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Zusammenfassung 

Das Ziel der vorliegenden Arbeit ist die Etablierung eines Modellsystems basierend auf dem 

Farbstoff Pseudoisocyaninchlorid (PIC) zur Untersuchung von Aggregationsprozessen in 

Biosystemen mit Hinblick auf Crowding-Effekte. PIC weist viele ähnliche Eigenschaften auf, die 

auch in Proteinen wiederzufinden sind. PIC weist, wie zahlreiche Proteine, eine marginale 

Wasserlöslichkeit auf, außerdem besteht PIC aus einer Mischung von hydrophilen und 

hydrophoben Bereichen, welche die Selbstassemblierung in einer Vorzugsrichtung 

ermöglichen. Im Falle von PIC wird das Produkt der Selbstassemblierung J-Aggregat genannt, 

welche bei gegebener Konzentration gebildet werden, sobald die Aggregationstemperatur 

unterschritten wird. Dabei handelt es sich um fibrilläre Strukturen, ähnlich wie die Aggregate 

von amyloidogenen Proteinen.  

Um den Mechanismus der Bildung von J-Aggregaten sowie deren Struktur zu untersuchen, 

wurde sich in dieser Arbeit der statischen und dynamischen Lichtstreuung bedient. Die 

Bestimmung der Konzentrationsabhängigkeit der Aggregationstemperatur sowie die 

Charakterisierung der Bildung von PIC Oligomeren wurde mit UV-Vis Spektroskopie 

untersucht. Um Crowding-Effekte, und somit die zelluläre Situation, zu simulieren wurden vier 

verschiedene Stoffe genutzt, Triethylenglycol (TEG), Polyethylenglycol (PEG), Ficoll 400 sowie 

Sucrose. Ergänzend wurden in vivo Experimente in HeLa-Zellen in Kooperation mit dem 

Arbeitskreis Ebbinghaus in Braunschweig durchgeführt. Um das volle Potential des 

Modellsystems PIC auszuschöpfen, wurde außerdem eine Methode entwickelt, um die 

Probenzusammensetzung von PIC oberhalb und unterhalb der Aggregationsschwelle zu 

quantifizieren. Dies ermöglicht die Beschreibung der Konzentrationen von Monomeren, 

Oligomeren (N ≤ 3) und J-Aggregaten. 

Zusätzlich wurde die Selbstassemblierung von Fibrinogen in Abwesenheit von Thrombin 

mittels zeitaufgelöster statischer und dynamischer Lichtstreuung analysiert, als ein Beispiel 

für Aggregationsphänomene in biologischen Systemen. Dabei konnte gezeigt werden, dass der 

Mechanismus der Selbstassemblierung einer Koagulation entspricht, welche abhängig von der 

Ionenstärke entweder reaktions- (DLCA) oder diffusionslimitiert (DLCA) ist. Dabei werden 

globuläre Strukturen gebildet Die Einführung des synthetischen Crowders Ficoll 400 führt zu 

einer beschleunigten Aggregation. 
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Abstract 

The scope of the present work is the establishment of a model system based on the dyestuff 

pseudo isocyanine chloride (PIC) as a tool to investigate self-assembly processes in biological 

systems with special regard to crowding effects. PIC has many similar properties which can 

also be found in proteins. PIC, as well as various proteins, exhibits a marginal solubility in water 

together with a mixture of hydrophilic and hydrophobic spots, which enables the self-

assembly in a preferred direction. In case of PIC, the product of self-assembly is called J-

aggregate, which are found at a given concentration when the aggregation temperature is 

undershoot. They are characterized as fibrillar structures, similar to the aggregates originated 

from amyloidogenic proteins. 

Investigation of the mechanistic features of J-aggregate formation as well as the 

characterization of the aggregate structure has been done with static and dynamic light 

scattering. Determination of the concentration dependency of the aggregation temperature 

together with the characterization of the formation of PIC oligomers has been carried out with 

UV-Vis spectroscopy. To simulate crowding effects, and therefore simulate a cellular 

environment, four different chemicals were used, triethylene glycol (TEG), polyethylene glycol 

(PEG), Ficoll 400 and sucrose. Complementing this, in vivo experiments in HeLa cells were 

conducted in cooperation with the working group Ebbinghaus in Braunschweig. To exploit the 

full potential of PIC as a model system, a method was developed to quantify the sample 

composition of PIC above and below the aggregation threshold. This method enables the 

description of the concentration of monomers, oligomers (N ≤ 3) and J-aggregates. 

The transition to a biological relevant system was established with the analysis of the protein 

fibrinogen. The self-assembly of fibrinogen in the absence of thrombin was investigated with 

time-resolved static and dynamic light scattering. It could be shown that the underlying 

mechanism of the self-assembly is classified as a coagulation, which is either limited by 

reaction (RLCA) or by diffusion (DLCA), depending on the ionic strength. Globular structures 

are generated. Introduction of the synthetic crowder Ficoll 400 lead to an accelerated 

aggregation. 
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1. Introduction and Objective 

1.1 Introduction 

The self-assembly of proteins in biological systems is a highly complex field and thus offers a 

plethora of interesting scientific problems. Self-assembly processes perform crucial tasks in 

living systems, for example the formation of the cytoskeleton of cells via actin, tubulin and 

intermediate filament proteins.[1] It can also be harmful, mostly in terms of amyloidogenic 

diseases, like for instance the imbalance of β-Amyloid production and clearance. This 

imbalance leads to neurotoxic aggregates[2], which is related to Alzheimer’s disease.[3] 

Fibrinogen is a prominent example for a protein whose aggregates are connected to a pivotal 

mechanism protecting the organism or if it occurs at the wrong time in the wrong place can 

be harmful to it. Fibrinogen is a glycoprotein which consists of two identical D-domains and a 

central E-domain[4]. Each of the fibrinogen halves is composed of three subunits , β and γ 

which are connected via disulfide-bridges in the central E-domain. N-termini of all subunits 

are located in the central E-domain. The protein is present in the blood stream with a 

concentration of around 2 to 6 g/L.[5] Small angle x-ray scattering experiments revealed a rod-

like structure of fibrinogen in buffered solution with an approximate length of 45 nm and a 

diameter of 9 nm.[5] Fibrinogen plays an important role in the formation of blood clots, an 

essential process for the survival of vertebrates.[6] In case of a tissue damage, the glycoprotein 

is activated via a complex cascade of interconnected reactions.[7] A key step of the cascade is 

the cleavage of the N-termini of the  and β chains via the enzyme thrombin which establishes 

the conversion from fibrinogen to fibrin.[8] This cleavage creates possible binding sites on 

fibrin, enabling the non-covalent self-assembly towards protofibrils which align to rope-like 

fibrils.[9] In a final step of the clot formation, covalent binding between fibrin is induced via the 

enzyme factor XIIIa[10], leading to a network of interconnected fibrin molecules, which closes 

the tissue damage. However this can also be harmful as locally non-specific formation of fibrin 

clots can cause strokes or thrombosis.[11]  

It is known that fibrinogen can undergo self-asssembly under certain conditions also in the 

absence of thrombin, as for instance in the presence of specific metal ions or by ozone 

oxidation.[12,13] Those generated aggregates may also facilitate accidential non-desired 

formation of clots. Therefore, it is of great interest to elucidate the mechanisms of aggregate 

formation of fibrinogen, also in the absence of thrombin. 
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A better understanding of the accidental self-assembly of proteins within biological systems 

in general opens up the possibility to gain better knowledge on diseases associated with the 

products of those self-assembly processes. Investigations of biological systems are highly 

complex and are accompanied with an enormous parameter space, such as pH, concentration, 

temperature, the presence of different proteins or other components  aside from the target 

protein, which makes it hard to reproduce[14] processes with those systems and causes distinct 

discrepancies between in-vivo measurements and observations from in-vitro 

experiments.[15,16] This complexity of protein systems, together with the sophisticated 

handling of proteins, creates a need for model systems similar to protein systems but more 

robust. One promising approach is the use of a dyestuff as a protein substitute. The specific 

pattern of hydrophobic spots, ionic groups and residues suited to form H-bond can be found 

in both substance classes, together with a marginal solubility in water. Those features are 

predominantly responsible for self-assembly processes, leading to fibrillar structures with long 

range ordering in at least one direction.[17] 

The cationic dyestuff pseudo isocyanine chloride (PIC) is a promising candidate. The molecular 

structure of PIC is shown in Figure 1.1. PIC was firstly investigated by Jelley[18,19] and 

Scheibe[20,21]. It shows a sharp absorbance peak at 573 nm as soon as aggregates are formed 

in solution. The formation of aggregates, which are called J-aggregates, is induced by a 

temperature drop with the aggregation temperature being decreased the lower the 

concentration of PIC is. The aggregation threshold can be seen in Figure 1.1 for PIC in aqueous 

solution and in 0.01M NaCl solution. Samples which are kept above the respective threshold 

do not exhibit J-aggregates. The addition of sodium chloride shifts the aggregation threshold 

to lower concentrations. A physical reasoning for this shift is still absent. However, one has to 

keep in mind that introduction of sodium chloride does not only lead to an increased ionic 

strength, but also adds one of the reactants of the aggregation process. Thus, determination 

of the origin of the shift requires a detailed study with a focus on the separation of the various 

impacts triggering an aggregation. It was observed that use of other salts (NaClO4, NaNO3) 

leads to precipitation of the dyestuff without any J-aggregates being formed (data not shown). 

A similar effect is observed when dissolving the iodide analogue of PIC in water[22]. 
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Figure 1.1: The phase diagram of pseudo-isocyanine chloride (PIC) in aqueous solution (black) 

and in 0.01M NaCl (red) together with the structural formula of PIC. 

 

Aside from J-aggregates, other species are present in solution, denoted as H-aggregates. The 

difference between those two types of aggregates lies in the way monomers align within the 

aggregates and in the size of the aggregates. In J-aggregates the monomers tend to overlap 

their π-systems in a tilted head-to-end alignment, as also proposed by the most recent 

structure model from von Berlepsch et al.[23] derived from x-ray diffraction experiments. In 

contrast, monomers within an H-aggregate are more aligned in a face-to-face manner. The 

differences in the mode of alignment of molecules within those aggregates is also the reason 

of the shift in absorption peaks of those species in relation to the monomer peak, as it was 

quantified with the exciton model[24]. Beside the structural differences, H-aggregates are 

occurring as oligomers while the number of monomers within a J-aggregate exceeds several 

hundred. Fidder and Wiersma[25] stated 100 monomers as a lower limit while investigation of 

the annihilation of single excitons, performed by Sundström et al.[26], suggest an aggregation 

number in the regime of 2.104 to 5.104. 

Kopainsky was one of the first who established an absorption spectrum of dimeric H-

aggregates[27]. Absorption measurements at low temperatures, conducted by Cooper, 

revealed additional shoulders at the peak around λ < 483 nm, which are indicating H-

aggregates of higher degree of oligomerization[28]. He calculated theoretical molecular exciton 
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shifts of trimers, tetramers and pentamers, which were found to be in agreement with 

experimental results. The observed shoulder peaks can indeed be attributed to H-aggregates 

with N > 2. Isolated spectra of these species are not published by now.  

Having identified PIC as a suitable candidate to represent a protein-like substitute, one further 

important aspect has to be considered for developing model systems to study protein 

aggregation. In general, in-vitro experiments are carried out under physiological conditions in 

terms of pH, ionic composition and strength. These conditions already mimic the environment 

in living systems sufficiently enough to provide first insights and, in some cases, qualitatively 

reproduce data from in-vivo experiments.[29,30] Nevertheless, the major part of findings on 

protein aggregation indicates a lack of physiological relevance because the complexity in a 

living cell is mostly neglected.[31] When studying the properties of proteins in solution, a low 

concentration of the target protein is chosen in order to be in line with the situation in living 

systems, usually in a concentration regime from 1 to 10 g L-1. The occurrence of other 

components, such as proteins or salts, is not being considered which is one of the reasons for 

deviations to in vivo experiments. The concentration range of all other components within a 

cell accounts to around 300 to 400 g L-1.[32] Hence, while the concentration of the target 

protein can be considered as diluted, the overall concentration of solid content leads to non-

negligible intermolecular interactions. This state is named crowded instead of concentrated 

since many different macromolecules attribute to the solid content.[31] T. C. Laurent was one 

of the first linking the behaviour of crowded solutions to volume exclusion and verified it by 

solubility assays with various proteins in the presence of polysaccharides.[33] P. Ross and A. P. 

Minton[34] successfully modelled the non-ideality of concentrated hemoglobin solution based 

on a hard-sphere model, underlining the effect of volume exclusion. However, application of 

this hard sphere model onto a similar system, namely the decrease in solubility of sickle cell 

hemoglobin via addition of myoglobin, lead to predictions which were not in agreement with 

experimental data.[35] Thus, correlating the problem solely on volume exclusion is not 

adequate.[36]  

Further studies also underline the importance of taking crowding effects into account when 

investigating biosystems. Dextran for example enhances amyloid formation of C-II[37] and 

promotes the formation of actin filaments.[38] The oligomerization of fibrinogen can be 

accelerated with addition of bovine serum albumin (BSA) while tubulin oligomerizes 

preferably in the presence of Dextran.[39] Polyethylene glycole (PEG) is commonly used as a 
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synthetic crowder, promoting for example the dimer formation of pyruvate 

dehydrogenase[40,41] but has no effect on the self-assembly of myoglobin.[42] However, 

crowding does not only accelerate reactions but can also supress them, as it is shown by Gao 

et al with IAPP as the target protein.[43] 

 

1.2 Objective 

The objective of the present thesis is to establish the dyestuff pseudo-isocyanine chloride (PIC) 

as a novel model system to mimic protein aggregation in crowded media. For this purpose, a 

better understanding of the oligomerization and aggregation of PIC and its accompanied 

mechanisms is needed. Thus, the key questions resolve around the quantification of 

equilibrium states in terms of sample compositions, the kinetics of H-aggregate 

oligomerization and its role as a precursor for PIC aggregation as well as the mechanism of J-

aggregate formation itself. Once progress on the self-assembly of pure PIC has been 

established, synthetic crowding agents, which are typically used in literature, are applied in in 

vitro experiments to affect this self-assembly. The observed effects on the aggregation of PIC 

are analysed with respect to its thermodynamic driving forces.  For this purpose, data 

evaluation methods, commonly used in the context of protein aggregation, are applied. In vivo 

experiments of PIC in living cells are finally conducted to complement the previous findings 

on the effect of synthetic crowding agents. 

Beside the analysis of the PIC system, a biological system and its susceptibility towards 

crowding agents shall also be elucidated, namely the aggregation of the bioprotein fibrinogen 

in the absence of thrombin, covered in Chapter 4. Whereas the thrombin-catalysed self-

assembly of fibrinogen is already described in great detail in literature, there is not much 

known on the self-assembly proceeding from fibrinogen without thrombin involved. It is 

already shown in literature that fibrinogen itself is prone to aggregation under distinct 

circumstances, such as a low ionic strength[44] or the presence of multivalent metal cations[12]. 

Fibrinogen-based particles offer great potential in applications in medicine, such as acting as 

a scaffold to promote cell adhesion for example. For this purpose, key questions have to be 

answered which address the mechanism of particle formation derived from fibrinogen, the 

controllability of the process and how changes in parameters could possibly affect the 

outcome of particle formation. These questions shall be answered with the help of combined 
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time-resolved static and dynamic light scattering. Scattering data at different solution 

conditions were recorded and interpreted with appropriate mechanistic models with the 

target to establish a correlation between solution conditions and the accompanied alterations 

in the kinetics. Furthermore, the morphology of the generated fibrinogen aggregates shall be 

characterized and compared to the morphology of fibrin fibrils. The presented data shall 

provide the groundwork for establishing fibrinogen related bioparticles as a promising 

material in various medical applications. To bring this chapter in line with crowding effects, 

additional experiments are conducted where fibrinogen is introduced to synthetic crowding 

agents. The presentation of those experiments is done in Chapter 8. 

As already indicated in the Introduction, the dyestuff PIC has the potential to be a protein 

substitute to investigate crowding effects on the generation of protein aggregates. Chapter 5 

shall elucidate the basic principles of PIC oligomerization and aggregation, which are 

necessary to fully utilize PIC as a model system for protein aggregation. The key questions to 

be answered in this chapter address the underlying mechanism of PIC aggregation and how 

the equilibrium situations above and below the aggregation threshold can be described. There 

are already numerous important findings on the topic published, such as the presence of 

oligomers, which are called H-aggregates, above the aggregation threshold[27], the appearance 

of the spectrum of dimers[45] and a structure model of J-aggregates[23]. Characterizations of J-

aggregates and their formation in diluted solution was also investigated[46]. With Chapter 5, 

these findings shall be complemented regarding the mechanism of J-aggregate formation. 

Furthermore, it will be shown how spectra of oligomers with a degree of oligomerisation 

greater than 2 can be established and how an isolated spectrum of J-aggregates can be 

obtained.  Additionally, a procedure will be developed to estimate the content of J-aggregates 

at a given temperature and PIC concentration with help of the aggregation threshold. 

Successively, the focus turns toward the introduction of crowding agents into the PIC system. 

The chemical similarities of dyestuffs and proteins, namely the specific pattern of chemical 

groups and a marginal solubility in water, which leads to the capability to form fibrillar 

structures, make dyestuffs a potential protein substitute to investigate aggregation patterns 

in biological systems. Crowding is an important parameter when studying those aggregation 

phenomena. Therefore, Chapter 6 shall elucidate how various synthetic crowders, which are 

frequently used in literature to mimic cellular crowding, affects the tendency of the dyestuff 

PIC to form J-aggregates. Questions around the thermodynamic driving forces of crowding 
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effects on J-aggregate formation of PIC shall be answered, to enable the quantification of 

either amplification or suppression of the formation of aggregates. The validity of well-

established concepts of thermodynamic principles, which are usually applied on chemical 

reactions, folding reactions, or self-assembly processes of proteins, shall be proven now for 

the self-assembly of PIC in order to furthermore underline the similarities of various dyestuffs 

and proteins. Additionally, it should be verified whether principles from synthetic 

polymerizations can be applied also to the self-assembly of PIC. Findings on this question shall 

strengthen the knowledge regarding the mechanism of self-assembly of PIC. 

Since it was proven that synthetic crowding agents do have an impact on the self-assembly of 

PIC, a follow-up question is how PIC behaves under natural crowding in a cell. This question 

shall be tackled in Chapter 7, together with further clarifications on how addition of crowding 

agents alters the aggregation threshold of PIC and how the presence of crowding agents 

changes the equilibrium above the aggregation threshold. The previously mentioned natural 

crowding is investigated with the help of in vivo experiments in HeLa cells. Here, it is of interest 

whether PIC is able to penetrate cells, whether aggregation is also occurring within cells and 

how cells infiltrated with PIC react to osmotic stress. The results strongly underline that PIC 

can possibly be used as a crowding sensor in cellular environments.  

The purpose of Chapter 8 is to extend the findings on the self-assembly of fibrinogen in the 

absence of thrombin (Chapter 4) with insights on how crowding affects this self-assembly 

process. Aggregation experiments were conducted with the crowding agent Ficoll 400. It 

should be clarified whether this biosystem show similar reactions towards the presence of 

crowding agents as the dyestuff PIC. 
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2. Synopsis 

2.1 The self-assembly of fibrinogen  

Fibrinogen is a glycoprotein which is present in living systems, and which plays a crucial role 

in the blood clotting process. It forms fibrillar structures via catalysis of thrombin and builds 

up the matrix to immobilize blood platelets to stop bleeding by wound sealing. Knowledge of 

the reaction cascade of blood clotting is well-established in literature. Therefore,  the present 

work starts with an investigation of the self-assembly of fibrinogen in the absence of thrombin. 

It is known that fibrinogen is prone to aggregation at ionic strengths lower than physiological 

conditions[1]. We conducted a set of light scattering experiments to investigate how the self-

assembly of fibrinogen is affected by the ionic strength. In general, the lower the ionic strength 

is, the stronger and faster the self-assembly proceeds, as it can be seen in Figure 2.1. 

The weight averaged molar mass went through an increase of three orders of magnitude in 

the first 10 minutes of the process at an ionic strength of [I] = 7 mM, while at [I] = 60 mM only 

an increase of one order of magnitude was observed over the course of 60 minutes. The size 

parameters Rg and Rh tended to be bigger at low ionic strengths, but the overall structural 

features of the aggregates were not affected by the final ionic strength, which can be seen in 

the evolution of the structure-sensitive parameter ρ. At the end of the process a value of ρ < 1 

was observed, regardless of the ionic strength. This value indicates the growth of dense, 

globular structures. This globular structure stays in contrast with the morphology of fibrin-

fibers.[2] 

In a next step the kinetics of the self-assembly of fibrinogen was quantified. For this purpose, 

the coagulation theory from von Smoluchowski was applied[3]. The model fits well to 

experimental data recorded at ionic strengths lower than 60 mM. At those low ionic strengths, 

the process is diffusion-limited (DLCA) with the characteristic coagulation time tc decreasing 

with decreasing ionic strength. At an ionic strength of [I] = 60 mM, a slight modification of the 

kinetic model had to be applied to be in line with experimental data. This modification took a 

crossover from a diffusion-limited process to a reaction-limited process (RLCA) into account. 

Application of this modified model showed that at high ionic strengths, the modified model 

fits better to experimental data than the non-modified approach, therefore suggesting a shift 

from DLCA to RLCA once the ionic strength gets high enough. 
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Figure 2.1. Evolution of the weight averaged molar mass Mw, radius of gyration Rg and 

hydrodynamically effective radius Rh of growing fibrinogen aggregates as a function of time t. 

Data are recorded at 25 °C and at a concentration of NaCl of 7 mM (black circles), 14 mM (red 

squares), 30 mM (blue inverted triangles), 60 mM (green triangles) and 100 mM (purple 

rhombs).  

Since the self-assembly of fibrinogen takes place in the blood, thus in a crowded environment, 

effects of crowding should be considered in the investigation of the process. It is this task with 

which the Thesis shall be closed. However, the main focus is to investigate the impact of 

crowding on a synthetic model system. Thus, in the following chapters the findings on the 

aggregations of PIC and effects of crowders on the aggregation of PIC shall be elucidated. The 

key questions to be answered are how the sample composition can be described above the 

aggregation threshold. Can the newly gained information on the situation above the threshold 
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be used to describe the sample composition below the threshold? Here, it is of high interest 

to find a way to quantify the content of J-aggregates. Furthermore, the mechanism of the 

formation of J-aggregates shall be elucidated. This only will enable us to adequately 

investigate how synthetic crowding does affect the assembly of PIC towards oligomers and J-

aggregates. 

2.2 Oligomeric solutions of PIC 

Cyanine based dyestuffs are in general capable of forming macromolecular-like structures, 

denoted as J-aggregates, and oligomers, denoted as H-aggregates. The tendency to undergo 

self-assembly correlates with the size of the van der Waals surfaces and the freedom of 

torsional motions within the molecule, which was used by Wörz et al.[4] to categorize dyestuffs 

into three classes based on their steric attributes: I) loose, II) compact and III) crowded. The 

latter has such a low aggregation propensity that even oligomerization is hindered. PIC itself 

was not classified in this work but it is relevant to know that oligomerization of PIC does occur 

and seems to be strongly connected to the formation of J-aggregates.[5] Therefore, it is 

necessary to describe the system as a whole with all its species and constituents involved to 

fully unleash the potential of PIC being a model system for aggregation phenomena in 

biological systems. 

A major advantage of PIC is that absorption characteristics of PIC samples are directly related 

to the sample composition, as the absorption patterns of the different PIC species are 

distinguishable. Various efforts to extract the isolated absorption spectra of the oligomers 

were already conducted, resulting in a monomer and dimer spectrum.[5,6] Unfortunately, this 

does not suffice to fully describe the system above the regime where monomers and small 

oligomers prevail. Accordingly, the present thesis succeeded to establish an additional trimer 

spectrum above the threshold of J-aggregation, based on the same principles which were used 

to determine the dimer spectrum. All relevant spectra to describe the sample composition 

above the aggregation threshold are shown in Figure 2.2.  
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Figure 2.2. Absorption spectra of different PIC species present in solution. The monomer 

spectrum (black) was measured at [PIC] = 3μM, the dimer spectrum (red) was established by 

Horng et al..[6] Estimation of the trimer (blue) is carried out in the present work.  

For simplification purposes, it was assumed that this trimer spectrum represents all oligomers 

with N ≥ 3. Another outcome during establishing the trimer spectrum was the temperature 

dependence of the associated trimerization constant KT. Together with the temperature 

dependence of the dimerization constant, established by Neumann et al.[7], this enabled us to 

quantify the sample composition of PIC above the threshold of J-aggregation in terms of 

monomers, dimers and trimers. At a constant concentration, the monomer content decreases 

with decreasing temperature while the trimer content increases. Surprisingly, the relative 

concentration of dimers is not dependent on the concentration of PIC and on the temperature 

and amounts to ~17% of the overall concentration. Another feature of this multicomponent 

system is that state points right on the aggregation threshold exhibit the same relative sample 

composition, regardless of the overall PIC concentration. 

Light scattering experiments in the regime prior to aggregation showed no angular 

dependence and a nearly constant weight averaged molar mass Mw of 890 ± 20 g mol-1 

indicating the sole presence of monomers and small oligomers. With the previously 

determined sample composition, a theoretical value of Mw = 850 ± 70 g mol-1 can be 

calculated, being in good agreement with the value experimentally determined by light 

scattering.  
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2.3 The mechanism of J-aggregate formation 

Description of the sample composition below the threshold of J-aggregation requires a few 

introductory words on the mechanism of the self-assembly of PIC to J-aggregates. In general, 

it is of interest to determine whether such an aggregation follows a stepwise growth or 

whether the process is better described with a monomer addition mechanism. This has not 

been fully answered by now. Daltrozzo et al.[8] treated the formation of J-aggregates as a 

crystallization process with PIC being a slightly soluble salt and found a good agreement 

between experimental results and the proposed model. Herzog et al.[9] did light scattering 

measurements on aggregated PIC samples. Their findings on the characteristics of growing J-

aggregates revealed that initiation and growth of aggregates happens steadily during the 

process, with the consequence of a constant increase in the number of fully developed 

aggregates. All these results from literature already suggests a monomer addition process 

rather than stepwise growth.  

The insight gained in the present thesis gives further hints on the underlying mechanism of J-

aggregate formation. Dynamic light scattering experiments at the onset of aggregation 

revealed a pronounced bimodality in the correlation functions. Evaluation of these correlation 

functions gave two hydrodynamic radii, amounting to 0.5 nm and 90 nm with both remaining 

constant throughout the whole regime where evaluation of the bimodality was possible. The 

small species can be attributed to monomers or oligomers while the big species represents J-

aggregates. This persisting distinction supports a monomer addition process. In case of a 

stepwise growth, as the alternative mechanism to monomer addition, a broad monomodal 

correlation function is to be expected, as it was observed in the context of the self-assembly 

of fibrinogen [see Chapter 4]. 

Beside the hydrodynamic radii of the species, one is also able to extract the intensity weighted 

weighing factors bi during the phase, where bimodal correlation functions are observed. These 

weighing factors can be used to split the overall scattering signal into the contributions of both 

present species. The contribution of J-aggregates to the scattering signal was then re-

evaluated, which lead to a constant radius of gyration of Rg = 188 nm, shown in Figure 2.3. 

This again underlines the presence of fully developed J-aggregates right at the beginning of 

the self-assembly, which indicates a monomer addition process. Determination of a radius of 
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gyration of non-aggregated PIC was not possible, since the contribution of non-aggregated PIC 

did non exhibit an angular dependency, as it can be seen in Figure 2.3 A). 

 

Figure 2.3. Evaluation of the scattering contribution of J-aggregates at the onset of 

aggregation. A) Scattering curves of J-aggregates and of B) oligomers/monomers with 

𝛥𝑅𝑖(𝑞) = 𝛥𝑅(𝑞) ⋅ 𝑏𝑖(𝑞). The color index goes from brown to green and represents different 

temperatures from 21.3 °C to 20.5 °C. C) Results of the data analysis of the scattering curves 

of J-aggregates shown in B) with a dummy concentration of 1 g/L. The increase in Mw with 

decreasing T indicates an accumulation of J-aggregates. The radius of gyration is constant and 

amounts to Rg = 188±2 nm. 

The formation of J-aggregates is induced by a decrease in temperature, triggering further 

nucleation of J-aggregates instead of the growth of already existing aggregates. This aspect 

was verified with simulating scattering curves and comparing the outcome with experimental 

results. It was shown that the increase in mass weighted molar mass Mw and in radius of 

gyration Rg during aggregation is solely a consequence of a change in concentrations of 

monomers/oligomers and J-aggregates [see Chapter 5 Figure S5.12].  

If the self-assembly of J-aggregates follows a monomer addition process, application of the 

ceiling temperature approach suggests itself and offers the opportunity to approximate the 
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thermodynamic parameters H0 and S0 governing J-aggregate formation. The underlying 

equation is the following: 

1

𝑇𝑗𝑎
=

Δ𝑆0

Δ𝐻0
+

𝑅 ⋅ ln([𝑃𝐼𝐶])

Δ𝐻0
 (2.1) 

In eq 2.1, Tja is the ceiling temperature here also denoted as the aggregation temperature, ∆S0 

the standard aggregation entropy, ∆H0 the standard aggregation enthalpy, and [PIC] the 

equilibrium concentration of the active species in the formation process. The outcome of the 

analysis depends on the choice of active species. In a first approach, all species were 

considered as active building units, namely PIC monomers, and oligomers. In a second 

approach, only monomers were treated as the active species. It is conceivable that 

participation of monomers only in the formation of J-aggregates, thus with H-aggregates being 

inactive and acting as a monomer reservoir, is probably more favoured than co-aggregation 

with H-aggregates. In order for H-aggregates to be active, the tilt angle between monomers 

within an H-aggregate has to change to be in line with the tilt angle present in J-aggregates.[10] 

This change in tilt angle is probably energetically disfavoured, which thus makes self-assembly 

based on only monomers more energy efficient because here, no change in tilt angle is 

necessary beforehand. Both choices were discussed, the standard aggregation enthalpy is 

insensitive to the choice of the active species and amounts to -22 kJ mol-1. The change in the 

standard entropy increases from -35 J mol-1 K-1 to -23 J mol-1 K-1 when only monomers are 

active.  

Independently of the chosen active component, application of the ceiling temperature 

approach has an additional benefit. It enables us to estimate an equilibrium constant of J-

aggregate formation, which is inversely proportional to the equilibrium concentration of 

active species. This occurrence can be used to estimate the concentration of J-aggregates, 

which is discussed in the next chapter.  

2.4 The aggregated regime 

The tendency of PIC to form J-aggregates is best described with a threshold curve (see Figure 

1.1). At sufficiently low temperatures or high concentrations, the threshold is surpassed, and 

J-aggregates start to form. Thus, all state points below the threshold curve exhibit J-

aggregates. Furthermore, it is found that the location of the threshold curve is dependent on 

the sodium chloride content. An increase of the sodium chloride content at a given 
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temperature is accompanied with a decrease in PIC concentration needed to form J-

aggregates, resulting in a shift of the threshold curve to lower PIC concentrations. In the 

context of in vivo aggregation in HeLa cells, a Leibovitz solution was used as the solvent for 

PIC, which is a nutritious solution for cells and contains around 140 mM sodium chloride. Here, 

an even more pronounced shift of the threshold curve is observed, so that PIC concentrations 

in the sub-mM regime are already sufficient to show aggregation. 

The development of the sample composition below the threshold curve is crucial to fully 

describe the aggregation of PIC. For this purpose, the system was treated as a system with 

one species being “non-aggregated” PIC with a concentration [PIC]m,o, consisting of 

equilibrated monomers, dimers and trimers and the other species being J-aggregates with a 

concentration cJ. Furthermore, it was assumed that the temperature dependence of the 

equilibrium constants of dimerization KD(T) and trimerization KT(T), which were determined 

above the threshold curve, i.e. in the state free of J-aggregates, do not change when 

surpassing the threshold curve. Then, the concentration [PIC]m,o can be estimated with the 

equilibrium constant of aggregation KJ = 1/[PIC]m,o. Accordingly, the concentration of J-

aggregates cJ is the difference of the total PIC concentration ctot and [PIC]m,o.  

This approach does not only enable the quantification of the sample composition below the 

aggregation threshold, but also allows the estimation of a J-aggregate spectrum. For this 

purpose, the contribution of monomers/oligomers on the absorbance is subtracted from 

experimental spectra of aggregated samples so that the resulting excess absorbance can be 

fully assigned to J-aggregates. The excess absorbance from J-aggregates is then normalized 

with the J-aggregate concentration, which have been done with twelve different spectra. It 

was the outcome of the analysis that after normalization, the resulting twelve J-aggregate 

spectra exhibited a satisfactory overlay, underlining the validity of the approach. Comparison 

of the averaged full J-aggregate spectrum with the monomer spectrum shows that the two 

peaks at λ = 483 nm and λ = 523 nm are redshifted in the J-aggregate spectrum. This 

occurrence is in line with calculations by Briggs who established theoretical bandshape 

functions for monomers and J-aggregates[11]. 

Knowledge of the concentrations of oligomeric species and J-aggregates was applied on the 

evaluation of data from light scattering experiments in pure water. With the assumption, that 

the scattering contribution of monomers/oligomers is negligible compared to the contribution 
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of J-aggregates, an approximation of the molar mass of J-aggregates MJ becomes accessible. 

Its value amounts to 1.48 ± 0.07.106 g mol-1 and compares well with the value of 

2.55.106 g mol-1 measured by Herzog et al.[9] in 0.01 M NaCl solution. 

As already stated in the previous chapter, the increase in Mw and Rg with decreasing 

temperature in the aggregated regime seems to be solely a consequence of an increase in J-

aggregate concentration cJ on the expense of monomers/oligomers. To verify this origin of the 

increase in Mw and Rg, scattering curves were simulated and the outcome was compared to 

experimental data. The simulation was conducted in the following way: a bimodal system was 

assumed, with J-aggregates and non-aggregated PIC being the species present in solution. In 

general, the scattering intensity, expressed as the excess Rayleigh ratio R, of a solution 

containing different entities can be described with following equation: 

ΔR(q) = ∑ 𝐾𝑖 ⋅ 𝑐𝑖 ⋅ 𝑀𝑖 ⋅ 𝑃𝑖(𝑞 ⋅ 𝑅𝑔,𝑖)

𝑖

 (2.2) 

In eq. 2.2 R(q) is the excess Rayleigh ratio as a function of the scattering vector q, Ki the 

optical constant, ci the concentration in g/L, Mi the molar mass, Rg,i the radius of gyration and 

Pi(q) the form factor of species i.  The form factor of non-aggregated PIC (index 1) can be 

assumed to equal 1 over the whole angular regime because of its small size. The molar mass 

of non-aggregated PIC was experimentally determined as M1 = 890 g mol-1 by light scattering 

experiments with samples where J-aggregates are absent. For J-aggregates (index 2), the form 

factor of a rod was assumed. The radius of gyration Rg,2 = 188 nm was also obtained via light 

scattering by extracting the contribution of J-aggregates on the overall scattering signal and 

evaluate this contribution (see Chapter 2.3). As just indicated, the molar mass of J-aggregates 

M2 = MJ amounts to 1.48.106 g mol-. The concentrations ci of the two components were 

inferred from the phase diagram established in pure water (Chapter 5). To summarize, the 

parameters required in eq. 2.2 were taken from two sources. Light scattering experiments 

before and right at the onset of aggregation, where bimodality was observable, provided M1 

of non-aggregated PIC and Rg,2  of J-aggregates. With the approach to calculate concentrations 

based on the aggregation threshold, M2 of J-aggregates and the concentrations c1 and c2 were 

accessible. With all these parameters, eq. 2.2 can be used to calculate the excess Rayleigh 

ratio of mixed samples containing non-aggregated PIC and J-aggregates, establishing 

scattering curves expressed as Kc/R, and re-evaluating the resulting scattering curves to 

obtain the radius of gyration Rg and the mass averaged molar mass Mw of the samples. As it 
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can be seen in Figure 2.4, Mw and Rg derived from simulated scattering curves nicely 

reproduce the trends from experimental data. This outcome does not only show how 

beneficial simulations of scattering data can be, but it also underlines the accuracy of the 

concentrations estimated with help of the aggregation threshold. Therefore, it also shows the 

validity of this estimation method, described in Chapter 2.4.  

 

Figure 2.4. Temperature dependent evolution of the weight averaged molecular mass Mw and 

the radius of gyration Rg from a light scattering experiment (black) with [PIC] = 7 mM. The red 

spheres represent values for Mw and Rg obtained from the evaluation of simulated scattering 

curves. 

 

2.5 The impact of crowding on the self-assembly of PIC 

The previous chapters offer an overview of the PIC system with its features above and below 

the aggregation threshold. All those findings are based on aqueous samples without any 

additives involved. The findings shall now act as a reference system for the investigation of 

the effect of introducing crowding agents to the PIC system. For this purpose, four different, 

commonly used, synthetic crowding agents were probed in vitro, namely polyethylene glycol 

(PEG) with a molar mass of 400 g mol-1, triethylene glycol (TEG), sucrose and Ficoll 400 with a 

molar mass of 4.105 g mol-1. Ficoll 400 itself is a synthetic, high branched, globular copolymer 
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of sucrose and epichlorohydrin. It shall be the target of the present sub-chapter to summarize 

the most important findings on samples of PIC, which were exposed to these crowding agents.   

A change in the tendency to form J-aggregates is best captured with establishment of a phase 

diagram. This has been done for all four crowders at different concentrations. Introduction of 

the ethylene glycol oligomers PEG and TEG led to a drop of the aggregation threshold towards 

lower temperatures, with the drop being more pronounced the higher the crowder 

concentration was. Thus, PEG and TEG are inhibiting the formation of J-aggregates. Addition 

of Ficoll 400 was accompanied with a strong increase in aggregation temperature, thus 

promoting the formation of J-aggregates. Unfortunately, no clear correlation between the 

aggregation temperature and the overall concentration of Ficoll 400 could be established. 

Sucrose, as the dominating monomer of Ficoll 400, did not have an impact on the self-

assembly of PIC, regardless of the used concentration. These contrasting effects of Ficoll 400 

and sucrose indicate that the globular structure of Ficoll 400, and therefore the volume 

exclusion, is the origin of the increase in aggregation temperature.  

The effect on the oligomerisation to H-aggregates by addition of crowding agents was not 

explicitly quantified but qualitative statements can be made based on the observed 

differences in UV-Vis spectra. In general, the ratio of the distinct peaks at λ = 483 nm and 

λ = 523 nm give a first estimate on dominating species in solution, with the peak at λ = 483 nm 

representing dimers and the peak at λ = 523 nm representing monomers. Addition of either 

TEG or PEG led to a shift towards monomers, indicated by a shift in ratios in favour of the 

monomer peak at λ =  523 nm. Addition of sucrose did not significantly change the ratios of 

the two peaks, meaning that the sample composition is not altered by sucrose and is 

comparable to the sample composition in pure water. The impact of Ficoll 400 on the sample 

composition could not be established with this set of experiments. At the given temperature, 

addition of Ficoll 400 led to a downshift of the aggregation threshold towards lower 

temperatures, so that a peak arised at λ =  573 nm, which represents the presence of J-

aggregates. 

In a next step, the underlying thermodynamic parameters were investigated for the purpose 

of understanding the different driving forces of inhibition or promotion of J-aggregate 

formation. When investigating stabilizing or destabilizing effects of solutes on proteins with 

regard to folding or aggregation processes, usage of the m-value as a quantifying parameter 
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is a well-established method[12]. The m-value is the derivative of the free energy change of the 

process G0
obs observed with species 2, for example a folding process, with respect to the 

solute molality m3 of species 3, as shown in the following equation: 

𝑚 − 𝑣𝑎𝑙𝑢𝑒 =
∂Δ𝐺𝑜𝑏𝑠

0

𝜕𝑚3
= −𝑅𝑇 ⋅

𝜕 ln(𝐾𝑜𝑏𝑠)

𝜕𝑚3
 (2.3) 

Thus, the value allows to make statements on whether interactions of the target molecule 

(species 2) with solutes (species 3) are of attractive or repulsive nature. Application of this 

method on a system where a change in solubility of species 2 is observed with addition of a 

crowder/additive (species 3) has the advantage that the m-value corresponds the chemical 

potential derivative 23 which can be easily calculated with data of solubility measurements 

based on the following equation: 

𝜇23 = −𝑅𝑇 (
𝛿 ln 𝑚2,𝑠𝑠

𝛿 𝑚3
)

𝜇2

= 𝑚 − 𝑣𝑎𝑙𝑢𝑒 (2.4) 

In eq. 2.4 PIC corresponds to the target component denoted component 2. Hence, m2,ss is the 

molal concentration of PIC at its solubility limit and m3 is the molal concentration of the 

crowder. This translation of the m-value to 23 enabled us to apply the following procedure. 

We treated the system as a solubility problem, with the phase diagrams of PIC representing 

solubility limits and J-aggregates being the precipitate. The chemical potential derivative 23 

can then be calculated based on eq 2.4. In general, the sign of 23 indicates whether 

interactions between additive and PIC are of attractive or repulsive nature, in relation to 

interactions with water. With sucrose, which did not exhibit any measurable effects on J-

aggregate formation, the lowest negative value for 23 was measured which amounts to -

160 ± 60 cal mol-1 molal-1. Addition of TEG and PEG led to 23 = -290 ± 30 cal mol-1 molal-1 and 

23 = -690 ± 40 cal mol-1 molal-1, respectively. These negative values indicate attractive 

interactions between TEG/PEG and PIC and explain the inhibitory effect of those crowding 

agents on the formation of J-aggregates. Preferential attractive interactions with crowder 

compared to water lead to an accumulation of crowding agents on the periphery of PIC, thus 

blocking possible binding sites for self-assembly. Consequently, the monomeric state of PIC is 

energetically favoured at temperatures which would lead to aggregation in pure water. 

The value of 23
 amounts to 2.1.106 ± 1.6.106 cal mol-1 molal-1 when Ficoll 400 was present in 

solution. The positive sign indicates a depletion of Ficoll 400 from the surface of PIC. But, given 
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the fact that Ficoll 400 is much larger in size than a PIC molecule and the determined value for 

23 being around 3 orders of magnitudes larger than typical values for 23, the depletion of 

Ficoll 400 from the surface of PIC being the sole reason for the observed crowding effect most 

probably oversimplifies the situation. In order further investigate the crowding effect of Ficoll 

400, the scaled particle theory[13] was applied. This theory enables the estimation of changes 

in activity coefficients for a given equilibrium reaction based on the presence of volume 

excluding macromolecules. Application of the scaled particle theory revealed that the shift in 

aggregation temperature can quantitatively be described with volume exclusion effects. 

Hence, the promoting effect of Ficoll on the self-assembly of PIC is probably originated in the 

volume exclusion of Ficoll together with repulsive interactions between PIC and Ficoll.  

The correlation of 23 with the water accessible surface area of the target molecule shall be 

emphasized in this context. It is shown by Knowles et al.[14] that this correlation can be used 

to predict m-values based on empirical data. The key features of the approach of Knowles et 

al.[14] are that each functional group has an empirically established group interaction potential 

for a specific solute, that the resulting contribution of the group interaction on the m-value 

directly scales with the water accessible surface area of the respective functional group and 

that the overall m-value is the sum of all contributions. It was shown that this empirical 

estimation of 23 can successfully be performed with the PIC system, leading to results which 

are comparable with results determined with eq. 2.4. 

2.6 Relevance for in vivo systems - the HeLa cells 

Since the PIC system showed a promising response on synthetic crowding agents, it is also of 

great interest to see whether natural crowding within a cell induces similar responses. 

Therefore, in vivo experiments in HeLa cells were conducted in the context of a cooperation 

with the group of Professor Ebbinghaus in Braunschweig. The supernatant of the HeLa cells 

was enriched with PIC at a low enough concentration, so that formation of J-aggregation in 

the solution was absent. Then, fluorescence microscopy images were recorded over a period 

of time. As it can be seen in Figure 2.5 the fluorescence signal within the cells increases over 

time, corresponding to an accumulation of PIC in the cells as J-aggregates. Interestingly, 

fluorescence was only observed within the cells. Furthermore, during the initial stages of 

aggregation, J-aggregates are assembled uniformly within the cell, as indicated by the 

detected fluorescence signal which was homogenously distributed over the whole cell. 
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Nevertheless, after some time has passed, aggregates seemed to accumulate rather in the 

nucleus than in the cytoplasm, as the fluorescence signal in the nucleus got stronger compared 

to the signal in the cytoplasm. Regarding the temporal evolution of the integrated 

fluorescence signal seen in Figure 2.5, there is a linear increase of the fluorescence signal with 

a plateau being reached after around 30 minutes.  

These experiments verified that the formation of J-aggregates is also altered in a naturally 

crowded environment such as a cell. This circumstance opens up the possibility to use PIC as 

an easy-to-handle crowding sensor in biological systems. 

 

Figure 2.5: a-c) Exemplary fluorescence images of PIC aggregation in HeLa cells at 21°C a) 

2.5 min b) 10 min c) 40 min after addition of PIC. Scale bar 50 µm. d) Aggregation kinetics of 

PIC measured by the cell-averaged fluorescence intensities. Three independent 

measurements were performed, and data shown as mean ± s.d. e) Model for PIC aggregation 

inside cells. 

 

2.7 Self-assembly of fibrinogen under crowded conditions 

The self-assembly of fibrinogen in the absence of thrombin was investigated and key features 

of its mechanism and kinetics has been elucidated (Chapter 2.1). Furthermore, it was shown 

that the dyestuff PIC can be used as a suitable model system for protein aggregation, 

especially for investigating crowding effects on the self-assembly (Chapters 2.2-2.6). It is the 
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aim of the final chapter of this thesis to show how addition of Ficoll 400, a crowding agent 

which was previously investigated in the context of the PIC system, alters the self-assembly of 

fibrinogen. Light scattering experiments on fibrinogen samples, which were exposed to Ficoll 

400, revealed that the self-assembly of fibrinogen is strongly accelerated due to the crowder. 

Especially at the onset of the self-assembly, the process is much faster than in the absence of 

crowding agents. Qualitatively, the promoting effect of Ficoll 400 on fibrinogen is comparable 

to the one on the PIC system. There, a shift of the aggregation threshold towards lower 

temperatures has been observed, which is equivalent to an acceleration of self-assembly. 
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4. Self-Assembly of Fibrinogen in Aqueous, Thrombin-Free Solutions 

of Variable Ionic Strengths 
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5. Mechanism and equilibrium thermodynamics of H- and 

J-aggregate formation from pseudo isocyanine chloride in 

water 

Reproduced from Soft Matter, 2021, 17, 8140-8152 with permission from the Royal Society 

of Chemistry. 
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Isocyanine Chloride in the Presence of Crowding Agents 
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7. Self-Assembly of Pseudo-Isocyanine Chloride as a Sensor for 

Macromolecular Crowding In Vitro and In Vivo 
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8. Self-Assembly of Fibrinogen in the presence of Ficoll 400 

In nature, the self-assembly of fibrinogen takes place in a crowded environment. Hence, 

effects of crowding should be considered in the investigation of the process. We shall give an 

insight on how Ficoll 400 affects the aggregation of fibrinogen. For this purpose, the crowding 

agent Ficoll 400 was chosen, which is used in literature as typical globular excluded volume 

crowder.[1] As shown in Chapter 6 and 7, Ficoll 400 strongly promotes the self-assembly of PIC 

towards J-aggregates. Accordingly, light scattering experiments in the absence and presence 

of 5wt% Ficoll 400 were carried out here with fibrinogen. The results are plotted in Figure 8.1.  

In the absence of Ficoll 400, Mw increases by two orders of magnitude in a timespan of around 

20 minutes. Introduction of Ficoll 400 accelerated the process. The plateau in Mw was reached 

in approximately 5 minutes while the final value was also slightly bigger than in the absence 

of the crowding agent. The evolution of the radius of gyration Rg also displays the acceleration 

of the process via Ficoll 400. There are no striking differences between the values of Rg in the 

presence and absence of Ficoll 400, but the final values are reached nearly instantaneously 

after starting the measurement when Ficoll 400 is present. 

The hydrodynamically effective radius Rh obtained from dynamic light scattering is growing 

considerably faster and is reaching higher values in case of Ficoll 400 being present in solution. 

Interpretation of data is restricted to the first 5 minutes of the measurement because 

afterwards, the scattering of data points is too big to allow further interpretations.  

The experiments indicate that addition of Ficoll 400 has a strongly promoting effect on the 

self-assembly of fibrinogen, similar to the effect on the formation of J-aggregates of PIC. 

Strong structural changes of the products were not observed. While the radius of gyration Rg 

is slightly smaller when Ficoll 400 is present, the hydrodynamically effective radius Rh is 

considerably bigger. The ratio of both radii, denoted as the structure sensitive parameter 

Rg/Rh = ρ, can be used to make a statement on the geometry of the entities. In the absence of 

Ficoll 400 ρ amounts to 0.5 to 0.9, depending on the ionic strength of the solution, which 

represents compact spherical structures. When Ficoll 400 is present, the value of ρ amounts 

to around 0.8 ten minutes after triggering the aggregation. Regarding the evolution of ρ, one 

can say that in general the structural characteristics of the aggregates are not altered in the 

presence of Ficoll 400. Spherical compact structures are obtained in both cases.  
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Figure 8.1: Time-dependent evolution of Mw, Rg and Rh of the self-assembly of fibrinogen at 
an ionic strength of [I] = 30 mM. The concentration of fibrinogen amounts to c = 0.075 g L-1 for 
both experiments. The experiment was conducted in the absence (black spheres) and in the 
presence (blue sphere) of Ficoll 400 with a concentration of 5 wt%. The self-assembly was 
triggered as described in the experimental section of Chapter 4. 
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