conditions area. Note 3: for Real Time (RT) mode, only one measurement can 
be defined and loaded in the lower table; the total measurement time will be automatically 
defined, depending on the number of the RT channels and time/RT channel defined. Note 4: 
time resolved measurements (RT) cannot be used in combination with the TOF mode. 
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3.3.3.5) Choose Save/Close in the Definition of Measurements menu after finishing the 
definition of the experimental setup/working mode.  

Note: a table containing the measurement program will be generated by combining the defined 
samples with the defined measurement conditions (Figure 13).    

3.3.3.6) Check the defined measurement program. 

3.3.3.6.1) Adjust the measurement time for each measurement as wished and sort the 
measurements according to the three loops (sorting parameter) shown in the bottom of the 
menu, for measurements planned without temperature control on the samples; leave the menu 
with Save/Close and return to the kws2 Definition menu (Figure 12). Check the total defined 
measurement time in the central field, marked with red.  

 
Figure 13: The measurement programs generated by combining the defined samples, defined experimental 
conditions (back table) and additionally, the defined set points (front table). 
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3.3.3.6.2) Leave the menu with Save/Close without adjusting any parameter or sorting the 
measurement program for measurements planned with temperature control on the samples. 
Chose Selection (upper functions menu) in the kws2 Definition menu and select the proper 
controller from the list of the activated ones.  

Note:  a table containing the measurement program will be generated by combining the 
defined samples with the defined measurement conditions and the defined field values on the 
sample (temperature, Figure 13). Proceed like for 3.3.3.6.1). 

3.4) Close the menu kws2 Definition and return to the main menu (Figure 9). 

3.5) Select Control in the main menu of the KWS2 measurement software (Figure 9). Note: 
the Measurement control menu (Figure 14) will be activated. 

 
Figure 14: The kws2-Measurement control menu and the Current Values option. 

Note: the KWSlive_MainWindow interface will be activated (Figure 15). 

3.5.1) Log in with the username and password that will be communicated by the instrument 
scientist and lock the session so that a script is generated, which will execute the commands for 
performing the uploaded measurement program.  

3.5.2) Select Loop Definition for checking the uploaded measurement program. 

3.5.3) Start the measurement program by activating Start. 

3.5.4) Select Current Values to enable the visualization mode of running measurement. 

Note: the parameters and the status of different instrument components/samples/sample 
environment can be observed, as well as the file number of the running measurement, the 
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measurement time, the integral intensity on the detector and the count rates of detector and 
monitors. 

 
Figure 15: The Live-Display option with the KWSlive_MainWindow menu and different data visualization 
options.  

3.5.5) Let the measurements be conducted and completed according to the defined 
measurement program or interrupt or stop the measurements by activating Stop and choosing 
the desired option (to continue, to stop the current measurement with/without saving the file or 
to stop the entire program). 

3.6) Select Live-Display in the main menu of the KWS2 measurement software 

(Figure 9) for the visualization of data for the measurement in progress or from old 
measurements.  

3.6.1) Choose at Type either GEDET or PSD for the visualization of data collected with 
the main or with the secondary (high-resolution) detector, respectively.   

3.6.2) Choose at Display Mode either Contour for the visualization of data in 
two-dimensional view or Surface for the three-dimensional view or Radial average for 
one-dimensional view. Enter parameter values (wavelength and detection distance LD) in the 
fields of the menu Radial average options for allowing graphical presentation of data as 
intensity (uncorrected) vs. Q.  

Note: for the visualization of older data choose Load data in the upper functions menu and 
select a file.  

3.6.3) Choose a desired TOF-channel for the visualization of data collected in TOF mode 
(with either the main or the secondary detector) or in real-time mode.  

Note: for the loaded time-resolved data (current measurement or old files) the TOF-channel 
functions are activated automatically. 
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Figure 16: The main interface of the data 
reduction software with the options for the 
selection of the instrument and the working 
mode in which data were collected.  

Figure 17: The functions for defining the 
log-book for the set of data to be treated.  

4. Data analysis 

4.1) Start the data processing software qtiKWS 
(command or icon) in a terminal window at the 
data analysis computer of the KWS-2 instrument.  

Note: the interface shown in Figure 16 will be 
activated. 

4.2) Select DAN from the upper functions menu 
and select the instrument/working mode from 
Options on the right side menu (as shown in 
Figure 16). Define the instrument and working 
mode. Define the folder where the measured 
data files are located and the corrected data files 

will be stored. 

4.3) Choose Tools and Header(s) in the right side 
menu (Figure 17) and generate the info-table 
containing the files to be processed. Define the 
table name by acting the left green arrow on the 
Header(s) field. Load the measured files by 
acting the right green arrow on the Header(s) 
field. 

Note 1: a table is generated, which contains all 
run numbers of the performed measurements and 
information about the sample names, 
experimental configurations, measured 
intensities/count rates, file names and date of 
measurement for each measured file. Note: for 
the inspection of the full information the table 
should be scrolled rightwards. Note 2: all actions 
done in qtiKWS will produce results that are shown in the explorer-like table in the lower part 
of the interface.  
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Figure 19: The functions for the preparation and 
splitting of the real-time (RT) and TOF data collected 
on multiple time channels, before applying the usual 
data treatment procedure. 

Figure 20: The functions for defining the 
detector sensitivity maps. 
 

4.4) Activate Mask in the right side menu (Figure 18) and generate the active mask that define 
the area of the detector which will be considered for data processing.  

 
Figure 18: The functions for defining the detector masks for which the data will be treated.  

4.4.1) Enter values in the Edge and Beam-Stop fields for defining the left lower and right 
upper corners of rectangular mask in the case of analysis of isotropic scattering patterns. 

Note: the whole detector area excepting the beam-stop (central rectangular masked field) will 
be used (Figure 18, top).  

4.4.2) select DANP in the upper functions menu and choose ASCII.2D (Figure 18, bottom) 
for creating a special mask using the drawing functions under the 2D Masking menu.  
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Note1: for anisotropic scattering patterns or localized scattering details, different shape or 
localized masks (angular sectors, circular or quadratic regions) can be generated. Note2: the 
new created mask should be renamed in the lower explorer-like table, and a full mask (step 
4.4.1) should be additionally generated, as basis for other future modifications. 

4.5) Chose Tools in the right side menu and activate the TOF|RT filed (Figure 19) for 
performing the splitting of the data collected in real-time (RT) or TOF working modes in single 
files corresponding to each time channel.   

4.5.1) Click on TOF :: Calculate Parameters function and load one file from which 
information about the real-time or TOF conditions are extracted. 

4.5.2) Click on TOF|RT :: Sum vs Number :: Read function and load the file of interest 
measured in real-time or TOF modes. 

Note: a sum-tof-file table like that shown in the left side of the working interface is generated. 

4.5.3) Plot the integral intensity as a function of time channels (Figure 19) from the 
sum-tof-file using the graphical options under the Graph function in the upper functions 
menu. 

Note: for data measured in TOF mode, the two pulses generated by the chopper are shown in 
the time configuration of their arrival on the detector. 

4.5.4) Define the processing parameters in the fields of TOF functions and then click the 
button TOF|RT :: All Selected Steps :: Proceed for conducting the splitting of data in single 
files corresponding to each time channel.   

4.6) Activate Sensitivity in the right side menu (Figure 20) and generate the detector 
sensitivity by entering in the marked green fields  the run numbers for the measurements of 
the standard sample (Plexiglas), empty beam (EB) and blocked beam (B4C). Click on the 
green arrows next to the yellow filed (Transmission) for calculating the transmission of the 
standard sample. Generate and name the sensitivity matrix by selecting Calculate as New.  

Note: different sensitivity maps can be generated for different experimental conditions. The 
sensitivity map can be visualized by opening the sensitivity matrix in the explorer-like lower 
table and selecting the appropriate plot functions from the plotting menu that will be activated. 
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Figure 21: The functions for generating the script 
table for the correction, calibration and radial 
averaging of data. 

Figure 22: The functions for graphical presentation 
of treated data.  

4.7) Activate Data Processing in the right side menu (Figure 21) and generate the 
correction/calibration table and the script table for correcting, calibrating and performing the 

radial averaging of the data.  

4.7.1) Define the number of experimental conditions used in the experiment by using the 
horizontal slider on the top of the right side menu (red arrow). 

4.7.2) Fill the fields indicated by yellow pencil by entering for each experimental condition 
the run numbers for the empty cell (EC), blocked beam (B4C), standard sample – Plexiglas 
(Abs. Cal. FS), empty beam for the standard correction (Abs. Cal. EB), blocked beam for the 
standard correction (Abs. Cal. B4C), center measurement (“Center”), empty beam (EB).  

4.7.3) Select one of the defined experimental conditions for the calculation of the 
transmission of samples by checking one of the boxes next to Tr (Ec-to-EB) function.  

4.7.4) Click on each button indicated by a pair of rotating green arrows on the vertical series 
of functions (Figure 21) for loading from the defined files the information needed for data 
processing and calculating the transmission of the empty cell. 

   

 

4.7.5) Click on the head of each yellow column for defining the column name. 

4.7.6) Click on the New button for generating the table of the data files which will be 
processed.  

4.7.7) Click on the Add button for loading the data files which will be processed. 

Note: the table shown in the left side of the interface in Figure 20 will be created. 
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4.7.8) Click on the Tr button indicated with rotating green arrow, under the Script-Table 
Tools area, for calculating the transmission of each sample.  

4.7.9) Click on the button I[x,y] for initiating the correction and calibration of two 
dimensional data. 

4.7.10)  Click on the button I(Q) for initiating the correction, calibration and radial averaging 
of data.  

Note: by choosing Project in the lower right corner of the interface (Figure 21), all results will 
be generated in the active qtiKWS session (project) and can be visualized in the explorer-like 
lower table; by choosing File in the lower right corner of the interface, all results will be 
generated as external files, which will be saved in the external folder which was defined at the 
step 4.2).  

4.7.11) Plot the processed data (Figure 22) in the active qtiKWS project by selecting from the 
lower explorer-like table the generated results and using the graphical options under the 
Graph function in the upper functions menu. 

Note:  the tables show four columns – Q, I, ΔI,  of the Q-resolution5 – for the radially 
averaged data or two-dimensional matrixes for the data which were not radially averaged.  

4.8) Save the qtiKWS project (save functions under the File option of the upper menu) 

REPRESENTATIVE RESULTS: 

Results of experimental investigations on the structure and morphology of various 
soft-matter and biophysical samples carried out at KWS-2 in different working modes and 
experimental setups are given in Figures 23-34. These examples are selected from 
investigations made on standard samples with known properties, used for the test and 
commissioning of different working modes or from studies carried out by users at KWS-2 by 
combining different working modes offered by the instrument.  

Figure 23 presents the results obtained on the PEP1k-PEO1k diblock copolymer that forms 
cylindrical micelles in D2O, and demonstrates the Q-range that can be covered at KWS-2 in 
conventional mode by using one wavelength and several detection distances.  

For the investigation of larger morphologies, long wavelengths can be involved for 
measurements at the longest detection distance LD=20m based on spontaneous decision taken 
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Figure 23: The scattering pattern from 
PEP1k-PEO1k diblock copolymer micelles in D2O 
(after correction for the scattering from solvent was 
applied) as measured at different detection distances 
with neutrons of =4.5Å; a core-shell rod-like 
micellar shape is revealed by the Q-1 dependence of 
scattered intensity at low Q and the Q-5/3 dependence 
(blob scattering) observed at high Q; the Q-range 
covered in each experimental configuration (LC, LD) 
is specifically marked. 

Figure 24: The scattering pattern scattering 
patterns from polystyrene spherical standards 
(Thermo Scientific) in D2O (after correction for the 
scattering from solvent was applied); the red lines 
represent fits with the spherical form-factor9, 
including the instrument resolution10, 11 and size 
polydispersity (supplied by the producer); different 
neutron wavelengths were involved. 

Figure 25: The scattering pattern from SiO2 particles 
(low polydispersity in size9) in deuterated 
dymethyl-formamide (d-DMF) measured at KWS-2 with 
different instrumental resolutions using either the 
velocity selector (conventional pinhole mode) or the 
chopper with TOF data acquisition (tunable resolution 
mode5); the red curves represent the model fit of the 
experimental data with the spherical form factor9, 
including the instrumental resolution10, 11 and the particle 
size polydispersity; the power-law behavior towards high 
Q is also indicated. 

during the experiment, as demonstrated in Figure 24, where results obtained on a series of 
polystyrene spheres (standard size) of known size and size polydispersity are shown.  

       

  

 

 

 

 

Figure 25 shows the scattering patterns from SiO2 particles12 of kwon size and very low size 
polydispersity in d-DMF, as were measured using two instrumental resolutions. The model fit 
of the experimental curves9 using fixed structural parameters and the wavelength resolution 
as free parameter that matched the aimed value has demonstrated the reliability of the data 
collected in tunable resolution mode5.  
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Figure 26: The two-dimensional and radially 
averaged one-dimensional scattering patterns 
from the C28H57-PEO5k (fully deuterated) 
polymer micelles in D2O (at a polymer volume 
fraction of 12%) measured in conventional mode 
with Δλ/λ =20% (top) and in tunable resolution 
mode (chopper) with Δλ/λ=5% at LD=4m 
(middle) and LD=8m (bottom); the fine structure 
of the peak features is better resolved with 
improved resolution5, 13. 

 

 

Figure 27: The intensity gain factor of 
twelve obtained on a sample of polystyrene 
spheres in D2O when using lenses 
compared to the conventional pinhole 
mode, due to increasing of the sample size 
(thus, of the beam size); the measurements 
were carried out with a neutrons of l=7A 
using all 26 lenses in beam; the cold lenses 
(70K) have a transmission of 65%. 

Figure 26 reveals the direct advantage of combining in the same measurement session the 
conventional and the tunable  resolution working modes: instead of broad features 
observable in the scattering pattern from the ordered structure of star-like C28H57-PEO5k 
polymer micelles in D2O at high polymer volume fraction (12%) while using the 
conventional mode with Δλ/λ=20%, a fine structure a series of sharper peaks was revealed 
when better  resolution was involved, which enabled the clear identification of the 
crystalline phase formed by the micelles in solution5,13.     

     
Figures 27 and 28 demonstrate the advantages of 
the high intensity mode against the conventional 
working mode: the results obtained on polystyrene 
standard samples have proven the gain in intensity 
(up to 12 times) when larger samples are involved 
(up to 5cm in diameter) while keeping the same 
resolution as for conventional pinhole mode. The 
high-intensity mode with lenses offers advantages 
in the case of the weak scattering that generally is 
encountered at large detection distance and is 
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Figure 29: Contrast variation SANS on 
bovine serum albumin grafted gold 
nanoparticles (BSA-GNPs) in H2O, D2O 
and mixed H2O/D2O solutions using lenses 
and large samples (5cm in diameter) at 
KWS-2 (Reprinted with permission from 
Langmuir, 2014, 30, 15072-15082. 
Copyright 2014, American Chemical 
Society).  

  

 

particularly yielded in the case of weak contrast conditions. When additionally, the sample is 
stable only over short period of times, the use of this mode represents a clear advantage, as it 
is demonstrated in Figure 2914: bovine serum albumin (BSA) coated citrate capped gold 
nanoparticles (BSA-GNP) were investigated in salt solutions with the variation of the D2O 
content between 0% and 100% D2O for contrast variation by using the high intensity mode 
(large sample size) at KWS-2 to overcome the weak scattering from the mineralized GNPs 
(note that the H2O scattering level is around 1cm-1) and the short time stability of the 
precipitates.  

 
Figure 28: The 2D scattering pattern from polystyrene standard samples in D2O measured in pinhole mode 
(left), with the 10mm x 10mm beam size on the sample, and in high-intensity focusing mode (right) with lenses, 
with the 30mm x 30mm beam size on the sample; the resolution (given by the size of the direct beam, which is 
captured by the beam-stop in the middle of the detector) is the same in both cases.  

  
Figure 30 shows the results obtained on a series of polystyrene spheres (standard size) of 
known size and size polydispersity and demonstrate the wide Q-range that can be covered at 
KWS-2 when combining the conventional pinhole and the focusing high-resolution (low-Q) 
modes. Large morphologies that show structural levels spanning a wide length scale, from 
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Figure 30: The scattering pattern from polystyrene 
spherical standards of different sizes (Thermo 
Scientific) in D2O (after correction for the scattering 
from solvent was applied) measured in conventional 
pinhole mode with neutrons of λ=7Å and 20Å and 
focusing mode (with 26 lenses) with neutrons of 
λ=7Å, demonstrating the entire Q-range that can be 
explored at KWS-2; the red lines represent fits with 
the spherical form-factor9, including the instrument 
resolution10, 11 and size polydispersity (supplied by 
the producer). 

Figure 31: The scattering pattern from fully 
protonated PHO10k-PEO10k diblock copolymer 
micelles in D2O (after correction for the scattering 
from solvent was applied) as measured at KWS-2 by 
combining the conventional and the focusing (lenses) 
modes; a core-shell rod-like micellar shape is 
revealed by the Q-1 dependence of scattered intensity 
at low Q and the Q-5/3 dependence (blob scattering) 
observed at high Q; the intensity plateau towards low 
Q values reveals the rods length; the red curve 
represents the fit of the experimental data with a 
core-shell cylinder model9.  

nanometer to micrometer sizes, can be investigated in a direct way, as shown in Figure 31: 
the cylindrical core-shell micelles formed by the poly-(hexylene-oxide-co-ethylene-oxide) 
PHO10k-PEO10k diblock copolymer (fully protonated) in D2O15 are characterized by a total 
thickness of about 300Å and a length of about 7000Å, as revealed by the fit of the 
experimental results with the core-shell cylindrical form-factor9, 15. 

            

 

 

 

 

 
 
At the smaller length scale of a few nanometers the weak scattering signal from small 
biological molecules in buffer solution can be investigated at KWS-2 benefiting of the high 
intensity of the instrument. Figure 32 presents the scattering patterns from beta amyloid 
protein (Aβ 1-42, MW=4.5 kDa) monomers in deuterated hexafluoroisopropanol dHFIP as 
obtained after the correction for the scattering signal from the buffer was applied. A model fit 
of the data delivered a monomer size of about 16±1Å16. A long measurement time of several 
hours for each experimental condition (detection distance LD and sample type) was involved, 
although the measurements were carried out at short detection distances. The old detector 
which has shown limitations regarding the count rate hindered the use of shorter collimation 
distances LC, hence of the maximum flux at the instrument. With the commissioning of the 
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Figure 32: The scattering pattern from beta 
amyloid protein (Aβ 1-42, MW=4.5 kDa) 
monomers in deuterated hexafluoroisopropanol 
dHFIP at a concentration 5.6 mg/ml, after three 
weeks incubation measured at detection distance 
of 5.6 m and 1.1 m; the full symbols present the 
corrected and calibrated data from the monomer in 
buffer solution and from the buffer solution, while 
the open symbols (with the corresponding right 
vertical scale) denote the scattering signal from 
monomers, after correction for the buffer 
contribution was applied; the red solid line shows 
the fitted Beaucage function with fixed 
dimensionality d=216 . 

new detection system that enables the use of the full neutron flux, such weak intensities will 
be measured in the future in shorter times and with improved statistics. 

 

Figure 33 presents the time-dependent changes in integrated lamellar reflection intensity 
during the guest exchange between deuterated and protonated benzene in a 
syndiotactic-polystyrene (sPS) co-crystal with benzene17 as measured at KWS-2 in real-time 
(RT) mode with a time step of 1s. The diffusion of a guest molecule in the crystalline regions 
(lamellae) of sPS could be investigated at early stages based on the evolution of the intensity 
due to the change of contrast induced by the diffusing guest. The initiation and control of the 
guest diffusion was accomplished using a “guest-exchange” device17, which enabled the 
external triggering of detection electronics once a guest exchange process in the sample was 
initiated. The start of the data acquisition was synchronized in this way with the start of the 
change of sample scattering properties induced by the new guest molecules. 

Figure 34 presents the SANS patterns from Lysozyme protein in D2O buffer and from the 
D2O buffer collected at different pressures. A special attention has been paid for the 
investigation of the background and forward scattering from the Lysozyme molecules, used 
as test for the performance of the new pressure cell manufactured in house by following a 
design done in PSI, Switzerland. The results were similar to those obtained in by 
Kohlbrecher et al. in a similar study for the test of the original pressure cell model 
constructed there18, 19. At KWS-2 further data have been acquired since a pressure of 5000 
bar has been reached. Evolution of the forward scattered intensity from the protein follows a 
linear behavior as obtained in the study at PSI, Switzerland19. 

 



76 

 

Figure 33: The time dependence of the integrated 
lamellar reflection intensity measured in real time 
SANS experiment at KWS-2 on the exchange process 
between deuterated benzene and protonated benzene 
molecules in a syndiotactic polystyrene (sPS) 
co-crystal with benzene guest molecules; the use of 
uniaxially oriented sPS films enabled observation of 
the intensity evolution from oriented lamellar stacks 
due to fast contrast exchange17 on particular sectors of 
the detector in a reliable way. 

Figure 34: Scattering patterns from lysozyme 50 
mg/mL in 50 mM acetate buffer in D2O and from 
buffer solution measured on KWS-2 from ambient 
pressure up to 5000 bar. The inset shows the 
behaviour of the forward scattered intensity I(Q→0) 
from the protein solution, buffer and protein (after 
correction for the buffer contribution was applied) as 
a function of pressure. 

 

        

 

 

 

 

 

 

DISCUSSION: 

Soft matter and biophysical systems are characterized typically by structural correlations and 
interrelated microstructural and morphological levels that span a wide length scale, from nm 
up to microns. For the understanding of the mechanism of morphology formation and 
evolution and the relationship between the microscopic features and macroscopic properties of 
such systems, it is important to explore their microstructure over the entire length scale and 
under relevant environmental conditions (temperature, pressure, pH, humidity, etc.).  

KWS-2 SANS diffractometer offers the high versatility and performance required by such 
structural studies via the combination of optimized experimental parameters such as intensity, 
length scale, space resolution or time resolution and complex sample environments. Using the 
multiple working modes enumerated in the Introduction and supported by the results presented 
in Figures 23-34, KWS-2 is pushing the performance beyond the conventional limits set at a 
classical SANS diffractometer at a steady neutron source (reactor) in an easy and practical 
manner, which permits optimization, flexibility and spontaneity in designing and conducting 
complex studies, as supported by the described protocol. Practically, at KWS-2 combined 
SANS and USANS investigations can be carried out, with the advantage that the sample 
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geometry and thermodynamic conditions remain constant, so that certain sensitive effects can 
be unambiguously explored, unlike the classical approach of involving two or more different 
instruments and sample geometries. Also, strong correlate systems and periodicities can be 
studied with adapted resolution, without spending time and efforts with the installation of 
complicate monochromatization systems, which would involve additional care and safety 
aspects. The hindrances generated by the weak scattering due to use of highly diluted systems 
or unfavorable contrast conditions can be overcome by the use of higher intensities based on 
larger beam size while keeping the resolution. These advantages combined with specialization 
of the instrument on particular research fields, related to soft-matter and biophysical systems, 
compensate for the inherent intensity and Q-range limitations which conventional SANS 
diffractometers show in comparison to the newly established TOF-SANS diffractometers at 
spallation sources. In spite of an ideal higher performance, the latter still present an increased 
degree of difficulty with respect to conducting the experiments by the regular users and 
especially to handling the data reduction. For increased flexibility and easiness the TOF-SANS 
instruments often rely on imposing boundaries, with consequences in limiting the 
performance. 

KWS-2 targets the study of structure and structural changes mostly in systems from soft 
condensed matter, chemistry and biology. As typical applications can be enumerated: 
polymers, polymer solutions, polymer melts, polymer blends, colloids, nanocomposites, 
micellar systems, microemulsions, membranes, films, in-situ adsorption-desorption or 
humidifying-drying phenomena, kinetics of de-mixing, formation, aggregation of structures, 
shear induced deformations, rubber networks, protein structures, protein folding/unfolding 
processes, in-situ crystallization phenomena, hierarchical and multiple size semi-crystalline 
polymer morphologies. KWS-2 shows limitations in possibility to support detailed structural 
studies on magnetic systems or in classical hard-matter or materials fields using non-polarized 
or polarized neutrons and specific low-temperature and high magnetic field sample 
environments. A near future development of KWS-2 aims to implement and optimize a new 
working mode with polarized neutrons and polarization analysis21 that will enable the 
possibility for the separation of the structural relevant coherent scattering signals from the 
incoherent scattering background, which will bring an unique advantage for the unambiguous 
characterization of small weak scattering biological systems.          
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The Protocol describes how SANS investigations with varying degrees of complexity can be 
typically planned, programed, conducted and visualized at KWS-2 and how the data can be 
reduced. In a SANS experiment the sample’s differential scattering cross section, d /d , is 
evaluated in absolute units of cm-1 typically over a wide Q-range that correspond to a broad 
length scale over which structural correlations and interrelated size levels characteristic of the 
investigated system appear. The scattering cross section d /d  is thus the physical quantity 

relating the intensity measured in a static scattering experiment at an angle , Is=f(  ), to the 
structural properties of the sample.  

For the evaluation of d /d  for a system of interest, besides the measurement of the system, 
additional measurements are needed, in order to correct the data for any external scattering 
(environment, sample cell, solvent or buffer solution in case of solute systems, etc.) and 
calibrate the corrected data in absolute units8. The external background (sample cell or 
container), the reference sample (solvent or buffer solutions), the sample transmission (needed 
for a correct background subtraction and calibration of the corrected results in absolute units), 
the electronic background of the detector, the detector sensitivity (inhomogeneity of detector 
efficiency that are inherent for area detectors) and a normalized standard sample should be 
additionally measured. At KWS-2 a Plexiglas (PMMA) is used as standard sample. This is a 
so-called secondary standard and is periodically calibrated against a primary standard sample, 
which is vanadium. Vanadium delivers a very weak scattered intensity and requires very long 
measurement times for collecting appropriate statistics, therefore is unpractical for SANS 
purposes. The intensity collected from the sample of interest IS and from the standard sample 
ISt can be expressed as follows 

           [1] 

         [2] 

where I0 represents the incoming intensity (delivered by the collimation system), t – the 
thickness, A – the area exposed to the beam, T – the transmission, and Δ  is the solid angle in 
which a detection cell is seen from the sample position. If both sample and standard are 
measured in the same conditions with respect to the incoming beam (LC, AC and AS,  and 

), thus same I0 and A, and the solid angle is expressed as AD/LD (with AD – the area of a 
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detection cell), by dividing the two relations the scattering cross-section of the sample is 
obtained as 

 [3] 

where the ISt is expressed as an average (the standard as an incoherent scattering system 
delivers a flat scattering pattern) and the IS is obtained after correcting the measured intensity 
of the sample in the cell (container) for the contribution of the empty cell IECell and the 
background on the detector for the closed beam, IB. The product , which 
contains scattering and physical parameters of the standard sample, depends on the neutron 
wavelength λ and is typically known from the calibration of the standard sample. Thus, it is 
tabulated in the data reduction software4. The parameters and quantities in Eq.3 that are known 
from calibration procedures and the definition of the experimental setup (tS, LD) form the 
so-called calibration factor k. The intensities and the sample transmission TS that appear in Eq. 
3 must be measured. 

The data analysis program qtiKWS does the correction, calibration and radial averaging of the 
experimental data and delivers  for the investigated samples, which will be further 
the subject of modeling and fitting procedures according to structural and morphological 
models.   
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2.4 Experimental evidence for an Aβ pentamer/hexamer in 
solution 
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Summary 
We were able to characterize stable Aβ monomers for the first time by small angle 

neutron scattering (SANS) under non-polar conditions (100 % d-HFIP) at extremely high 

protein concentrations (Aβ1-40: 5.4 mg/ml, Aβ1-42: 2.4 mg/ml)89. The radii of gyration (Rg) 

were determined to be 1.6 ± 0.1 nm for Aβ1-42 and 1.0 ± 0.1 nm for Aβ1-40, which are in 

good agreement with the averaged radii from the PDB structures of solid state NMR 

studies. Further structural details could not be resolved probably due to large structural 

heterogeneity of the monomeric Abeta peptides leading to large error bars at high 

scattering vector Q. In a complementary approach, the hydrodynamic radius of 

monomeric Aβ was obtained from dynamic light scattering (DLS) as 3.2 nm for Aβ1-42 

and 1.8 nm for Aβ1-40
89. Additionally, the precipitation of preformed aggregates in d-HFIP 

with sizes of several micrometers and <1% volume fraction as dominating process was 

observed by time resolved DLS. An obvious change of scattering intensity of monomer 

was not observed, which indicates neither fragmentation nor dissociation of the 

preformed aggregates occur in detectable amount.  

At pH=7.4 in aqueous buffer we successfully prepared the samples with more than 90% 

monomers at a concentration range between 0.1 mg/ml and 1 mg/ml for time resolved 

SANS and DLS experiments in an incubation time gap between 0.5 h and 300 h. 

According to the Beaucage model the Rg of Aβ1-42 monomer is about 1 nm. By SANS 

small oligomers built from 5 to 20 monomeric units were observed during the aggregation 

processes. At 0.25 mg/ml we detected a constant low fraction of Aβ42 5- or 6-mer with 

Rg 2 nm throughout the whole incubation time. Due to the not sufficiently deviating 

radii of gyration the 5- and 6-mer could not be distinguished from each other. At Aβ 

concentrations below and above 0.25 mg/ml a dissociation of 10-/12-mer (or 15-/18-mer) 

to 5-/6-mer was observed. This phenomenon corresponds roughly to the paranuclei

protofibril fibril mechanism with Aβ 5-/6-mer as paranuclei and the building unit, 

which self-assembles to large oligomers and protofibril/fibril. Such small oligomeric Aβ 

aggregates, which appear to resemble paranuclei, have been detected by SANS never 

before. The also observed multiples of 5-/6-mers (10-/12-mer, 15-/18-mer) with a 
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globular shape could be ´off-pathway´ oligomers which act as a source for 5-/6-mers as 

postulated for several aggregation models. 

Using the combination of scattering methods (SANS, DLS), AFM and AUC a quantitative 

picture of Aβ aggregation was generated. In particular for SANS it was shown that it is a 

promising tool for the investigation of the self-assembly pathway of Aβ and other 

amyloid proteins. 
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Zusammenfassung 
Im Rahmen dieser Arbeit gelang es erstmals, für SANS-Messungen geeignete stabile 

Aβ-Monomere bei deutlich erhöhten Proteinkonzentrationen (Aβ1-40: 5.4 mg/ml, Aβ1-42: 

2.4 mg/ml) in unpolarem Lösungsmittel (100% d-HFIP) zu erhalten89. Die 

Gyrationsradien wurden mit 1.6 ± 0.1 nm für Aβ1-42 und 1.0 ± 0.1 nm für Aβ1-40, bestimmt, 

welche beide mit den aus PDB-Strukturen errechneten Radien gut übereinstimmen. 

Aufgrund der großen Fehlerbalken im hohen Streuungsvektorbereich waren die 

hochauflösenden Monomer-Strukturen nur schwer ermittelbar. Zusätzlich wurden mithilfe 

von DLS die hydrodynamischen Radien der Monomere mit 3.2 nm für Aβ1-42 and 1.8 nm 

für Aβ1-40 bestimmt. Zudem konnte eine Ausscheidung der vorgeformten Aggregate in 

d-HFIP mit einer Größe von einigen Mikrometern und einem Volumenanteil von <1% als 

dominierender Prozess ermittelt werden. Allerdings war weder die Fragmentierung noch 

die Abspaltung von Aggregaten zu beobachten.  

In wäßriger Pufferlösung bei pH 7,4 ließen sich erfolgreich Proben mit mehr als 90 % 

Monomeren bei einer niedrigen Inkubationstemperatur (7°C) herstellen, welche mit einer 

Aβ1-42 Konzentration zwischen 0,1 mg/ml und 1 mg/ml geeignet für zeitaufgelöste 

SANS- und DLS-Experimente waren. Der unter Verwendung des Beaucage-Models 

ermittelte Rg der Aβ1-42-Monomere beträgt etwa 1 nm. Zusätzlich wurden kleine 

Oligomere, die sich aus 5 bis 20 Monomereinheiten zusammensetzten, während des 

Aggregationsprozesses beobachtet. Bei 0,25 mg/ml Aβ1-42 ließen sich während der 

gesamten Inkubationszeit Aβ 5-/6-mere mit Rg 2 nm beobachten. Aufgrund der 

ähnlichen Größe der Aβ 5- und 6-mere konnten diese nicht voneinander unterschieden 

werden. Oberhalb und unterhalb von 0,25 mg/ml Aβ1-42 traten zusätzlich zum 5-/6-mer 

10-/12-mere und 15-/ 18-mere auf. Dieses Phänomen entspricht deutlich dem 

Paranuclei-Protofibril-Fibril-Mechanismus mit Aβ 5-/6-mer als Paranukleus, bzw. 

Baustein, der den Keim zur Aggregation in größere Oligomere und Protofibrillen, sowie 

Fibrillen darstellt. Mithilfe von SANS sind Paranuklei während des 

Aggregationsprozesses niemals zuvor beobachtet worden. Die Tatsache, dass 10-/12-mere 

und 15-/18-mere ganzzahlige Vielfache der 5-/6-mere sind, deutet darauf hin, dass 
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Aggregatwachstum nicht nur durch Monomeraddition sondern auch durch 

Zusammenlagerung der Paranuklei erfolgen kann. Alternativ könnte es sich auch um 

‘off-pathway’-Oligomere handeln, welche als Quelle für in verschiedenen 

Aggregationsmodellen postulierte 5-/6-mere dienen. 

Unter Verwendung einer Kombination von Streuungsmethoden (SANS, DLS) mit AFM 

und AUC konnte ein quantitatives Bild der Aβ-Aggregation erstellt werden. Prinzipiell 

konnte gezeigt werden, dass SANS sich auf das schwierige System des stark 

aggregierende Aβ anwenden lässt, wenn Probenvorbereitung und Lösungsbedingungen so 

optimiert sind, dass ausreichende Peptidkonzentrationen erreicht werden. Damit eröffnet 

sich eine Vielzahl neuer Möglichkeiten, um die Aggregation von Aβ sowie die damit 

verbundenen Strukturen von Intermediaten zu erforschen und neue Informationen zu 

erhalten, die durch andere Methoden nicht zugänglich sind.  
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